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ABSTRACT

Surface modified Graphene Quantum Dots (GQDs) are an important class of carbon materials widely adopted in fields
such as optoelectronics and medicine. However, current research on the potential threat of GQDs on humans and the
environment is limited and often lacks comparisons of the biological accumulation and toxicity effects caused by
different surface functional group modifications. Therefore, this study compared the toxicity of growth and develop-
ment, and biological accumulation of amino-functionalized GQDs and carboxyl-functionalized GQDs in zebrafish.
The results showed that both amino-functionalized and carboxyl-functionalized GQDs at concentrations of 0.5 mg-L™!
and 5 mg-L™! significantly inhibited the spontaneous movement of zebrafish, induced pericardial edema and yolk sac
edema, and stimulated approximately 50% of the zebrafish to hatch earlier. The type of material and exposure con-
centration had no significant effect on the zebrafish's heart rate or body length. Additionally, this study used molecular
fluorescence spectroscopy to measure the biological accumulation of the two materials in zebrafish after 4 days of
exposure. The results indicated that carboxyl-functionalized GQDs had higher accumulation concentration and mass
percentage in zebrafish than amino-functionalized GQDs, with a total accumulation of approximately 5.6 pg. Overall,
carboxyl-functionalized GQDs exhibited stronger biological accumulation and toxicity effects than amino-function-
alized GQDs. This study systematically reveals the differences in biological accumulation and toxicity effects of
GQDs with different surface functional groups, providing evidence and a theoretical basis for assessing the ecological
risks of GQDs with various surface modifications.

Introduction

Carbon nanomaterials (CNMs) are materials that have a one-dimensional scale of less than 100 nm in three-dimen-
sional space and exhibit a high degree of uniformity, mainly covering materials such as Fullerene, Graphene, and
Carbon nanotubes. Because of their high electrical and thermal conductivity and mechanical strength, stable chemical
properties, and excellent optical properties, they have been widely used as a novel material for energy and environ-
mental science, as well as health care and medical science?" In biomedical science, carbon nanomaterials such as
graphene are widely used in biosensors due to their high sensitivity, accuracy, and detection speed™. Carbon nano-
materials including carbon nanotubes become increasingly important for medical purposes, such as bone tissue engi-
neering, nerve repairing, and as drug carriers*>!,

Graphene, as a type of carbon nanomaterial, possesses immense potential in materials science, electronics,
and energy storage, due to its high specific surface area, ideal electrical and thermal conductivity, strong mechanical
properties, and good biocompatibility!®”. However, as the range of applications expands, the negative impacts of
carbon nanomaterials, particularly graphene, on the environment and biological health have attracted widespread at-
tention®12, Toxicological studies indicate that carbon nanomaterials, such as fullerenes (nC60 and C60 derivatives),
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upon entering cells, can induce oxidative stress, leading to the generation of reactive oxygen species (ROS) and other
free radicals within biological systems, which in turn cause DNA damage and cell death!'>!4,

Graphene quantum dots (GQDs) are nanoscale derivatives synthesized from graphene sheets. Due to their
strong fluorescence in aqueous solutions and small sizes, they are widely adopted for optoelectronic sensors, bio-
optical imaging, and drug delivery">!®l, To further optimize the optoelectronic properties and biomedical applications
of GQDs, research has focused on surface modification by introducing various surface functional groups, resulting in
GQDs with different surface structures, such as carboxyl-functionalized graphene quantum dots (CGQDs) and amino-
functionalized graphene quantum dots (AGQDs). Among these, GOQDs, CGQDs, and AGQDs have been widely
applied in areas like fluorescent bioimaging and biosensing!”!. For instance, a study by Rosddi indicates that a novel
nanocomposite film prepared by modifying cationic nano-crystalline cellulose (NCC) CGQDs exhibits superior per-
formance in glucose sensing!'®!. The structure of GQDs and their applications are shown in Figure 1.
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Figure 1. Graphene quantum dots and its application

