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is present on the surface of the GQDs. All of these 
functional groups are significant to the 
water-solubility of the GQDs. 

GQDs-induced Mortality and Hatchability of 
Zebrafish 

To evaluate the possible toxicity of the GQDs 
(12.5, 25, 50, 100, and 200 μg/mL) to zebrafish 
embryos, the hatchability and mortality were 
measured at 72 and 120 hpf, respectively. As shown 
in Figure 2A, there was no significant difference in 
the mortality at the low concentration (12.5 and 25 
μg/mL). The mortality of the 50, 100, and 200 
μg/mL-treated groups increased significantly 
compared to that of the control group. The normal 
embryos had a hatching period from 48-72 hpf. 
Figure 2B shows that the hatching rate of the 12.5, 
25, 50, and 100 μg/mL-treated groups was not 
significantly different compared to the controls 
during the 72 h exposure period. The hatchability of 
 

 

Figure 2. Effects of graphene quantum dots 
(GQDs) on zebrafish (A) mortality at 120 hpf 
and (B) hatch rate at 72 hpf (n=30); *P<0.05 
and **P<0.01 compared to control. Values 
represent the mean±SE of three replicates. 

the 200 μg/mL-treated group (73.33%) was 
significantly lower than that of the control was 
(87.67%). Our data showed that exposure to the 
GQDs caused a dose-dependent embryonic toxicity. 

Effect of GQDs on Zebrafish Embryonic Spontaneous 
Movement at 24 hpf 

The zebrafish embryonic spontaneous 
movement (1 min) reduced with increasing GQDs 
concentration at 24 hpf. As shown in Figure 3, 
treatment with GQDs at 12.5 and 25 μg/mL did not 
show toxicity compared to the control; however, the 
spontaneous movements of the 50, 100, 200 
μg/mL-treated groups (3.11, 2.47, and 3.57, 
respectively) were lower than that of the control 
group was (8.74). This result therefore, provided the 
evidence to prove the high (P<0.01) embryonic 
toxicity of the higher doses of GQDs. 

Effect of GQDs on Zebrafish Heartbeats at 48 hpf  

The frequency of the heart beats of zebrafish 
during a 1 min period were recorded at 48 hpf after 
exposure to GQDs at increasing concentrations. As 
the exposure concentration increased, the heart 
beats decreased (Figure 4). At the highest 
concentration (200 μg/mL) the heartbeats of the 
embryos were lower at 116.34 min-1 than that of the 
control were at 133.08 min-1. The results revealed 
that the GQDs exposure led to bradycardia in the 
embryos. 

GQDs-induced Malformation of Embryos  

The zebrafish were exposed to 200 μg/mL GQDs 
 

 

Figure 3. Effects of graphene quantum dots 
(GQDs) on zebrafish spontaneous movement 
at 24 hpf (n=10); **P<0.01 compared with 
control. Values represent the mean±SE. 
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from 4-96 hpf and the malformation were observed 
at 96 hpf (Figure 5)．The exposure of the zebrafish to 
the control solutions (E3 culture medium) did not 
cause toxicity (Figure 5A) while the treatment group 
had significantly higher malformation rates than the 
control group did. Several malformation patterns 
(including pericardial edema, vitelline cyst, bent tail, 
and bent spine) were observed. These observations 
showed that pericardial edema and vitelline cyst 
were the typical malformations induced in the 
embryos by the GQDs. 
  

 

Figure 4. Effects of increasing concentrations 
of graphene quantum dots (GQDs) on 1 min 
heartbeats of zebrafish embryos at 48 hpf 
(n=10). *P<0.05 and **P<0.01 compared with 
control. Values represent the mean±SE. 

 

Figure 5. Malformation of zebrafish embryos 
exposed to 200 μg/mL graphene quantum 
dots (GQDs). Scale bar=0.5 mm. (A) Normal 
larvae and (B-D) abnormal larvae. 
Malformations are indicated by red arrows. 
PE, pericardial edema; VC, vitelline cyst; BS, 
bent spine; BT, bent tail. 

Effects of GQDs on Body Length of Zebrafish at 120 
hpf 

The body length of the zebrafish reduced with 
increasing GQDs concentration at 120 hpf (Figure 6). 
Compared to the controls, treatment with GQDs at 
50, 100, and 200 μg/mL but not 12.5 and 25 μg/mL 
GQDs showed significant toxicity to the body length 
of the zebrafish (P<0.05). 

GQDs Uptake and Distribution 

Based on the unique auto-fluorescence 
properties of GQDs, we measured the uptake of 200 
μg/mL GQDs from the larvae at the end of the 
exposure period. The GQDs fluorescence was mainly 
localized in the heart and intestines with no 
distinguishable fluorescence in other organs (Figure 
7A-D). We also observed that the GQDs fluorescence 
was located in the heart area without flowing in the 
blood stream. As shown in Figure 7E, the relative 
fluorescence intensity increased significantly 
following exposure. In the 200 μg/mL GQDs-treated 
group, the relative fluorescence intensity was 9.8- 
and 6.2-fold higher than that of control group was in 
the heart and intestines, respectively. 

