
Toxic Effects of Silica Nanoparticles on Zebrafish
Embryos and Larvae
Junchao Duan1,2., Yongbo Yu1,2., Huiqin Shi3, Linwei Tian4, Caixia Guo1,2, Peili Huang1,2,

Xianqing Zhou1,2, Shuangqing Peng3*, Zhiwei Sun1,2*

1 School of Public Health, Capital Medical University, Beijing, P.R. China, 2 Beijing Key Laboratory of Environmental Toxicology, Capital Medical University, Beijing, P.R.

China, 3 Institute of Disease Control and Prevention, Academy of Military Medical Sciences, Beijing, P.R. China, 4 School of Public Health and Primary Care, Chinese

University of Hong Kong, Hong Kong, P.R. China

Abstract

Silica nanoparticles (SiNPs) have been widely used in biomedical and biotechnological applications. Environmental exposure
to nanomaterials is inevitable as they become part of our daily life. Therefore, it is necessary to investigate the possible toxic
effects of SiNPs exposure. In this study, zebrafish embryos were treated with SiNPs (25, 50, 100, 200 mg/mL) during 4–96
hours post fertilization (hpf). Mortality, hatching rate, malformation and whole-embryo cellular death were detected. We
also measured the larval behavior to analyze whether SiNPs had adverse effects on larvae locomotor activity. The results
showed that as the exposure dosages increasing, the hatching rate of zebrafish embryos was decreased while the mortality
and cell death were increased. Exposure to SiNPs caused embryonic malformations, including pericardial edema, yolk sac
edema, tail and head malformation. The larval behavior testing showed that the total swimming distance was decreased in
a dose-dependent manner. The lower dose (25 and 50 mg/mL SiNPs) produced substantial hyperactivity while the higher
doses (100 and 200 mg/mL SiNPs) elicited remarkably hypoactivity in dark periods. In summary, our data indicated that
SiNPs caused embryonic developmental toxicity, resulted in persistent effects on larval behavior.
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Introduction

Silica nanoparticles (SiNPs) have been found extensive applica-

tions in biomedical and biotechnological fields, such as medical

diagnostics, drug delivery, gene therapy, tracking and imaging

in vivo [1,2,3,4](Li, 2012 #1). SiNPs is in the top five of

nanomaterials explicitly referenced in nanotech-based comsumer

products [5]. The toxicity research of nanomaterials is getting

great attention as the increasing exposure of nanomaterials on

human and ecological environment [6,7]. One of the challenges in

the field of nanotechnology is environmental health and safety

(EHS), which is focusing on the consideration of the properties of

engineered nanomaterials (ENMs) that could pose hazards to the

environment and human beings [8].

Currently, zebrafish is emerging as a correlative in vivo

vertebrate model for nano EHS studies due to their lower

husbandry cost, optical transparency and high degree of genomic

homology to humans [9,10]. The zebrafish model has been

reported for assessing of a wide array of nanomaterials including

metal or metal oxide nanoparticles, carbon-based nanomaterials

and polymers [11,12,13]. However, most studies conducted the

embryonic toxicity induced by nanomaterials rather than assessing

the changes of larval behavior. Zebrafish is also a popular model

for the study of nervous system development [14]. New-hatched,

larval zebrafish have a rich behavioral response. By six days post

fertilization (dpf), the larvae are mature swimmers with functioning

sensory and motor systems allowing studies of locomotor, escape,

goal-oriented, and optomotor responses [15]. Thus, it is necessary

to perform larval behavior as well as embryonic toxicity as

evaluating nanomaterials. Despite the increasing popularity of

SiNPs in biological applications, there is still lack of in vitro and

in vivo data for predictive and correlative SiNPs toxicity. So far,

only a few studies investigated the assessment of SiNPs toxicity

using zebrafish model [16,17]. Therefore, more studies are needed

to better understand the toxicity of SiNPs in both embryos and

larvae of zebrafish.

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

embryonic toxicity and the alteration of larvae locomotor activity

after zebrafish embryos exposure to SiNPs for 4–96 hours post

fertilization (hpf). Prior to undertaking in vitro toxicity experi-

ments, the characterization of SiNPs, which is essential for

nanotoxicity studies, was performed by transmission electron

microscope (TEM) and dynamic light scattering (DLS) measure-

ments. To investigate the toxic effects of zebrafish embryos

induced by SiNPs, we conducted a sequence of assessments

including embryonic mortality, hatching rate, malformation and

whole-embryo cellular death. We also determined the total

swimming distance for light-dark optomotor responses to analyze
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whether SiNPs exposure could alter locomotor activity in zebrafish

larvae. Taken embryonic toxicity and larval behavior together as

indicators of evaluating SiNPs toxicity, will be more beneficial and

comprehensive for the nano EHS studies and safety evaluation.

