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Quantum dots (QDs) are new types of nanomaterials. Few studies have focused on the ef-
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fect of different surface modified QDs on embryonic development. Herein, we compared the
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in vivo toxicity of CdSe/ZnS QDs with carboxyl (-COOH) and amino (-NH2 ) modification us-
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ing zebrafish embryos. After exposure, the two CdSe/ZnS QDs decreased the survival rate,
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hatching rate, and embryo movement of zebrafish. Moreover, we found QDs attached to the
embryo membrane before hatching and the eyes, yolk and heart after hatching. The attached
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amount of carboxyl QDs was more. Consistently, the Cd content in embryos and larvae was

Quantum dots

higher in carboxyl QD-treatment. We further observed that the two QDs caused zebrafish

Surface modification

pericardial edema and cardiac dysfunction. In line with it, both carboxyl and amino QDs up-

Fish

regulated the transcription levels of cardiac development-related genes, and the levels were

Cardiac development

higher in carboxyl QD-treated groups. Furthermore, the chelator of Cd2+ diethylene triamine

Developmental toxicity

pentacetate acid could partially rescued the developmental toxicity caused by the two types
of QDs suggesting that both the nature of QDs and the release of Cd2+ contribute to the
developmental toxicity. In conclusion, the two CdSe/ZnS QDs have developmental toxicity
and affect the cardiac development, and the carboxyl QDs is more toxic possibly due to the
higher affinity and more release to embryos and larvae. Our study provides new knowledge
that the surface functional modification of QDs is critical on the development on aquatic
species, which is beneficial to develop and applicate QDs more safely and environmentfriendly.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Quantum dots (QDs) are semiconductor nanomaterials composed of Ⅱ-Ⅳ or Ⅲ-Ⅴ elements, which are small colloidal semi-
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conductor nanoparticles that possess remarkable photophysical properties, including high photostability and brightness,
along with very narrow and size-tunable emission spectra
(Moghaddam et al., 2013). Due to these advantages of above,
QDs are widely used in optoelectronic devices, such as light
emitting diodes, photodetectors, biomedical labels, luminescent solar concentrators, photoelectrochemical cells for hydrogen production, excitonic solar cells, and optical nanoth-
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erometers (Qiu et al., 2017; Stanisavljevic et al., 2015). Although
some studies have been worked on the toxicity of QDs, most
of them focused on the core-type QDs, such as CdTe QDs, PbS
QDs, and CdSe QDs, and so on (Li et al., 2009). Due to the easy
release of the heavy metal, the core-shell QDs were designed
and developed recently, which are deemed to greatly reduce
the heavy metal release (Mirnajafizadeh et al., 2019). Therefore, the core-shell QDs are widely used in commercial.
With the increasing application, more and more QDs enter into the environment, which causes potential environment
and health risk. There are few studies on the biological effect of QDs on the animals (Manshian et al., 2016, 2017). For
examples, CdTe QDs were vascular injected into the larvae
of Bombyx mori at 0.08 and 0.32 nmol/L, which caused damage in the hematopoietic organ and hematocytes (Liu et al.,
2014). Mercaptoacetic acid-CdSe/ZnS QDs were microinjected
into zebrafish embryo cytoplasm at the one-cell stage, leading to the decrease of the survival rate, and were allocated
to progeny blastoderm cells during proliferation and almost
never entered the yolk (Lei et al., 2011). MPA-CdSe QDs exposure at 4.05 mg/L from 6 to 96 hpf (hours post fertilization) caused abnormal vessels, such as vascular junction, bifurcation, crossing, and particle appearance using FLI-1: EGFP
transgenic zebrafish (Zhang et al., 2012). Maternal exposure
to carboxyl group-modified CdSe/ZnS QDs resulted in acute
systemic toxicity of rats and retarded the growth of offspring
(Yang et al., 2018), and the oxygen in the environment would
cause a degradation of CdSe/ZnS QDs (Wiecinski et al., 2013).
CdTe QDs were localized at the intestines of zebrafish after hatching and caused a lot of malformations and swimming disorders (Duan et al., 2013). Our previous study also
showed that CdTe QD exposure to mice and human kidney
cells caused the renal injury and autophagy (Jiang et al., 2018).
Additionally, there are many chemical-physical factors affect
toxicity, such as surface modification, charge, core, components, size, etc. (Durgadas et al., 2012; Hardman, 2006; Liu et al.,
2015; Wang and Tang, 2018). However, the effects of surface
modification of core-shell QDs on fish development have not
been studied, and the mechanism of toxicity is unclear.
Zebrafish (Danio rerio) is a well-known vertebrate model for
toxicological study due to the small size, high fecundity and
rapid external development. Besides, zebrafish embryos are
transparent, and widely used to observe the morphological
and functional changes embryo development after nanomaterial exposure (Yan et al., 2020). In zebrafish, the heart beats
form 22 hpf. The cardiovascular system is fully functional and
exhibits a complex repertoire of ion channels and metabolic
processes at 48 hpf (Chakraborty et al., 2016; Gao et al., 2017;
Liu et al., 2017). Therefore, we compared the developmental
toxicity and mechanism of different surface function groups
modified CdSe/ZnS QDs using zebrafish embryos.
Here, we used carboxyl (-COOH) and amine (-NH2 ) groups
modified polyethylene glycol (PEG)-CdSe/ZnS QDs. PEG is a
common coupling agent for nanomaterials, which can significantly increase the water solubility of QDs (Lignos et al.,
2017). The two CdSe/ZnS QDs exposed to zebrafish embryos to compare their developmental toxicity. This study
was aimed to clarify effects of the surface modification of
QDs on fish development and the toxic mechanisms involved. Our work is expected to helpful for designing and
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developing safer and more environment friendly QDs in the
future.

