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Cytotoxicity and autophagy dysfunction induced
by different sizes of silica particles in human
bronchial epithelial BEAS-2B cells

Qiuling Li,*® Hejing Hu,® Lizhen Jiang,?® Yang Zou,*® Junchao Duan**® and
Zhiwei Sun*®®

The adverse effects of silica nanoparticles are gaining attention due to their wide application in biomedi-
cine. However, information about size-dependent toxicity induced by silica nanoparticles is insufficient. In
this study, two size of nano-scale (40 nm, 60 nm) and one size of micro-scale (200 nm) silica particles
were studied to investigate the possible mechanism of cytotoxicity and autophagy dysfunction in human
bronchial epithelial BEAS-2B cells. The cell viability was decreased in a size- and dose-dependent
manner, while the LDH activity, oxidative stress and mitochondrial damage significantly increased,
induced by both nano- and micro-scale silica particles. Ultrastructural analysis showed that nano-scale
silica particles could induce mitochondrial damage and autophagy, but not micro-scale particles. Verified
by the autophagy inhibitor 3-MA, the expression of LC3 and SQSTM1/p62 was upregulated in nano-scale
silica particles in a size- and dose-dependent manner, while the micro-scale particles had an inhibitory
effect. In addition, autophagy activation and autophagy blockage were triggered by nano-scale silica par-
ticles via the PI3K/Akt/mTOR pathway. Our findings first demonstrated that exposure to nano-scale silica
particles rather than micro-scale particles could lead to autophagy dysfunction and impair cellular

www.rsc.org/toxicology homeostasis.

Introduction

Given that nanotechnology is being pioneered in the bio-
medical and biotechnological fields, consumer products that
contain nanomaterials are widely used in our daily life."?
According to the Project on Emerging Nanotechnologies
(PEN), the top five engineered nanomaterials (ENMs) in nano-
technology-based consumer products are graphite, silver,
silica, titanium dioxide and zinc.® Briefly: graphite nano-
particles are mainly used in sporting goods, and electronics
and computers; silver nanoparticles are used in food and bev-
erages, health and fitness, and home and garden; titanium
dioxide nanoparticles are mostly applied in food and personal
care products; and zinc nanoparticles have been used in re-
mediation, optics, catalysis, and media recording. Among them,
silica nanoparticles are commonly applied in cosmetics, food
ingredients, and varnishes, as well as in drug delivery and bio-
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imaging."” Yet, there are rising concerns about ENMs that
have the potential to cause adverse biological effects and
toxicological consequences.®

The growing applications of silica nanoparticles increase
the hazards for human exposure and environmental systems.
Thus, human beings could be exposed to silica nanoparticles
to a great degree through inhalation, dermal penetration and
digestion.” Generally, the inhalation route is a common
method of uptake for nanoparticles.'® In vivo studies found
that silica nanoparticles could accumulate in the lung, induce
bronchial epithelial cell proliferation and inflammation, and
increase the number of bronchoalveolar lavage (BAL) cells,
which is followed by fibrosis, emphysema and tissue
damage."™® When silica nanoparticles enter into the human
body via inhalation, the bronchial epithelial cells will have
first, unavoidable, contact with the particles. Thus, it is mean-
ingful to explore the toxic effect and mechanism of silica nano-
particles on the bronchial epithelial cell line. Unfortunately,
only a few studies reported that silica nanoparticles induced
pro-inflammatory responses in lung epithelial cells via the
P38/TACE/EGFR pathway.'>"® The underlying mechanism is
still unclear.

Autophagy is considered a novel molecular mechanism for
nanomaterial-induced toxicity."®"” The basal level of auto-
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phagy is a cytoprotective mechanism to maintain cellular
homeostasis; while a blockade in the autophagy flux can lead
to autophagy dysfunction, resulting in severe pathological
states and contributing to disease pathogenesis."®" It was
reported that several nanoparticles could induce autophagy
and autophagic cell death, such as titanium dioxide nano-
particles, and iron and copper oxide nanoparticles,?*>*
whereas autophagy induced by ferroferric oxide nanoparticles
supported a pro-survival mechanism in cells.>® Yet, most
studies focus on nanoparticles triggering the phenomenon of
autophagy induction rather than the process of autophagy
degradation. To some extent, whether the nanoparticles can be
degraded is associated with the role of autophagy in the pro-
survival or pro-death cellular process.