With the increasing application of GQDs in recent years, their biological toxicity has also attracted consid-
erable attention. While GQDs are generally considered to have high biocompatibility as drug carriers!"*?"1, several
studies still indicate that they pose certain toxicological risks to living organisms, including inducing oxidative stress
and genetic interference!?. Research on the toxicological effects of GQDs suggests that their toxicity is influenced by
particle size, type, and surface modifications. For instance, the proliferation of human A549 lung carcinoma cells
and neural glioma C6 cells decreased significantly with DMF (Dimethylformamide) functionalized GQDs at 200
pg/mL. Similarly, research by Deng, S. et al. indicated that nitrogen-doped GQDs (N-GQDs) exhibit strong fluores-
cence permeability and tissue-specific bioaccumulation effects, and can strongly interfere with redox-sensitive sys-
tems in zebrafish by selectively inhibiting endogenous antioxidant enzyme activities?. Furthermore, a study by Ming
Li et al. found that even at relatively low exposure concentrations (25 pg/mL), hydroxylated graphene quantum dots
(HO-GQDs) exhibited high toxicity to human oral epithelial cells, causing DNA damage and cell cycle arrest, inhib-
iting DNA repair, disrupting microtubule structure, and hindering cell regeneration!®’.

Compared with other carbon nanomaterials, the eco-toxicological studies on graphene quantum dots are
scarce, and only cover GOQDs!?*?7], The materials such as GOQDs, CGQDs, and AGQDs have been widely used, but
due to the different surface functional group modifications, they have different chemical properties and toxicological
effects. However, the types of modifications of GQDs materials studied so far are relatively limited, so the toxicity
studies of GQDs with different surface modifications need to be enriched. Specific questions include the differences
in biological developmental toxicity and ecological health risks of GQDs with different surface functional groups, and
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whether the toxic effects are significantly exacerbated at different concentrations. In this study, AGQDs and CGQDs
were used with the aim of investigating their ecotoxicological effects at different concentrations, which is important
for the application of GQDs and risk assessment in aquatic ecosystems.

Zebrafish (Danio rerio) is an important model organism in environmental toxicology, ecotoxicology, and
pharmacotoxicology, with up to 87% homology to the human genome, and with physiological structures and functions
similar to those of mammals, so its test results are mostly applicable to humans. In addition, since the 1970s and 1980s,
researchers from many countries around the world have utilized zebrafish to carry out acute and chronic exposure
toxicity experiments of chemical substances, and its application as a test organism is widespread and mature?>,

Aiming to fill the research gap about the toxicological effects of these two materials and to establish the
correlation between the structure of GQDs surface group modification and the toxicity strength, this study selected
amino- and carboxyl-modified AGQDs and CGQDs as the representative materials of graphene quantum dots. In
addition, the toxicity and bioaccumulation effects at different concentrations on the growth and development of
zebrafish embryos and juveniles were compared, and the toxicity differences were analyzed. This study provides a
comprehensive analysis of the variations in biological accumulation and toxicity effects of GQDs with different sur-
face functional groups, providing both data and a theoretical framework for evaluating the ecological risks associated
with functionalized GQDs, to offer insights for future surface modifications to reduce toxicity.

Methods

Materials and Apparatus

The apparatus are listed here: Hitachi F-7000 Steady-State Fluorescence Spectrometer (Shanghai Ruidi Electronic
Technology Co., Ltd.); Zeiss Axio Scope.Al Research-grade Upright Microscope (Tianjin Sales Automation Tech-
nology Co., Ltd.); Upright Fluorescence Microscope (ISH300 3.0MP) (Shanghai Cewei Optoelectronics Co., Ltd.);
Desktop Centrifuge (Shanghai Lixinjian Centrifuge Co., Ltd.); 24-Well Cell Culture Plates (Suzhou Saipu Biotech-
nology Co., Ltd.)

AGQDs N100 were purchased from Jiangsu Xianfeng Nanomaterials Technology Co., Ltd. CGQDs were
purchased from Jiangsu Xianfeng Nanomaterials Technology Co., Ltd. Their properties are shown in Table 1.