1.

Materials and methods

1.1.

Characterization of QDs

Both CdSe/ZnS QDs were purchased from Xingzi Nano
Company (WA21164P, Shanghai, China). Ten microliters of
CdSe/ZnS QDs-COOH (QDs-COOH) and CdSe/ZnS QDs-NH2
(QDs-NH2 ) were dropped vertically onto copper mesh and
dried naturally for transmission electron microscopy (TEM, Hitachi HT-7800, Japan). The hydrodynamic diameter and zeta
potential of the two QDs were determined using a zetasizer
(Nano-ZS90, Malvern Instruments Ltd., UK) at a scattering angle of 90° at room temperature. The absorbance intensity and
photoluminescence intensity (PL) were measured by the automatic multifunctional microwell plate analysis system (Spark,
Tecan, USA).

1.2.

Zebrafish maintenance and embryos collection

Wild-type TU zebrafish were maintained using routine procedures following the guides of Animal Ethics Committee of
Xiamen University. They were raised in a condition as: a 14 hr
light/10 hr dark cycle, water temperature (28 ± 1)°C, pH 7.0–7.4,
and dissolved oxygen 7–8 mg/L. QDs exposure was performed
in zebrafish culture medium (3.5 g/L NaCl, 0.05 g/L NaHCO3 ,
0.05 g/L KCl, 0.05 g/L CaCl2 ). Embryos between 0 and 0.5 hpf
were respectively exposed to the two QDs at concentrations
of 0.1 and 1 mg/L. The exposures were carried out in six-well
plate, and 30 embryos were cultured in 5 mL QDs solution in
each well. There were six replicates for each treatment. The
exposure solutions were changed twice daily. Embryos were
collected and frozen with liquid nitrogen and then transferred
to −80°C freezer.

1.3.

The developmental toxicity examination in zebrafish

Embryos were observed using a microscope, and imaged with
a digital video camera by Leica M165 FC stereoscope (Frankfurt, Germany) and Nikon 50i camera (Tokyo, Japan). The
hatching rate of the embryo were assessed: The hatching rate
(%) = (hatched embryo number/total embryo number) × 100%.
Embryo movement was calculated per minute in zebrafish
embryos.

1.4.

Cardiac malformation and function assessment

Following a previous reported method (Wu et al., 2018), we
measured and assessed the end-diastolic volume (EDV), endsystolic volume (ESV), stroke volume (SV), heart rate (HR) and
cardiac output (CO) in the larvae. SV was calculated by using the equations SV = EDV – ESV, and CO was calculated as:
CO = SV × HR.

1.5.

The attachment of QDs to zebrafish

Under the Leica M165 FC stereoscope (Frankfurt, Germany),
the red light of QDs was excited with blue light to observe the
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attachment of the QDs in and on zebrafish embryos (at 24 hpf
and 48 hpf) and larvae (at 60 hpf), and photos were taken with
a digital video camera. The fluorescence intensity was semiquantified with ipwin 32 software.

