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Abstract

Silica nanoparticles have become promising carriers for drug delivery or gene therapy. Endothelial cells could be directly
exposed to silica nanoparticles by intravenous administration. However, the underlying toxic effect mechanisms of silica
nanoparticles on endothelial cells are still poorly understood. In order to clarify the cytotoxicity of endothelial cells induced
by silica nanoparticles and its mechanisms, cellular morphology, cell viability and lactate dehydrogenase (LDH) release were
observed in human umbilical vein endothelial cells (HUVECs) as assessing cytotoxicity, resulted in a dose- and time-
dependent manner. Silica nanoparticles-induced reactive oxygen species (ROS) generation caused oxidative damage
followed by the production of malondialdehyde (MDA) as well as the inhibition of superoxide dismutase (SOD) and
glutathione peroxidase (GSH-Px). Both necrosis and apoptosis were increased significantly after 24 h exposure. The
mitochondrial membrane potential (MMP) decreased obviously in a dose-dependent manner. The degree of DNA damage
including the percentage of tail DNA, tail length and Olive tail moment (OTM) were markedly aggravated. Silica
nanoparticles also induced G2/M arrest through the upregulation of Chk1 and the downregulation of Cdc25C, cyclin B1/
Cdc2. In summary, our data indicated that the toxic effect mechanisms of silica nanoparticles on endothelial cells was
through DNA damage response (DDR) via Chk1-dependent G2/M checkpoint signaling pathway, suggesting that exposure
to silica nanoparticles could be a potential hazards for the development of cardiovascular diseases.
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Introduction

Silica nanoparticles have been found extensive applications in

biomedical and biotechnological fields [1], such as medical

diagnostics, drug delivery, gene therapy, biomolecules detection,

photodynamic therapy and bioimaging [2,3,4]. This adds to the

increasing industrial exposure to silica nanoparticles during

production, transportation, storage, and consumer use by which

human exposure and environmental burden were obviously

increased. Epidemiological evidences link air pollution with fine

particles in which silica is inorganic components to increase the

morbidity and mortality of cardiovascular diseases [5,6,7]. In

addition, several studies have shown translocation of ultrafine

particles from the lungs to extrapulmonary organs via the systemic

circulation [8,9,10]. Thus, endothelial cells could be directly

exposed to ultrafine particles. Moreover, silica nanoparticles as

carriers of drug delivery or gene therapy are generally injected into

the body intravenously and directly contacted with endothelial

cells. The single layer of endothelial cells that lines the lumen of all

blood vessels is recognized to be not only a barrier between

circulating blood and the vessel wall, but also a critical factor for

the maintenance of vascular function and homeostasis [11].

Therefore, it is important to understand the interaction between

silica nanoparticles and endothelial cells.

The human umbilical vein endothelial cells (HUVECs) line

isolated from the umbilical cord by collagenase digestion has been

used for in vitro studies of endothelial cells function [12].

Unfortunately, most previous studies focused on the cytotoxicity

induced by silica nanoparticles using a wide range of different cells

lines rather than endothelial cell line [13,14,15]. Although recently

reports have shown that HUVECs exposure to silica nanoparticles

could induce reactive oxygen species (ROS), inflammatory

cytokines and von Willebrand factor (VWF) [16,17,18], informa-

tion about the toxic effect and its mechanisms of silica

nanoparticles on endothelial cells is still limited. Our previous

study confirmed that silica nanoparticles caused oxidative DNA

damage and cell cycle arrest in human hepatoma (HepG2) cells

[19]. However, as far as we know, whether the silica nanoparticles

could also induce endothelial cells toxic effect through oxidative

DNA damage or cell cycle arrest has not been reported.

Mammalian cells are frequently at risk of DNA damage from a

variety of endogenous and exogenous sources, including reactive

oxygen species, ultraviolet light, background radiation and

environmental factors [20]. To protect their genomes from this

assault, cells have evolved complex mechanisms known as DNA

damage response (DDR) that act to rectify damage and minimize

the probability of lethal or permanent genetic damage [21]. DDR

encompass multiple repair mechanisms and signal transduction
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pathways that effect cell cycle checkpoint arrest and/or apoptosis

[22]. These regulatory mechanisms involving an intricate network

of protein kinase signaling pathways are central to the mainte-

nance of genomic integrity and basic viability of the cells [23].

Intact DDR pathways are very critical for preventing the

replication of damaged DNA templates and transmission of

mutations to daughter cells. Whereas defects in DDR will result in

accumulation of genetic mutations, gene amplification, and

chromosomal alterations, which in turn contribute to malignant

transformation and tumorigenesis [24]. Therefore, it is necessary

to clarify the basic molecular mechanism of silica nanoparticles-

induced DDR pathways in endothelial cells.

To our best knowledge, this is the first study to illustrate the

biological interaction mechanisms between DDR pathways and

endothelial cells toxic effect triggered by silica nanoparticles. Prior

to undertaking in vitro toxicity experiments, the characterization

of silica nanoparticles, which is essential for nanotoxicity studies,

was performed by transmission electron microscope (TEM) and

dynamic light scattering (DLS) measurements. To investigate the

toxic effect mechanisms of endothelial cells induced by silica

nanoparticles, we conducted a sequence of assessments including

cellular uptake and morphology, cell viability, membrane integrity,

intracellular ROS generation, oxidative damage, DNA damage,

cell cycle arrest, apoptosis and necrosis after HUVECs exposure to

silica nanoparticles for 24 h. We also measured the protein levels

of Chk1, Cdc25c, cyclin B1/Cdc2 to analyze whether silica

nanoparticles-induced endothelial cells toxic effect was through

DDR via Chk1-dependent G2/M checkpoint signaling pathway.