Since particle size is one of the most important character-
istics in nanotoxicity research, different sizes (Nano-Si40,
Nano-Si60 and Si200) of silica particles were researched in this
study. A series of cytotoxicity and autophagy parameters were
explored and the underlying mechanism for autophagy dys-
function was explored in human bronchial epithelial BEAS-2B
cells. This will help gain an insight into size- and dose-depen-
dent mechanisms of action and provide persuasive evidence in
the safety evaluation of nanomaterials.

Materials and methods
Silica particles preparation and characterization

Silica particles were prepared and characterized using the
Stober method as described in our previous studies.**** The
particle size was increased by increasing the amount of the
catalyst (NH,OH) and silica precursor (tetraethyl orthosilicate,
TEOS), and by decreasing the amount of water in the reaction
mixture regardless of solvents used for the synthesis.*® Briefly,
2.5 mL of TEOS was added to a premixed ethanol solution
(50 mL) containing ammonia (2 mL) and water (1 mL). The
reaction mixture was kept at 40 °C for 12 h with continuous
stirring (150 rpm). The particles were isolated using centrifu-
gation (12 000 rpm, 15 min) and rinsed three times with de-
ionized water; after that, the particles were dispersed in
deionized water (50 mL). The size and shape of the silica par-
ticles was observed under a transmission electron microscope
(TEM) (JEOL JEM2100, Japan), and the size distribution study
was performed using Image] software (National Institutes of
Health, USA). The hydrodynamic size and zeta potential of the
silica particles were detected with a Zetasizer (Malvern Nano-
7890, Britain). The silica particles were dispersed using a soni-
cator for 5 minutes (160 W, 20 kHz,) (Bioruptor UDC-200,
Belgium) prior to experimental use in culture medium, so as
to minimize their aggregation.

Cell culture experiments and exposure to silica particles

The bronchial epithelial BEAS-2B cell line was purchased from
the Cell Resource Center, Shanghai Institutes for Biological
Sciences (SIBS, China). The cells were cultured in a humidified
environment (37 °C, 5% CO,), maintained in Dulbecco’s
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Modified Eagle’s Medium (DMEM) (Hyclone, USA) supplemented
with 10% fetal bovine serum (Gibco, USA), 100 U mL ™" penicil-
lin and 100 mg mL™" streptomycin. For all experiments, the
cells were seeded in culture plates at a density of 1 x 10> cells
per mL to attach for 24 h, and then were treated with silica
particles for 24 h. Suspensions of silica particles were dis-
persed using a sonicator (160 W, 20 kHz, 5 min) and diluted to
various concentrations, then added to the BEAS-2B cells
immediately. Control groups of cells were provided with an
equivalent volume of DMEM without silica nanoparticles.
Each group had five replicate wells.

MTT assay

The cell viability of the silica particles was determined using
an MTT assay. Briefly, 1 x 10* BEAS-2B cells were seeded into a
96-well plate in 100 pL of DMEM and allowed to attach for
24 h at 37 °C. Then they were treated with the three kinds of
silica particles (6.25, 12.5, 25, 50 and 100 pg mL™") for 24 h at
37 °C. Then 10 pL of MTT was added into each well at 5 mg
mL™" and incubated for 4 h. After 4 h incubation, 150 pL of
dimethyl sulfoxide (DMSO) was added to each well and mixed
thoroughly for 5 min. The optical density at 492 nm was
measured with a microplate reader (Themo Multiscan MK3,
USA).

Lactate dehydrogenase (LDH) assay

After BEAS-2B cells were treated with various concentrations
(6.25, 12.5 and 25 pug mL ") of the three sizes of silica particles
for 24 h, 100 pL of cell medium was used to measure lactate
dehydrogenase (LDH) activity using an LDH Kit (Keygen,
China), according to the manufacturer’s instructions. The
absorbance at 440 nm was measured using a UV-visible
spectrophotometer (Beckman DU-640B, USA).