1.6.

Cadmium (Cd) content in and on zebrafish embryos

The embryo used to detect cadmium content in and on zebrafish was washed by culture medium three times. After
treatments, the zebrafish embryos were digested with 5 mL
HNO3 at 80°C overnight. The sample solution was diluted to
a final volume of 25 mL with ultrapure water. It was filtered
by 0.25 μm membrane and measured. Each sample was performed in triplicates. Procedural blanks of samples were run
for background subtraction. Cd was determined using an Agilent 7800 inductively coupled plasma mass spectrometer (Agilent Technologies, California, USA). In addition, the correlation
coefficient of cadmium standard curve R = 0.9999, the instrumental detection limits (DL) of Cd estimated with threefold
standard deviation (3σ ) by 11 replicates of standard blanks was
0.0045 mg/kg. The internal standard 103Rh recovery rate was
80%−120%, RSD ≤ 3%, the recovery by adding standards was
also tested throughout the measurement for the quality control, in which the mean recovery of Cd was 99.50%.

1.7.

Real-time quantitative PCR (qPCR)

Twenty larvae from each replicate were pooled into a subsample. According to our previous methods to measure the mRNA
expression using qPCR (He et al., 2012; Shi et al., 2012). Using TRIzol reagent (TaKaRa, Tokyo, Japan) to extract total RNA
from the whole embryos according to the manufacturer’s protocol. First-strand cDNA was synthesized from 500 ng of total
RNA using SurperMix Kit (TransGen, Beijing, China) cDNA synthesis kit based on the manufacturer’s protocol. QPCR analysis was performed on a Using Mx3000P Real-Time PCR system
(Agilent Technologies, Santa Clara, USA) to analysis qPCR according the SYBR Green qPCR reagent kit (TransGen, Beijing,
China) following the manufacturer’s protocol. The expression
levels of the tbx5, nkx2.5, gata4, tnnt2, myh6, myl7 and cdh2
genes were calculated using the 2− Ct method and normalized to the expression level of β-actin. The primers used for
qPCR were listed in Appendix A Table S1.

1.8.

Statistical analyses

Statistical analysis of the data was performed using SPSS 25.0
software (SPSS Inc., Chicago, IL, USA). Data were analyzed by
one-way ANOVA followed by Duncan’s post hoc test. We evaluated the normality and homogeneity of our data. P < 0.05 was
considered statistically significant.

2.

Results and discussion

2.1.

Characterization of QDs-COOH and QDs-NH2

The shape and size of QDs-COOH and QDs-NH2 were observed
using TEM. Both of them were spherical. The primary size of
them was (10.51±1.94) and (12.70±3.36), respectively (Fig. 1a,

b). These results showed that the two QDs were similar in
shape and size. The absorbance of the two QDs were all close
to 630 nm (Fig. 1c, d). The PL of QDs-COOH and -NH2 was
645 and 643 nm, respectively (Fig. 1c, d). The different surface
functional groups of QDs would make them different in water stability and hydrodynamic size distributions (Chen et al.,
2018). In our study, the hydrodynamic size of QDs-COOH and
QDs-NH2 was (121.15±45.51) and (182.60±35.10) nm in culture medium, respectively. The zeta-potential of QDs-COOH
and QDs-NH2 was (−6.69±1.38) and (−1.97±0.86) mV in culture medium, respectively (Table 1).

2.2.
Developmental effects of QDs-COOH and QDs-NH2
on zebrafish embryos
It is well known that the hydrophilic size and function of
QDs depend on the surface modification (Mashinchian et al.,
2014). These different surface coating groups makes the QDs
in different charge, and further makes it in different affinity
with different biomolecules. As shown in Fig. 2a and b, 0.1
and 1 mg/L QDs-COOH decreased the survival rate to 92.67%
and 86.11%, and hatching rate to 97.78% and 73.89%; while
QDs-NH2 reduced the survival rate to 86.11% and 86.67%, and
hatching rate to 93.89% and 78.33%, respectively. Additionally,
the embryo movement was significantly reduced by 1 mg/L
QDs-COOH exposure (by 0.71-fold of control) (Fig. 2c). These
results showed that both -COOH and -NH2 modified CdSe/ZnS
QDs had adverse impacts on embryo development, and the
toxicity of QDs-COOH high than QDs-NH2 . Thioglycollic acid
(TGA), mercaptoethylamine (MEA) and l-cysteine (l-Cys) with
similar structures but different functional groups were coated
to CdTe QDs, and TGA-CdTe QDs showed stronger effects on
membrane potential and mitochondrial swelling effects than
that of the two other QDs (Xiang et al., 2018). These studies
suggest that different physiochemical properties of QDs influenced how they interact with biological membranes, resulting
in different toxicological patterns.