Materials and Methods

Silica nanoparticles preparation and characterization
Silica nanoparticles were prepared using the Stöber method

[25]. Briefly, 2.5 mL of tetraethylorthosilicate (TEOS) (Sigma,

USA) was added to premixed ethanol solution (50 mL) containing

ammonia (2 mL) and water (1 mL). The reaction mixture was kept

at 40uC for 12 h with continuous stirring (150 r/min). The

resulting particles were isolated by centrifugation (12,000 r/min,

15 min) and washed three times with deionized water and then

dispersed in 50 mL of deionized water. The size and distribution

of silica nanoparticles were performed by transmission electron

microscope (TEM) (JEOL JEM2100, Japan) and ImageJ software.

The hydrodynamic sizes and zeta potential of silica nanoparticles

were examined by Zetasizer (Malvern Nano-ZS90, Britain).

Suspensions of silica nanoparticles were dispersed by sonicator

(160 W, 20 kHz, 5 min) (Bioruptor UDC-200, Belgium) before

addition to culture medium in order to minimize their aggrega-

tion.

Cell culture and exposure to silica nanoparticles
The primary human umbilical vein endothelial cells (HUVECs)

line was purchased from the Cell Resource Center, Shanghai

Institutes for Biological Sciences (SIBS, China). The cells were

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)

(Gibco, USA) supplemented with 10% fetal bovine serum (Gibco,

USA), 100 U/mL penicillin and 100 mg/mL streptomycin, and

cultured at 37uC in 5% CO2 humidified environment. For

experiments, the cells were seeded in 6-well plates (except MTT

assay using 96-well plates) at a density of 16105 cells/mL and

allowed to attach for 24 h, then treated with silica nanoparticles

suspended in DMEM of certain concentrations for another 24 h.

Before use, the stock suspensions of silica nanoparticles were

sonicated for 5 min. Controls were supplied with an equivalent

volume of DMEM without silica nanoparticles. For all experi-

ments, each group had five replicate wells. Data are expressed as

means 6 S.D. from three independent experiments (*p,0.05).

Detection of silica nanoparticles uptake
LSCM detection: HUVECs were seeded at 16104 cells in

35 mm-diameter glass bottom cell culture dish and were cultured

in DMEM as above. After 24 h of cell attachment, the cells were

treated with Ruthenium (II) hydrate (Ru(phen)3
2+) interior-labeled

silica nanoparticles (50 mg/mL) for 24 h at 37uC in serum-free

medium. These red fluorescent silica nanoparticles were prepared

by a modified Stöber method and characterized as described

before [26]. Cells were then washed several times with phosphate-

buffered saline (PBS) and fixed with 4% paraformaldehyde at

room temperature for 10 min. Cells were then washed 3 times

with phosphate-buffered saline (PBS) and fixed with 4% parafor-

maldehyde at room temperature for 10 min. The cells were

washed with 0.1% Triton X-100 three times and incubated with

Phalloidin-FITC Actin-Tracker Green (Jiancheng, China) at room

temperature for 30 min. The Actin-Tracker was dissolved in the

mixture of 0.1% Triton X-100 and 3% bovine serum albumin

(BSA) (Sigma, USA) for staining the actin filamentous skeleton.

After that, the nucleus was stained with 5 mg/mL 4,6-diamidino-2-

phenylindole (DAPI) (Sigma, USA) in PBS for 5 min. Cellular

uptake were observed by a laser scanning confocal microscopy

(LSCM) (Leica TCS SP5, Germany).

TEM detection: After HUVECs incubated for 24 h with silica

nanoparticles (50 mg/mL), the cells were washed with PBS and

then centrifuged at 2000 r/min for 10 min. The supernatants

were removed. The cell pellets were fixed in a 0.1 M PBS solution

containing 2.5% glutaraldehyde and 4% paraformaldehyde for

3 h. They were then washed with 0.1 M PBS, embedded in 2%

agarosegel, postfixed in 4% osmium tetroxide solution for 1 h,

washed with distilled water, stained with 0.5% uranyl acetate for

1 h, dehydrated in a graded series of ethanol (30%, 60%, 70%,

90%, and 100%), and embedded in epoxy resin. The resin was

polymerized at 60uC for 48 h. Ultrathin sections obtained with a

ultramicrotome were stained with 5% aqueous uranyl acetate and

2% aqueous lead citrate, air dried, and imaged under a

transmission electron microscope (TEM) (JEOL JEM2100, Japan).

Assessment of cytotoxicity
Cultured HUVECs were treated with various concentrations

(25, 50, 75, and 100 mg/mL) of silica nanoparticles for 24 h. Cell

morphology was observed by optical microscope (Olympus IX81,

Japan).

The cell viability was measured using the 3-(4, 5-dimethylthia-

zol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) reduction

assay. MTT assay is the most common employed for the detection

of cytotoxicity or cell viability following exposure to toxic

substances. MTT is a water soluble tetrazolium salt, which is

converted to an insoluble purple formazan by cleavage of the

tetrazolium ring by succinate dehydrogenase within the mito-

chondria. The formazan product is impermeable to the cell

membranes and therefore it accumulates in healthy cells. The

absorbance of formazan was measured at 492 nm using a

microplate reader (Themo Multiscan MK3, USA).