Autophagy observation using TEM

After the BEAS-2B cells were incubated for 24 h with the three
kinds of silica particles (12.5 pg mL™"), the cells were centri-
fuged at 2000 rpm for 10 min after washing with PBS to
remove the supernatants. The cell samples were fixed in 3%
glutaraldehyde. After leaving overnight, the samples were
washed using 0.1 M PB three times, then post fixed with 4%
osmium tetroxide for 3 h. After washing with distilled water,
the samples were stained with 0.5% uranyl acetate for 1 h and
underwent a serially dehydration processes with ethanol (30%,
60%, 70%, 90%, and 100%), after that, the samples were
embedded in epoxy resin, being polymerized at 60 °C for 48 h.
Ultrathin sections obtained with an ultramicrotome were
stained using uranyl acetate and lead citrate. After air drying,
these samples were observed using TEM (JEOL JEM2100,

Japan).
Intracellular ROS measurements

The intracellular reactive oxygen species (ROS) levels were
detected using 2',7'-dichlorofluorescin diacetate (DCFH-DA)
(Jiancheng, Nanjing, China). The BEAS-2B cells were treated
with series concentrations (6.25, 12.5 and 25 pg mL™") of the
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three sizes of silica particles for 24 h. According to the instruc-
tions, the cells in a 6-well plate were incubated in a 2 mL
working solution of DCFH-DA at 37 °C for 30 min in the dark.
Then the cells were washed three times with PBS and har-
vested. Fluorescence intensities correlating with the intracellu-
lar ROS quantities were measured using flow cytometry
(Becton-Dickison, USA) at 488 nm excitation and 525 nm
emission.

Detection of the mitochondrial membrane potential (MMP)

We detected the MMP using 5,5',6,6'-tetrachloro-1,1',3,3"-tetra-
ethylbenzimidazolylcarbocyanide iodine (JC-1) (Sigma, USA).
The ratio of green to red expresses the change in the MMP.
The BEAS-2B cells were treated with series concentrations
(6.25,12.5 and 25 pg mL™") of the three sizes of silica particles
for 24 h. Then the cells were washed with PBS and incubated
with 10 pg mL ™" JC-1 for 20 min. After washing with PBS, the
cells were analyzed using FCM (Becton-Dickison, USA). The
green fluorescence intensity of the JC-1 monomer was deter-
mined at an excitation wavelength of 488 nm and an emission
wavelength of 525 nm, whereas the red fluorescence intensity
of the JC-1 polymer (J-aggregates) was determined at an exci-
tation wavelength of 488 nm and an emission wavelength of
590 nm.

Western blot analysis

Briefly, the BEAS-2B cells were pretreated with or without
5 mM methyladenine (3-MA) for 1 h, then exposed to series
concentrations of the three kinds of silica particles (6.25, 12.5
and 25 pg mL™") for 24 h. The BEAS-2B cells were washed with
ice-cold PBS, and lysed in 1 mM phenylmethylsulfonyl fluoride
(PMSF) (DingGuo, China), containing ice-cold RIPA lysis buffer
and phosphatase inhibitor, for 30 min. After centrifuging the
lysates at 15 000 rpm, at 4 °C for 15 min, the total protein was
extracted with a Tissue Protein Rapid Extraction Kit (Keygen,
China) and determined by performing a bicinchoninic acid
(BCA) protein assay (DingGuo, China). Equal amounts of pro-
teins (40 pg) were loaded onto 12-15% SDS-PAGE and electro-
phoretically transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore, USA). After blocking with 5% nonfat
milk in Tris-buffered saline (TBS) containing 0.05% Tween-20
(TBST) for 1 h, the membrane was incubated with micro-
tubule-associated protein 1 light chain 3p (LC3), P62, phos-
phoinositide 3-kinase (PI3K), p-PI3K, protein kinase B (Akt),
p-Akt, the mammalian target of rapamycin (mTOR), and
p-mTOR (1:1000, rabbit antibodies, CST, USA) overnight at
4 °C. Then the membrane was washed with TBST three times,
and incubated with a horseradish peroxidase-conjugated anti-
rabbit IgG secondary anti-body (CST, USA) for 1 h at room
temperature. After washing three times with TBST, the anti-
body-bound proteins were detected using an ECL chemilumi-
nescence reagent (Pierce, USA).