2.3.
Effects of the two QDs on zebrafish cardiac
development
Next, we examined the effects of QDs on the cardiac development of zebrafish. For the morphology of cardiac development, the two QDs caused the pericardial edema (Fig. 3a,
b). The pericardial edema rate was increased to 5.16% and
10.83% in 0.1 and 1 mg/L QDs-COOH treatments and 5.15%
and 6.56% in 0.1 and 1 mg/L QDs-NH2 treatments (Fig. 3c). For
the function of cardiac development, we exposed the embryos
with 1 mg/L QDs for 72 hr. The two QDs treated larvae did
not show any significant change in EDV compared to control
(Fig. 3d). Only the QDs-NH2 treatments caused the ESV significantly higher (by 1.95-fold) compared to control (Fig. 3e).
The SV was decreased by QDs-COOH and QDs-NH2 treatments
(by 0.56- and 0.30-fold, respectively) (Fig. 3f). The HR was only
decreased in QDs-NH2 treated group (by 0.87-fold) (Fig. 3g). A
significantly decrease was observed in CO in QDs-COOH treatment (by 0.62-fold) (Fig. 3h). Although, the HR only reduced
in QDs-NH2 treated larvae, the general results indicated that
QDs-COOH had more adverse impacts on the zebrafish heart
morphology and function than QDs-NH2 .
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Fig. 1. – Morphology of QDs-COOH and QDs-NH2 shown by TEM, Hitachi HT-7800; the scale bar is 20 nm, and the mean size
of QDs-COOH is (10.48±1.94) nm (a), the mean size of QDs-NH2 is (12.74±3.36) nm (b). The absorbance intensity of the two
QDs is close to 630 nm (c, d), the PL intensity of the two QDs were 645 nm and 643 nm (c, d).

Table 1 – Characterizations of the two QDs.
QDs

Primary size (nm)a

Hydrodynamic size (nm)b

PDIc

Zeta potential (mV)d

QDs-COOH
QDs-NH2

10.51±1.94
12.70±3.36

121.15±45.51
182.60±35.10

0.21
0.76

−6.69±1.38
−1.97±0.86

a
b
c
d

Primary size of the two QDs in their dry state was obtained by TEM (Hitachi HT-7800, Japan).
Hydrodynamic size in culture medium of the two QDs.
Polymer dispersity index (PDI) in culture medium of the two QDs.
Zeta-potential in culture medium of the two QDs.

Fig. 2. – Developmental effects of zebrafish embryos exposed to QDs-COOH and QDs-NH2 . (a) Survival rate at 72 hpf; (b)
Hatching rate at 60 hpf; (c) Embryo movement at 24 hpf. The Data are presented as the mean ± SE (n = 6). Data were
analyzed using one-way ANOVA followed by Duncan’s test. Different letters above bars means significant differences
between different treatments at P < 0.05.
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Fig. 3. – The pericardial edema rate and cardiac function of zebrafish embryos exposed to QDs-COOH and QDs-NH2 for 72 hr.
(a) The normal zebrafish; (b) The pericardial edema zebrafish; (c) The pericardial edema rate; (d) Volume of the ventricle at
end-diastole (EDV); (e) Volume of the ventricle at end-systole (ESV); (f) Stroke volume (SV); (g) Heart rate (HR); (h) Cardiac
output (CO). Data were analyzed using one-way ANOVA followed by Duncan’s test and presented as the mean ± SE (n = 6).
Different letters above bars means significant differences between different treatments at P < 0.05.

2.4.

