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a  b  s  t  r  a  c  t

CdTe  quantum  dots  (QDs)  are  nanocrystals  of  unique  composition  and  properties  that  have  found  many
new commercial  applications;  therefore,  their  potential  toxicity  to aquatic  organisms  has  become  a hot
research  topic.  The  lab  study  was  performed  to  determine  the  developmental  and  behavioral  toxicities
to zebrafish  under  continuous  exposure  to low  concentrations  of  CdTe  QDs  (1–400  nM)  coated  with
vailable online 14 February 2012

eywords:
GA-CdTe QDs
ebrafish
evelopmental toxicity

thioglycolic  acid  (TGA).  The  results  show:  (1)  the  120  h LC50 of 185.9  nM,  (2)  the  lower  hatch  rate  and
body  length,  more  malformations,  and less  heart  beat  and  swimming  speed  of  the  exposed  zebrafish,
(3)  the  brief  burst  and  a  higher  basal  swimming  rate  of  the  exposed  zebrafish  larvae  during  a  rapid
transition  from  light-to-dark,  and  (4)  the  vascular  hyperplasia,  vascular  bifurcation,  vascular  crossing
and turbulence  of the exposed  FLI-1  transgenic  zebrafish  larvae.

© 2012 Elsevier B.V. All rights reserved.
ehavioral toxicity

. Introduction

Quantum dots (QDs) have been employed in many recent appli-
ations, such as solar cells, light-emitting devices, biological and
edical imaging because of their small size, bright fluorescence,

arrow emission spectra, broad absorption spectra, and high pho-
ostability [1–5]. The QDs’ potential biological toxicity has become

 health concern due to their inherent chemical composition and
anoscale properties [6–8]. Literature reports show that QDs may

nduce cell death and change gene expression [9,10].  Given the
any types of QDs have widely different physical and chemical

roperties; there is a great need for more research to supplement
he present knowledge regarding their toxic effects [11–13].

Cadmium–telluride (CdTe) based QDs are semiconductor
anocrystals that hold the greatest commercial potential. Their
ptical properties make them beneficial for multicolor and long-
ived fluorescent probes [14,15].  CdTe QDs are increasingly found

n environmental water samples via waste streams from indus-
ries that synthesize or use CdTe and through clinical and research
ses. Therefore, there is an urgent need to determine the CdTe

∗ Corresponding authors at: Box 563, 130 Meilong Road, Shanghai 200237, PR
hina. Tel.: +86 21 64253244; fax: +86 21 64253988.

E-mail addresses: wzhang@ecust.edu.cn (W.  Zhang), kflin@ecust.edu.cn (K. Lin).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.02.014
QDs induced ecotoxicological effects to aquatic organisms and to
identify convenient biomarkers for early signaling [16–18].

The ecotoxicological effects of CdTe QDs to freshwater mussel
Elliptio complanata have been reported showing immune toxicity
and can cause oxidative stress or DNA damage [18]. The toxicity
might be due to the leaching of toxic heavy metals from the colloidal
form and/or the size and surface chemistry of CdTe QDs [19,20]. The
impact of continuous exposure to low level of CdTe QDs  remains
largely unknown [21,22].

Recent studies employing algae, daphnia, zebrafish, trout, and
zooplankton have demonstrated that the nanoparticles (NPs) might
cause varying degrees of toxicity to the test organisms [23–29].
Zebrafish has increasingly been employed as a model vertebrate
for investigating the development toxicity and neurotoxicity of the
potential ecotoxicological impacts of NPs releases to aquatic envi-
ronments [25–29];  zebrafish embryo is commonly used in the early
life-stage tests, especially for investigating the toxicity and terato-
genicity of chemicals [30]. There has been no report of employing
zebrafish embryos and larvae for CdTe QDs toxicity studies.

Thioglycolic acid (TGA) is a popular short and straight-chain sta-
bilizing agent because its small steric hindrance is more effective

for surface passivation of QDs than the long and branched-chain
agents to produce highly stable TGA-coated CdTe QDs  [31–34].
Zebrafish was  employed in this research to study the developmen-
tal and behavioral toxicities associated with low doses of TGA-CdTe

dx.doi.org/10.1016/j.jhazmat.2012.02.014
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wzhang@ecust.edu.cn
mailto:kflin@ecust.edu.cn
dx.doi.org/10.1016/j.jhazmat.2012.02.014
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Table  1
Experimental program of the toxicity study.