Table 1. The basic properties of two graphene quantum dots (GQDs)

AGQD CGQD
Material Condition Aqueous dispersion (1000 mg-L'") Aqueous dispersion (1000 mg-L")
Particle Size 3.5-5.0 nm <10 nm
Excitation 37942 nm 395+2 nm
Wavelength
Emission Wavelength 480£2 nm 487£2 nm

The zebrafish breeders (wild-type AB, purchased from the Institute of Hydrobiology, Chinese Academy of
Sciences) were housed in an automated flow-through breeding system. There were approximately 30 pairs of breeding
zebrafish, with a male-to-female ratio of 1:3. The embryos and larvae used in the experiment were a mix from different
breeding pairs. The flow-through system included a filter (to capture large particles in the water), a biological filter
(providing a growth substrate for nitrogen-fixing bacteria), and a UV light (for disinfection). The water temperature
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was maintained at 27+0.5°C, pH at 7.2+0.5, conductivity at 500 pS/cm, and the light cycle was 14:10 hours
(day/night). The breeders were fed twice daily with brine shrimp (Artemia nauplii).

To prepare the embryo-larvae nutrient solution, the embryos and larvae were cultured and exposed in Hanks
buffer. The Hanks buffer was prepared according to ISO-7346-38%, containing 0.074 mmol K*, 0.5 mmol/L Mg?*,
0.75 mmol/L Na*, and 2 mmol/L Ca*". The pH of the Hanks buffer was adjusted to around 7.2, filtered for sterilization,
and then aliquoted into 500 mL sterilized glass bottles, stored at 4°C.

At the start of the zebrafish light cycle, the partition in the breeding box was removed, and the male and
female zebrafish were allowed to naturally mate for 1 hour. The fertilized eggs were then collected in a petri dish.
Using a plastic pipette, impurities, and excess water were removed from the petri dish, and the fresh nutrient solution
was added for washing. This cleaning procedure was repeated 2-3 times, after which the eggs were placed in the
incubator and cultured until 3 hours post-fertilization (hpf) for exposure experiments.

The Exposure of AGQDs and CGQDs to Zebrafish Embryos

The experiment procedure of AGQDs and CGQDs exposure and measure of bioaccumulation are figured in Fig.2.

Note:

GQDs — graphene quantum dots

CK — control group

AGQDs — amino-functionalized graphene quantum dots

zebra fish CGQDs — carboxyl-functionalized graphene quantum dots
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Figure 2. Flow chart of the experiment

300 pL of 1000 mg-L™t AGQDs was taken and diluted with nutrient solution to a final volume of 300 mL,
resulting in a 1 mg-L™! AGQDs exposure solution. Similarly, 3000 pL of 1000 mg-L™* AGQDs was diluted with
nutrient solution to 300 mL, resulting in a 10 mg-L™* AGQDs exposure solution. The preparation method for 1 mg-L™!
and 10 mg-L™! CGQDs exposure solutions was the same as the above steps.

Dead fertilized eggs that had solidified were removed, and 1 mL of nutrient solution containing a single
fertilized egg was added to each well of a 24-well plate. Three 24-well plates were grouped together, with 1 mL of
nutrient solution, 1 mg-L™! AGQDs exposure solution, 10 mg-L™* AGQDs exposure solution, and CGQDs exposure
solution added to each well within each group. The zebrafish embryos were exposed to nutrient solution (blank control

ISSN: 2167-1907 www.JSR.org/hs 4



HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 14 Issue 1 (2025)

group, CK) and AGQDs and CGQDs exposure solutions at concentrations of 0.5 and 5 mg-L™ (AG-0.5, AG-5, CG-
0.5, CG-5) for 96 hours. Three parallel experimental groups (three 24-well plates) were set for each group, with a total
of 72 embryos and larvae observed per group. The exposure experiment was conducted in an incubator at 27 = 0.5°C
with a 14:10 hour light/dark cycle.

The 5 experimental groups of zebrafish were placed in 15 24-well plates for a 96-hour exposure experiment.
The development of the zebrafish embryos and larvae was observed and recorded using an upright fluorescence mi-
croscope (ISH300 3.0MP).

