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ABSTRACT: Black phosphorus (BP) has extensive applications
in various fields. The release of BP into aquatic ecosystems and the
potential toxic effects on aquatic organisms are becoming major
concerns. Here, we investigated the developmental toxicity of few-
layered BP toward the zebrafish. We found that BP could adsorb
on the surface of the chorion and could subsequently penetrate
within the embryo. After exposure of embryos to 10 mg/L BP,
developmental malformations appeared at 96 hpf, especially heart
deformities such as pericardial edema and bradycardia, accom-
panied by severe circulatory system failure. Using transgenic
zebrafish larvae, we further characterized cardiovascular defects
with cardiac enlargement and impaired cardiac vessels as indicators
of damage to the cardiovascular system upon BP exposure. We
performed transcriptomic analysis on zebrafish embryos treated with a lower concentration of 2 mg/L. The results showed
disruption in genes associated with muscle development, oxygen involved processes, focal adhesion, and VEGF and MAPK signaling
pathways. These alterations also indicated that BP carries a risk of developmental perturbation at lower concentrations. This study
provides new insights into the effects of BP on aquatic organisms.

■ INTRODUCTION

Black phosphorus (BP), as a novel family of two-dimensional
(2D) layered nanomaterials, has attracted significant attention
since its discovery in 2014.1,2 Unlike other 2D materials, such
as graphene, BP has a tunable electric band gap with a range of
0.3−2.0 eV, and its unique physical, chemical, and electrical
properties make it a promising nanomaterial for applications in
electronics, optoelectronics, and biosensing fields.3−5 Further-
more, BP also has potential biomedical applications due to its
high biocompatibility.6,7 BP has been employed as an
innovative adsorbent of ionic organic compounds, indicating
its potential application in the environmental field.8 From
practical use of BP and the rapid increase in research on its
promising applications in diverse fields, BP will be hopefully in
mass production in the near future, making its release into the
environment inevitable.
Given the potential applications of BP nanomaterials in

various areas, the associated health risks and ecotoxicological
effects of BP need clarification.1 It has been reported that
layered BP showed size-dependent cytotoxicity toward
mammalian cell lines such as NIH3T3, HcoEpiC, and
293T.9 Another study demonstrated that BP exposure resulted
in the death of A549 cells in a dose-dependent manner.10

Combining in vitro and in vivo studies, BP quantum dots
(BPQDs) were found to not only cause apoptosis in HeLa cells

but also to induce short-term inflammatory reactions without
subsequent harmful effects in mice.11 Additionally, BPQDs
were cytotoxic toward macrophage cell lines and could trigger
inflammatory responses after being injected into mice.12

The increasing production volume of BP carries the risks of
release into terrestrial and aquatic environments and resulting
harm to wildlife. For instance, BP nanosheets were reported to
inhibit the growth of the Gram-negative bacteria Escherichia
coli and Gram-positive Bacillus subtilis, indicating their
antibiotic potential.13 Our previous study demonstrated the
involvement of BP degradation in the perturbation of normal
algal growth.14 In addition, we also found that few-layered BP
was severely toxic to Tetrahymena thermophila, a unicellular
aquatic organism.15

Zebrafish is known as a typical superior aquatic organism,
with a high degree of anatomical and physiological homology
to that of other higher vertebrates.16,17 Accumulating evidence
showed that multiple environmental pollutants had hazardous
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effects on zebrafish.18−21 The early life stage of zebrafish is a
more vulnerable phase of life than the adult stage, and
development process in this stage can be easily affected by
exogenous chemicals often at low concentration.17,22 Several
studies have reported the toxicity of nanomaterials such as
silver or silica nanoparticles and other 2D nanomaterials using
zebrafish embryos.23,23−28 For example, graphene oxide was
found to affect zebrafish embryo development via chorion
damage, mitochondrial toxicity, and oxidative stress, and the
molecular mechanisms were further characterized based on
transcriptomics and metabolomics analysis.24,26 Based on
information about developmental alterations induced by
other nanomaterials from previous studies, the potential
developmental toxicity of BP on zebrafish embryo warrant
investigation.
Herein, we investigated the developmental toxicity and

biological effects of BP in an aquatic environment by exposing
zebrafish embryos to few-layered BP. Considering the role of
the chorion against xenobiotics, we first explored the
interactions between BP and the surface of the chorion via
imaging techniques. Then, the toxicity of BP was determined
by exposing embryos to BP and measuring survival, hatching,
morphology, and heart function. The cardiovascular toxicity of
BP was further examined by using transgenic zebrafish. In
addition, transcriptomic analysis was performed to examine the
toxicity mechanism. This work may pave the way for the
ecological risk assessment of BP in aquatic ecosystems, thereby
serving as a guide to safe application.

■ MATERIALS AND METHODS
Materials. Few-layered BP (purity 99.99%) was purchased

from a commercial supplier (MoPhos, China). BP stocks (0.1
mg/mL) were rinsed with ethanol and water prior to the
experiments. Briefly, the stock solutions of BP were centrifuged
for 30 min at 14 000g to remove N-methyl-2-pyrrolidone
(NMP) followed by rinsing with 1 mL of ethanol, sonication
for 5 min, and centrifugation for 30 min at 14 000g. The
supernatants were discarded, and the remaining materials were
rinsed with sterile water. The final products were redispersed
in sterile water and stored at 4 °C as the stock solution. This
stock solution was prepared just before use. All other chemicals
used in this study were of analytical grade.
Characterization of BP. The morphology of BP was

characterized by transmission electron microscopy (EOL-
2100F, Japan) and atomic force microscopy (Agilent,
AFM5500, Palo Alto, CA). The hydrodynamic diameter and
zeta potential of BP in water were determined using dynamic
light scattering (DLS) with a Zetasizer Nano (Malvern Nano
series, Malvern, U.K.).
Degradation Process of BP. The absorbance of BP (10

mg/L) at 808 nm in fish media at 0 and 24 h was determined
using PerkinElmer UV−vis absorption spectroscopy (Lambda
365, U.S.). The concentration of BP was calculated according
to the standard curve of BP.
Exposure of Zebrafish Embryos to BP. For all

experiments in this study, zebrafish were maintained at 28
°C in an automatic circulation system under a 14 h/10 h light/
dark cycle. The embryos were collected immediately after
fertilization, and healthy embryos were selected using a
stereomicroscope (Olympus, SZX10, Japan) at 2 h post
fertilization (hpf). The embryos were transferred to 12-well
plates with 20 embryos per well and were exposed to a series of
concentrations (2, 5, 10, 20, and 50 mg/L) of BP from 4 hpf

until 96 hpf. The concentrations were selected according to the
exposure concentrations in previous studies about the toxic
effects of BP on other aquatic organisms like algal and
Tetrahymena thermophila,14,15 and the exposure concentrations
of other 2D nanomaterials like graphene oxide on the
development of zebrafish.29 Each concentration was analyzed
in triplicate. The exposure solutions were replaced every 24 h,
and dead individuals were removed immediately. The mortality
and hatching rate were calculated as described in our previous
study.30

Interaction of BP with the Chorion. To examine the
envelopment of BP in the chorion, embryos (48 hpf) treated
with BP were observed via a stereomicroscope and were
subjected to scanning electron microscope (SEM) analysis.
Briefly, treated embryos were randomly selected from each
well, then examined and photographed under the stereo-
microscope. For SEM analysis, embryos treated with BP were
fixed with 2.5% glutaraldehyde for 3 h at room temperature,
then dehydrated with 10%, 20%, and 70% ethanol for 20 min
each followed by isoamylacetate for 2 h Embryos were
subsequently lyophilized by the critical point drying method.
After coating with gold, embryos were observed using a
Hitachi SU8020 microscope (Japan). Furthermore, the surface
of chorion was directly examined by Raman microscope
(Renishaw InVia, England) to confirm the aggregates.
To investigate the changes in the chorion after exposure to

BP, embryos were analyzed by TEM (JEM-1400, Japan).
Exposed embryos were washed in PBS three times, fixed in
2.5% glutaraldehyde overnight at room temperature, then
placed in 0.01 M PBS for 20 min followed by a fixation in
osmic acid for 1 h. After being washed with 0.01 M PBS for 30
min, the samples were subsequently dehydrated with 50%,
70%, 80%, and 90% ethanol for 10 min each, then with 100%
ethanol for 20 min. Embryos were then placed in a mixture of
absolute ethanol and acetone (volume ratio = 1:1) for 10 min,
then in acetone for 10 min. The mixed embedding solution of
EPON 812 and acetone was used to permeate the samples; the
samples were dried, aggregated for 72 h, sectioned, and finally
imaged via TEM.