The lactate dehydrogenase leakage assay (LDH), which is based

on the measurement of lactate dehydrogenase activity in the

extracellular medium, was determined using a commercial LDH

Kit (Jiancheng, China) according to the manufacturer’s protocols.

The loss of intracellular LDH and its release into the culture

medium is an indicator of irreversible cell death due to cell

membrane damage. After HUVECs treated with different

concentrations (25, 50, 75, and 100 mg/mL) of silica nanoparticles

Toxic Effect of Nano-SiO2 on Endothelial Cells
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for 24 h, the supernatants were collected for LDH measurement.

100 mL cell medium was used for LDH activity analysis and the

absorbance at 440 nm was measured by a UV-visible spectro-

photometer (Beckman DU-640B, USA).

Apoptosis and necrosis
Apoptosis in endothelial cells was measured using the Annexin

V-propidium iodide (PI) apoptosis detection kit (KeyGen, China).

The kit contains Annexin V conjugated to the flurochrome FITC.

This complex displays a high affinity to the membrane phospho-

lipid phosphatidylserine, which undergoes externalization in the

earlier stages of apoptosis. To distinguish early apoptotic cells from

dead cells resulted from late apoptosis or necrosis, the vital dye PI

was used. In this way, FITC negative and PI negative were

designated as live cells in the lower left quadrant; FITC positive

and PI negative as apoptotic cells in the upper left quadrant; FITC

positive and PI positive as necrotic cells in the upper right

quadrant; and FITC negative and PI positive as large nuclear

fragments in the lower right quadrant [27]. HUVECs were

exposed to silica nanoparticles for 24 h, washed with PBS three

times and trypsinized. After centrifugation at 1000 rpm, the cell

pellet was washed with PBS once and incubated with 5 mL

Annexin V-FITC for 15 min, which was followed by staining with

5 mL PI. Then, the samples were diluted with 500 mL binding

buffer and analyzed with a flow cytometer (Becton Dickinson,

USA), and at least 16104 cells were counted for each sample.

Intracellular ROS measurement
The cytotoxicity effects might occur through the induction of

oxidative stress and apoptosis with possible involvement of

overproduction of reactive oxygen species (ROS). In this regard,

the production of intracellular ROS was measured by flow

cytometry using the 29, 79-dichlorofluorescein diacetate (DCFH-

DA) (Beyotime, China) as an oxidation-sensitive probe. Briefly,

10 mM DCFH-DA stock solution was diluted 1000-fold in cell

culture medium without serum or other additive to yield a 10 mM

working solution. After the exposure of HUVECs to series dosages

(25, 50, 75, and 100 mg/mL) of silica nanoparticles for 24 h, the

cells in 6-well plates were washed twice with PBS and incubated in

2 mL working solution of DCFH-DA at 37uC in dark for 30 min.

Then the cells were washed twice with cold PBS and resuspended

in the PBS for analysis. Fluorescent intensity and percentage of

positive cells were measured by flow cytometry (Becton-Dickison,

USA). For each sample, at least at least 16104 cells were collected.

Assessment of oxidative damage
In addition to the analysis of cytotoxicity and ROS levels, the

malondialdehyde (MDA) content was measured as an end product

of lipid peroxidation. The defense systems against free radical

attack were assessed by the measurement of both the activities of

superoxide dismutase (SOD) and glutathione peroxidase (GSH-

Px). After HUVECs exposure to different concentrations (25, 50,

75, and 100 mg/mL) of silica nanoparticles for 24 h, washed once

with ice-cold PBS, and lysed in ice-cold RIPA lysis buffer

containing 1 mM phenylmethylsulphonyl fluoride (PMSF) (Ding-

Guo, China) and phosphatase inhibitor for 30 min. After

centrifuging the lysates at 12,000 rpm, 4uC for 10 min, the

supernatants were collected for measurements of the production of

MDA, the activities of SOD and GSH-Px. All examinations were

carried out using commercially available kits (Jiancheng, China)

according to the manufacturer’s instructions. The protein

concentrations of these extracts were determined by performing

the bicinchoninic acid (BCA) protein assay (Pierce, USA).

Detection of mitochondrial membrane potential (MMP)
MMP was detected by using 5,59,6,69-tetrachloro-1,19,3,39-

tetraethylbenzimi dazo-lylcarbocyanide iodine (JC-1) (Sigma,

USA). This probe can selectively enter into mitochondria and

reversibly change color from red to green as the membrane

potential decreased. The ratio of green to red expresses the change

of MMP. Cells were treated with silica nanoparticles (25, 50, 75,

and 100 mg/mL) for 24 h. After washing with PBS, the cells were

incubated with 10 mg/mL working solution of JC-1 for 20 min.

Then the cells were washed with PBS twice and analyzed by flow

cytometry (Becton-Dickison, USA). The green fluorescence

intensity was determined at an excitation wavelength of 488 nm

and an emission wavelength of 525 nm, whereas the red

fluorescence intensity determined at an excitation wavelength of

488 nm and an emission wavelength of 590 nm. For each sample,

at least at least 16104 cells were collected.