Alteration of Larval Locomotor Activity 

The locomotor activities of the zebrafish larvae 
were recorded at 144 hpf, to determine whether 
GQDs exposure had a persistent effect on larval 
behavior. In the visible light test, the total swimming 
distances and average swimming speeds decreased 
concentration-dependently. Compared to the controls, 
GQD 50, 100, and 200 μg/mL but not 12.5 and 25 
μg/mL treatments caused a significant decrease in the  

 

Figure 6. Effects of increasing concentrations 
of graphene quantum dots (GQDs) on body 
length of zebrafish at 120 hpf (n=30). *P<0.05 
compared with control. Values represent the 
mean±SE. 
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total swimming distance and the average swimming 
speed of zebrafish larvae (Figure 8). 

In the light-dark test, the locomotor activities 
were measured using a tracking device during the 
alternating periods of light and dark. As shown in 
Figure 9, the movement of the zebrafish in this test 
was more active during the dark period than it was 
during the light period. During the dark periods, the 
lower exposure group (12.5 μg/mL) showed a 
non-significant hyperactivity compared to the 
control group. However, higher exposure (25, 50, 
100, and 200 μg/mL) to the GQD induced significant 
hypoactivity. 

DISCUSSION 

Environmental exposure to nanomaterials is 
inevitable since they have become a part of our daily 
life. Increasing attention has been focused on 
nanotoxicity research. The zebrafish is a promising 
model for assessing biomaterial nanotoxicity[40]. The 
millimeter-sized zebrafish embryos allow 
investigators to study in vivo toxicity and 
nanomaterial uptake in the entire organism[41]. In 
this study, we found that exposure to GQDs (12.5, 25, 
50, 100, and 200 μg/mL) during the 4-96 hpf period had 
persistent effects on the behavior of larval zebrafish. 

 

 

Figure 7. Graphene quantum dots (GQDs) uptake by zebrafish larvae at 120 hpf. Control groups (A and 
B) and GQDs fluorescence (C and D) was localized in the intestines and heart region. (E) Relative 
fluorescence intensity was significantly elevated compared to control group (n=10). *P<0.05 compared 
with control. Values represent the mean±SE of three independent experiments. 

 

Figure 8. Effects of increasing concentrations of graphene quantum dots (GQDs) on total distance and 
swimming speed of zebrafish larvae at 144 hpf (n=30). *P<0.05, **P<0.01, and ***P<0.001 compared with 
control. Values represent the mean±SE. 
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Our findings demonstrated that exposure to GQDs 
led to embryonic developmental toxicity in zebrafish 
and affected larval locomotor activity. 

In vitro experiments showed that GQDs 
produced low cytotoxicity[14,20-23,42]. However, the 
determination of the in vivo toxicity of the GQDs is 
also necessary. Zebrafish embryos are more sensitive 
to external substances at the earlier rather than 
larval or adult stages. Therefore, we selected the 
embryonic period (4-96 hpf) to evaluate the GQDs 
for potential toxicities. Duan and Zhang et al.[29,31] 
reported that Cadmium Telluride (CdTe) QDs induce 
serious malformations including pericardial edema 
and vitelline cyst in zebrafish embryos. Similar 
results were also observed in our study. Figure 5 
showed various types of malformation in embryos 
incubated with 200 μg/mL GQDs including 
pericardial edema, vitelline cyst, bent tail, and bent 
spine. Therefore, the pericardial edema and vitelline 
cyst may occur as common malformations in 
embryos exposed to QDs. Figure 2 showed that the 
exposure to GQDs increased the mortality and 
inhibited the hatchability concentration-dependently. 
The GQDs decreased hatchability only at the highest 
concentration (200 μg/mL), and the inhibition of 
hatchability suggests a direct delay of embryonic 

development. The findings of Duan et al.[29] 
suggested that the CdTe QDs strongly inhibited 
zebrafish hatchability. The hatchability of the 20 
nmol/L (0.0048 μg/mL)-treated group (16.67%) was 
much lower than that of the control were 
(95.42%)[29]. The study by Zhang et al.[31] indicated 
that the hatchability decreased significantly after 
zebrafish embryos were exposed to of 200 nmol/L 
(0.048 μg/mL) CdTe QDs coated with thioglycolic 
acid[31]. Compared to the CdTe QDs, the GQDs 
showed low toxicity. 