Statistical analysis

All data are expressed as mean + the standard deviation. SPSS
22.0 software was used to perform the statistical analyses.
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We used Student’s ¢-tests to analyze the comparison indicators
between the treatment groups. Three or more treatment
groups were compared by one-way analysis for multiple com-
parisons. The significant differences were considered at the
level of p < 0.05.

Results
Characterization of silica particles

In the TEM images, the three classes of silica particles
appeared well dispersed, with a spherical shape (Fig. 1A-C).
We utilized the Image] software to measure the size distri-
bution of the silica particles. The average diameters of the
Nano-Si40, Nano-Si60 and Si200 particles were 41.26 nm,
61.51 nm, and 206.31 nm, respectively (Fig. 1a, 1b and 1c).
The hydrodynamic sizes and zeta potentials of the silica par-
ticles were measured with DMEM as the culture medium and
distilled water as the stock medium at different time points
(Tables 1-3). Because of van der Waals forces and hydrophobic
interactions with the surrounding media, silica particles
usually have a larger hydrodynamic size than the original size
in the dispersing medium. Zeta potentials provide quantitative
information on the stability of the particles. Our results
showed that the three sizes of silica particles (Nano-Si40,
Nano-Si60 and Si200) had very good monodispersity and stabi-
lity, both in distilled water and DMEM culture media.

Size- and dose-dependent cytotoxicity induced by silica
particles

Cell viability was examined after the cultured cells were
exposed to the three sizes of silica particles (Nano-Si40, Nano-
Si60 and Si200) at various concentrations (6.25, 12.5, 25, 50,
and 100 pg mL™") for 6 h, 12 h and 24 h. As shown in Fig. 2,
the cell viability of BEAS-2B induced by Si200 and Nano-Si60
showed a significant change as early as the 25 ug mL™" treated
group at 24 h, and Nano-Si40 showed a significant change as
early as the 12.5 pg mL™" group. For the cell viability of the
BEAS-2B cells after exposure to 25 pg mL™" of the three sizes of
silica particles, all the particles inhibited the cell viability,
which decreased to 89.37% (Si200), 81.21% (Nano-Si60), and
60.47% (Nano-Si40) at 24 h. The LDH activity decreased after
exposure to the three sizes of silica particles for 6 h, 12 h and
24 h for the BEAS-2B cells (Fig. 3). A significant difference in
the LDH activity was observed for the 25 pg mL™" treated
group. The results showed the cell viability, induced by silica
particles, gradually decreased in a size-, dose- and time-depen-
dent manner.

Internalization and autophagy induced by silica particles

The TEM images showed that the cellular uptake of silica par-
ticles (Nano-Si40, Nano-Si60 and Si200) is strongly dependent
upon particle size (Fig. 4). The uptake of particles by the
BEAS-2B cells has a decreasing trend across the Nano-Si40,
Nano-Si60 and Si200 treated groups. Autophagy induction trig-
gered by silica particles (Nano-Si60, Nano-Si40) was observed

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Characterization of three different sizes of silica particles. The TEM images show silica particles with mean diameters of 41.26 + 3.778 nm
(A, a), 61.51 + 7.934 nm (B, b), and 206.31 + 18.703 nm (C, c). The size distribution of the silica particles, that was calculated using ImageJ software,

showed an approximately normal distribution.

Table 1 Hydrodynamic size and zeta potential of silica particles
(40 nm) in dispersion media

Table 2 Hydrodynamic size and zeta potential of silica particles
(60 nm) in dispersion media

Distilled water Culture medium

Distilled water Culture medium

Time  Diameter Zeta potential ~ Diameter Zeta potential Time  Diameter Zeta potential ~ Diameter Zeta potential
b  (m) (mv) (nm) (mv) h)  (m) (mv) (nm) (mv)