The Observation of Developmental Toxicity of GQDs to Zebrafish

After 24 hours of exposure, the embryo mortality rate was recorded, and 5 embryos were randomly selected from each
well plate to record the number of voluntary movements within 20 seconds. After 48 hours, the mortality rate, mal-
formation rate, and hatchability were recorded. Additionally, 5 embryos (larvae) were randomly selected from each
well plate to record the number of heartbeats within 20 seconds. The observations at 72 hpf (hours post-fertilization)
were the same as at 48 hpf. At 96 hpf, the recordings were the same as at 48 hpf, with the addition of measuring the
body length of 5 larvae randomly selected from each well plate. The criteria for determining death included: embryos
that had solidified and turned white, showing no movement for an extended period, no heartbeat, and no blood flow.
The criteria for determining malformations included: shortened or curved tails, yolk sac and pericardial edema and
hyperemia, deformed heads, and eyes.

The Measure of Bioaccumulation of GQDs in Zebrafish

First, the standard curves are built. (1) The 1000 mg-L™! AGQD and CGQD dispersions were diluted in gradient steps
to 10 mL, resulting in 12 solutions with concentrations of 0.1, 0.5, 1, 2, 5, and 10 mg-L™! for both AGQD and CGQD.
(2) Take 1 mL of ultrapure water and use the Hitachi F-7000 fluorescence spectrometer (voltage 950 mV, slit width
Ex 5 nm, Em 5 nm) to measure the fluorescence intensity of AGQD (Ex 379, Em 480) and CGQD (Ex 395, Em 487)
at their respective excitation and emission wavelengths. Repeat the measurement 3 times and calculate the average.
(3) Measure the fluorescence intensity of the 12 solution groups at their corresponding excitation and emission wave-
lengths. Each group is measured 3 times, and the average value was taken. Subtract the fluorescence intensity of
ultrapure water from the fluorescence values of each group to obtain the fluorescence standard curve for AGQD and
CGQD at the corresponding concentrations. (4) Use the direct proportional relationship F = kc, perform a linear re-
gression to fit the standard curve of fluorescence intensity F versus solution concentration c.

The Measure of Bioaccumulation of GQDs in Zebrafish

After 96 hours of exposure, weigh the empty centrifuge tubes. Transfer the larvae from the 24-well plate to 10 mL
centrifuge tubes, remove the exposure solution by aspiration, rinse with ultrapure water, and then remove excess water
by aspiration. Weigh the tubes again and calculate the average weight of the 15 groups of larvae. After weighing, add
1.5 mL of ultrapure water and a grinding bead to each centrifuge tube. After centrifugation, measure the fluorescence
intensity of the supernatant.

The GQD accumulation is determined by measuring the fluorescence intensity of the centrifugation super-
natant. (1) Take 1 mL of supernatant from each centrifuge tube and measure the fluorescence intensity at a voltage of
950 mV, slit width Ex 5 nm and Em 5 nm. Repeat the measurement 3 times and calculate the average value. (2)
Subtract the average fluorescence intensity of the exposure groups from the blank control group to obtain the fluores-
cence intensity of the materials at each concentration. (3) Based on the standard curve, calculate the concentrations of
AGQDs and CGQDs. (4) Multiply the AGQDs and CGQDs concentrations by the 1.5 mL volume of ultrapure water
to calculate the bioaccumulation mass for each group (AG-0.5, AG-5, CG-0.5, CG-5) and the ratio of this bioaccumu-
lation mass to the average weight of the larvae. This gives the proportion of the GQD accumulation mass in the larvae.

ISSN: 2167-1907 www.JSR.org/hs 5



HIGH SCHOOL EDITION

Vol 141 1 (2025)
‘%' Journal of Student Research olume 14 Issue

Data Analysis

The data of all processing groups were expressed as the average of three independent experiments, and the plots were
processed using Excel and Origin.

Results and Discussion

The Observation of Toxicity of AGQDs and CGQDs on Zebrafish

To analyze the effects of two GQDs on the growth and development of zebrafish embryos and larvae, this study
investigated the toxicity indexes including mortality, malformation rate, hatchability, autonomic movement frequency
and heartbeat frequency within 20 s, and body length during acute exposure of AGQDs and CGQDs to 96 hpf.