Comet assay
Comet assay, also known as single cell gel electrophoresis

(SCGE), is a visual and sensitive technique for measuring DNA

breakage in individual mammalian cells. The DNA damage

induced by silica nanparticles was performed by Single cell gel

electrophoresis kit (Biolab, China). HUVECs were collected and

resuspended in PBS. 20 mL of the cells suspension and 80 mL of

low melting agarose were mixed and 80 mL of the suspension

pipetted onto a comet-slide. The slides were placed flat in dark at

4u C for 10 min for the mixture to solidify. Then the slides were

placed in pre-chilled lysing solution at 4u C for 2 h. Slides were

removed from lysing solution, tapped on a paper towel to remove

any excess lysis solution and immersed in alkaline solution for

45 min in dark at room temperature. The slides were washed

twice for 5 min. Then the slides were electrophoresed at low

voltage (300 mA, 25 V) for 30 min. Slides were removed from the

electrophoresis unit after the designated time, tapped to remove

excess buffer at room temperature. Subsequently, the air-dried

slides were stained with DNA-binding dye propidium iodide (PI)

and evaluated under a fluorescence microscope (Olympus IX81,

Japan). To prevent additional DNA damage, all the steps

described above were conducted under dimmed light or in the

dark. The data were analyzed by CASP software based on 100

randomly selected cells per sample. The percentage of tail DNA,

tail length and Olive tail moment (OTM) were selected as

indicators of DNA damage.

Cell cycle arrest
The cell cycle detection kit (KeyGen, China) was used to

determine the DNA index (DI) and cell-cycle phase distributions.

The method involved dissolving of the cell membrane lipids,

eliminating the cell cytoskeleton with trypsin, digesting the cellular

RNA and stabilizing the chromatin with spermine. HUVECs were

exposed to various concentrations of silica nanoparticles for 24 h,

washed with PBS three times and trypsinized. After centrifuged at

1000 rpm for 5 min, the cells were washed one time in PBS and

fixed in 70% ethanol for at least 24 h. The fixed cells were washed

twice with PBS and treated with 100 mL RNase A at 37uC for

30 min. Finally, the cells were stained with 400 mL propidium

iodide and incubated in dark for 30 min. A total of at least 16104

cells for each sample were analyzed by flow cytometry (Becton

Dickinson, USA).

Western blot analysis
To analyze whether silica nanoparticles influence the expression

of G2/M DNA damage checkpoint regulators, we measured the

Toxic Effect of Nano-SiO2 on Endothelial Cells
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protein levels of Chk1, Cdc25c, cyclin B1/Cdc2 in HUVECs by

western blot analysis. Total cellular protein extracts were

determined by performing the bicinchoninic acid (BCA) protein

assay (Pierce, USA). The equal amounts of lysate proteins (40 mg)

were loaded onto SDS-polyacrylamide gels (12% separation gels)

and electrophoretically 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 at room temperature, the membrane

was incubated with Chk1, Cdc25C, Cdc2, cyclin B1 [1:1000,

rabbit antibodies, Cell Signaling Technology (CST), USA]

overnight at 4uC, washed with TBST, and incubated with a

horseradish peroxidase-conjugated anti-rabbit Ig G secondary

antibody (CST, USA) for 1 h at room temperature. After washed

three times with TBST, The antibody-bound proteins were

detected using the ECL chemiluminescence reagent (Pierce, USA).

Densitometric analysis of the western blots was performed using

Image LabTM Software (Bio-Rad Version 3.0, USA). The relative

values of the samples were measured by normalising all data to the

respective control samples of each experiment.

Statistical analysis
Data were expressed as mean 6 S.D. and significance was

determined by using one-way analysis of variance (ANOVA)

followed by least significant difference (LSD) test to compare the

differences between groups. Differences were considered signifi-

cant at p,0.05.

Results

Characterization of silica nanoparticles
As shown in Figure 1A, the TEM images of silica nanoparticles

had a spherical shape with the average diameter of 62 nm. The

size distribution measured by ImageJ software showed approxi-

mately normal distribution (Figure 1B). The hydrodynamic sizes of

silica nanoparticles were measured in distilled water as stock media

and in DMEM as culture media at different time point to reflect

their dispersion by polydispersity index (PDI) (Table 1). The silica

nanoparticles exhibited very good monodispersity in DMEM. Zeta

potentials provide quantitative information on the stability of the

particles. Silica nanoparticles tested in our study had the absolute

value of zeta potentials is higher than 30 mV. It is well

documented that the particles are more likely to remain dispersed

if the absolute value of zeta potential is higher than 30 mV [28].

Our results showed that the silica nanoparticles in culture medium

possessed uniform shape along with relatively favourable disper-

sibility.

Cellular uptake of silica nanoparticles
Since the subcellular localization may play an important role in

silica nanoparticles-induced biological effects, we examined the

HUVECs uptake of Ru(phen)3
2+-labeled silica nanoparticles by

LSCM. Merged confocal microscopic images of HUVECs

(Figure 2A) showed that the fluochrome-labeled silica nanoparti-

cles were internalized into cells compared to control group after

24 h exposure, which was consistent with TEM images (Figure 2B).