Materials and Methods

Silica Nanoparticles Preparation and Characterization
SiNPs were prepared using the Stöber method [18]. 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 of SiNPs was performed by transmission

electron microscope (TEM) (JEOL JEM2100, Japan), and the size

distribution was measured using ImageJ software (National

Institutes of Health, USA). The hydrodynamic sizes and zeta

potential of SiNPs were examined by Dynamic light scattering

(DSL) technique using Zetasizer (Malvern Nano-ZS90, Britain).

Suspensions of SiNPs were dispersed by sonicator (160 W,

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

to culture medium in order to minimize their aggregation. The

purity of SiNPs was detected by Inductively Coupled Plasma-

Atomic Emission Spetrometer (ICP-AES, ARL 3520 USA).

Zebrafish Husbandry and Exposure to Silica
Nanoparticles
Zebrafish of the AB strain (wild-type, wt) were raised on a

circulating aquarium system in an environmentally controlled

room (28uC, 80% humidity). The photoperiod was adjusted to a

14 h light/10 h dark cycle. The larval and adult zebrafish were fed

with brine shrimp (hatched from eggs in 10 mL in 2 L salt water)

daily. For experiments, fertilized eggs were collected and chosen

under a stereomicroscope (Olympus SZX10, Tokyo, Japan) within

4 hours post fertilization (hpf). All embryos were derived from the

same spawns of eggs for statistical comparison between control

and treated groups. Healthy embryos were placed in 24-well

culture plates (10 embryos in 2 ml solution/well). Each group had

four replicate wells. Each experiment was replicated three times.

At all stages, the developing embryos and larvae were maintained

at 28uC in 30% Danieau’s Solution [58 mM NaCl, 0.7 mM KCl,

0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5 mM Hepes, pH 7.4].

Newly fertilized embryos were treated with SiNPs (25, 50, 100 and

200 mg/mL) for 4–96 hpf. For valid experiments, fertilized eggs

were obtained only from spawns with a fertilization rate higher

than 90%. In all experiments, dead embryos and larvae were

removed from the 24-well plates every 12 h. We confirm that the

Institutional Animal Care and Use Committee (IACUC) at the

Academy of Military Medical Sciences of China have approved

our study. All studies were carried out strictly according to the

guidelines of the IACUC.

Embryonic Toxicity
Zebrafish embryos exposed to SiNPs (25, 50, 100 and 200 mg/

mL) for 4–96 hpf were measured for toxic effects of a continuing

observation period. The SiNPs solutions were renewed and

embryonic/larval mortality and hatching rate were evaluated

every 24 h. The hatching rate is a ratio of hatching embryos to the

reaming living embryos in each well. During the exposure period

(4–96 hpf), the photographs of embryos malformation were

captured under a stereomicroscope (Olympus SZX10, Tokyo,

Japan) and the percentage of abnormal embryos was counted

every 24 h. The photographs of embryos malformation were

captured and differences were observed and noted.

Cellular Death Assay
Cell death was detected in live embryos using acridine orange

(AO) staining, a nucleic acid selective metachromatic dye that

interacts with DNA and RNA by intercalation or electrostatic

attractions [19]. AO stains cells with disturbed plasma membrane

permeability so it preferentially stains necrotic or late apoptotic

cells, whereas normal cells are non-permeable to AO. Embryos

were exposed to SiNPs (25, 50, 100 and 200 mg/mL) for 4–28 hpf.

Then embryos were rinsed three times with PBS and incubated in

5 mg/ml AO for 30 min in the dark at 28uC, followed by three

times rinses in PBS. Stained embryos were examined using

fluorescence microscopy (Olympus BX61, Tokyo, Japan). Whole-

embryo fluorescence was measured and quantified using Volocity

Demo 6.1.1 software (PerkinElmer, USA) [20].

Larval Behavior Assay
Behavioral testing was performed at the 6 dpf time point (after

the ending of SiNPs exposure) between 13:30 and 16:00 p.m.