Exposure concentrations Exposure period Toxicological endpoints Results

0, 1, 25, 50, 100, 200, 300, 400 �M or nM 6–120 hpf Mortality (120 hpf) Fig. 1
0,  1, 25, 50, 100, 200, 300 nM 6–72 hpf Hatch rate (72 hpf) Fig. 2
0,  200 nM 6–96 hpf Malformation (96 hpf) Fig. 3
0,  1, 25, 50, 100, 200 nM 6–120 hpf Body length (120 hpf) Fig. 4
0,  1, 25, 50, 100, 200, 300 nM 6–48 hpf Heart beat (10 s, 48 hpf) Fig. 5
0,  1, 4, 16 nM 6–48 hpf Swimming speed (144 hpf) Fig. 6
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Ds exposure based on select physiological parameters of toxic
esponses; the results have demonstrated significant effects on
verall fitness such as mortality, hatch rate, malformation, body
ength, heart beat, swimming behavior and vascular patterns.

. Materials and methods

.1. Chemicals

Water-soluble TGA-CdTe QDs were purchased from Nanosquare
nc. (Tokyo, Japan). Cadmium chloride (CdC12) and other chemicals

ere purchased from Merck (Darmstadt, Germany). All chemicals
sed in the present study were analytical grade.

.2. Stock solutions of TGA-CdTe QDs

TGA-CdTe QDs were observed to have an irregular shape with
 typical size of approximately 3.5 nm by TEM and excellent spec-
rum characteristic with narrow and sharp peak by Fluorescence
pectroscopy (FS) after purification to control excess Cd2+ and TGA.

The stock solution (9.64 �M)  was prepared by dissolving TGA-
dTe QDs in 60 mg  L−1 ocean salt; TGA-CdTe solution was highly
table in terms of QDs properties (i.e., shape and size) during the
ntire exposure period.

.3. Fish husbandry and embryo collection

Adult zebrafish of wild-type strain (AB) were raised and kept
t 28 ± 0.5 ◦C with a 14:10 dark/light photoperiod (lights on at
:00 a.m.) in a recirculation system according to standard zebrafish
reeding protocols [35]. Water supplied to the system was  filtered
y reverse osmosis (pH 6.5–7.5), and instant ocean salt was added to
he water to raise the conductivity to 450–1000 �s cm−1. Zebrafish
ere fed twice daily with live Artemia (Jiahong Feed Co., Tianjin,
hina) and dry flake diet (Zeigler, Aquatic Habitats, Apopka Florida,
SA). The development status of zebrafish embryos and larvae were
bserved with an Inverted Microscope (×8-50, Olympus, Japan).

Zebrafish embryos used for chemical exposure were obtained
rom spawning adults in tanks overnight with the sex ratio of 1:1.
mbryos were collected within 1 h after the light was switched
n and rinsed in embryo medium [35]. The fertilized and normal
mbryos were inspected and staged for the following experiment
nder a stereomicroscope (Nikon, Japan) according to Kimmel’s
escriptions [36].

.4. Zebrafish toxicity test

To explore TGA-CdTe stability and determine total Cd loading
n zebrafish, embryos were exposed to TGA-CdTe test solu-

ions (200 and 400 nM)  for 6 d and then passed through a
ltration membrane (10 kDa cutoff, Amicon® Ultra-15 Centrifu-
al Filter Devices, Millipore Corporation, Billerica, MA,  USA) to
etermine the amount of Cd released from intact QDs. Cd2+ was
Swimming speed (light stimulation test) (144 hpf) Fig. 7
Vascular patterns (96 hpf) Fig. 8

measured using graphite-furnace atomic-absorption spectropho-
tometry (novAA400, Analytik Jena AG, Germany) following Creed’s
descriptions [37]. The exposure concentrations and period, and tox-
icological endpoint of zebrafish used for each experiment were
listed in Table 1. In order to determine the exposure concentrations
for each toxicological endpoint, based on previous toxicity infor-
mation about these compounds, we  had carried out a great deal
of preliminary experiments. According to the results, we chose the
lowest concentration (400 nM)  which almost led to all the embryos
death at 120 hpf as upper exposure limit for mortality test. As for
other toxicological endpoints, selected concentrations (1–300 nM)
can result in significant difference or obvious symptom compared
to the controls. Exposure period of each experiment were depen-
dent on zebrafish development stage. Such experimental methods
had literature support [29,38,39].