Cytotoxicity of HUVECs induced by silica nanoparticles
To evaluate the possible toxicity of silica nanoparticles on

endothelial cells, cellular morphology and cell viability were

determined after exposing HUVECs to silica nanoparticles for

24 h. With the dosages (25, 50, 75, and 100 mg/mL) increasing,

the morphological changes of HUVECs became more and more

obviously. Cell density reduction, irregular shape and cellular

shrinkage were observed (Figure 3A). Compared with control

group, the cell density in 100 mg/mL treated group was obviously

reduced after 24 h exposure. Change of cellular morphology was

directly reflected with cell viability. As indicated in Figure 3B,

viability of HUVECs induced by silica nanoparticles showed no

significant change as early as at 6 h. As time passed, cell viability

was decreased remarkably in 100 mg/mL treated group at 12 h.

Up to 24 h, the cell viability in 50 mg/mL treated group decreased

to 83.49%, which was significantly lower than that of control. In

addition, the MTT results were strongly in accordance with the

increased membrane damage measured by LDH release

(Figure 3C). Significant difference of LDH release was observed

between treated groups and control group after HUVECs

exposure to silica nanoparticles for 24 h. Our results indicated

that silica nanoparticles induced cytotoxicity in a dose- and time-

dependent manner.

Apoptosis and necrosis of HUVECs induced by silica
nanoparticles

To further analyze the cell death caused by silica nanoparticles,

apoptosis and necrosis in HUVECs were measured by flow

cytometry. As shown in Figure 4, after 24 h of exposure, the

apoptotic rate was significant increased in 50 mg/mL treated

group compared to that of control group. While the necrosis rate

was significant elevated in as low as 25 mg/mL. The apoptosis rate

was much lower than necrosis rate induced by silica nanparticles.

Our data indicated that the silica nanoparticles could cause both

apoptosis and necrosis. The membrane damage and necrosis were

mainly responsible for cell death caused by silica nanoparticles.

Intracellular ROS generation induced by silica
nanoparticles

To get a closer insight into cytotoxicity induced by silica

nanoparticles, we measured the generation of ROS through

fluorescence intensity of dichlorofluorescein (DCF). As shown in

Figure 5A, after HUVECs exposure to silica nanoparticles for

24 h, the intracellular ROS levels of all treated groups were

increased gradually. In 100 mg/mL treated group, the fluores-

cence intensity was significantly elevated (2.3-fold much higher

than that of control). Our results demonstrated that silica

nanoparticles induced intracellular ROS generation increased in

a dose-dependent manner.

Oxidative damage triggered by silica nanoparticles
The generation of intracellular ROS could cause oxidative

damage. Therefore, we measured the production of MDA as well

as the activities of SOD and GSH-Px. Figure 5B shown that the

intracellular level of MDA in HUVECs exposed to silica

nanoparticles for 24 h was significantly increased compared to

that of control group. In contrast, the levels of the SOD and GSH-

Px were decreased significantly with a dose-dependent way

(Figure 5C and Figure 5D). The results revealed that silica

nanoparticles-induced ROS generation in HUVECs caused

oxidative damage followed by the production of MDA and the

inhibition of SOD and GSH-Px.

Changes of mitochondrial membrane potential induced
by silica nanoparticles

The MMP was determined with JC-1 probe by flow cytometry

(Figure 6). The green/red fluorescence intensity ratio was used to

express the changes of MMP and the increased ratio indicates

decrease of MMP. Our results showed the ratio elevated with the

increasing of silica nanoparticles exposure concentrations indicat-
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ing the MMP changes were concentration dependent. The MMP

of all the silica nanoparticles treated groups at 24 h have

significant differences compared with control group.

DNA damage of HUVECs induced by silica nanoparticles
To investigate the mechanisms of apoptosis induced by silica

nanoparticles, DNA damage was measured by comet assay. As

shown in Figure 7 and Table 2, HUVECs exposure in 25 mg/mL

treated group showed no significant difference in DNA damage.

With the dosages increasing, the degree of DNA damage involving

the percentage of tail DNA, tail length and Olive tail moment

(OTM) were significantly elevated. Our data indicated that the

DNA damage caused by silica nanoparticles was getting more

serious with the dosages increasing.

Cell cycle arrest of HUVECs induced by silica
nanoparticles

The relevant checkpoints could arrest cell cycle at certain stage

as response to DNA damage. Thus, we measured the cell cycle

arrest by flow cytometry. As shown in Figure 8 and Table 3, the

cell cycle was arrested in G2/M phase. The percentage of cells in

G2/M phase increased progressively in a dose-dependent manner,

while in G0/G1 and S phase the percentage of cells declined

irregular. At the dosages up to the highest concentration (100 mg/

mL), the quantitative analysis showed that HUVECs exposure to

silica nanoparticles resulted in a significant 5.1-fold increasing of

G2/M phase compared to that of control group. Therefore, our

data revealed that the silica nanoparticles induced G2/M arrest in

HUVECs triggered by oxidative DNA damage.

Figure 1. Characterization of silica nanoparticles. (A) Transmission electron microscopy image: TEM images of silica nanoparticles had a
spherical shape with the average diameter of 62 nm. (B) Size distribution: The size distribution measured by ImageJ software showed approximately
normal distribution.
doi:10.1371/journal.pone.0062087.g001

Table 1. Hydrodynamic size and Zeta potential of silica nanoparticles in dispersion media.