Tracing the Distribution of BP in Zebrafish Embryos.
To determine the distribution of BP in embryos, Raman
analysis was performed to identify possible intracellular BPs in
embryos instead of TEM analysis, since BP may not be
detected due to the long sample preparation process. Embryos
from the control and BP-treated groups were washed with
ultrapure water, embedded in OCT, and sectioned using a
freezing microtome. The dechorioned embryos were also
examined. The sections (20 μm) were analyzed by an alpha
300R Raman microscope (WITec, Ulm, Germany) with the
vertical spatial resolution of 1 μm.

Evaluation of the Developmental Toxicity of BP in
Zebrafish. The exposed embryos were observed daily via a
stereomicroscope from 4 hpf to 96 hpf. The hatching rate was
recorded at 72 hpf. The survival rate, morphological
abnormalities such as yolk sac edema, pericardial edema,
curved spine, and abnormal blood circulation, and malforma-
tion rate were recorded at the end of exposure. The heart rate
was determined via counting heartbeats of zebrafish larvae in
20 s intervals at 96 hpf. The blood flow was automatically
determined by using Danioscope software (Noduls Informa-
tion Technology BV, The Netherlands) to analyze videos of
individual larvae recorded by an inverted fluorescence
microscope (Olympus, IX73, Japan). The flow activity was
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obtained based on pixel density changes calculated by the
software. Five zebrafish larvae in each well were randomly
selected, and a total of 15 zebrafish larvae were analyzed for
each concentration.
Examination of Cardiovascular Development in

Transgenic Zebrafish. Based on the above toxicity assess-
ment, 10 mg/L BP induced apparent heart defects and thus
was selected as the representative concentration for further
examination of cardiovascular development using transgenic
zebrafish. Two transgenic zebrafish lines [Tg(kdrl:EGFP)] and
[Tg(zp3:fsta,my17:EGFP)] were used to investigate the effects
of BPs on cardiac and vascular development, respectively. To
obtain zebrafish embryos with transgenic features, two
transgenic males and two AB wild-type females were mated
using normal methods. Healthy embryos were selected to
perform exposure experiments described above but were only
exposed to the representative concentration of BP. At the end
of exposure (96 hpf), zebrafish larvae were transferred to
Methocel, then carefully observed for assessment of
cardiovascular system development via features including
intersegmental vessels, the upper jaw, cardiac vessels, and the
chambers of the heart. The larvae were finally photographed
using an inverted fluorescence microscope (Leica, DM i8,
Germany).
Transcriptome Analysis. Embryos from the control and

exposed groups (2 mg/L BP) were collected at 48 hpf and 96
hpf for transcriptome analysis. Total RNA from exposed
embryos and control groups (100 embryos per replicate, three
replicates per treatment per stage) was extracted as described
in our previous study.30 The RNA concentrations were
measured by Nanodrop (Thermo Scientific), and the quality

of RNA was controlled by the A260/A280 ratio with a range of
1.8−2.0. The RNA integrity of all samples was verified using an
Agilent 2100 Bioanalyzer with an Agilent RNA 6000 Nano Kit.
Then, the mRNA was used to establish a sample library that
was confirmed by an Agilent 2100 Bioanalyzer and ABI
StepOnePlus Real-Time PCR System. The qualified library
products were sequenced on an Illumina HiSeq X Ten
platform. The raw reads were cleaned via Trimmomatic. Clean
reads were mapped to the reference genome of the zebrafish.
The differential expression levels of genes between the control
and treated zebrafish at 48 hpf and 96 hpf were screened based
on an adjusted p-value <0.05 and p-value <0.05, respectively.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were
performed, with significant enrichment defined as adjusted p-
value and p-value of less than 0.05, respectively.

Statistical Analysis. SPSS 18.0 (PASW Statistics, IBM
Company) was used for the statistical analysis. The data were
presented as mean ± SD. One-way ANOVA was performed to
compare the control and treated groups. Statistically significant
differences were indicated as p < 0.05. GraphPad Prism 5,
Origin 2019b, and R studio were used for constructing graphs.

■ RESULTS AND DISCUSSION

Characterizations of BP. The characteristics of few-
layered BP were examined by different techniques in the
present study. The TEM images revealed irregular plate-like
structures of BP, with the size of approximate 300 nm
(Supporting Information (SI) Figure S1A). AFM imaging
showed that BP were from 10.4 to 116.7 nm in thickness, and
the average thickness was approximately 60 nm (SI Figure

Figure 1. Effect of BP on the chorion. (A) Optical microscopy images of zebrafish embryos in control, 2 mg/L, and 20 mg/L BP treatments. (B)
SEM images of the chorion. The red arrows denote the BP aggregates on the surface of the chorion. (C) The intensity of embryos in the control, 2
mg/L and 20 mg/L BP-treated groups. (D) The Raman spectrum collected from the surface of the chorion.
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S1B,C). The zeta potential of BP in water was −23.6 mV, with
an average hydrodynamic size of 169.2 nm (SI Figure S1D).
Degradation of BP. The degradation of BP in fish media

was measured using UV−vis spectrometer based on the
standard curve (SI Figure S2). As the exposure solutions were
renewed every 24 h, we studied the degradation of BP after
incubation for 24 h. From SI Figure S2, the representative
concentration (10 mg/L) of BP slightly degraded in fish media
with only 0.58 mg/L degraded BP at 24 h, accounting for only
5.8% of total BP. Therefore, the remaining percentage of solid
BP kept at least 94.2% of total phosphorus. To eliminate the
possible long-term degradation of BP on the uncertainty of
effect, we exchanged the exposure system each 24 h. Therefore,
the ratio of solid BP kept higher than 94.2%. Although BP is
unstable and could degrade to dissolved phosphorus acid
which may be partially responsible to induce toxicity,15 the
94.2% solid BP may mainly contribute to the significant
toxicity observed in our present study. The toxic effects of
degradation products in long-time chronic is still needed in the
future.
Effect of BP on the Chorion. The chorion of embryos is

regarded as the first barrier against external disturbance, and
damage to the chorion may result in hatching delay and the
subsequent impairment of embryonic development.31−34 To
investigate the adverse effects of BP on the chorion, we
observed the alterations to the chorion of embryos after
exposure to BP at 48 hpf using a stereomicroscope. As shown
in Figure 1A, the zebrafish embryos were transparent in the
control group. However, yellow flakes appeared on the
chorions of embryos exposed to BP at a concentration of 2
mg/L, suggesting adsorption of BP on the surface of the
chorion. Moreover, the color of the chorion and the aggregates

on the surface seemed deeper and heavier with increasing
concentrations of BP (SI Figure S3A), which was supported by
the quantitative data of intensity achieved via Quantity One
(Figure 1C). By using SEM, we further examined the
morphological characteristics of the chorion surface. As
shown in Figure 1B, the chorion in the control presented
normal with regular bulges. However, flaky aggregates with
random sizes covered the space of regular bulges on the
chorion surface in the BP group, indicating the attachment of
BP on the chorion. To further prove the adsorption of BP on
the surface of chorion, Raman spectrometry were performed.
The specific Raman peaks located at 360 cm−1, 437 cm−1, 465
cm−1 for 2 mg/L BP and 358 cm−1, 433 cm−1, 460 cm−1 for 20
mg/L BP suggested the existence of BP on the surface of
chorion (Figure 1D). Comparatively, the aggregates on the
surface of the chorion in zebrafish exposed to BP at a higher
concentration (20 mg/L) seemed denser and harder than
those of the 2 mg/L BP (Figure 1B). As for the structure of the
chorion, the TEM images showed that the inner layer and the
outer layer of the chorion were complete in treated groups
(Figure S3B), suggesting that the interaction of BP with the
surface did not damage the normal structure of the chorion. It
was possible that BP interacted with the proteins of the
chorion via hydrophobic force, van der Waals forces,
electrostatic attraction, hydrogen bond as other nanomaterial
interacting with proteins.35 Additionally, BP was likely to
aggregate on the surface via hydroxyl group interactions and
the envelopment by BP may cause alterations to the functional
groups as the interaction between graphene oxide and the
chorion of zebrafish.29 Besides, the increasing concentration of
BP resulted in more BP on the surface of the chorion, where
may exist van der Waals forces from the addition of layer of