Larvae were cultured in 24-well plates at a density of one embryo

per well. For all tests, the larvae were placed in 30% Danieau’s

Solution without SiNPs. The visible light test was allowed larvae to

acclimate to the well in light conditions for 20 min and then

locomotor activities were recorded for the ensuing 3 min using a

Noldus tracking device (Noldus Information Technology, Wagen-

ingen, Netherlands) and Media Cruiser recording software

(Canopus Corporation, Kobe, Japan). Videos of larvae locomotor

activities were assessed using EthoVision XT 7.0 software (Noldus

Information Technology, Wageningen, Netherlands) to calculate

total swimming distance (mm).

The light-dark test is conducted as the literatures and our

previous study described [21,22]. Briefly, the test consisted of

acclimating larvae in the dark for 20 min, after which a cycle of

5 min in the dark, then 5 min in the light, was repeated over a

course of 35 min. Data files were processed using EthoVision XT

7.0 software to calculate total swimming distance (cm) for each

light or dark period.

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

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

followed by Tukey’s test to compare the differences between

groups. For the mortality and hatching rate, the two-way ANOVA

was used with dosage and time. Differences were considered

significant at p,0.05.

Results

Characterization of Silica Nanoparticles
As shown in Figure 1A, the TEM images of SiNPs had a

spherical shape with an average diameter of 62 nm. The size

distribution was measured by ImageJ software showed approxi-

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

SiNPs were measured in distilled water as stock media and in 30%

Danieau’s Solution as culture media at different time point

(Table 1). Our data showed SiNPs exhibited good monodispersity

in 30% Danieau’s Solution. Zeta potentials provide quantitative

information on the stability of the particles. SiNPs 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 [23]. Our results demonstrated that the SiNPs in

Toxic Effects of SiNPs on Zebrafish
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culture medium possessed uniform shape along with relatively

favorable dispersibility. The trace metal impurity levels in SiNPs

are Ca 0.1400, Fe 0.00205, Mg 0.00325, Al 0.00078, Mn 0.00051,

Cr 0.00090 (mg/10 mg SiO2), respectively. The purity of SiNPs

was calculated higher than 99.9%.

Mortality and Hatching Rate of Embryos Induced by Silica
Nanoparticles
To evaluate the possible toxicity of zebrafish embryos exposure

to SiNPs (25, 50, 100 and 200 mg/mL), we measured the mortality

and hatching rate during a continuing observation period. As

shown in Figure 2, at the lower concentration, there was no

significant difference in mortality. With the dosages increasing, the

mortality of 100 and 200 mg/mL treated groups increased

significantly compared to that of control group. Normal embryos

have a hatching period from 48 hpf to 72 hpf. Figure 3 showed a

strong inhibition of hatching rate after embryos exposed to SiNPs.

At 72 hpf, the hatching rate of 200 mg/mL group (26.67%) was

much lower than that of control (94.72%). Our data showed that

exposed to SiNPs caused the embryonic toxicity increased in a

dose- and time- dependent manner.

Malformation of Embryos Caused by Silica Nanoparticles
As shown in Figure 4A, exposure to SiNPs caused embryos

failed to development the normal morphology, the typically

malformations including pericardial edema, yolk sac edema tail

and head malformation. The incidence of embryonic morpholog-

ical endpoints was observed as: Pericardia.Tail.Yolk sac.Head

(Figure 4B). SiNPs induced embryos malformations in a time-

course variations (Figure 4C). Our data showed that pericardial

edema and tail malformation were mainly typically malformation

of embryos induced by SiNPs.

Embryonic Cell Death Induced by Silica Nanoparticles
Cellular death assays were performed to determine whether

exposure to SiNPs would lead to an increase in cellular death in

specific cells or tissues, prior to the overt signs of toxicity shown in

Figure 4. Embryos treated with SiNPs exhibited a dose-dependent

increase in overall cellular death, significant at higher concentra-

tions (100 and 200 mg/mL) (Figure 5). The distribution of cells

death was mainly gathered in the head region, pericardia region

and down the notochord to the region of tail. Our data showed

that the relative fluorescence of cell death was detected as:

Figure 1. Characterization of silica nanoparticles. (A) Transmission electron microscopy image. (B) Size distribution. Silica nanoparticles
exhibited good monodispersity and showed approximately normal distribution.
doi:10.1371/journal.pone.0074606.g001