Distilled water DMEM

Time (h) Diameter (nm) PDI Zeta potential (mV) Diameter (nm) PDI Zeta potential (mV)

1 108.0360.61 0.1160.01 240.3366.47 106.0360.93 0.1160.02 235.2762.10

3 106.8060.63 0.1060.01 239.1365.26 105.8360.90 0.1060.02 236.7762.40

6 105.6061.22 0.0760.02 241.4363.29 107.2760.93 0.1360.01 236.5360.64

12 104.9760.60 0.1060.02 244.1061.30 104.2361.17 0.0860.01 234.3762.75

24 104.8760.64 0.0860.02 246.3363.13 104.4360.21 0.1060.01 238.1060.46

Data are expressed as means 6 S.D. from three independent experiments.
doi:10.1371/journal.pone.0062087.t001
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Chk1-dependent G2/M checkpoint pathways activated
by silica nanoparticles

To better understand the G2/M arrest signaling pathway, we

examined the expression of G2/M checkpoint regulators in

HUVECs by western blot analysis. As shown in Figure 9, the

expression of Chk1 was obviously increased after HUVECs

exposed to silica nanoparticles for 24 h, whereas the expression of

Cdc25C, Cdc2 and cyclin B1 were marked decreased compared to

that of control group. Our data demonstrated that the G2/M

regulation pathway was affected or disturbed by silica nanopar-

ticles through the activation of Chk1 and the inhibition of Cdc25C

and cyclin B1/Cdc2. The downregulation of cyclin B1/Cdc2

resulted in a directly arrest of G2/M phase in HUVECs.

Discussion

Nanoscience has matured significantly during the last decade as

it has transitioned from bench top science to applied technology

[29]. Presently, silica nanoparticles are widely used in biomedical

applications as promising carriers for drug delivery or gene

therapy. Thus, the endothelial cells could be primarily exposed to

silica nanoparticles by intravenous administration. However,

biological or cellular responses to silica nanoparticles are still

poorly understood. DNA damage response (DDR) involved the

sensing of DNA damage followed by transduction of the damage

signal plays an important role in the network of cellular pathways.

To our best knowledge, the possibility mechanisms of DDR

pathways triggered by silica nanoparticles caused the toxic effect of

endothelial cells has not been investigated. Our findings demon-

strated that direct exposure of HUVECs to silica nanoparticles

induced DDR leading to activate the Chk1-dependent G2/M

checkpoint signaling pathway, resulted in a series of endothelial

cells toxic effect.

Currently, cell uptake of nanoparticles is an important issue in

designing suitable cell-tracking and drug-carrier nanomaterials

systems [30]. LSCM and TEM results showed that silica

nanoparticles were internalized into endothelial cells after 24 h

exposure (Figure 2). In addition, our previous study confirmed that

Figure 2. Subcellular localization of silica nanoparticles. (A) LSCM images of HUVECs after incubation for 24 h with Ruthenium (II) hydrate
labeled silica nanoparticles (50 mg/mL, red) of size 62 nm. The cell skeleton was stained with Phalloidin-FITC (green), and the cell nucleus with 4,6-
diamidino-2-phenylindole (DAPI; blue). (B) TEM images of HUVECs exposed to silica nanoparticles for 24 h. Both TEM and LSCM results showed that
the silica nanoparticles were internalized into cells compared to control group.
doi:10.1371/journal.pone.0062087.g002
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the silica nanoparticles could internalized into the cells and

dispersed in cytoplasm and deposited inside mitochondria [25]. To

gain closer mechanistic insight into silica nanparticles-induced

biological effects, we measured the cellular morphology, cell

viability and membrane integrity as cytotoxicity indicators in

HUVECs. Exposure to cytotoxic agents can affect cellular

morphology, which is directly reflecting cell injuries. Firstly, we

examined the morphology of HUVECs exposure to silica

nanoparticles for 24 h by optical microscopy (Figure 3A). Cell

density reduction, irregular shape as well as cellular shrinkage

were observed. Changes in cellular morphology have been

considered as a direct indicator in assessing cytotoxicity [27]. To

confirm and analyze this observation, cell viability and LDH

release were measured (Figure 3B and 3C). Our data revealed that

the silica nanoparticles-induced cytotoxicity increased in a dose-

and time-dependent manner.

It has been confirmed that the LDH release is an indicator of

necrosis due to cell membrane damage [31]. To further analyze

the cell death caused by silica nanoparticles, apoptosis and necrosis

in HUVECs were measured (Figure 4A). In accordance with LDH

results, a significant increase of necrosis rate was noted at the

concentrations (25, 50, 75, and 100 mg/mL) of silica nanoparticles,

while the apoptosis rate was much lower than necrosis (Figure 4B).