1 91.04 + 0.71 —35.43 £ 0.67 92.54 + 0.69 —34.03 +1.46 1 90.30 +1.49 —-37.97 +£0.55 92.54 +0.69 —34.60 +0.70
3 89.81 = 0.32 —46.36 + 0.55 96.50 + 0.81 —32.47 +1.98 3 91.92 +1.32  —33.27 +1.33 93.82+1.74 —-31.40 +1.57
6 90.23 +1.11 -36.05+0.78 97.28 +1.61 —-36.57 + 0.89 6 91.38 +1.08 —32.40 £2.36 94.99 +1.43 -32.27 £0.74
12 91.24 + 2.07 —35.17 +1.46 95.36 + 0.61 —30.80 + 0.52 12 94.31 +1.57 —=29.60 +1.11 99.56 + 0.57  —34.00 + 1.37
24 90.10 + 0.86 -31.83 £2.76 94.38 +1.68 —-35.23 £ 0.35 24 92.50 +1.10 —31.83 +2.76 95.64 +2.10 —34.20+1.04
48 90.68 + 0.89 —28.87 +1.32 97.56 + 1.99 —28.87 +1.32 48 94.62 + 2.08 -30.27 £1.60 98.79 +2.04  —33.30 +1.00

Data are expressed as mean = S.D. from three independent
experiments.

using ultrastructural analysis in Fig. 4C and D. The TEM
images showed that the autophagic vacuoles contained
degraded cytoplasmic contents, damaged mitochondria with
swelling, cristae rupturing or disappearance, and highly elec-
tron-dense Nano-Si60 or Nano-Si40 in the BEAS-2B cells
(Fig. 4c and d). Our data showed that the cellular uptake of
silica particles is strongly dependent on particle size, and the
Nano-Si60 and Nano-Si40 treated groups could induce
mitochondrial damage and autophagy in BEAS-2B cells.

This journal is © The Royal Society of Chemistry 2016

Data are expressed as mean = S.D. from three independent
experiments.

ROS generation and mitochondrial damage

As shown in Fig. 5A and a, all treated groups (Nano-Si40,
Nano-Si60 and Si200) had a gradual increase in intracellular
ROS after the BEAS-2B cells were exposed to silica particles for
24 h. The intracellular ROS levels in the Si200, Nano-Si60 and
Nano-Si40 treated groups were elevated significantly compared
to the control group. The MMP results showed the green/red
ratios were increased after treating with a decreased size of
silica particle (Si200, Nano-Si60 and Nano-Si40) (Fig. 5B and

Toxicol Res., 2016, 5, 1216-1228 | 1219
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Table 3 Hydrodynamic size and zeta potential of silica particles
(200 nm) in dispersion media

Distilled water

Culture medium

Time Diameter Zeta potential ~Diameter Zeta potential
(h)  (om) (mv) (nm) (mv)

1 199.83 +0.92 —51.90 + 0.36 195.70 £ 1.05 —33.20 £ 0.70
3 199.57 £2.14 —52.37 £0.81 197.00 £2.09 —36.13 £0.55
6 197.43 +2.80 —57.80 +0.36 196.73 +1.17 —34.50 + 1.65
12 201.23 +1.65 —50.50 + 0.30 198.37 £1.06 —34.67 £1.11
24 201.93 +1.65 —54.63 +1.76 200.17 £ 0.15 —35.80 +1.01
48 200.83 +0.45 —53.57 +1.25 201.47 £+ 0.96 —33.70 + 0.95

Data are expressed as mean =+ S.D. from three independent
experiments.

b). In addition, all concentrations in the Nano-Si40 treated
groups had significant differences compared with the control
group. Our results demonstrated that silica particles induced
ROS generation and mitochondrial damage in BEAS-2B cells in
a size- and dose-dependent manner.

Autophagy dysfunction induced by silica particles

To confirm the autophagy dysfunction induced by the three
sizes of silica particles (Si200, Nano-Si60 and Nano-Si40), we
examined the protein marker of autophagy, LC3, and the auto-
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phagy degradation protein marker, p62 (also known as
SQSTM1/sequestome 1). The relative densitometric analyses
from Fig. 6 and 7 show that the protein levels of LC3-II/LC3-I
and SQSTM1/p62 were upregulated in the Nano-Si60 and
Nano-Si40 treated groups in a size-dependent manner, while
the Si200 treated group had an inhibitory effect on LC3 and
SQSTM1/p62. In regards to the dosage effect, LC3-II/LC3-I and
SQSTM1/p62 were increased in a dose-dependent manner at
12.5 pg mL™" and 25 pg mL™" in the Nano-Si60 and Nano-Si40
treated groups, respectively. Our data shows that the nano-
scale silica particles induce autophagy and impair autophagy
degradation in a size-dependent manner, which indicates that
silica nanoparticles could triggered autophagy dysfunction in
BEAS-2B cells. To further confirm that autophagy played an
important role in silica particle-triggered size-dependent
toxicity, the autophagy inhibitor 3-MA was employed. As
shown in Fig. 8, the protein expression of LC3-II/LC3-I and
SQSTM1/p62 was significantly suppressed by 3-MA in a size-
dependent manner.