To determine the LC50, normal embryos were exposed to the
blank control (60 mg  L−1 ocean salt) and TGA-CdTe solutions (1,
25, 50, 100, 200, 300, 400 nM)  from 6 to 120 hpf. Embryos were
kept in sterile 96-well plates, with one embryo per well contain-
ing 200 �L of the solution. Plates were covered with sealing films
to prevent evaporation. For each treatment, 30 embryos were per-
formed in light-controlled incubator. After observing and recording
the zebrafish mortality at 120 hpf, the results were plotted for esti-
mating the LC50 values. Another series of test runs employing CdC12
solutions (1, 25, 50, 100, 200, 300, 400 �M)  were conducted to eval-
uate its influence on zebrafish mortality by the same method in
order to determine which played a more important role in toxic
effect on zebrafish between QDs and released Cd2+.

Normal embryos were exposed to the control and TGA-CdTe
(1, 25, 50, 100, 200, 300 nM)  from 6 to 72 hpf. For each batch of
zebrafish embryo, the hatch rate was  measured at 72 hpf. After nor-
mal  embryos (6 hpf) were exposed to the control and TGA-CdTe
(200 nM)  for 4 d (96 hpf), the malformation of zebrafish at 96 hpf
were observed with an Inverted Microscope (Nikon, Japan).

Normal embryos (6 hpf) were exposed to the control and TGA-
CdTe (1, 25, 50, 100, 200 nM)  for 5 d (120 hpf), and then the
body length of zebrafish were determined at 120 hpf. After nor-
mal  embryos exposure to the control and TGA-CdTe (1, 25, 50, 100,
200, 300 nM)  from 6 to 48 hpf, the 10-s heart beats of zebrafish were
determined at 48 hpf.

Normal embryos were exposed to the control and TGA-CdTe
(1, 4, 16 nM)  from 6 to 48 hpf, and further subjected to behavior
assessment at 144 hpf. Two sets of observations were made after
a 10 min  adaption: larvae locomotion was first observed in visi-
ble light for 20 min  and then the larvae’s swimming speed during
the 90-min light-to-dark (20 min for each period) transition stim-
ulation was  recorded [38,39]. The test was monitored with the
Zebralab Video-Track system (Videotrack, version 3.5) equipped
with a Sony one-third inch Monochrome camera (Model DR2-
HIBW-CSBOX, 30Fps) and an infrared filter. The entire recording

hardware was linked to the computer control program and kept
insulated from environmental conditions in a sealed opaque plastic
box (Zebrabox, ViewPoint Life Science, France). The data (move-
ment frequency, travelled distance and total movement duration)
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ig. 1. Effect of exposure concentration on zebrafish mortality at 120 hpf (n = 30)
ontrol  at P < 0.01. Values represent the mean ± standard error of three replicates.

ere collected every 60 s and further analyzed using custom Open
ffice. Org 2.4 software.

FLI-1: EGFP transgenic zebrafish larvae, purchased from Molec-
lar Toxicology Research Center of Oregon State University (USA)
hich exhibited green fluorescence under fluorescence spec-

roscopy, were exposed to ocean salt control (60 mg  L−1) and
GA-CdTe (1, 25, 50, 100 nM)  from 6 to 96 hpf; and their vascular
atterns at 96 hpf were further observed by Fluorescence Inverted
icroscope (Nikon TE2000-U, Japan) [38,39].

.5. Data statistical analysis

Each treatment was replicated three times; the results were
eported as the average of three parallel determinations of the
ixture of three replicated samples. The concentration–response

urves which were required to determine LC50 values were
ompleted using origin 8.0 (OriginLab, Northampton, MA,  USA).
ne-way ANOVA was performed to calculate statistical signifi-
ance followed by Dunnett’s test to independently compare each
xposure group to the control group. All statistical analyses were
onducted separately using SPSS 16.0 software (SPSS, Chicago,
SA); the P value of less than 0.05 was considered to be statisti-
ally significant. The data are presented as mean ± standard error
SE).

. Results

.1. CdCl2 and TGA-CdTe affected zebrafish mortality at 120 hpf

For the TGA-CdTe test runs, Cd2+ concentrations of 15.5 and
3.8 nM were detected in the filtered samples after the incubating
f 200 and 400 nM solutions for 6 d, indicating minimal Cd release
about 8% of total Cd) from TGA-CdTe core under the test conditions.
he 120 h LC50 of CdCl2 was calculated to be 153.5 �M (Fig. 1A).
n the previous study, TGA did not cause obvious toxic effect on
ebrafish.