Figure 2. Uptake of BP in zebrafish embryos at 48 hpf. (A) The Raman spectrum of the embryos treated with 2 mg/L BP. The red line is the
spectrum of the embryo body, and the green line is the spectrum of BP. (B) The optical image of embryo in the control groups. (C) The Raman
mapping of embryos in the control groups according to the intensity at approximately 2933 cm−1 (blue regions, CH2 asymmetric stretch), 1520
cm−1 (red regions, β-carotene). (D) The optical image of embryo treated with 2 mg/L BP. (E) Raman mapping of embryos treated with 2 mg/L
BP, based on the specific peaks at 452 cm−1 that are characteristic peaks for BP. (F) The Raman mapping of embryos in the treated groups
according to the intensity at approximately 2933 cm−1 (blue regions, CH2 asymmetric stretch), 1520 cm−1 (red regions, β-carotene), and 452 cm−1

(green regions, BP). The image in the control was from an embryo in the second batch of experiments due to the imperfect sections in the first
batch, and there were no BP signals in control embryos in both experiments. The image for the treatment was an overlay of images specified by
spectra of BP and tissue of embryos in the first batch of experiments. The arrows denote the location of the Raman signals. The Raman mapping
recorded signal at z axis of 1 μm in the present study. The location of red signal represented the pigmentation formed in embryos, and blue signal
represented the body of embryos.
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BP.36 The intensity of the interaction between BP and the
chorion should be also considered via diverse experiments
based on the characteristics of BP or the chorion. More efforts
will be made to explore the interaction between BP and the
chorion in our future work.
Distribution of BP in Embryos. There are numerous

pores distributed over the surface of the chorion of zebrafish;
these pores are reported to be important for the exchange of
gases and excretion products.37 The diameters of the pores
range from 0.5 to 0.7 μm, and some nanoparticles are capable
of translocating across the chorion and exerting direct effects
on the embryos.38,39 To determine whether BP could penetrate
embryos via the chorion, we characterized zebrafish embryos
using Raman spectrometry, which has been performed to
determine the distribution of various nanomaterials in

biological samples.12,40 Based on the specific Raman peaks
located at 354 cm−1, 427 cm−1, and 452 cm−1 in 2 mg/L BP-
treated embryos (Figure 2A, green line), we could probe for
the presence of BP in embryos. Raman mapping was achieved
according to the intensity at approximately 2933 cm−1 assigned
to CH2 asymmetric stretch,41 1520 cm−1 assigned to β-
carotene,42 and 452 cm−1 for BP in Figure 2C,E,F, which were
denoted by arrows, respectively. It appeared that BP located
around the embryos when compared to images taken under a
bright field (Figure 2B,D). Similar results were also found in 10
mg/L BP (SI Figure S4). Raman analysis was further
performed on the embryos after removing the chorion. The
spectrum and mapping figures revealed signals of β-carotene
and CH2 asymmetric stretch but no BP signals (SI Figure S5).
It was suspected that the passed BP might be dispersed or

Figure 3. Effects of BP on morphology and heart rate of zebrafish at 96 hpf. (A) Developmental malformations. The red, blue, and black arrows
denote pericardial edema, yolk sac edema, and spinal curvature. (B) Malformation rate. (C) Heart rate. * p < 0.05 compared with the control.

Figure 4. Effects of BP on the cardiovascular system in zebrafish. (A) Morphology of zebrafish in the control and 10 mg/L BP treatments at 96 hpf.
RBC, red blood cells. The black arrows show the RBCs in zebrafish of the control group. The red arrows show the absence of RBCs in zebrafish
exposed to BP. (B) Flow activity of zebrafish exposed to 10 mg/L BP at 96 hpf. *p < 0.05 compared with the control. (C) The representative
images of the heart, intersegmental vessels, and upper vessels in the control group and 10 mg/L BP treatments. The red arrows denote the enlarged
heart and abnormal cardiac vessels.
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washed off during the process of exfoliating the chorion in fish
media. Further studies are needed to explore these possibilities.
Effects of BP on Hatching, Survival, Morphology, and

Heart Rate. During the early stages of development, the
zebrafish is known to be sensitive to extraneous substances and
vulnerable to the impacts of various nanomaterials.43−45 We
further investigated the effects of BP on hatching, survival,
morphology, and heart rate in order to assess the
developmental toxicity of BP during embryogenesis.
BP at 50 mg/L caused a significant decrease in hatching rate

at 72 hpf and resulted in 100% death at 96 hpf (Figure S6),
indicating the lethality of BP at high concentrations. The
lethality may be responsible from the hypoxic microenviron-
ment formed after the blockage of the pores on the surface by
BP. Developmental malformations, including spinal curvature,
yolk sac edema, and pericardial edema, occurred in embryos
exposed to 20 mg/L BP (Figure 3A). The degree of
morphological abnormality depended on the exposure
concentration, and the malformation rate increased with the
exposure concentration (Figure 3B). The average heart rate of
zebrafish in the control group was 169 beats per minute.
However, BP exposure resulted in a significantly decreased
heart rate in a concentration-dependent manner compared
with the control. Even at 2 mg/L, heart rates decreased to 144
beats per minute (Figure 3C, p < 0.05). These results indicated
the apparent developmental toxicity of BP to embryos.
Effects of BP on the Cardiovascular System of

Zebrafish. In zebrafish, the heart is one of the first organs
to develop and function during embryogenesis.46 During the
earlier embryonic stage from 16 hpf to 72 hpf, the components
of the heart and blood vessels are sequentially developed,
forming the functional cardiovascular system.17 The heart plays
a central role in the circulation with regular contractions, and it
pumps blood to the whole body, supporting embryonic
survival and development.17 Given that obvious malformation
and heart dysfunction were observed under BP exposure, blood
circulation was subsequently examined in BP treatments. We
conducted microscopic examination of red blood cells (RBCs)
around the heart for 15 zebrafish randomly selected from each
parallel well. Compared with the control zebrafish, there were
almost no RBCs in the heart area in all 15 zebrafish embryos
treated with BP at 10 mg/L (Figure 4A). As the blood flow
retardation was observed when the concentration of BP was
more than 10 mg/L which could be the lowest observed effect
concentration in the present study, we further transcribed
videos of zebrafish both in the control and 10 mg/L BP
treatments to quantify the caudal blood flow. As shown in
Figure 4B, the flow activities of control and BP treatments
were 9.89% and 0.86%, respectively. We found that BP
significantly slowed the circulation by 91.3% in comparison to
control zebrafish, showing a severe effect on blood circulation.
To better examine the effect of BP on heart and vascular

development, Tg(zp3:fsta,myl7:EGFP) and Tg(kdrl:EGFP)
lines expressing enhanced green fluorescent protein (EGFP)
under the control of myl7 and kdrl promoters were used for
visualization of the heart and vascular system, respectively. We
could then observe the morphology of the heart and
vasculature based on fluorescent images. Using Tg-
(zp3:fsta,myl7:EGFP) zebrafish, we observed enlarged hearts
in zebrafish exposed to 10 mg/L BP compared with the control
group (Figure 4C). Moreover, we also observed pericardial
edema under a bright field when cardiac enlargement occurred
(SI Figure S7). As for vascular development via Tg(kdrl:EGFP)

zebrafish, the control had well-developed intersegmental and
cardiac vessels. However, the blood vessels were stretched
around the heart in BP-treated zebrafish (red arrow in Figure
4C), showing the abnormal vascular development upon BP
exposure. Compared with control zebrafish, the upper jaw
vessels showed no alteration after BP exposure. The
cardiovascular system is one of the earliest formed systems
during embryogenesis in vertebrates, with integral networks of
blood vessels to supply oxygen, nutrients, and cellular factors
throughout the body.47,48 The blood flows into the atrium
from a major vein, and then the ventricle delivers the blood to
the whole body through blood vessels.49,50 The abnormal
cardiac vessels we found may directly affect the inflow and
outflow of blood in the heart, consequently causing circulation
defects. To this end, we demonstrated that that BP could
disrupt the development of the heart and vascular system.