Effects of silica particles on the PI3K/Akt/mTOR pathway

To further illustrate the underlying mechanisms of the silica
particles (Nano-Si40, Nano-Si60 and Si200) on autophagy, we
examined the PI3K/Akt/mTOR signaling pathway using
western blot. The protein expressions of p-PI3K, p-Akt and
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Fig. 2 Cell viability of BEAS-2B cells, induced by three sizes of silica particles, after 6 h, 12 h and 24 h exposure. Cell viability of BEAS-2B cells
treated with Si200 (A), Nano-Si60 (B), and Nano-Si40 (C). (D) The cell viability of BEAS-2B cells after exposure to 25 pg mL™* $i200, Nano-Si60, and
Nano-Si40 silica particles. Data are expressed as mean + S.D. *p < 0.05 compared with control group, #p < 0.05 compared with Si200 treated group,

¥p < 0.05 compared with Nano-Si60 treated group.
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Fig. 3 LDH activity of BEAS-2B cells exposed to three sizes of silica particles at 6 h, 12 h and 24 h time points. (A, B, C) LDH activity of BEAS-2B cells
treated with Si200, Nano-Si60, and Nano-Si40 silica particles at different concentrations (0, 6.25, 12.5, 25 ug mL™), respectively. (D) The LDH activity
of BEAS-2B cells after exposure to 25 pg mL™ Si200, Nano-Si60, and Nano-Si40 silica particles. Data are expressed as mean + S.D. *p < 0.05 com-
pared with control group, *p < 0.05 compared with Si200 treated group, ®p < 0.05 compared with Nano-Si60 treated group.

Fig. 4 TEM images of cellular uptake and autophagy induction for BEAS-2B cells exposed to the three sizes of silica particles using ultrastructural
analysis. (A, a) Control group; (B, b) Si200; (C, c) Nano-Si60; and (D, d) Nano-Si40. Showing electron-dense silica particles dispersed in cytoplasm
(white arrows). The magnification of the selected area shows evidently intact mitochondria (yellow arrows) in the control group, and mitochondrial
swelling (blue arrows) induced by the Nano-Si60 and Nano-Si40 treated groups. The silica particles accumulated in autophagic vacuoles (black
arrows) containing membrane-bound cytoplasmic material or degraded cytoplasmic materials. Scale bar: A, B, C, 2 ym; D, 1ym; a, b, c, d, 1 pm.
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Fig. 5 Intracellular ROS and mitochondrial membrane potential (MMP), induced by three sizes of silica particles (Si200, Nano-Si60, Nano-Si40), in
BEAS-2B cells. Intracellular ROS generation (A, a) and mitochondrial damage (B, b) in BEAS-2B cells treated with silica particles obviously increased
in a size- and dose-dependent manner. Data are expressed as mean + S.D. *p < 0.05 compared with control group, *p < 0.05 compared with Si200
treated group, ®p < 0.05 compared with Nano-Si60 treated group.
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Fig. 6 Autophagy induction of BEAS-2B cells after exposure to three sizes of silica particles (Si200, Nano-Si60, Nano-Si40) measured using LC3-I/
LC3-1l conversion. (A) The expression of LC3 induced by different sizes of silica particles at concentrations of 6.25, 12.5, and 25 pg mL™. (B, b) The
expression of BEAS-2B cells after exposure to 25 ng mL™ of Si200, Nano-Si60, and Nano-Si40 silica particles. Data are expressed as mean + S.D.
*p < 0.05 compared with control group.
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p-mTOR in BEAS-2B cells were significantly downregulated in
a dose-dependent manner after exposure to different concen-
trations (0, 6.25, 12.5 and 25 pg mL™") of silica particles for
24 h (Fig. 9A-C). Results from Fig. 9D show that the protein
expressions involved in the PI3K/Akt/mTOR pathway were
markedly downregulated in the Nano-Si40 and Nano-Si60
treated groups, while there was no obvious change between
the Si200 treated group and the control group. Our results
indicate that nano-scale silica particles activated the PI3K/Akt/
mTOR pathway in a size-dependent manner while micro-scale
silica particles did not activate autophagy at the same
concentration.