The attachment of QDs to zebrafish

A previous study showed that QDs-COOH interacted with the
chorion of zebrafish embryos, thus entering the zebrafish embryos, causing toxicity (Rotomskis et al., 2018). Here, we measured the fluorescence intensity of the two QDs to determine
whether they attached to zebrafish chorion. At 24 hpf, the fluorescence intensity of QDs-COOH was higher than that of QDsNH2 (by 2.21- and 1.53-fold over control, respectively) (Fig. 4a,
d). The fluorescence intensity of the two QDs on the chorion
was increased with exposure time. At 48 hpf, the fluorescence
intensity in QDs-COOH treatment was higher than that of
QDs-NH2 treatment (by 4.16- and 3.32-fold over control, respectively) (Fig. 4b, e). After hatching, we found that both QDsCOOH (by 1.46-fold) and QD-NH2 (by 0.98-fold) attached to the
surface of eyes, heart, and the yolk sac at 60 hpf (Fig. 4c, f).
These results presented that QDs-COOH might have higher
affinity, resulting in higher accumulation in zebrafish embryos
and larvae. In line with our result, after HFF-1 cells treated
with CdSe/ZnS QDs-COOH and CdSe/ZnS QDs-NH2 for 4 hr,
the fluorescence intensity of cells was higher in CdSe/ZnSQDs COOH treated group (Manshian et al., 2017). These studies suggested that QDs-COOH were more likely to attach to
the biological membranes than QDs-NH2 both in vivo and in
vitro.

2.5.

The Cd content in and on embryos and larvae

The reason for the difference in fluorescence intensity on the
zebrafish might due to the attached amounts or the PL of QDs
(Fig. 1e, f). Therefore, in order to exclude the difference of PL of
the two QDs, we measured the Cd content in and on embryos
and larvae. A previous study showed that the CdSe nanocrystals would be decomposed when exposure to an oxidative environment and led to desorption of the Cd ions (Cd2+ ) or the
CdSe complexes from the QD core (Dumas et al., 2009). In our
study, the AAS method was used to determine the content
of Cd in and on the zebrafish body after exposure to 1 mg/L
QDs-COOH and QDs-NH2 . As shown in Table 2, the Cd content was below the detection limit in control groups. At 24, 48
and 72 hpf, the Cd content was (34.74±3.42), (102.91±22.00),
and (9.22±3.46) μg/g in QDs-COOH treatment and (17.62±2.44),
(86.07±36.45) and (5.29±0.50) μg/g in QDs-NH2 treatments, respectively. Taken together, the Cd content in and on zebrafish
treated with QDs-COOH was higher than that of QDs-NH2 ,
which further confirmed the higher affinity and more attachment of QDs-COOH to zebrafish embryos and larvae. On the
other hand, Chen et al. (2012) compared the cytotoxicity of
CdTe and CdTe/CdS/ZnS QDs, which showed that the release
of Cd from the CdTe/ZnS/ZnS QDs was the major source of toxicity. Therefore, these studies suggested that the more attach-
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Fig. 4. – The attachment of QDs-COOH and QDs-NH2 in zebrafish embryo and larva at 24 hpf (a, d), 48 hpf (b, e), and 60 hpf (c,
f). The semi-quantification of fluorescence intensity of QDs on zebrafish embryos or larvae. Data were analyzed using
one-way ANOVA followed by Duncan’s test and presented as the mean ± SE (n = 6). Different letters above bars means
significant differences between different treatments at P < 0.05.

Table 2 – Cd content of zebrafish in different treatment.

Control
QDs-COOH
QDs-NH2

24 hpfa (μg/g)

48 hpfb (μg/g)

72 hpfc (μg/g)

0.02
34.74±3.42
17.62±2.44

0.15
102.91±22.00
86.07±36.45

0.17
9.22±3.46
5.29±0.50

a
Cd content of zebrafish embryo after exposure to QDs-COOH
and QDs-NH2 24 hpf (hours post fertilization).
b
Cd content of zebrafish embryo after exposure to QDs-COOH
and QDs-NH2 48 hpf.
c
Cd content of zebrafish larva after exposure to QDs-COOH and
QDs-NH2 72 hpf.

ment of QDs-COOH might release more Cd, leading to higher
developmental toxicity of zebrafish.