Transcriptional Alterations Induced by BP in Zebra-
fish. In order to explore the molecular effects of BP on fish
development, we conducted transcriptome assays for embryos
under exposure to a low concentration of BP (2 mg/L) at 48
hpf and 96 hpf. Compared with the control, a total of 532
differentially expressed genes (DEGs) were found for BP
treatment at 48 hpf, among which 178 genes were up-regulated
and 354 genes were down-regulated based on an adjusted p-
value <0.05. As for embryos at 96 hpf, 790 DEGs (relative to
the control) were identified based on a p-value <0.05, with 338
genes up-regulated and 452 genes down-regulated (SI Figure
S8).
The DEGs, including all up- and all down-regulated genes,

were then employed in an enrichment analysis in GO terms in
which genes were classified as biological process, cellular
component, or molecular function. The GO analysis showed
that 9, 5, and 3 significantly overrepresented GO terms derived
from biological process, cellular component, and molecular
function were identified for 48 hpf, with 13, 9, and 7 terms for
96 hpf (Figure 5). Notably, there was some overlap of enriched
GO terms between 48 hpf and 96 hpf, with 4, 4, and 2 terms in
the three respective categories being common to both time
points. At each time point, the significantly affected biological
processes were mainly involved in muscle development, which
was characterized by muscle structure development, muscle
system processes, and cellular component assembly involved in
morphogenesis. Furthermore, the most affected cellular
components overlapping between both time points included
sarcomeres, myofibrils, and contractile fibers, the basic
elements for muscle development.51 The oxygen-related
processes (oxygen transport in the biological process category,
hemoglobin complex in the cellular component category, and
oxygen carrier activity and oxygen binding in the molecular
function category), which may affect the oxygen supply related
to the cardiovascular system during embryogenesis,52 were
significantly altered at both time points. Collectively, the
common GO terms observed in both earlier 48 hpf and later
96 hpf indicated that muscle development and oxygen-related
processes were particularly affected by BP exposure, and these
alterations can be directly linked to the development of
cardiovascular system found in the present study.
Among the DEGs associated with muscle development at 48

hpf and 96 hpf, some genes (tnni1b, tnnt2d, tnnt2a, and
tnnc1b) were found to be closely correlated with muscle
contraction (SI Table S1). tnni, tnnt, and tnnc are known as the
three subunits of the troponin complex, a calcium-sensitive
molecular switch regulating cardiac and skeletal muscle
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contraction.53 The knockout of sarcomere-related proteins
including tnni, tnnt, and tnnc resulted in obvious morphological
abnormalities and dysfunctional hearts in zebrafish in which
pericardial edema, a reduction in heart rate, loss of contraction,
and greatly reduced blood flow were observed.54,55 Therefore,
the changes in the cardiac troponin complex genes in our study
indicated that BP at relatively low concentration may affect
calcium regulation of contraction in cardiac muscles, causing
cardiac dysfunction in zebrafish embryos. With regard to DEGs
involved in oxygen-related processes, genes mb, hbbe 1, 2, and
3, and hbae3 were dramatically affected upon BP exposure
from 48 hpf to 96 hpf (SI Table S1). Oxygen transport and
storage in vertebrates depend on multiple globins, a crucial
group of proteins that bind with oxygen, including myoglobin
(Mb), hemoglobin, neuroglobin, and cytoglobin.56,57 Mb is
expressed in cardiovascular muscle where it plays crucial roles
in maintaining the oxidative metabolism of the heart and in
angiogensis.57,58 The embryonic hemoglobin beta (hbbe) and
alpha (hbae) are two types of hemoglobin that are located in
the erythrocytes and are essential for the delivery of oxygen via
the blood.56 Notably, changes in globin genes are not only
correlated with oxygen transport but also directly associated
with hematopoiesis.59 Thus, our results concerning the
alteration of globin genes showed that BP likely induce
insufficient blood supply and abnormal blood transport in the
cardiovascular system by modulating angiogenesis and
hematopoiesis. The hierarchical clustering of selected genes
involved in muscle development and oxygen transport and
metabolism showed different patterns of expression between

48 hpf and 96 hpf (SI Figure S9). Since hbbe1.3 and hbae3
were significantly down-regulated at both time points, they can
be identified as potential biomarkers for cardiovascular toxicity
upon BP exposure. Based on transcriptomic analysis upon the
low concentration of BP exposure, we speculated that the
abnormal heart function and circulation defects induced by
higher concentration of BP (10 mg/L) may be responsible
from disruptions in Ca2+-sensitive muscle contraction, angio-
genesis and hematopoiesis.
Concurrently, all altered DEGs were presented for KEGG

pathway analysis. A total of 5 and 14 pathways were
significantly altered after 2 mg/L BP exposure at 48 hpf and
96 hpf, respectively, as shown in Figure 6. No overlap was

found between time points. The results at 96 hpf showed that
DEGs were mainly enriched in several fundamental pathways,
including focal adhesion, the VEGF signaling pathway, and the
MAPK signaling pathway, that are reported to be involved in
cardiovascular development. Focal adhesion signaling is critical
to mediating communication between the extracellular matrix
and migrating cells and is reported to be correlated with
cellular differentiation and migration, vascular morphogenesis,
and cardiovascular functions during cardiac development.60−62

With respect to vascular development, vascular endothelial
growth factor (VEGF) is important for the differentiation of
endothelial cells and morphogenesis of the vascular system.63

MAPK has been implicated in a variety of cellular processes,
such as cell differentiation, proliferation, and survival, and is
also closely associated with cardiac development.64 Thus, our
KEGG pathway analysis showed that disruptions in focal
adhesion, VEGF, and MAPK pathways may result in abnormal
cardiovascular development following 2 mg/L BP exposure.
Furthermore, BP at 10 mg/L likely induced cardiovascular
toxicity by modulating focal adhesion, VEGF, and MAPK
pathways.

Figure 5. Significantly enriched GO terms after 2 mg/L BP exposure
at 48 hpf and 96 hpf. The x-axis represents the -log10 (Padj), Padj
represents the adjusted p-value. The y-axis denotes the name of
enriched GO terms.

Figure 6. Significantly enriched KEGG pathways after 2 mg/L BP
exposure. (A) Significantly enriched KEGG pathways at 48 hpf. (B)
Significantly enriched KEGG pathways at 96 hpf. The x axis
represents the rich factor, which means the ratio of DEGs numbers
noted in this pathway term to all gene numbers noted in this pathway
term. The y axis represents the names of pathways. The size of a
bubble represents the gene count. The color gradient from blue to red
denotes the enrichment significance from low to high.
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■ ENVIRONMENTAL IMPLICATIONS
The wide-ranging application of BP in various fields
undoubtedly increase the probability of release of this
nanomaterial into aquatic environments, thereby posing a
threat to aquatic organisms. Our study showed that few-layered
BP could accumulate on the chorion of zebrafish and
subsequently induce developmental abnormalities, especially
cardiovascular dysfunction. In brief, the findings we obtained
demonstrated that BP could induce heart deformities such as
pericardial edema and cardiac enlargement, bradycardia,
circulation defects, and impaired cardiac vessels in zebrafish.
The developing heart may be the main target of BP, and the
potential cardiovascular toxicity should be considered in
biomedical applications.
To our knowledge, this study demonstrated that BP could

exert adverse effect on the cardiovascular system. At lower
concentrations, evidence of transcriptomic alteration also
indicated the effects of BP on the development of zebrafish.
Our findings pave the way toward further understanding of the
possible side effects induced by exposure to BP. The role of BP
degradation in developmental toxicity needs to be further
investigated. The adverse effects of BP on adult zebrafish
should also be studied. Additionally, the comparison among
different sizes of BP nanomaterials should be performed to
assess the toxicological effects and environmental safety
concerns related to the interaction between BP and biological
materials.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.0c05724.