Effect of AGQDs and CGQDs on Mortality Rate of Zebrafish

The effect of AGQDs and CGQDs on mortality rate of zebrafish at different exposure times and concentrations is
shown in Figure 3.
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Figure 3. Effects of AGQD and CGQD on mortality rate of zebrafish

As shown in Figure 3, from 24 hpf to 96 hpf, although the mortality rate gradually increased over time in all
exposure groups, there were no significant differences between AG-0.5, AG-5, and CG-0.5 compared to the CK (blank
control group) (P > 0.05). However, the mortality rate in the CG-5 group was significantly higher than in the other
four groups, remaining above 20%, while the mortality rates in the other four groups were around 5-15%. Statistical
analysis also showed P < 0.05, indicating a significant difference from the CK group. These results suggest that ex-
posure to AGQD concentrations ranging from 0 to 5 mg-L™! and lower concentrations of CGQD (0 to 0.5 mg-L™!) did
not cause a significant impact on the zebrafish mortality rate over a short period of time. However, for CGQD, in-
creasing the exposure concentration significantly increased the mortality rate in zebrafish.
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Effect of AGODs and CGQDs on Malformation Rate of Zebrafish
The effects of AGQD and CGQD at different concentrations and exposure times on the malformation rate of zebrafish
are shown in Figure 4. Examples of normal development and malformation of zebrafish are shown in Figure 5.
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Figure 4. Effects of AGQD and CGQD on malformation rate of zebrafish

s
CK-72hpf CK-96hpt

AG-5 48hpf

&

Figure 5. Real examples of normal development and malformation of zebrafish

Note: Normal developmental process of the CK group at 96 hpf (a) (b) (c) (d); Partially malformed zebrafish exam-
ples(e) (f) (g) (h), in which the blue circle indicates pericardial edema, the green circle indicates yolk sac edema, the
yellow circle indicates a shortened/curved tail, and the orange arrow points to hyperemia of the pericardium and yolk
sac.
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The malformation rate was calculated as the ratio of the number of malformed individuals to the number of
surviving individuals. As shown in Figure 4, the malformation rate in the CK (blank control) group was approximately
15%, while in the experimental groups, the malformation rates were generally above 25%. Statistically, the experi-
mental groups exhibited significant differences compared to the CK group (P < 0.05), indicating that even at lower
concentrations (0.5 mg-L™), both AGQDs and CGQDs had a pronounced effect on zebrafish developmental malfor-
mations. However, no significant differences in malformation rates were observed between the different materials
(P>0.05). There was no significant difference in malformation rate between groups with different concentrations. The
result suggests that even at relatively low exposure concentrations (¢ < 0.5 mg-L™1), AGQDs and CGQDs can induce
significant developmental malformations in zebrafish embryos and larvae.

Abnormal manifestations include a short or curved tail, edema and hyperemia of the yolk sac and pericar-
dium, deformation of the head and eyes, etc. Edema and hyperemia of the yolk sac and pericardium are common
abnormal manifestations, usually caused by abnormal osmotic pressure in vivo, but hyperemia is less common. Since
hyperemia is usually caused by abnormal excitability of the vascular constriction and dilation of nerves, the abnormal
phenomenon may indicate disruptions in neural activities.

Effect of AGQDs and CGQDs on Hatchability of Zebrafish
The effect of AGQDs and CGQDs on the hatchability of zebrafish at different exposure times and concentrations is
shown in Figure 6.
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Figure 6. Effects of different concentrations and exposure times of AGQD and CGQD on zebrafish hatch rate