Rapid-acting metabolic poisons and strong physical stress can

cause necrosis accompanied with membrane damage. In contrast,

apoptosis is a slow-acting form of cell death accompanied with an

energy-dependent sequence of events, resulted in fragmenting

nuclei and cytoplasmic organelles ultimately, thus, the membrane

damage is not a primary event of apoptosis [32]. In this study, we

found that HUVECs exposure to silica nanoparticles also caused

apoptosis (Figure 4). Similar results were obtained from Liu and

coworker who suggested that the endothelial cells exposure to

Figure 3. Cytotoxicity of HUVECs induced by silica nanoparticles. (A) Morphological changes of HUVECs after exposure to silica
nanoparticles for 24 h. Cell density reduction, irregular shape and cellular shrinkage were observed by optical microscope. (B) Cell viability of HUVECs
treated with silica nanoparticles was measured by MTT assay after 6 h, 12 h, 24 h exposure. (C) LDH leakage of HUVECs exposed to viarous
concentrations of silica nanoparticles for 24 h. The results indicated that silica nanoparticles induced cytotoxicity in a dose- and time-dependent
manner. Data are expressed as means 6 S.D. from three independent experiments (*p,0.05).
doi:10.1371/journal.pone.0062087.g003
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silica nanoparticles could cause apoptosis [18]. Endothelial cells

apoptosis was considered as a major determinant of atherothrom-

bosis [33]. To investigate the possible mechanisms of apoptosis

induced by silica nanoparticles, intracellular ROS, MDA and

antioxidant activities including SOD and GSH-Px were measured

(Figure 5). The generation of intracellular ROS caused oxidative

damage followed the production of lipid peroxidation and the

inhibition of antioxidant activities. Generally, the oxidative stress

produced by nanoparticles was considered to be one of the

important aspects associated with nanotoxicity [34]. It was

Figure 4. Apoptosis of HUVECs after exposure to silica nanoparticles for 24 h. (A) Apoptotic and necrotic populations of cells double-
stained with PI- and FITC-labled Annexin V were depicted by flow cytometry. FITC negative and PI negative were designated as live cells in the lower
left quadrant; FITC positive and PI negative as apoptotic cells in the upper left quadrant; FITC positive and PI positive as necrotic cells in the upper
right quadrant; and FITC negative and PI positive as large nuclear fragments in the lower right quadrant. (B) HUVECs exposure to silica nanoparticles
caused increase of both necrosis and apoptosis rate. The apoptosis rate was much lower than the necrosis rate. Data are expressed as means 6 S.D.
from three independent experiments (*p,0.05).
doi:10.1371/journal.pone.0062087.g004
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Figure 5. Oxidative stress and oxidative damage induced by silica nanoparticles on HUVECs. The intracellular levels of ROS and MDA
were obviously increased (A, B). While SOD and GSH-Px levels were decreased significantly with a dose-dependent way (C, D). Silica nanoparticles-
induced ROS generation caused oxidative damage followed by the production of MDA as well as the inhibition of SOD and GSH-Px. Data are
expressed as means 6 S.D. from three independent experiments (*p,0.05).
doi:10.1371/journal.pone.0062087.g005

Figure 6. Mitochondrial membrane potential changes after silica nanoparticles exposure for 24 h detected with JC-1 probe by flow
cytometry. The green/red fluorescence intensity ratio was used to express the changes of MMP and the increased ratio indicates decrease of MMP.
Data are expressed as means 6 S.D. from three independent experiments (*p,0.05).
doi:10.1371/journal.pone.0062087.g006
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reported that silica nanoparticles showed stable surface radicals

and sustained release of Hydroxyl radical (?OH). The ?OH radical

is the most reactive ROS and triggers extensive cellular damage.

ROS generated by the silica nanoparticles surface can induce cell

membrane damage via lipid peroxidation that may subsequently

lead to increased cellular permeability [35,36]. Oxidative stress is

the result of an imbalance in the pro-oxidant/antioxidant

homeostasis. It is well-known that extensive increase in the ROS

production exceeds the capacity of antioxidant mechanisms

causing injury to lipids, proteins and DNA [37]. Induction of

oxidative stress by silica nanoparticles have been observed in

various cell types [38,39,40]. It may also due to their direct or

indirect effects to some organelles of nanoparticles which entered

the cells. These organelles, such as mitochondria, are the main

sources of cellular ROS and the basis of the ROS metabolism

[41,42]. Oxidative stress induced membrane lipid peroxidation

could occur both in vitro and in vivo, especially in membranes of

highly metabolically active mitochondria [42]. In the present

study, the mitochondrial membrane potential decreased obviously

in a dose-dependent manner (Figure 6). Excess ROS production

produced by silica nanoparticles exposure is one of the factors

leading to the collapse of mitochondrial membrane potential [25].

Since the maintenance of ROS homeostasis depended on the

respiratory chain and the membrane potential, oxidative damage

may occur due to the decreasing of membrane potential [41,43].

In addition, DNA damage could be mediated by oxidative stress

depending on the balance between ROS production and

antioxidant status [44]. The high surface area associated with

nanoparticles can promote the generation of ROS, resulting in

oxidative DNA damage [45]. Our previous study confirmed that

silica nanoparticles induced ROS directly lead to DNA damage

and cell cycle arrest [19]. The cellular response to DNA damage,

commonly known as DDR, encompasses multiple repair mecha-

nisms and checkpoint responses that can delay cell cycle

progressing or modulate DNA replication [21]. It had been

reported that silica nanoparticles could induce DDR, mutagenic

effects and cell cycle arrest in various non-endothelial cell lines

[46,47,48]. However, whether the toxic effect of endothelial cells is

associated with DDR pathways has not been reported. In the

present study, our results showed that the degree of DNA damage

including the percentage of tail DNA, tail length and Olive tail

moment (OTM) were significantly aggravated in a dose-dependent

manner (Figure 7 and Table 2). Moreover, our data indicated that

the silica nanoparticles inhibited HUVECs proliferation by

inducing G2/M arrest (Figure 8 and Table 3). In response to

DNA damage, cells launch elegant networks of genome surveil-

lance mechanisms, called cell cycle checkpoints, to detect and

repair damaged DNA to maintain the genome stability [49].