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

Distilled water 30% Danieau’s solution

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

1 107.3160.81 238.1060.46 107.0360.83 238.1062.31

3 106.5060.54 239.1365.26 106.8360.64 237.9763.46

6 106.7061.01 241.4363.29 107.2160.61 240.5361.64

12 105.2460.87 244.1061.30 105.6060.79 244.5763.69

24 104.7961.05 246.3363.13 104.9360.61 243.1062.36

Data are expressed as means 6 S.D. from three independent experiments.
doi:10.1371/journal.pone.0074606.t001

Toxic Effects of SiNPs on Zebrafish
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Pericardia.Tail.Head. The whole-embryo fluorescence analysis

was confirmed with the incidence of malformation results,

indicated that pericardia and tail region were more sensitive to

SiNPs.

Alteration of Larval Locomotor Activity
We determined the locomotor activity of larvae at 6 dpf time

point (after the ending of SiNPs exposure period) to analyze

whether SiNPs exposure could have a persistent effects on larval

behavior. In the visible light test, we can obtain from the tracking

images that the larval locomotor activity reduced gradually with

the dosage increasing (Figure 6A). These tracking images were

consistent with the total swimming distance which was decreased

in a dose-dependent manner (Figure 6B). In the light-dark test, we

measured the locomotor activity using the tracking sets during

alternating periods of light and dark. As shown in Figure 7, larval

zebrafish subjected to this test typically move more active during

dark periods and less active during the light periods. The lower

treated groups (25 and 50 mg/mL SiNPs) did produce substantial

hyperactivity but without significant difference compared to that

Figure 2. Mortality of zebrafish embryos exposed to silica nanoparticles. The mortality of embryos increased in 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.0074606.g002

Figure 3. Hatching rate of zebrafish embryos induced by silica nanoparticles for 4–144 hpf. The results showed a strong inhibition of
hatching rate after embryos exposed to silica nanoparticles. Data are expressed as means 6 S.D. from three independent experiments (*p,0.05).
doi:10.1371/journal.pone.0074606.g003

Toxic Effects of SiNPs on Zebrafish
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of control group. While the higher treated groups (100 and

200 mg/mL SiNPs) elicited significant hypoactivity, but only

during the dark periods.

Discussion

Environmental exposure to nanomaterials is inevitable as

nanomaterials become part of our daily life. As a result,

nanotoxicity research is gaining attention. In this study, we

reported for the first time that zebrafish exposure to SiNPs (25, 50,

100, 200 mg/mL) during 4–96 hpf embryonic period resulted in a

persistent effects on larval behavior. Our findings demonstrated

that zebrafish exposure to SiNPs led to embryonic developmental

toxicity and altered larval locomotor activity, which may provide

more persuasive experimental data for the nano EHS studies and

safety evaluation.

It is recommended that prior to the toxicity research

nanomaterials should be detailed characterized in order to gain

a better explanation for experiments [24,25]. In this study, TEM

and DSL were utilized to test the features of SiNPs. TEM could

determine the morphous and original diameter of the particles

(Figure 1). DLS mainly reflects the hydrodynamic size in

dispersion media (Table 1). SiNPs used in our research are

spherical and the hydrodynamic size was measured in distilled

Figure 4. Malformation of zebrafish embryos exposed to silica nanoparticles. (A) Representative optical images of deformed zebrafish. (B)
Pericardial and tail malformation were mainly typically malformation of embryos induced by silica nanoparticles. (C) Time-course variations of
zebrafish embryos malformations induced by silica nanoparticles. Scale bar: 500 mm. Data are expressed as means 6 S.D. from three independent
experiments, n = 40 (*p,0.05).
doi:10.1371/journal.pone.0074606.g004

Toxic Effects of SiNPs on Zebrafish
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water as stock media as well as in 30% Danieau’s Solution as

exposure media in different time points. The data showed that

owing to the Van der Waals force and hydrophobic interaction

with surrounding media the hydrodynamic size is generally larger

than original [26]. In addition, SiNPs exhibited very good

monodispersity in the experimental process since the absolute

value of zeta potential is higher than 30 mV [23]. The reasons for

silica nanoparticles exhibited the high zeta potential values could

be as follows: The hydrophilicity of silica material increases with

the number of silanols, or silicon-bonded hydroxyl groups, capable

of forming hydrogen bonds with physical water molecules [27].