The hatchability was calculated as the ratio of the number of hatched embryos to the number of surviving
embryos. In the CK (blank control) group, the hatch rate was approximately 7.8% at 48 hpf, but it increased to 92%
at 72 hpf, indicating that most of the zebrafish hatched between 24 hpf and 72 hpf. The hatchability in the AG-5, CG-
0.5, and CG-5 groups at 48 hpf was significantly higher than that of the CK group, suggesting that AGQDs and
CGQDs exposure stimulated premature hatching in zebrafish embryos. From 72 hpf to 96 hpf, the hatch rates across
all groups were similar, and the final hatchability ranged between 95% and 100%. Nearly all zebrafish that survived
past 48 hpf had hatched, indicating that exposure to different concentrations of GQDs did not significantly affect
hatchability after 48 hpf.
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Although some studies have indicated that certain organic pollutants and quantum dots can delay the hatching
of zebrafish larvael®'?), there are also studies suggesting that some pollutants can cause premature hatching of
zebrafish embryos at around 48hpf*3**, The premature hatching at 24~48 hpf in this study may be due to the toxic
property of the exposure material AGQDs and CGQDs, and the lower concentration of exposure. Relevant research
points out that the factors leading to embryo hatching mainly include the action of hatching enzymes, embryo twisting,
and the peroxidation of membrane lipids'®*!. The premature hatching caused by nanomaterials is mainly influenced by
peroxidation, where peroxidation products such as Malondialdehyde (MDA) can increase the fragility of cell mem-
branes and destroy cells®®. In addition, Duc-Hung Pham’s research indicates the accumulation amount of silica NPs
at chorions is significantly higher than in embryos with 20nm, 50nm, and 80nm silica NPs. Since the particle size of
CGQDs and AGQDs is smaller than 10nm, it is speculated that GQDs, not only trigger oxidative stress in zebrafish,
producing peroxidation products like MDA, but can also attach to the egg membrane in large amounts, inhibiting and
hindering oxygen exchange, further inducing lipid peroxidation of the egg membrane, thereby increasing the fragility
of the egg membrane and leading to the premature hatching of zebrafish embryos.

Effect of AGODs and CGQDs on Spontaneous Movement and Heartbeat of Zebrafish

The effect of AGQDs and CGQDs on spontaneous movement and heartbeat of zebrafish at different exposure times
and concentrations is shown in Figure 7.
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Figure 7. Effects of different concentrations and exposure times of AGQD and CGQD on the spontaneous
movements and heartbeat of zebrafish embryos and larvae within 20 seconds.

Note: Spontaneous movements in 20s of randomly selected embryos at A; heartbeat in 20s of randomly selected larvae
at B, C, and D.
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At 24 hpf, driven by its spinal neurons’ network, wild-type zebrafish in embryos spontaneously contract their
tail muscles, exhibiting a transient motor movement. A reduction or abnormal alteration in the frequency of these
spontaneous movements may indicate dysfunction of the motor nervous system®”*!. After 24 hours of exposure, 5
samples were randomly selected from each well plate to observe the number of voluntary movements within 20 sec-
onds. After 48 hours of exposure, 5 samples were randomly selected from each well plate to observe the number of
heartbeats within 20 seconds.

As shown in Figure 7A, after 24 hours of exposure, the CK group zebrafish embryos exhibited an average of
about 2 spontaneous movements within 20 seconds, whereas the CG-0.5 and CG-5 groups showed an average of
approximately 1 spontaneous movement within 20 seconds. Compared to the CK group, the early spontaneous move-
ment frequency of zebrafish embryos was significantly reduced under both low and high concentrations of CGQDs
exposure (P < 0.05). This suggests that CGQDs exposure has a stronger inhibitory effect on vital activities and the
nervous system.

As shown in Figure 7 BCD, there were no significant differences in the heart rate of zebrafish between the
experimental groups from 48 to 96 hpf. Some groups exhibited slight increases in heart rate, with zebrafish at 96 hpf
generally showing faster heart rates. Additionally, after 48 hours of exposure, the heartbeats in the experimental groups
were generally more irregular and less rhythmic compared to the CK group.

The repressed spontaneous movements and hyperemia of the yolk sac and pericardium of zebrafish collec-
tively feature the impairment and dysfunction of the nervous system due to AGQDs and CGQDs, in accord with
former research on the neurological study of zebrafish. According to a study conducted by Deng!, significantly
weakened baseline motor activity and the appearance of thigmotaxis are signals of disruptive neural behaviors of
zebrafish. Moreover, this neural dysfunction occurs at lower concentrations in AGQDs and CGQDs exposure than
other nanomaterials. For silica NPs (nanoparticles) exposure®, only a small percentage of abnormal morphological
defects and decreasing spontaneous motor movements is observed at high concentrations (from 12.5 mg-L-1 to 200
mg-L-1); however, in GQDs exposure, only 0.5 mg-L-1 exposure could elicit statistically significant difference on
malformation and decreased motor responses and spontaneous movements, indicating a more serious neural injury
than other nanoparticle materials. Therefore, the marked decrease in zebrafish's spontaneous propulsive movements
and hyperemia at the pericardium and yolk sac together point out that GQDs strongly inhibit nervous system activity,
and CGQDs show stronger inhibitory effects than AGQDs.