Characteristics of BP (Figure S1); Degradation of BP
(Figure S2); Interactions of BP on the zebrafish chorion
(Figure S3); Raman mapping of zebrafish embryos
treated with 10 mg/L BP (Figure S4); Raman analysis
on zebrafish embryos without chorion (Figure S5);
Effects of BP on hatching and survival rate of zebrafish
(Figure S6); Fluorescent microscope images of zebrafish
upon 10 mg/L BP exposure (Figure S7); DEGs
following 2 mg/L BP exposure at 48 hpf and 96 hpf
(Figure S8); Hierarchical clustering of selected DEGs
involved in muscle development and oxygen transport
and metabolism after 2 mg/L BP exposure (Figure S9);
Genes involved in cardiovascular muscle development
and contraction, oxygen transport, and hematopoiesis of
zebrafish exposed to 2 mg/L BP at 48 hpf and 96 hpf
(Figure S1) (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Guangbo Qu − State Key Laboratory of Environmental
Chemistry and Ecotoxicology, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; Institute of Environment and Health,
Hangzhou Institute for Advanced Study, UCAS, Hangzhou
310000, China; Institute of Environment and Health,
Jianghan University, Wuhan 430056, China; University of
Chinese Academy of Sciences, Beijing 100049, China;
orcid.org/0000-0002-5220-7009; Email: gbqu@

rcees.ac.cn

Authors

Xiaoxi Yang − State Key Laboratory of Environmental
Chemistry and Ecotoxicology, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; University of Chinese Academy of Sciences,
Beijing 100049, China

Jiefeng Liang − State Key Laboratory of Environmental
Chemistry and Ecotoxicology, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; University of Chinese Academy of Sciences,
Beijing 100049, China

Qi Wu − State Key Laboratory of Environmental Chemistry
and Ecotoxicology, Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences, Beijing 100085,
China; University of Chinese Academy of Sciences, Beijing
100049, China

Min Li − State Key Laboratory of Environmental Chemistry
and Ecotoxicology, Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences, Beijing 100085,
China; University of Chinese Academy of Sciences, Beijing
100049, China

Wanyu Shan − State Key Laboratory of Environmental
Chemistry and Ecotoxicology, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; University of Chinese Academy of Sciences,
Beijing 100049, China

Li Zeng − State Key Laboratory of Environmental Chemistry
and Ecotoxicology, Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences, Beijing 100085,
China; University of Chinese Academy of Sciences, Beijing
100049, China

Linlin Yao − State Key Laboratory of Environmental
Chemistry and Ecotoxicology, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; University of Chinese Academy of Sciences,
Beijing 100049, China

Yong Liang − Institute of Environment and Health, Jianghan
University, Wuhan 430056, China; orcid.org/0000-
0003-2212-6694

Chang Wang − Institute of Environment and Health, Jianghan
University, Wuhan 430056, China; orcid.org/0000-
0002-2071-2799

Jie Gao − State Key Laboratory of Environmental Chemistry
and Ecotoxicology, Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences, Beijing 100085,
China; University of Chinese Academy of Sciences, Beijing
100049, China

Yingying Guo − State Key Laboratory of Environmental
Chemistry and Ecotoxicology, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; University of Chinese Academy of Sciences,
Beijing 100049, China

Yaquan Liu − State Key Laboratory of Environmental
Chemistry and Ecotoxicology, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; University of Chinese Academy of Sciences,
Beijing 100049, China

Rui Liu − State Key Laboratory of Environmental Chemistry
and Ecotoxicology, Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences, Beijing 100085,
China; University of Chinese Academy of Sciences, Beijing
100049, China; orcid.org/0000-0001-6353-6193

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c05724
Environ. Sci. Technol. 2021, 55, 1134−1144

1141

https://pubs.acs.org/doi/10.1021/acs.est.0c05724?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05724/suppl_file/es0c05724_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guangbo+Qu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5220-7009
http://orcid.org/0000-0002-5220-7009
mailto:gbqu@rcees.ac.cn
mailto:gbqu@rcees.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoxi+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiefeng+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanyu+Shan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linlin+Yao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2212-6694
http://orcid.org/0000-0003-2212-6694
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2071-2799
http://orcid.org/0000-0002-2071-2799
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingying+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaquan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6353-6193
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05724?ref=pdf


Qian Luo − Shenzhen Institutes of Advanced Technology,
Chinese Academy of Sciences, Shenzhen 518055, China

Qunfang Zhou − State Key Laboratory of Environmental
Chemistry and Ecotoxicology, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; Institute of Environment and Health,
Hangzhou Institute for Advanced Study, UCAS, Hangzhou
310000, China; Institute of Environment and Health,
Jianghan University, Wuhan 430056, China; University of
Chinese Academy of Sciences, Beijing 100049, China;
orcid.org/0000-0003-2521-100X

Guibin Jiang − State Key Laboratory of Environmental
Chemistry and Ecotoxicology, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; Institute of Environment and Health,
Hangzhou Institute for Advanced Study, UCAS, Hangzhou
310000, China; Institute of Environment and Health,
Jianghan University, Wuhan 430056, China; University of
Chinese Academy of Sciences, Beijing 100049, China;
orcid.org/0000-0002-6335-3917

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.0c05724

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the National Key Research and
Dev e l opmen t P r o g r am o f Ch i n a (Gr an t No .
2018YFA0901103), and the National Natural Science
Foundation of China (Grant Nos. 21906180 and 21527901),
and the Youth Innovation Promotion Association of CAS.

■ REFERENCES
(1) Qu, G.; Xia, T.; Zhou, W.; Zhang, X.; Zhang, H.; Hu, L.; Shi, J.;
Yu, X. F.; Jiang, G. Property-Activity Relationship of Black
Phosphorus at the Nano-Bio Interface: From Molecules to
Organisms. Chem. Rev. 2020, 120 (4), 2288−2346.
(2) Ling, X.; Wang, H.; Huang, S.; Xia, F.; Dresselhaus, M. S. The
renaissance of black phosphorus. Proc. Natl. Acad. Sci. U. S. A. 2015,
112 (15), 4523−4530.
(3) Yew, Y. T.; Sofer, Z.; Mayorga-Martinez, C. C.; Pumera, M.
Black phosphorus nanoparticles as a novel fluorescent sensing
platform for nucleic acid detection. Mater. Chem. Front. 2017, 1
(6), 1130−1136.
(4) Low, T.; Rodin, A. S.; Carvalho, A.; Jiang, Y.; Wang, H.; Xia, F.;
Castro Neto, A. H. Tunable optical properties of multilayer black
phosphorus thin films. Phys. Rev. B: Condens. Matter Mater. Phys.
2014, 90 (7), 075434.
(5) Xia, F.; Wang, H.; Jia, Y. Rediscovering black phosphorus as an
anisotropic layered material for optoelectronics and electronics. Nat.
Commun. 2014, 5 (1), 4458.
(6) Sun, Z.; Xie, H.; Tang, S.; Yu, X. F.; Guo, Z.; Shao, J.; Zhang, H.;
Huang, H.; Wang, H.; Chu, P. K. Ultrasmall Black Phosphorus
Quantum Dots: Synthesis and Use as Photothermal Agents. Angew.
Chem., Int. Ed. 2015, 54 (39), 11526−11530.
(7) Zhou, W.; Pan, T.; Cui, H.; Zhao, Z.; Chu, P. K.; Yu, X. F. Black
Phosphorus: Bioactive Nanomaterials with Inherent and Selective
Chemotherapeutic Effects. Angew. Chem., Int. Ed. 2019, 58 (3), 769−
774.
(8) Zhao, Q.; Ma, W.; Pan, B.; Zhang, Q.; Zhang, X.; Zhang, S.;
Xing, B. Wrinkle-induced high sorption makes few-layered black
phosphorus a superior adsorbent for ionic organic compounds.
Environ. Sci.: Nano 2018, 5 (6), 1454−1465.