When cells have DNA damage to be repaired or DNA replication

is not complete, these checkpoints will arrest cell cycle at one of the

G0/G1, S or G2/M phase. The G2/M phase has played an

important role in mitotic processes. G2/M DNA damage

checkpoint serves to prevent the cell from entering mitosis (M-

phase) with genomic DNA damage [50]. This kind of cell cycle

delay could offer more time for the repair of DNA damage and

avoid gene mutation [51]. However, when the DNA injuries of

cells were so severe that exceed the cellular repair capacity,

apoptosis would occur. Cell cycle checkpoints are pivotal

mechanisms safeguarding genome stability. Cells that harbor

defects in checkpoints are predisposed to genome instability and

neoplastic transformation [52]. Therefore, it is necessary to further

Figure 7. DNA damage of HUVECs after exposed to silica nanoparticles for 24 h determined by comet assay. (A) Control group, (B)
25 mg/mL treated group, (C) 50 mg/mL treated group, (D) 75 mg/mL treated group, (E) 100 mg/mL treated group. More severe DNA injury was
reflected by larger area of the comet tail. The DNA damage caused by silica nanoparticles was getting more serious with the dosages increasing. The
magnification was 2006by fluorescence microscope.
doi:10.1371/journal.pone.0062087.g007

Table 2. DNA damage of HUVECs induced by silica
nanoparticles.

DNA damage

Groups Tail DNA (%) Tail Length (mm) Olive Tail Moment

Control 0.4060.18 2.7560.46 0.0560.02

25 mg/mL 1.7260.62 3.5660.73 0.4060.10

50 mg/mL 15.9962.56* 14.2564.98* 6.4162.62*

75 mg/mL 24.7666.88* 23.8869.33* 11.6063.99*

100 mg/mL 34.2165.23* 31.8065.53* 15.9963.65*

Data are expressed as means 6 S.D. from three independent experiments
(*p,0.05).
doi:10.1371/journal.pone.0062087.t002
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investigate the cell signaling pathway of silica nanoparticles-

induced G2/M arrest.

In the current study, we confirmed that silica nanopaticles

triggered DDR pathways leading to activate the G2/M cell cycle

checkpoint. As shown in Figure 9, we found that Cdc25C, Cdc2

and cyclin B1 were remarkable suppressed in HUVECs after

exposure to silica nanoparticles for 24 h, while Chk1 was

significantly increased. Checkpoint kinase 1 (Chk1), which is an

essential kinase required to preserve genome stability, is activated

in response to DNA damage and is involved in the cell cycle

checkpoint control, DNA damage repair and DNA damage-

induced apoptosis [53,54]. In particular, Chk1 is mainly respon-

sible for the G2/M DNA damage checkpoint signal transduction

pathway [55,56]. Upon to DDR, Chk1 is activated and inhibits

the activation of the downstream target of Cdc25C, resulted in the

downregulation of cyclinB1/Cdc2 kinase [57]. Cdc2 and cyclin B1

are essential for the entry of cells into mitosis. Cdc2 is inactive as a

monomer and must bind with cyclin B1 during the G2/M

transition. Inhibition of cyclin B1/Cdc2 complex resulted in a

directly G2/M arrest [58]. Thus, we could confirm that the

mechanisms of silica nanoparticles induced endothelial cells toxic

effect was through activating the Chk1-dependent G2/M DNA

damage checkpoint signaling pathway. The molecular mechanism

obtained from our study may add information to the epidemio-

logic data that exposure to ultrafine particles is a significant risk for

the development of cardiovascular diseases.

Conclusions

In summary, the present study demonstrates that silica

nanoparticles induce ROS generation and DDR, caused endo-

thelial cells toxic effect through Chk1-dependent G2/M DNA

damage checkpoint signaling pathway. Thus, our findings suggest

that exposure to silica nanoparticles could be a potential

hazardous factor for the development of cardiovascular diseases,

more studies of relation between silica nanoparticles exposure,

adverse effects and biological mechanisms are needed for the

safety evaluation and biomedical application of nanoparticles.

Figure 8. Cell cycle arrest of HUVECs induced by silica nanoparticles. After exposure to various concentrations of silica nanoparticles for
24 h, flow cytometry were used to determine the cell cycle distribution of HUVECs. The images showed that cell cycle was arrested in G2/M phase.
The percentage of cells in G2/M phase increased progressively in a dose-dependent manner, while in G0/G1 and S phase the percentage of cells
declined irregular.
doi:10.1371/journal.pone.0062087.g008

Table 3. Cell cycle arrest of HUVECs induced by silica
nanoparticles.

Distribution of cell cycle

Groups G0/G1 S G2/M

Control 67.1960.77 25.9760.90 6.8460.99

25 mg/mL 77.7061.88* 11.6861.82* 10.6260.85

50 mg/mL 59.5462.14* 19.0761.84* 21.3961.41*

75 mg/mL 57.4161.37* 15.1061.83* 27.4960.66*

100 mg/mL 59.9163.21* 5.4861.14* 34.6263.14*

Data are expressed as means 6 S.D. from three independent experiments
(*p,0.05).
doi:10.1371/journal.pone.0062087.t003
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