The reported concentration of hydroxyl groups per square

nanometer on the surface of amorphous silica ranges from 4 to

5 OH/nm2, which has generally contain a higher concentration of

surface hydroxyl groups [28]. Our results showed that the SiNPs to

be tested possess uniform shape and structure along with relatively

favourable dispersibility which are conducive to the following

nanotoxicity research.

Despite the increasing popularity of nanomaterials in biological

applications, there is still lack of in vitro and in vivo data for

predictive and correlative nanomaterials toxicity. It is a fairly

simple and cost-effective process to initially screen nanomaterial

toxicity by in vitro cell culture; unfortunately, it is nearly

impossible to imitate a complimentary in vivo system. Small

mammalian models remain the putative method to assess the

possible toxicities and biodistribution of nanomaterials in humans.

However, establishing mammalian models is often expensive and

time-consuming. Instead, the millimeter-sized zebrafish are

proving to be a quick and facile model to conservatively assess

toxicity of nanomaterials. Utility of zebrafish for biotoxicity screens

is largely based upon the close homology with the human genome.

In addition, zebrafish and mammals demonstrate a similar

physiologic response when introduced to xenobiotics. Further-

more, the biology, optical clarity and high-throughput screening of

zebrafish embryos allows testing at all stages of embryonic

development [10]. It was well documented that earlier develop-

Figure 5. Cellular death was determined using acridine orange staining of silica nanoparticles-exposed embyos at 28 hpf, after a
24 h exposure. (A) Whole-embryo cell death images were detected by fluorescence microscope. a-1,a-2, Control group; b-1,b-2, 25 mg/mL treated
group; c-1,c-2, 50 mg/mL treated group; d-1,d-2, 100 mg/mL treated group; e-1,e-2, 200 mg/mL treated group. (B) The relative fluorescence of cell
death was detected as: Pericardia.Tail.Head. Scale bar: 500 mm. Data are expressed as means 6 S.D. from three independent experiments, n = 40
(*p,0.05).
doi:10.1371/journal.pone.0074606.g005
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mental embryos are more sensitive to external substances than

larval or adult zebrafish [29]. Therefore, the embryonic period (4–

96 hpf) was chosen as administration time to study the possible

toxicity of SiNPs. In the present study, our data showed that

exposure to SiNPs caused the increasing of mortality and the

inhibition of hatching rate in a dose- and time- dependent manner

(Figure 2 and Figure 3). Consistent with our findings, decreasing

survival and hatching rate of zebrafish embryos have been

observed in various nanomaterials [30,31,32]. The inhibition of

hatching rate led to a direct delay of embryos development. From

this study, we observed several types of malformation in embryos

incubating with SiNPs (25, 50, 100 and 200 mg/mL), including

pericardial edema, yolk sac edema, tail and head malformation

(Figure 4A). The results in Figure 4B showed that the pericardial

edema and tail malformation occurred as common malformations

observed in embryos exposed to SiNPs. Similar with our results,

Xu and coworkers reported that serious malformations of

pericardial edema and yolk sac edema were found in embryos

treated with titanium dioxide nanoparticles [33]. While fin fold

and tail abnormalities were observed as the most common ones

when embryos incubating with sliver nanoparticles [34]. Thus, we

could also confirm that different nanomaterials led to different

types of malformations in zebrafish embryos.

To better understand the overt signs of malformation reported

in Figure 4, whole-embryo cellular death assays were detected by

AO staining (Figure 5A). Figure 5B showed that exposure to SiNPs

for 24 h led to an increase in cellular death in specific region:

Pericardia.Tail.Head. AO binds all cells undergoing cellular

death, both necrosis and apoptosis [19,35]. In addition, the

mechanism of cellular death induction is an important concern

since its correlation with overall tissue damage: necrosis tends to

cause extensive tissue damage resulting in an inflammatory

response in vivo; while apoptosis does not cause tissue damage

since macrophages effectively remove apoptotic signaling cells

[13]. AO staining for cellular death, as a sensitive endpoint

Figure 6. Persistent effects of silica nanoparticles on behavioral in larvae. (A) Tracking images of larval locomotor activity reduced gradually
with the doses increasing. (B) Total swimming distance was decreased in a dose-dependent manner. Data are expressed as means 6 S.D. from three
independent experiments (*p,0.05).
doi:10.1371/journal.pone.0074606.g006

Toxic Effects of SiNPs on Zebrafish
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indicator, was consistent with the overt signs of embryos

malformation images.