Discussion

Generally, a smaller size of nanoparticle is expected to possess
greater surface area and higher biological activity compared to
its micron-scale counterparts.>” Although the size-dependent
toxicity of silica nanoparticles was reported in several studies,
the conclusions were still contradictory.*®**° In the present
study, two sizes of nano-scale silica particle (Nano-Si40, Nano-
Si60) and one size of micro-scale silica particle (Si200) were
studied to figure out whether the particle size affects the toxi-
cological consequences. Our study demonstrated for the first
time that nano-scale silica particles induce cytotoxicity and
autophagy dysfunction in human bronchial epithelial BEAS-2B
cells in a size- and dose-dependent manner, while micro-scale
silica particles have an inhibitory effect on autophagy.

Firstly, the cell viability and LDH activity were measured in
our study as indicators of cytotoxicity. The results demo-

This journal is © The Royal Society of Chemistry 2016

nstrated that silica particles (Nano-Si40, Nano-Si60 and Si200)
induced cytotoxicity in a size-, dose- and time-dependent
manner (Fig. 2 and 3). Consistent with our study, size-depen-
dent cytotoxicity was reported in several nanoparticles, such as
silver, gold, copper oxide and iron oxide magnetic
nanoparticles.’** The internalization and localization of
nanoparticles in cells were directly linked to biological effects
and cytotoxicity. Our data showed that the cellular uptake of
the three sizes of silica particles (Nano-Si40, Nano-Si60 and
Si200) is strongly dependent upon particle size, and the Nano-
Si40 and Nano-Si60 treated groups could induce mitochondrial
damage and autophagy, while the autophagic vacuoles were
not observed in the Si200 treated group with ultrastructural
analysis (Fig. 4). Our previous study has found that nano-scale
silica particles could induce autophagy in primary human
umbilical vein endothelial cells (HUVECs) and human hepato-
cellular carcinoma HepG2 cells.>*® Thus, we could infer that
the nano-scale silica particles had more potential to activate
autophagy rather than micro-scale particles.

It was well-documented that mitochondrial damage was
directly linked with autophagy induced by nanomaterials.*®*”
Our study found that the silica particles increased the mito-
chondrial depolarization and intracellular ROS in a size- and
dose-dependent manner (Fig. 5). The mitochondrial hyper-
polarization improves the organelles function, whereas mitochon-
drial depolarization can be removed by autophagy.’® We
suggested that silica particle-induced mitochondrial damage
can occur directly from ROS generation due to the hydroxyl
radicals ("OH) released by the silica surface.>®*° In line with
our study, oxidative stress is the major mechanism for nano-
particle-caused toxicity in vivo or in vitro.*"**> The pro-oxidant/
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Fig. 8 Effect of silica particles (Si200, Nano-Si60, Nano-Si40) on autophagy marker LC3 and autophagy blockage marker SQSTM1/p62 by pre-
treatment with the autophagy inhibitor, 3-MA. (A, a) The conversion of LC3-I to LC3-Il markedly decreased by pre-treatment with 3-MA compared
to treatment with the three sizes of silica particle alone. (B, b) The expression of SQSTM1/p62 declined obviously after pre-treatment with 3-MA
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antioxidant imbalance results in an increasing of oxidative
stress. The excess ROS generation could cause an impairment
of biological macromolecules, such as the lipids, proteins and
DNA, leading to the damage of several organelles, especially in
mitochondria.*>**  Recently, ROS-mediated autophagy is
becoming a widely accepted paradigm of nanoparticle-induced
autophagy.”>™*’ Several environmental metal pollutants (e.g.,
mercury, cadmium, and iron) were reported to induce auto-
phagy via the response to ROS-mediated DNA damage and
other molecular mechanisms.*® For example, p38, but not JNK,
was found to be involved in cadmium-induced autophagy.*’
Besides environmental pollutants, our previous study found
that SiNP-induced autophagy and autophagy dysfunction con-
tributed to apoptosis via p62 accumulation and negative regu-
lation of the mTOR pathway.” In addition, prolonged exposure
to SiNPs also induced cell death via pro-inflammatory action.”
Further study is required to explore whether long-term exposure
to SiNPs could trigger ROS-mediated autophagy.