(9) Zhang, X.; Zhang, Z.; Zhang, S.; Li, D.; Ma, W.; Ma, C.; Wu, F.;
Zhao, Q.; Yan, Q.; Xing, B. Size Effect on the Cytotoxicity of Layered
Black Phosphorus and Underlying Mechanisms. Small 2017, 13 (32),
170120.
(10) Latiff, N. M.; Teo, W. Z.; Sofer, Z.; Fisher, A. C.; Pumera, M.
The Cytotoxicity of Layered Black Phosphorus. Chem. - Eur. J. 2015,
21 (40), 13991−13995.
(11) Mu, X.; Wang, J. Y.; Bai, X.; Xu, F.; Liu, H.; Yang, J.; Jing, Y.;
Liu, L.; Xue, X.; Dai, H.; Liu, Q.; Sun, Y. M.; Liu, C.; Zhang, X. D.
Black Phosphorus Quantum Dot Induced Oxidative Stress and
Toxicity in Living Cells and Mice. ACS Appl. Mater. Interfaces 2017, 9
(24), 20399−20409.
(12) Qu, G.; Liu, W.; Zhao, Y.; Gao, J.; Xia, T.; Shi, J.; Hu, L.; Zhou,
W.; Gao, J.; Wang, H.; Luo, Q.; Zhou, Q.; Liu, S.; Yu, X. F.; Jiang, G.
Improved Biocompatibility of Black Phosphorus Nanosheets by
Chemical Modification. Angew. Chem., Int. Ed. 2017, 56 (46), 14488−
14493.
(13) Xiong, Z.; Zhang, X.; Zhang, S.; Lei, L.; Ma, W.; Li, D.; Wang,
W.; Zhao, Q.; Xing, B. Bacterial toxicity of exfoliated black
phosphorus nanosheets. Ecotoxicol. Environ. Saf. 2018, 161, 507−514.
(14) Li, P.; Zeng, L.; Gao, J.; Yao, L.; Zhao, X.; Wu, Q.; Liu, X.;
Wang, Y.; Yang, X.; Shi, J.; Hu, L.; Qu, G.; Cai, Z.; Jiang, G.
Perturbation of Normal Algal Growth by Black Phosphorus
Nanosheets: The Role of Degradation. Environ. Sci. Technol. Lett.
2020, 7, 35−41.
(15) Wu, Q.; Yao, L.; Zhao, X.; Zeng, L.; Li, P.; Yang, X.; Zhang, L.;
Cai, Z.; Shi, J.; Qu, G.; Jiang, G. Cellular Uptake of Few-Layered
Black Phosphorus and the Toxicity to an Aquatic Unicellular
Organism. Environ. Sci. Technol. 2020, 54, 1583−1592.
(16) Peterson, R. T.; Macrae, C. A. Systematic approaches to
toxicology in the zebrafish. Annu. Rev. Pharmacol. Toxicol. 2012, 52,
433−453.
(17) McCollum, C. W.; Ducharme, N. A.; Bondesson, M.;
Gustafsson, J. A. Developmental toxicity screening in zebrafish.
Birth Defects Res., Part C 2011, 93 (2), 67−114.
(18) Qiu, W.; Chen, B.; Greer, J. B.; Magnuson, J. T.; Xiong, Y.;
Zhong, H.; Andrzejczyk, N. E.; Zheng, C.; Schlenk, D. Transcriptomic
Responses of Bisphenol S Predict Involvement of Immune Function
in the Cardiotoxicity of Early Life-Stage Zebrafish (Danio rerio).
Environ. Sci. Technol. 2020, 54 (5), 2869−2877.
(19) Guo, W.; Han, J.; Wu, S.; Shi, X.; Wang, Q.; Zhou, B. Bis(2-
ethylhexyl)-2,3,4,5-tetrabromophthalate Affects Lipid Metabolism in
Zebrafish Larvae via DNA Methylation Modification. Environ. Sci.
Technol. 2019, 54 (1), 355−363.
(20) Diamante, G.; do Amaral, E. S. M. G.; Menjivar-Cervantes, N.;
Xu, E. G.; Volz, D. C.; Dias Bainy, A. C.; Schlenk, D. Developmental
toxicity of hydroxylated chrysene metabolites in zebrafish embryos.
Aquat. Toxicol. 2017, 189, 77−86.
(21) Hanigan, D.; Truong, L.; Simonich, M.; Tanguay, R.;
Westerhoff, P. Zebrafish embryo toxicity of 15 chlorinated,
brominated, and iodinated disinfection by-products. J. Environ. Sci.
2017, 58, 302−310.
(22) Li, R.; Guo, W.; Lei, L.; Zhang, L.; Liu, Y.; Han, J.; Chen, L.;
Zhou, B. Early-life exposure to the organophosphorus flame-retardant
tris (1,3-dichloro-2-propyl) phosphate induces delayed neurotoxicity
associated with DNA methylation in adult zebrafish. Environ. Int.
2020, 134, 105293.
(23) Fent, K.; Weisbrod, C. J.; Wirth-Heller, A.; Pieles, U.
Assessment of uptake and toxicity of fluorescent silica nanoparticles
in zebrafish (Danio rerio) early life stages. Aquat. Toxicol. 2010, 100
(2), 218−228.
(24) Chen, Y.; Ren, C.; Ouyang, S.; Hu, X.; Zhou, Q. Mitigation in
Multiple Effects of Graphene Oxide Toxicity in Zebrafish Embryo-
genesis Driven by Humic Acid. Environ. Sci. Technol. 2015, 49 (16),
10147−10154.
(25) Levard, C.; Hotze, E. M.; Colman, B. P.; Dale, A. L.; Truong,
L.; Yang, X. Y.; Bone, A. J.; Brown, G. E., Jr.; Tanguay, R. L.; Di
Giulio, R. T.; Bernhardt, E. S.; Meyer, J. N.; Wiesner, M. R.; Lowry,

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c05724
Environ. Sci. Technol. 2021, 55, 1134−1144

1142

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qunfang+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2521-100X
http://orcid.org/0000-0003-2521-100X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guibin+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6335-3917
http://orcid.org/0000-0002-6335-3917
https://pubs.acs.org/doi/10.1021/acs.est.0c05724?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.9b00445
https://dx.doi.org/10.1021/acs.chemrev.9b00445
https://dx.doi.org/10.1021/acs.chemrev.9b00445
https://dx.doi.org/10.1073/pnas.1416581112
https://dx.doi.org/10.1073/pnas.1416581112
https://dx.doi.org/10.1039/C6QM00341A
https://dx.doi.org/10.1039/C6QM00341A
https://dx.doi.org/10.1103/PhysRevB.90.075434
https://dx.doi.org/10.1103/PhysRevB.90.075434
https://dx.doi.org/10.1038/ncomms5458
https://dx.doi.org/10.1038/ncomms5458
https://dx.doi.org/10.1002/anie.201506154
https://dx.doi.org/10.1002/anie.201506154
https://dx.doi.org/10.1002/anie.201810878
https://dx.doi.org/10.1002/anie.201810878
https://dx.doi.org/10.1002/anie.201810878
https://dx.doi.org/10.1039/C8EN00266E
https://dx.doi.org/10.1039/C8EN00266E
https://dx.doi.org/10.1002/smll.201770171
https://dx.doi.org/10.1002/smll.201770171
https://dx.doi.org/10.1002/chem.201502006
https://dx.doi.org/10.1021/acsami.7b02900
https://dx.doi.org/10.1021/acsami.7b02900
https://dx.doi.org/10.1002/anie.201706228
https://dx.doi.org/10.1002/anie.201706228
https://dx.doi.org/10.1016/j.ecoenv.2018.06.008
https://dx.doi.org/10.1016/j.ecoenv.2018.06.008
https://dx.doi.org/10.1021/acs.estlett.9b00726
https://dx.doi.org/10.1021/acs.estlett.9b00726
https://dx.doi.org/10.1021/acs.est.9b05424
https://dx.doi.org/10.1021/acs.est.9b05424
https://dx.doi.org/10.1021/acs.est.9b05424
https://dx.doi.org/10.1146/annurev-pharmtox-010611-134751
https://dx.doi.org/10.1146/annurev-pharmtox-010611-134751
https://dx.doi.org/10.1002/bdrc.20210
https://dx.doi.org/10.1021/acs.est.9b06213
https://dx.doi.org/10.1021/acs.est.9b06213
https://dx.doi.org/10.1021/acs.est.9b06213
https://dx.doi.org/10.1021/acs.est.9b05796
https://dx.doi.org/10.1021/acs.est.9b05796
https://dx.doi.org/10.1021/acs.est.9b05796
https://dx.doi.org/10.1016/j.aquatox.2017.05.013
https://dx.doi.org/10.1016/j.aquatox.2017.05.013
https://dx.doi.org/10.1016/j.jes.2017.05.008
https://dx.doi.org/10.1016/j.jes.2017.05.008
https://dx.doi.org/10.1016/j.envint.2019.105293
https://dx.doi.org/10.1016/j.envint.2019.105293
https://dx.doi.org/10.1016/j.envint.2019.105293
https://dx.doi.org/10.1016/j.aquatox.2010.02.019
https://dx.doi.org/10.1016/j.aquatox.2010.02.019
https://dx.doi.org/10.1021/acs.est.5b02220
https://dx.doi.org/10.1021/acs.est.5b02220
https://dx.doi.org/10.1021/acs.est.5b02220
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05724?ref=pdf