The mortality of zebrafish after exposure to different doses of
GA-CdTe was determined at 120 hpf. Fig. 1B data show that the
ontrol and 1 nM TGA-CdTe had no detectable toxicity to zebrafish
nd that the higher concentrations of TGA-CdTe were increas-
ngly more toxic. The embryo survival rate decreased from 90%
f the 25 nM group to 0.88% of the 400 nM group, demonstrating
he higher zebrafish developmental toxicity of the higher TGA-

dTe dose. When the concentration of TGA-CdTe was  100 nM,
he mortality even exhibited highly significant difference (P < 0.01)
ompared to the controls. The 120 h LC50 of TGA-CdTe was
85.9 nM.
dCl2 and (B) TGA-CdTe. Double asterisks (**) indicate significant difference from

3.2. TGA-CdTe affected the hatch rate of zebrafish at 72 hpf

The hatch rate of zebrafish embryos decreased with increas-
ing TGA-CdTe concentration at 72 hpf (Fig. 2). Compared to the
controls, 1, 25, 50 and 100 nM exhibited no significant differences
during 72 h exposure period. In contrast, the hatch rates of 200 and
300 nM groups (31.66% and 5.98%, respectively) displayed embry-
onic developmental delay and highly significant (P < 0.01) toxicity.

3.3. TGA-CdTe induced zebrafish malformation at 96 hpf

Zebrafish were exposed to 200 nM TGA-CdTe from 6 to 96 hpf
and the malformation were observed at 96 hpf (Fig. 3). The control
solution (60 mg  L−1 ocean salt) was  not toxic to zebrafish (data not
shown), while the treated groups had significantly higher malfor-
mation rates relative to the control. Several malformation patterns
(i.e., eyespots and melanin developmental inhibition, pericardial
edema, vitelline cyst, bent tail, bent spine, and somites decrease)
were observed in all the exposure groups. Such observations have
suggested that pericardial edema would often occur and that the
toxic effect would result in several malformation patterns at the
Concentration of TGA-CdTe(nM)  

Fig. 2. Effect of TGA-CdTe concentration on hatch rate of zebrafish embryos at 72 hpf
(n  = 30). Double asterisks (**) indicate significant difference from control at P < 0.01.
Values represent the mean ± standard error of three replicates.
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.4. TGA-CdTe affected the body length of zebrafish at 120 hpf
The body length of zebrafish reduced with increasing TGA-
dTe concentration at 120 hpf (Fig. 4). Compared to the controls,
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ean ± standard error of three replicates.
ots developmental inhibition, (B) melanin developmental inhibition, (C) pericardial
a (PE), vitelline cyst (VC), somites decrease (SD). Scale bar = 0.5 mm.

1 nM TGA-CdTe did not significantly show the toxicity; whereas
25 nM displayed statistical significance (P < 0.05); moreover, 50,
100, and 200 nM treated groups showed the toxicity highly signifi-
cant (P < 0.01), and the body length of zebrafish were only 3139.56,
3157.30, and 3018.67 �m,  respectively.

3.5. TGA-CdTe affected the heart beats of zebrafish at 48 hpf

The number of heart beats during a 10 s period for zebrafish
embryos was  taken at 48 hpf after exposure to TGA-CdTe at various
concentrations. Fig. 5 data show that, compared to the control and
1 nM treatment, 25 and 50 nM treatments resulted in the signifi-
cantly less heart beats (P < 0.05); the notably less lower heart beats
of the 100, 200 and 300 nM treatments (27.7, 27.3 and 25.8, respec-
tively) than the control (31.5) are evidence of the highly significant
embryonic toxicity (P < 0.01) of those TGA-CdTe treatments.

3.6. TGA-CdTe affected the swimming speed of zebrafish at
144 hpf

Fig. 6 illustrates the effect of TGA-CdTe concentration on
the average swimming speed of zebrafish larvae was measured
at 144 hpf. While the average swimming speed after the 1 nM

treatment was slightly higher than the control (1.915 mm s−1 vs
1.871 mm s−1), the 4 nM treatment had a significant effect (P < 0.05)
of reducing the swimming speed by 34.9% to 1.217 mm  s−1 and
that the 16 nM treatment had a more significant effect (P < 0.01)
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ifferences from control at P < 0.05 and P < 0.01, respectively. Values represent the
ean ± standard error of three replicates.

f reducing the speed by 63.9% to 0.675 mm s−1. Such results show
hat TGA-CdTe can elicit neurobehavior alternations in zebrafish
arvae.