Effect of AGODs and CGQDs on Body Length of Zebrafish
The effect of AGQDs and CGQDs on body length at different exposure times and concentrations is shown in Figure
8.

As shown in Figure 8, there was no significant difference in body length among the groups at 96 hpf (P>0.05),
indicating that the experimental concentrations of AGQDs and CGQDs had no significant impact on the body length
development of zebrafish.
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Figure 8. Effects of AGQDs and CGQDs at different concentrations and exposure times on body length of zebrafish
larvae

The Measure of Bioaccumulation of AGQDs and CGQDs in Zebrafish

Standard Curve of AGQDs and CGQDs

Take0.1,0.5, 1,2, 5, and 10 mg/L AGQDs and CGQDs solutions, and determine the positive proportional relationship
model between the fluorescence intensity (fluorescence value) of the two materials' solutions and the concentration of
the substance. Use one-factor linear regression to fit the respective AGQDs and CGQDs fluorescence standard curves.
The models were respectively tested using R-squared, multiple R-squared, and adjusted R-squared (Table 2). The
fitting curves of the predicted values and measured values in the form of a linear relationship are shown in Figure 9.

Table 2. The linear model of fluorescence intensity and substance concentration of AGQD and CGQD based on
spectral parameters

Standard
Excitation, Emission . . Multiple R Adjusted R andar
Linear Regression Model R Square Error/a.u.
Wavelength/ nm Square Square
AGQDs 03790 48000 Y=7.64X+13.19 0.9139 0.9563 0.8859 11.0170
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Figure 9. Linear relationship between the measured and predicted fluorescence intensity of AGQDs and CGQDs

Bioaccumulation Amount of AGQDs and CGQDs

Based on the linear regression models of the fluorescence standard curves for AGQDs and CGQDs, as well as the

average fluorescence intensities measured for each group, the corresponding GQDs concentrations in zebrafish for
each group were determined. The extent of AGQDs and CGQDs accumulation in zebrafish is reflected by the con-

centration and mass of GQDs in vivo of zebrafish, as well as the accumulative ratio, that is the proportion of GQDs'

accumulative mass relative to the total weight of the zebrafish.
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Figure 10. Fluorescence intensity, accumulative concentration, accumulative mass, and accumulative ratio in each
group.

As illustrated in Figure 10, the accumulative concentration, mass, and accumulative proportion of GQDs for
the groups CG-0.5 and CG-5 both surpass those of AG-0.5 and AG-5. The highest accumulative mass is 5.6 ug in CG-
5. No significant disparity in accumulation was observed among groups treated with the same material at varying
concentrations. However, the particle size of both types of graphene quantum dots (GQDs) is below 10 nm, with
negligible variance, suggesting that particle size exerts a minimal influence on bioaccumulation within the scope of
this study. Notably, under identical concentration conditions, CGQDs demonstrate the most pronounced bioaccumu-
lation efficacy.

Our research reveals that CGQDs exert stronger toxicity on zebrafish’s early development than AGQDs,
according to significantly higher mortality rate, accumulative mass in vivo, and lower frequency of spontaneous move-
ments. Supporting our hypothesis that the toxicity difference between AGQDs and CGQDs at the same concentration
is mainly due to its surface carboxyl and amino functional groups, this phenomenon also aligns with the discovery of
Sun and Liu™**!, Sun’s research indicated that GQDs with negatively charged hydroxyl ligands are more active than
GQDs with positively charged amine ligands in intracellular peroxidase, superoxide dismutase, and catalase; Liu com-
pared hydroxyl GQDs with amine group compared with carboxyl group GQDs, hydroxyl GQDs resulted in higher ion
leakage levels in the root cell membrane. Their finding both suggested that, based on in vitro experiments, GQDs with
carboxyl and hydroxyl groups, both containing hydroxyl, cause a more notably destructive impact on cells. In addition,
our research, taking advantage of embryos and larvae of zebrafish from in vivo perspectives, corroborates that the
toxicity of hydroxyl-functionalized graphene quantum dots is greater than that of carboxyl-functionalized graphene
quantum dots, which in turn is greater than that of amino-functionalized graphene quantum dots. Furthermore, toxic
destructions caused by carbon nanomaterials like GQDs in cells mainly result from oxidative stress injury, in which
the surface of nanomaterials interacts with the cell membrane, generating ROS and disrupting the enzyme’s normal
function. Thus, it is plausible to contend that high hydrophilicity and high electronegativity y of the carboxyl group
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lead to its strong attraction to the cell membrane and more active sites to accelerate peroxidation, which exacerbates
cell injury and biological toxicity.