To further investigate the possible mechanisms 
underlying the embryonic and cardiac toxicity, we 
measured the uptake and biodistribution of GQDs in 
zebrafish at the end of the exposure. The results 
showed that the GQDs were transferred from the 
solutions into the heart and intestinal region of the 
embryos (Figure 7). In the heart, the GQDs 
fluorescence did not change with the blood flow. 
Furthermore, the measurement of the heartbeats 
indicated that as the exposure concentration 
increased, the heart beats of the zebrafish embryos 
decreased (Figure 4). Therefore, we speculated that 
the accumulation of the GQDs in the heart might  
be responsible for the bradycardia observed in   
the embryos. However, more studies are required to 

 

 

Figure 9. Effects of increasing concentrations of graphene quantum dots (GQDs) on total distance 
(mm/5 min) of zebrafish larvae after a 25-min light-to-dark photostimulation at 144 hpf (n=30). Light 
and dark periods are denoted by white and dark bars at the bottom. *P<0.05 compared with control. 
Values represent the mean±SE. 
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clarify the mechanisms of the GQDs-induced 
bradycardia. 

Currently, most research focused on 
investigating the mechanism of the toxic effects 
induced by acute exposure to graphene oxide and its 
derivatives (i.e., GQDs) is conducted in both in vivo 
and in vitro models [24,43-44]. While these studies are 
critical and provided informative data, there are 
other areas of potential importance regarding 
graphene oxide and its derivatives (i.e., GQDs). 
These pertinent areas of GQDs related studies that 
have yet to be explored include acute exposure 
associated with persistent effects. We observed the 
spontaneous movement of zebrafish embryos at 24 
hpf (Figure 3). The results revealed that embryos 
exposed to the lower concentration (12.5 μg/mL) of 
GQDs showed substantial spontaneous movement. 
However, at higher concentrations of GQDs (50, 100, 
and 200 μg/mL) the embryos showed less 
spontaneous movement. We, therefore, suggest that 
the lower spontaneous movement of zebrafish 
embryos may be associated with developmental 
delay. In this study, the hatchability of the zebrafish 
embryos was inhibited concentration-dependently 
following exposure to the GQDs and the low 
hatchability indicated embryonic developmental 
delay.  

Behavioral analysis often serves as a sensitive 
tool to detect the sub lethal effects of chemicals[45]. 
In addition, the larval zebrafish is emerging as a 
promising high-throughput model for 
neurobehavioral research because of its 
well-characterized genome, robust behavioral 
responses, and physiological similarity to 
humans[46-47]. Our data showed that the total 
distance (mm/5 min) and swimming speed (mm/s) 
were decreased concentration-dependently in the 
visible light test (Figure 8). As shown in Figure 9, the 
light-dark periods produced a consistent pattern of 
locomotor activity. In visible light, the movement of 
the larval zebrafish, and then the activity increased 
slowly during the 5-min period. During the dark 
period, the zebrafish larvae activity first increased 
rapidly and markedly, and then it slowly decreased 
with time. The larval zebrafish displayed a biorhythm 
during which the larvae became hyperactive 
following exposure to sudden darkness and then 
slowed down, which was consistent with the 
previous reports[29-31,48-50]. The above findings 
suggest that the GQDs disturbed the neurobehavior 
of the larval zebrafish. However, the physiological 
and biochemical mechanisms of the GQDs-induced 

locomotive behaviors in response to the 
photostimulation are still unclear. Previous studies 
have indicated that the involvement of motoneurons 
and muscle fibers was considered as a critical factor 
in the overall locomotive behavior[51-54]. Abramsson 
et al.[55] showed that the zebrafish amyloid precursor 
protein-b is required for motor neuron guidance and 
synapse formation. Moreover, other studies 
indicated that the whole-body cortisol level is the 
main mediator of physiological response to stress in 
zebrafish[56-57]. We speculated that the alteration in 
the larval locomotor activity induced by GQDs 
treatment might be related to changes in the 
amyloid precursor protein-b expression and cortisol 
level. Further studies are necessary to elucidate the 
potential mechanisms of the GQDs-induced 
biochemical and physiological changes and to 
explore the stress-related behavioral responses in 
the larval zebrafish.  

CONCLUSION 

In summary, the zebrafish is a reliable and 
convenient model for assessing potential 
nanotoxicity of caused by GQDs exposure. In this 
study, after zebrafish embryos were exposed to 
GQDs their mortality increased while their 
hatchability, heart rate, and spontaneous movement 
decreased concentration-dependently. In addition, 
as the concentration of GQDs increased, the 
locomotor activities of zebrafish larvae also changed. 
Our findings demonstrated that GQDs induced 
developmental nanotoxicity, which resulted in 
persistent effects on zebrafish larvae. Therefore, we 
speculated that the exposure to high concentrations 
(>50 μg/mL) of GQDs might constitute a 
developmental hazard to zebrafish. The 
developmental toxicity observed would be useful in 
establishing environmental quality standards to 
protect human health. Finally, bio-safety evaluations 
and the biological mechanisms of GQDs should be 
elucidated in further studies. 
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