G. V. Sulfidation of silver nanoparticles: natural antidote to their
toxicity. Environ. Sci. Technol. 2013, 47 (23), 13440−13448.
(26) Zhang, X.; Zhou, Q.; Zou, W.; Hu, X. Molecular Mechanisms
of Developmental Toxicity Induced by Graphene Oxide at Predicted
Environmental Concentrations. Environ. Sci. Technol. 2017, 51 (14),
7861−7871.
(27) van Aerle, R.; Lange, A.; Moorhouse, A.; Paszkiewicz, K.; Ball,
K.; Johnston, B. D.; de-Bastos, E.; Booth, T.; Tyler, C. R.; Santos, E.
M. Molecular mechanisms of toxicity of silver nanoparticles in
zebrafish embryos. Environ. Sci. Technol. 2013, 47 (14), 8005−8014.
(28) Hanigan, D.; Truong, L.; Schoepf, J.; Nosaka, T.; Mulchandani,
A.; Tanguay, R. L.; Westerhoff, P. Trade-offs in ecosystem impacts
from nanomaterial versus organic chemical ultraviolet filters in
sunscreens. Water Res. 2018, 139, 281−290.
(29) Chen, Y.; Hu, X.; Sun, J.; Zhou, Q. Specific nanotoxicity of
graphene oxide during zebrafish embryogenesis. Nanotoxicology 2016,
10 (1), 42−52.
(30) Yang, X.; Song, W.; Liu, N.; Sun, Z.; Liu, R.; Liu, Q. S.; Zhou,
Q.; Jiang, G. Synthetic Phenolic Antioxidants Cause Perturbation in
Steroidogenesis in Vitro and in Vivo. Environ. Sci. Technol. 2018, 52
(2), 850−858.
(31) Kim, K. T.; Tanguay, R. L. The role of chorion on toxicity of
silver nanoparticles in the embryonic zebrafish assay. Environ. Health
Toxicol. 2014, 29, No. e2014021.
(32) Falinski, M. M.; Garland, M. A.; Hashmi, S. M.; Tanguay, R. L.;
Zimmerman, J. B. Establishing structure-property-hazard relationships
for multi-walled carbon nanotubes: The role of aggregation, surface
charge, and oxidative stress on embryonic zebrafish mortality. Carbon
2019, 155, 587−600.
(33) Mu, L.; Gao, Y.; Hu, X. L-cysteine: a biocompatible, breathable
and beneficial coating for graphene oxide. Biomaterials 2015, 52,
301−311.
(34) Denluck, L.; Wu, F.; Crandon, L. E.; Harper, B. J.; Harper, S. L.
Reactive oxygen species generation is likely a driver of copper based
nanomaterial toxicity. Environ. Sci.: Nano 2018, 5 (6), 1473−1481.
(35) Zeng, L.; Gao, J.; Liu, Y.; Gao, J.; Yao, L.; Yang, X.; Liu, X.; He,
B.; Hu, L.; Shi, J.; Song, M.; Qu, G.; Jiang, G. Role of protein corona
in the biological effect of nanomaterials: Investigating methods. TrAC,
Trends Anal. Chem. 2019, 118, 303−314.
(36) Guo, Z.; Zhang, H.; Lu, S.; Wang, Z.; Tang, S.; Shao, J.; Sun,
Z.; Xie, H.; Wang, H.; Yu, X.-F.; Chu, P. K. From Black Phosphorus
to Phosphorene: Basic Solvent Exfoliation, Evolution of Raman
Scattering, and Applications to Ultrafast Photonics. Adv. Funct. Mater.
2015, 25 (45), 6996−7002.
(37) Rawson, D. M.; Zhang, T.; Kalicharan, D.; Jongebloed, W. L.
Field emission scanning electron microscopy and transmission
electron microscopy studies of the chorion, plasma membrane and
syncytial layers of the gastrula-stage embryo of the zebrafish
Brachydanio rerio: a consideration of the structural and functional
relationships with respect to cryoprotectant penetration. Aquacult. Res.
2000, 31, 325−336.
(38) Lee, K. J.; Nallathamby, P. D.; Browning, L. M.; Osgood, C. J.;
Xu, X.-H. N. In vivo imaging of transport and biocompatibility of
single silver nanoparticles in early development of zebrafish embryos.
ACS Nano 2007, 1 (2), 133−143.
(39) Bai, W.; Zhang, Z.; Tian, W.; He, X.; Ma, Y.; Zhao, Y.; Chai, Z.
Toxicity of zinc oxide nanoparticles to zebrafish embryo: a
physicochemical study of toxicity mechanism. J. Nanopart. Res.
2010, 12 (5), 1645−1654.
(40) Qu, G. B.; Liu, S. J.; Zhang, S. P.; Wang, L.; Wang, X. Y.; Sun,
B. B.; Yin, N. Y.; Gao, X.; Xia, T.; Chen, J. J.; Jiang, G. B. Graphene
Oxide Induces Toll-like Receptor 4 (TLR4)-Dependent Necrosis in
Macrophages. ACS Nano 2013, 7 (7), 5732−5745.
(41) Talari, A. C. S.; Movasaghi, Z.; Rehman, S.; Rehman, I. u.
Raman Spectroscopy of Biological Tissues. Appl. Spectrosc. Rev. 2015,
50 (1), 46−111.
(42) Rygula, A.; Oleszkiewicz, T.; Grzebelus, E.; Pacia, M. Z.;
Baranska, M.; Baranski, R. Raman, AFM and SNOM high resolution

imaging of carotene crystals in a model carrot cell system. Spectrochim.
Acta, Part A 2018, 197, 47−55.
(43) Scholz, S.; Fischer, S.; Gundel, U.; Kuster, E.; Luckenbach, T.;
Voelker, D. The zebrafish embryo model in environmental risk
assessment–applications beyond acute toxicity testing. Environ. Sci.
Pollut. Res. 2008, 15 (5), 394−404.
(44) Bar-Ilan, O.; Albrecht, R. M.; Fako, V. E.; Furgeson, D. Y.
Toxicity assessments of multisized gold and silver nanoparticles in
zebrafish embryos. Small 2009, 5 (16), 1897−1910.
(45) Fako, V. E.; Furgeson, D. Y. Zebrafish as a correlative and
predictive model for assessing biomaterial nanotoxicity. Adv. Drug
Delivery Rev. 2009, 61 (6), 478−486.
(46) Glickman, N. S.; Yelon, D. Cardiac development in zebrafish:
coordination of form and function. Semin. Cell Dev. Biol. 2002, 13,
507−513.
(47) Nikolova, G.; Lammert, E. Interdependent development of
blood vessels and organs. Cell Tissue Res. 2003, 314 (1), 33−42.
(48) Ellertsdottir, E.; Lenard, A.; Blum, Y.; Krudewig, A.; Herwig, L.;
Affolter, M.; Belting, H. G. Vascular morphogenesis in the zebrafish
embryo. Dev. Biol. 2010, 341 (1), 56−65.
(49) Seto, S. W.; Kiat, H.; Lee, S. M.; Bensoussan, A.; Sun, Y. T.;
Hoi, M. P.; Chang, D. Zebrafish models of cardiovascular diseases and
their applications in herbal medicine research. Eur. J. Pharmacol. 2015,
768, 77−86.
(50) Thisse, C.; Zon, L. I. Organogenesis-Heart and Blood
Formation from the Zebrafish Point of View. Science 2002, 295,
457−462.
(51) Jackson, H. E.; Ingham, P. W. Control of muscle fibre-type
diversity during embryonic development: the zebrafish paradigm.
Mech. Dev. 2013, 130 (9−10), 447−457.
(52) Yaqoob, N.; Schwerte, T. Cardiovascular and respiratory
developmental plasticity under oxygen depleted environment and in
genetically hypoxic zebrafish (Danio rerio). Comp. Biochem. Physiol.,
Part A: Mol. Integr. Physiol. 2010, 156 (4), 475−484.
(53) Fu, C. Y.; Lee, H. C.; Tsai, H. J. The molecular structures and
expression patterns of zebrafish troponin I genes. Gene Expression
Patterns 2009, 9 (5), 348−356.
(54) Cai, C.; Sang, C.; Du, J.; Jia, H.; Tu, J.; Wan, Q.; Bao, B.; Xie,
S.; Huang, Y.; Li, A.; Li, J.; Yang, K.; Wang, S.; Lu, Q. Knockout of
tnni1b in zebrafish causes defects in atrioventricular valve develop-
ment via the inhibition of the myocardial wnt signaling pathway.
FASEB J. 2019, 33 (1), 696−710.
(55) Sogah, V. M.; Serluca, F. C.; Fishman, M. C.; Yelon, D. L.;
Macrae, C. A.; Mably, J. D. Distinct troponin C isoform requirements
in cardiac and skeletal muscle. Dev. Dyn. 2010, 239 (11), 3115−3123.
(56) Tiedke, J.; Gerlach, F.; Mitz, S. A.; Hankeln, T.; Burmester, T.
Ontogeny of globin expression in zebrafish (Danio rerio). J. Comp.
Physiol., B 2011, 181 (8), 1011−1021.
(57) Vlecken, D. H.; Testerink, J.; Ott, E. B.; Sakalis, P. A.; Jaspers,
R. T.; Bagowski, C. P. A critical role for myoglobin in zebrafish
development. Int. J. Dev. Biol. 2009, 53 (4), 517−524.
(58) Wittenberg, J. B.; Wittenberg, B. A. Myoglobin function
reassessed. J. Exp. Biol. 2003, 206 (Pt 12), 2011−2020.
(59) Brownlie, A.; Hersey, C.; Oates, A. C.; Paw, B. H.; Falick, A.
M.; Witkowska, H. E.; Flint, J.; Higgs, D.; Jessen, J.; Bahary, N.; Zhu,
H.; Lin, S.; Zon, L. Characterization of embryonic globin genes of the
zebrafish. Dev. Biol. 2003, 255 (1), 48−61.
(60) Vadali, K.; Cai, X.; Schaller, M. D. Focal adhesion kinase: an
essential kinase in the regulation of cardiovascular functions. IUBMB
Life 2007, 59 (11), 709−716.
(61) Ilic, D.; Kovacic, B.; McDonagh, S.; Jin, F.; Baumbusch, C.;
Gardner, D. G.; Damsky, C. H. Focal adhesion kinase is required for
blood vessel morphogenesis. Circ. Res. 2003, 92 (3), 300−307.
(62) Gunawan, F.; Gentile, A.; Fukuda, R.; Tsedeke, A. T.; Jimenez-
Amilburu, V.; Ramadass, R.; Iida, A.; Sehara-Fujisawa, A.; Stainier, D.
Y. R. Focal adhesions are essential to drive zebrafish heart valve
morphogenesis. J. Cell Biol. 2019, 218 (3), 1039−1054.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c05724
Environ. Sci. Technol. 2021, 55, 1134−1144