2.6.
The expression levels of genes controlling cardiac
development
Zebrafish cardiac development are regulated by many important genes related to cardiac morphogenesis. Among

them, nkx2.5 (NK2 homeobox 5), tbx5 (T-box transcription
factor 5) and gata4 (GATA binding protein 4), three cardiac
transcription factors, affect the conduction system development and cardiac morphogenesis (Balci and Akdemir, 2011;
Takeuchi and Bruneau, 2009; Valimaki et al., 2017). Tbx5 is required for full differentiation of contracting cardiomyocytes
(Moskowitz et al., 2004; Takeuchi and Bruneau, 2009). Nkx2.5
can initial the cardiogenic differentiation program and determinate myocardial cell fate (Balci and Akdemir, 2011).
Cardiomyocyte differentiation is synergistically promoted
by nkx2.5 and tbx5 (Behiry et al., 2019). Gata4 plays an
important role in late cardiac morphogenetic movements
(Holtzinger and Evans, 2005). In the present study, after the
embryo exposure to the two QDs for 72 hr, the mRNA levels of nkx2.5 (by 1.11- and 1.45-fold), gata4 (by 1.48- and 2.60fold), and tbx5 (by 1.92- and 2.90-fold) were up-regulated in
a dose-dependent manner in the QDs-COOH treated group
(Fig. 5a). The mRNA levels of gata4 (by 2.60-fold) and tbx5 (by
1.05- and 2.47-fold) were up-regulated by QDs-NH2 exposure,
and the mRNA levels of nkx2.5 (by 0.78- and 0.76-fold) were
down-regulated (Fig. 5b). The abnormal expression of cardiac

246

journal of environmental sciences 100 (2021) 240–249

Fig. 5. – The expression of genes of zebrafish embryos exposed to QDs-COOH (a) and QDs-NH2 (b) at 72 hpf. Values were
normalized against β-actin. Data were analyzed using one-way ANOVA followed by Duncan’s test and presented as the
mean ± SE (n = 6). Different letters above bars means significant differences between different treatments at P < 0.05.

transcription factor genes indicated that the two QDs altered
the cardiac genesis and cardiomyocyte differentiation in zebrafish.
Several genes play essential roles in zebrafish cardiac
structure and function. Myh6 (myosin heavy chain 6) encodes
the atrial myosin heavy chain, which constitutes one part of
heart and controls the cardiac contractile function in zebrafish
(Sarantis et al., 2019). Also, the expression products of tnnt2
(cardiac troponin T2) and myl7 (myosin light polypeptide 7) are
components of heart, which are necessary for heart muscle
differentiation and play important roles in cardiac contractile function in zebrafish (Maves et al., 2009). Cadherin 2 (encoded by cdh2) plays an essential role in zebrafish cardiovascular development (Bagatto et al., 2006). Here, we found that
QDs-COOH increased the mRNA levels of myh6 (by 1.02- and
1.66-fold), myl7 (by 2.75- and 8.64-fold), tnnt2 (by 3.13- and 5.13fold) and cdh2 (by 1.56- and 2.03-fold) in a dose-dependent
manner (Fig. 5a). The mRNA levels of myl7 (by 1.04- and 5.54fold), tnnt2 (by 1.19- and 2.90-fold), cdh2 (by 1.69- and 2.40fold) were elevated by QDs-NH2 in a dose-dependent manner,
while the mRNA level of myh6 (by 0.72- and 0.81-fold) were
decreased (Fig. 5b). The abnormal expression of these cardiac
structure marker genes further confirmed that QDs exposure
could cause cardiac malformation.
In our study, the two QDs caused the up-regulation of tbx5,
gata4, myh6 and tnnt2. A previous study showed that over-

expression of Tbx5 and Myocd gene or Tbx5, Gata4, and Myocd gene combinations could induce Myh6 and Tnnt2 cardiac
marker protein expression in human fibroblasts (Zhou et al.,
2012). Consistently, two other studies reported that cardiomyocyte marker genes tnnt2 and myh6 are under the regulation
of transcription factors tbx5 and gata4 (Lee et al., 2015; Singh
et al., 2016). Besides, exposure to procymidone, an emerging
pesticide, caused the pericardial edema of zebrafish, which
was regulated by the overexpression of nkx2.5, myl7, tnnt2, and
cdh2 genes (Wu et al., 2018). Similarly, we also found QDs exposure resulted in pericardial edema and the overexpression of
these genes. Additionally, QDs-COOH caused higher changes
in the expression of genes related to cardiac development,
which were consistent with the pericardial edema rate. From
these studies, we deemed that QDs affected the cardiac structure and function possibly through up-regulating the cardiac
transcription factors and the cardiac developmental toxicity
was higher in QDs-COOH exposed zebrafish.