.7. TGA-CdTe affected the swimming speed of zebrafish larvae at
44 hpf when subject to light-to-dark photoperiod stimulation

Zebrafish larvae at 144 hpf of the control and 1, 4, 16 nM TGA-
dTe exposure groups were subjected to the light stimulation

otor behavior test; the photoperiod stimulation began in light

20 min), followed by two cycles of darkness (20 min) and light
20 min). Fig. 7 data show that the rapid transition from light-to-
ark resulted in a similar, brief burst of swimming in all groups
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ig. 7. Effect of TGA-CdTe concentration on swimming speed of zebrafish larvae after sub
differences from control at P < 0.05 and P < 0.01, respectively. Values represent the
mean ± standard error of three replicates.

(both exposure and control) and that subsequently larvae of 1 and
4 nM TGA-CdTe groups had a higher basal swim rate than the con-
trol. The results suggest that zebrafish larvae were sensitive to
sudden darkness and exposure stress.

3.8. TGA-CdTe affected the vascular patterns of FLI-1 transgenic
zebrafish larvae at 96 hpf
The vascular patterns of FLI-1: EGFP transgenic zebrafish lar-
vae in control and TGA-CdTe exposure groups (1, 25, 50, 100 nM)
were observed and recorded by Fluorescence Inverted Microscope
at 96 hpf. Fig. 8 shows that the vascular in the 1 nM treatment group
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jecting to the 90-min light-to-dark photoperiod stimulation at 144 hpf (n = 30).
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B) was very similar to that in control (A) and that the 25, 50 and
00 nM treatments resulted in abnormal vascular patterns such as
ascular hyperplasia (C, 25 nM), vascular crossing and turbulence
D, 50 nM), and vascular bifurcation (E and F, 100 nM).

. Discussions

QD core metals (e.g., cadmium, lead, zinc, and mercury) could be
eleased under oxidative and photolytic conditions, and many core
aterials are known to be toxic to vertebrate systems at relatively

ow concentrations [11]. Therefore, the assessment of nanoparti-
le stability under exposure conditions is necessary to interpret
iological effects. Cd, a CdTe QDs core material, is an important fac-
or in determining TGA-CdTe toxicity. In addition to the release of
ree Cd2+, CdTe QDs may  affect due to its size at the colloidal scale
40]. King-Heiden showed that Cd2+ was toxic to zebrafish larvae
nd that the QD’s nanoscale properties were even more potent and
roduced toxicological endpoints distinct from that of Cd2+ [41].
lthough the results of this study have confirmed the toxic effect of
d2+ on zebrafish, they also strongly suggest other contributors to
he observed zebrafish toxicity given the low concentrations of Cd2+

eleases. As shown in Fig. 1, the released amount of free Cd2+ (15.5
r 33.8 nM)  in the TGA-CdTe treatment groups (200 or 400 nM)  for
20 h was not far enough to explain approximately 57.1% (200 nM)
r 99.2% (400 nM)  zebrafish mortality, because of considering that
5.5 or 33.8 nM Cd2+ just resulted in zebrafish mortality less than
% (the 120 h LC50 of CdCl2 153.5 �M).  Therefore, we can conclude
hat nanoscale effect of TGA-CdTe QDs should play a more impor-
ant role in the observed mortality as King-Heiden’s descriptions
41].

In the present study, TGA-CdTe induced various malformations
ncluding eyespots and melanin developmental inhibition, peri-
ardial edema, vitelline cyst, bent tail, bent spine and somites
ecrease due to one or more possible mechanisms. Cheng et al. [42]
ttributed the spinal deformities to reduced formation of myosin
nd/or myotome necessary for the healthy musculo-skeletal sys-
em development. We  hypothesize that the bent spine was  related
o the muscle or skeleton based on the broken, disorganized, and
oosen array muscle fibers observed in the previous research. More-

ver, to gain insight into potential mechanisms of malformations,
e observed toxic effect following exposure to a single concentra-

ion of CdCl2 (25 �M Cd), and the results indicated that Cd exposure
an result in pericardial edema, vitelline cyst, bent spine, while
 larvae at 96 hpf (n = 30) by fluorescence inverted microscope (×200): (A) Control;
), (E) and (F) 100 nM (vascular bifurcation). The vascular defects are shown in the

unrelate to malformed tail, so nanoscale properties of TGA-CdTe
QDs might be unique contributor to bent tail. Blechinger et al. [43]
also reported similar observation.