Currently, most studies have focused on understanding how

acute exposure of nanomaterials induced toxic effects using both

in vitro and in vivo models [36,37,38]. While these studies are

critical and provided informative data, there are other areas of

potential consideration regarding nanomaterials that have yet to

be explored, including persistent effects following acute exposure.

Our study conducted that embryos exposed to SiNPs only during

embryonic period (4–96 hpf), then raised in culture medium to

determine the persistent effects on larval behavior. The larval

zebrafish is emerging as a promising high-throughput model for

neurobehavioral research due to its well-characterized genome,

robust behavioral responses, and physiological similarity to human

[39,40].

In the present study, our data showed that the total distance was

decreased in a dose-dependent manner in the visible light test

(Figure 6). We also manipulated a light and tap stimulus test due to

their significant effects on larval locomotor activity [41,42]. As

shown in the light-dark test (Figure 7), alternating light and dark

periods produced a consistent pattern of locomotor activity: in

visible light, the larvae first ceased movement, and then slowly

increased activity over the ten-minute period, when darkness was

imposed, the larval zebrafish rapidly and markedly increased

activity, which then slowly abated with time. Also, larvae were

characteristically more active in the dark periods that followed

light periods than initial dark periods. The lower dose (25 and

50 mg/mL SiNPs) caused substantial hyperactivity in larval

zebrafish, but without significant difference compared to control

group; while the higher doses (100 and 200 mg/mL SiNPs)

produced significantly hypoactivity during dark periods. It was

interesting to note, the larval zebrafish of the higher concentration

groups showed a lag response in light periods. We found that the

persistent effects of SiNPs were altering locomotor activity in larval

zebrafish. Our data showed that larvae treated with SiNPs

exhibited an ‘‘inverted U’’-shaped dose-response curve in the

dark periods. Several studies reported that the patterns of

neuroactive drugs using zebrafish model were similar to those

obtained in rodent model [43,44]. However, while altered larval

behavior was suggested as an impact on nervous system

development, it did not exclude the possibility that the SiNPs

was affected on other target organs, such as the eyes (e.g., ability to

detect light) or neuromuscular system (e.g., ability to swim).

Further investigations will be required to determine the extent to

which the nervous system or other target organs contribute to the

observed behavioral phenotypes.

It was worth mentioning that the toxicity induced by SiNPs was

related to the embryos chorion. The chorion has pores that are

important for oxygen/carbon dioxide, nutrients and excretion

product transport to and from the embryo, respectively. The

chorion is an acellular envelope made of three intercrossing layers,

which allows materials to pass through to the embryo via passive

diffusion [45]. The chorion possess pore canals is to be

approximately 0.5–0.7 mm in diameter, meaning that the size of

chorion pore canals are larger than the common size of

nanoparticles [46]. However, some studies have reported that

the nano-SiO2 is mainly adsorbed on the out surface of chorion,

which might affect the nutrient absorption and vitamin synthesis

[16,17]. In the present study, our data showed that exposure to

silica nanoparticles caused the inhibition of hatching rate, which

led to a direct delay of embryos development. Similar to our

findings, delayed hatching observed with carbon nanotubes or

nano-ZnO were regarded as an indirect effect of blocking O2-

exchange [47,48]. It is still unknown whether the nanoparticles

possess specific or non-specific interactions with the chorion.

Therefore, more studies are needed to clarify the interactions

between the chorion and the nanoparticles.

Conclusions

In summary, the present study demonstrates that SiNPs cause

developmental embryonic toxicity, resulted in persistent effects on

larval behavior. Thus, our findings suggest that exposure to SiNPs

could be a potential hazardous factor for environmental exposure,

more studies of relation between SiNPs exposure, adverse effects

and biological mechanisms are needed for the EHS studies and

safety evaluation of SiNPs.

Author Contributions

Conceived and designed the experiments: JCD YBY ZWS. Performed the

experiments: JCD YBY HQS. Analyzed the data: JCD YBY CXG LWT.

Contributed reagents/materials/analysis tools: PLH XQZ SQP ZWS.

Wrote the paper: JCD YBY ZWS.

Figure 7. Locomotor activity of zebrafish larvae using the tracking sets during alternating periods of light and dark. White and black
bars at the bottom denote light and dark periods, respectively. Data are expressed as means 6 S.D. from three independent experiments, n = 24
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