Our data showed that the expression of LC3-II/LC3-I and
SQSTM1/p62 was upregulated in the Nano-Si60 and Nano-Si40

1224 | Toxicol. Res., 2016, 5, 1216-1228

treated groups in a size- and dose-dependent manner, while
the Si200 treated group had an inhibitory effect on LC3 and
SQSTM1/p62 (Fig. 6 and 7). This result relating to autophagy
obtained in our study is not consistent with the cytotoxicity
results. The Nomenclature Committee on Cell Death (NCCD)
has classified that cell death can cover necrosis, apoptosis,
autophagic cell death, mitotic catastrophe and other atypical
modalities.>> Our previous study had proved that silica nano-
particles (60 nm) could induce autophagic cell death.>® Thus,
we suggested that the micro-scale silica particles might induce
cytotoxicity not through autophagic cell death, so the effects of
Si-200 and Nano-Si40/60 on LC3 or p62 expression are oppo-
site. That nano-scale silica particles, rather than micro-scale
particles, could induce autophagy and blockade autophagy
degradation was further verified using the autophagy inhibi-
tor, 3-MA (Fig. 8). Since the activation of autophagy happens
when the cytosolic LC3-I is converted into the enzymatic LC3-
II, the LC3 protein is considered as an autophagy marker.>*
SQSTM1/p62, as a protein marker of autophagy blockage, is
uniquely selectively downregulated in the complete process of

This journal is © The Royal Society of Chemistry 2016
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autophagy, or elevated in the case of a blockage in the auto-
phagy flux.”® Yet, autophagy is considered as a double-edged
sword. Our data suggested that excessive autophagy and block-
ing of autophagy degradation could lead to autophagy dysfunc-
tion and disturb the cellular homeostasis.

To gain an insight into the underlying mechanism of auto-
phagy dysfunction, autophagy-related proteins and the signal-
ing pathway was measured using western blot analysis. Our
results showed that the nano-scale silica particles (Nano-Si40
and Nano-Si60 treated groups) activated autophagy via the
PI3K/Akt/mTOR signaling pathway in a size-dependent
manner while micro-scale silica particles (Si200 treated group)
did not activate autophagy at the same concentration (Fig. 9).
It is well known that the PI3K/Akt/mTOR signaling pathway is
a classical pathway involved in autophagy activation.’® The
rapamycin mTOR, a mammalian target, is critical in auto-
phagy and the negative regulation of autophagy. Several
studies including our findings have reported that autophagy is
involved in nanoparticle-induced toxicity via the PI3K/Akt/
mTOR pathway, such as in PAMAM nanoparticles, zinc oxide
nanoparticles, poly-glycyrrhetinic acid nanoparticles, silver
nanoparticles, and silica nanoparticles.>**>*”~® In addition, a

This journal is © The Royal Society of Chemistry 2016

review summarized that PI3K, AKT, and mTOR are the major
components of autophagy in the context of cellular responses
to nanoparticles.®’ So we suggested that the PI3K/Akt/mTOR
pathway could be a common mechanism for nanoparticle-
induced autophagy. However, under our experimental con-
ditions, we did not find the linkage between micro-scale silica
particles and autophagy. More study is encouraged to investi-
gate the relationship on this issue.

Conclusions

Using two nano-scale sizes (Nano-Si40 and Nano-Si60) and one
micro-scale sizae (Si200) of silica particles, the present study
demonstrated that silica particles induce cytotoxicity, oxidative
stress and mitochondrial damage in a size- and dose-depen-
dent manner in BEAS-2B cells. In addition, autophagy acti-
vation and autophagy blockage were triggered by nano-scale
silica particles via the PI3K/Akt/mTOR pathway, while the
micro-scale particles had an inhibitory effect on autophagy.
Our findings suggest that exposure to nano-scale silica par-
ticles could lead to autophagy dysfunction and impair cellular
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homeostasis. This will provide new evidence for the size-
dependent toxicity of nanomaterials.
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