Behavioral analysis often serves as a sensitive tool for detecting
sublethal chemical effects [44]. In this study, we found TGA-CdTe
can also disturb the neurobehavior of zebrafish larvae. For exam-
ple, its swimming behavior was adversely affected by TGA-CdTe
exposure. The much reduced larval swimming speed suggests
the significant effect of low dose TGA-CdTe on larval behavior.
Zebrafish larvae at 144 hpf of the 4 and 16 nM TGA-CdTe groups
swam at a much slower speed at an inactive stage (1.217 and
0.675 mm s−1) in the 20 min  light period. All treatment groups
elicited a burst of swimming responding to light-to-dark photope-
riod stimulation, and 1 or 4 nM TGA-CdTe exposure resulted in a
higher basal rate of swimming than the control. Zebrafish displayed
a biorhythm showing that larvae became active after exposure to
sudden darkness and then slow down consistent with literature
reports [45,46].

The typical behavior of low activity under normal conditions
and hyperactivity under stress suggests that TGA-CdTe exposure
altered neurobehavior of zebrafish larvae. The effects of TGA-CdTe
on the neural circuits and the physiological or biochemical mecha-
nisms of the locomotive behaviors responding to the photoperiod
stimulation are still unclear. Recent published studies suggest a
significant involvement of motor neurons and muscle fiber in the
overall locomotive behavior [47–49].  Zebrafish larvae possess two
types of skeletal muscle fibers, slow (red) fibers and fast (white)
fibers, which could contribute to their behavioral responses [50,51].
Functionally, the red fibers are de-recruited during fast burst swim-
ming, while the white fibers are inactive during slow swimming
[52,53]; therefore, the white fibers might have played an important
role for burst swimming during photoperiod stimulation. Future
studies are necessary to reveal the underlying mechanism for TGA-
CdTe induced physiological or neurochemical changes and explore
further the stress-related behavioral responses in zebrafish lar-
vae, in particular their relationship with whole-body cortisol level,
because it is the main mediator of physiological response to stress
in fish [54].

After exposure to TGA-CdTe from 6 to 96 hpf, the vascu-

lar patterns of FLI-1: EGFP transgenic zebrafish larvae showed
abnormalities such as vascular hyperplasia, vascular crossing and
turbulence, and vascular bifurcation. TGA-CdTe was previously
found to aggregate in back and abdominal vascular of zebrafish
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esulting in vascular obstruction which might have contributed
o the observed abnormalities. That malformation of pericardial
dema was observed at the same time suggest the two results might
e related, which is needed in future studies.

Results obtained from a study of TGA-CdTe removal have
ndicated that the clearance was negligible; a more thorough
nalytical approach to TGA-CdTe pharmacokinetics, such as the
etermination of body burden, metabolism and elimination kinet-

cs, environmentally relevant exposures, will be conducted in the
ear future.

. Conclusion

To simulate the actual environmental exposures of aquatic
nimals dwelling in a TGA-CdTe contaminated environment, the
ebrafish of the treated samples were exposed to low doses of
GA-CdTe from embryonic stage to adulthood. The following can
e concluded from the results of this study.

) Zebrafish is a convenient model organism for assessing potential
risks of TGA-CdTe exposure.

) Since the amounts of Cd2+ released from TGA-CdTe QDs of the
treated samples were too small to have caused the observed
zebrafish toxicities, the QDs scale effect might have been a more
important factor.

) The low dose TGA-CdTe exposure (1–400 nM)  affected over-
all fitness of zebrafish; the LC50 of TGA-CdTe at 120 hpf was
185.9 nM.  Effects on mortality (120 hpf), hatch rate (72 hpf),
body length (120 hpf) and heart beat (10 s, 48 hpf) were dose
dependent of greater effect at increasing dose.

) The TGA-CdTe exposure induced zebrafish malformation
(96 hpf), and altered the swimming speed (144 hpf) and vascular
patterns (96 hpf).

) The unique original investigation of developmental toxicity pro-
duced important and valuable information for assessment of
TGA-CdTe because toxicants that affect embryonic development
exert their effects at lower concentrations than those required to
affect adults or to cause general cytotoxicity. The developmen-
tal toxicity data will help to establish water-quality standards
to protect aquatic life.

) Further studies are needed to investigate the mechanisms
underlying the developmental and behavioral changes.
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