1143

https://dx.doi.org/10.1021/es403527n
https://dx.doi.org/10.1021/es403527n
https://dx.doi.org/10.1021/acs.est.7b01922
https://dx.doi.org/10.1021/acs.est.7b01922
https://dx.doi.org/10.1021/acs.est.7b01922
https://dx.doi.org/10.1021/es401758d
https://dx.doi.org/10.1021/es401758d
https://dx.doi.org/10.1016/j.watres.2018.03.062
https://dx.doi.org/10.1016/j.watres.2018.03.062
https://dx.doi.org/10.1016/j.watres.2018.03.062
https://dx.doi.org/10.3109/17435390.2015.1005032
https://dx.doi.org/10.3109/17435390.2015.1005032
https://dx.doi.org/10.1021/acs.est.7b05057
https://dx.doi.org/10.1021/acs.est.7b05057
https://dx.doi.org/10.5620/eht.e2014021
https://dx.doi.org/10.5620/eht.e2014021
https://dx.doi.org/10.1016/j.carbon.2019.08.063
https://dx.doi.org/10.1016/j.carbon.2019.08.063
https://dx.doi.org/10.1016/j.carbon.2019.08.063
https://dx.doi.org/10.1016/j.biomaterials.2015.02.046
https://dx.doi.org/10.1016/j.biomaterials.2015.02.046
https://dx.doi.org/10.1039/C8EN00055G
https://dx.doi.org/10.1039/C8EN00055G
https://dx.doi.org/10.1016/j.trac.2019.05.039
https://dx.doi.org/10.1016/j.trac.2019.05.039
https://dx.doi.org/10.1002/adfm.201502902
https://dx.doi.org/10.1002/adfm.201502902
https://dx.doi.org/10.1002/adfm.201502902
https://dx.doi.org/10.1046/j.1365-2109.2000.00401.x
https://dx.doi.org/10.1046/j.1365-2109.2000.00401.x
https://dx.doi.org/10.1046/j.1365-2109.2000.00401.x
https://dx.doi.org/10.1046/j.1365-2109.2000.00401.x
https://dx.doi.org/10.1046/j.1365-2109.2000.00401.x
https://dx.doi.org/10.1021/nn700048y
https://dx.doi.org/10.1021/nn700048y
https://dx.doi.org/10.1007/s11051-009-9740-9
https://dx.doi.org/10.1007/s11051-009-9740-9
https://dx.doi.org/10.1021/nn402330b
https://dx.doi.org/10.1021/nn402330b
https://dx.doi.org/10.1021/nn402330b
https://dx.doi.org/10.1080/05704928.2014.923902
https://dx.doi.org/10.1016/j.saa.2018.01.054
https://dx.doi.org/10.1016/j.saa.2018.01.054
https://dx.doi.org/10.1007/s11356-008-0018-z
https://dx.doi.org/10.1007/s11356-008-0018-z
https://dx.doi.org/10.1002/smll.200801716
https://dx.doi.org/10.1002/smll.200801716
https://dx.doi.org/10.1016/j.addr.2009.03.008
https://dx.doi.org/10.1016/j.addr.2009.03.008
https://dx.doi.org/10.1016/S1084952102001040
https://dx.doi.org/10.1016/S1084952102001040
https://dx.doi.org/10.1007/s00441-003-0739-8
https://dx.doi.org/10.1007/s00441-003-0739-8
https://dx.doi.org/10.1016/j.ydbio.2009.10.035
https://dx.doi.org/10.1016/j.ydbio.2009.10.035
https://dx.doi.org/10.1016/j.ejphar.2015.10.031
https://dx.doi.org/10.1016/j.ejphar.2015.10.031
https://dx.doi.org/10.1126/science.1063654
https://dx.doi.org/10.1126/science.1063654
https://dx.doi.org/10.1016/j.mod.2013.06.001
https://dx.doi.org/10.1016/j.mod.2013.06.001
https://dx.doi.org/10.1016/j.cbpa.2010.03.033
https://dx.doi.org/10.1016/j.cbpa.2010.03.033
https://dx.doi.org/10.1016/j.cbpa.2010.03.033
https://dx.doi.org/10.1016/j.gep.2009.02.001
https://dx.doi.org/10.1016/j.gep.2009.02.001
https://dx.doi.org/10.1096/fj.201800481RR
https://dx.doi.org/10.1096/fj.201800481RR
https://dx.doi.org/10.1096/fj.201800481RR
https://dx.doi.org/10.1002/dvdy.22445
https://dx.doi.org/10.1002/dvdy.22445
https://dx.doi.org/10.1007/s00360-011-0588-9
https://dx.doi.org/10.1387/ijdb.082651dv
https://dx.doi.org/10.1387/ijdb.082651dv
https://dx.doi.org/10.1242/jeb.00243
https://dx.doi.org/10.1242/jeb.00243
https://dx.doi.org/10.1016/S0012-1606(02)00041-6
https://dx.doi.org/10.1016/S0012-1606(02)00041-6
https://dx.doi.org/10.1080/15216540701694245
https://dx.doi.org/10.1080/15216540701694245
https://dx.doi.org/10.1161/01.RES.0000055016.36679.23
https://dx.doi.org/10.1161/01.RES.0000055016.36679.23
https://dx.doi.org/10.1083/jcb.201807175
https://dx.doi.org/10.1083/jcb.201807175
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05724?ref=pdf


(63) Ribatti, D. The discovery of the fundamental role of VEGF in
the development of the vascular system. Mech. Dev. 2019, 160,
103579.
(64) Liu, P.; Zhong, T. P. MAPK/ERK signalling is required for
zebrafish cardiac regeneration. Biotechnol. Lett. 2017, 39 (7), 1069−
1077.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c05724
Environ. Sci. Technol. 2021, 55, 1134−1144

1144

https://dx.doi.org/10.1016/j.mod.2019.103579
https://dx.doi.org/10.1016/j.mod.2019.103579
https://dx.doi.org/10.1007/s10529-017-2327-0
https://dx.doi.org/10.1007/s10529-017-2327-0
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05724?ref=pdf