2.7.
Chelator of Cd2+ partially reduced the developmental
toxicity of QDs
In order to verify whether the toxicity of QDs was caused by
the release of core Cd2+ , DTPA, a chelator of Cd2+ , was added
to observe its effect on QDs-caused development toxicity of
zebrafish embryos. Since it is a small molecule with MW at
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Fig. 6. – Chelating Cd2+ with DTPA could partially rescue the developmental toxicity caused by QDs. (a, b) The survival rate of
zebrafish after 72 hpf exposure; (c, d) The hatching rate of zebrafish after 60 hpf exposure; (e, f) The pericardial edema rate of
zebrafish after 72 hpf exposure. Data were analyzed using one-way ANOVA followed by Duncan’s test and presented as the
mean ± SE (n = 6). Different letters above bars means significant differences between different treatments at P < 0.05. “+/-”
means adding/not adding DTPA (100 μmol/L) or QDs (1 mg/L).

393.35, DTPA can be internalized into the membrane to chelate
the Cd2+ . QDs-COOH and -NH2 (1 mg/L) and DTPA (100 μmol/L)
were added at the same time to completely chelate the released Cd2+ according to previous studies (Lin et al., 2013;
Xia et al., 2011). After Cd2+ was chelated by DTPA, the survival
(Fig. 6a, b), hatching (Fig. 6c, d) and pericardial edema rates
(Fig. 6e, f) were partially rescued in the two QD treatments.
Previous studies showed that the toxicity of QDs was not only
caused by the core metal release, but also by their chemicalphysical properties of QDs (Schipper et al., 2009; Yong et al.,
2013). For example, Chen et al. (2012) compared the toxicity
of CdTe/CdS QDs and CdCl2 , and found that the intracellular
Cd2+ was one reason of the toxicity of QDs. These results indicated that the developmental toxicity of the two QDs was

partially due to the release of core Cd2+ , beside of the nature
of QDs themselves.
On the other hand, Su et al. (2010) reported that the toxicity of CdTe QDs was much higher than CdCl2 , which might
due to the easy affinity and uptake of QDs. It is reported that
the carboxy QDs are highly toxic to cell membrane because
of the interacting process between carboxyl group of QDs and
the molecules on the membranes (Nguyen et al., 2016). In supporting this finding, our previous study showed that human
embryonic kidney (HEK) cells were exposed to equal concentration of CdTe-QDs and CdCl2 , resulting in higher intracellular Cd content in the CdTe-QDs-treated cells than that in the
CdCl2 -treated cells (Jiang et al., 2018). The cellular uptake of
QDs-COOH was higher than that of QDs-NH2 in HFF-1 cells
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(Manshian et al., 2017). Similarly, QDs-COOH can easily internalized into the zebrafish (Rotomskis et al., 2018). Therefore,
these studies suggested that more attachment of QDs-COOH
to zebrafish surface and more release of Cd led to the higher
developmental toxicity than QDs-NH2 .

3.

Conclusions

Surface function group modification of QDs is an important
factor for their biological effects. There is little study work on
the developmental effects of different surface modified QDs
in vivo. Here, we used zebrafish embryos to compare developmental toxicity of different surface modification of CdSe/ZnS
QDs. We found that the two QDs mainly attached to the embryo membrane and the eyes, yolk and pericardial of zebrafish
larva, and resulted in the decrease of embryo movement, survival rate and hatching rate and the increase of cardiac malformation and dysfunction. The cardiac developmental toxicity of QDs might be regulated by some cardiac transcription factor genes, including nkx2.5, tbx5 and gata4. Further, the
more attachment and accumulation of QDs-COOH than QDsNH2 , which contributed to the higher developmental toxicity of QDs-COOH in zebrafish. More importantly, we demonstrated that developmental toxicity of QDs was partially rescued by the Cd2+ chelator. This suggested that the release of
core Cd2+ contributes to the toxicity of QDs, beside of the nature of QDs themselves. Our present study provides a new
knowledge on effects and mechanisms of the surface modification of nanomaterials on the embryo development, which
is expected to be helpful to develop and applicate safer and
more environment-friendly QDs.
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