Although some research in the field of biomedicine revealed that functionalized GQDs including AGQDs
and CGQDs have high biocompatibility and low toxicity at high concentrations?*2!, our research stresses again its
potential developmental toxicity and bioaccumulation in vivo. In many cases, the low cytotoxicity is observed in
experiments in vitro (using cells as the model), in low exposure concentrations (lower than 0.5 mg-L-1), in short
exposure periods (less than 24hpf), or investigating materials in larger particle size (60-100nm). However, higher
concentrations of GQDs due to bioaccumulation and longer exposure periods can enhance toxicity and cell injury.
Plus, experiments in vivo reveal more detailed effects such as neural dysfunction and injury that are difficult to detect
in vitro experiments, and with smaller particles, GQDs are easier to attach and pass through cell membranes, which
induces more destructive effects and oxidative stress. Therefore, our research emphasizes that the toxicity of small
particle size nanomaterials like GQDs deserves more research attention to be comprehensively evaluated.

Conclusion

To study the toxicity and bioaccumulation of two surface-modified GQDs, and establish associations between the
surface functional modifications and toxicity, we conduct exposure experiments of AGQDs and CGQDs in vivo of
zebrafish embryos and larvae. The developmental toxicity of zebrafish by measuring mortality rate, malformation
rate, hatchability, frequency of spontaneous movement and heartbeat, and body length; the bioaccumulation is re-
flected by the concentration and mass of GQDs in zebrafish which are measured by building a fluorescent standard
curve of AGQDs and CGQDs. The result indicates that the CGQDs exposure solution at a concentration of 5 mg-L™!
significantly increased the mortality rate by approximately 100%, showing the strongest toxic effect; a lower exposure
concentration (0.5 mg-L") of both AGQDs and CGQDs can induce widespread deformities in multiple organs of
zebrafish (pericardial and yolk sac edema, hyperemia, etc.); about 50% of embryos hatch prematurely due to exposure;
although there is no significant impact on the speed of heartbeat, the acute exposure to AGQDs and CGQDs weakened
the regularity and stability of the zebrafish heartbeat. CGQDs exhibit higher accumulative concentrations, mass, and
ratio to the total weight of zebrafish, the accumulative mass being 5.6 ug at both concentrations. The impact of expo-
sure concentration on bioaccumulation appears to be minimal. The differences in toxicity and bioaccumulation be-
tween AGQDs and CGQDs are largely related to their surface functional groups: with the hydrophilicity, and electro-
negativity brought by carboxy and hydroxy, CGQDs may trigger more intense oxidative damage and toxicity.

Still, the experiment has some limitations to be improved in future research. Due to the limited research
schedule and resources, we only selected AGQDs and CGQDs as two functionalized GQDs investigated. However,
the scale and scope should be expanded to gain a more comprehensive and systematic perspective on the toxic and
accumulative effects of GQDs and their surface functional groups. Thus, it is essential to incorporate a wider range of
GQDs and other nanomaterials with functional groups in future research.

Based on the above-mentioned toxic properties of AGQD and CGQD, in order to reduce the toxicity of
functionalized GQD and its pollution to the ecological environment, chemical modification can be performed to trans-
form them into molecules with lower toxicity and higher biocompatibility. For example, by using its surface activity,
hydrophobic functional groups, biocompatible molecules, or environmentally friendly polymers are introduced to its
surface through chemical reactions, physical adsorption, electrostatic action, etc., to weaken the cell damage caused
by oxidative stress reaction on the surface, or form a protective layer through surface passivation to reduce the expo-
sure of its core high-carbonization and highly toxic structures.
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