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A B S T R A C T

Graphene quantum dots (GQDs) are well-known for its potential applications for bioimaging, biosensor, and
drug carrier in biomedicine. GQDs are well characteristic of intrinsic peroxidase-like catalytic activity, which is
proven effective in scavenging the free radicals, such assuperoxide anion, hydrogen peroxide, and hydroxyl
radical. GQDs are also well praised for its low in vivo and in vitro toxicity. Here, we found that nitrogen-doped
GQDs (N-GQDs) can strongly disturb redox-sensitive system via the selective inhibition of endogenous anti-
oxidant enzyme activities in zebrafish. The enzyme activities or transcription levels of a battery of hemoproteins
including catalase (CAT), superoxide dismutase (SOD), respiratory chain complex I, complex Ⅲ, hemoglobin
(Hb), and myeloperoxidase (MPO), were significantly suppressed by N-GQDs. We also found that N-GQDs ac-
tivated the cytochrome P450 monooxygenase (e.g. cyp1a) and the associated aryl-hydrocarbon receptor re-
pressors (ahrr1 and ahrr2) in zebrafish embryos. Compared to the ultrasmall graphene oxide (USGO), N-GQDs
exhibited stronger fluorescent permeability and tissue-specific bio-accumulative effects. Taken together, our
findings highlighted that exposure to N-GQDs can disrupt endogenous antioxidant enzyme activities, possibly via
the competitive inhibition of electron transfer process. Our results in this study provided solid data for biosafety
evaluations of various types of GQDs, and created an alert for the future biomedical applications of N-GQDs.

1. Introduction

Graphene quantum dots (GQDs) are structurally composed of single-
layer or multiple layers of graphene (G), for sizes typically below
20 nm, which are considered as quasi-zero-dimensional nanomaterials
[1]. GQDs inherit many structural attributes from G and exhibit the
desirable electro-optic properties of quantum dots (QDs), such as the
strong photoluminescence (PL), highly tunable band gaps, excellent
photostability, which are superior to other semiconductor quantum
dots (SQDs) and carbon quantum dots (CQDs) [2,3]. Previous studies
highlighted the use of GQDs-encapsulated probes for highly sensitive
cellular and tissue-specific imaging. Some pioneering studies also
showed that GQDs can reduce the viability of cancer cells and bacteria
by using its intrinsic property of catalase-like activities [4]. Thus, GQDs

are the promising fluorophores in replacement of toxic organic dyes in
bioimaging and optical sensing, and the potential enhancers in the
treatment of cancer and other diseases in pharmaceutics and ther-
anostics [5].

Generally, GQDs are fabricated through the conventional ‘top-down’
and ‘bottom-up’ methods; the former is a direct splitting way to produce
small size nanoparticles through the acid-assisted cutting of different
carbon sources. However, for the top-down method, the quantum yields
(QYs) are usually lower than 1%. In contrast, the ‘bottom-up’ methods
are organic synthesis using carbohydrate sources (e.g. citric acid, glu-
cose), generating relatively large nanodots with occasional high poly-
dispersity [6]. QYs of GQDs can be greatly improved by surface mod-
ification of GQDs in terms of surface passivation and heteroatom doping
[1], and there have been reports about the high QYs of surface-modified
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GQDs [7–9]. However, surface engineering can change the oxidation
states of pristine GQDs that lead to specific spectrum-shifting and
varying PL intensity. Our previous study revealed that more than 20%
QYs of nitrogen-doped reduced GQDs (N-GQDs) are quantified ac-
cording to an improved solvothermal synthesis [10].

Besides the prosperous application of GQDs in biocomposites, it
remains controversial whether GQDs exert adverse effects on living
organisms, owing to its inherent G-like properties. During the past
decade, the nanotoxicity of G and associated nanomaterials, such as
carbon nanotubes (CNTs) and graphene oxide (GO), have been ex-
tensively investigated. In general, the over-production of reactive
oxygen species (ROS) has been observed as the major cause of oxidative
stress and apoptosis from in vitro to in vivo models. Some key molecular
signals, such as Toll-like receptor 4 [11], JNK-1 [12], IgG [13], and
Integrins [14], were identified to be significantly triggered by CNTs and
GO, and most of these activators were closely related to ROS-induced
signaling pathways. Current knowledge about the low toxicity of GQDs
was mainly acquired from in vitro toxicity assays and few in vivo toxicity
evaluations [15–22]. Moreover, it remains an outstanding question of
whether the signaling pathways activated by CNTs or GO are selectively
recruited by GQDs-induced apoptosis. Therefore, to clarify the potential
health risks of GQDs, the molecular in vivo toxicity of GQDs is of great
importance.

Mouse (Mus musculus) and zebrafish (Danio rerio) are common an-
imal models for nanotoxicity assessment. Mouse models are usually
confronted with high cost, time-consuming, and sampling constraints.
In contrast, zebrafish possess many virtues, including the small body,
optical-transparency, high fecundity, and low husbandry cost [23]. Due
to the conserved evolutionary modules in the zebrafish genome, zeb-
rafish hold the developmental profile that is generally comparable to
that in humans. Specifically, the transparent cardiovascular system at
the early stage enables them to be observed conveniently, compared to
other model systems [24,25]. Previously, zebrafish have been widely
used for the toxicity evaluation of a series of nanomaterials, including
CNTs [26], carbon graphene oxide (GO) [27,28], semiconductor QDs
[29–32]. However, there are few studies about the toxicity assessment
of GQDs on zebrafish development [33].

In this study, an integrative analysis was performed combing the
quantification of reactive oxygen species (ROS), in vitro and in vivo
bioassays for various antioxidant enzymes, and in vivo detection of
apoptosis in zebrafish embryos after exposure to N-GQDs and USGO.
Further, the molecular markers related to antioxidant enzymes were
investigated using qPCR, whole-mount in situ hybridization (ISH), and
western blotting (WB). Our study aimed to broaden the knowledge of in
vivo nanotoxicological effects of N-GQDs and other nanoparticles (NPs)
and associated signaling pathways, thereby providing data for the risk-
assessment model system of NPs nanotoxicity. Moreover, this study
pioneered the basic knowledge for the potential use of GQDs in bio-
medical fields.

2. Methods

2.1. Ethics statement

All zebrafish experiments were performed according to the Guiding
Principles for the Care and Use of Laboratory Animals, and were ap-
proved by the Animal Care Committee of Chongqing Institute of Green
and Intelligent Technology, Chinese Academy of Sciences (Approval ID:
ZKCQY0218).

2.2. Chemicals and reagents

Chemicals used for NPs fabrication and other bioassays in this study
are listed as follows: graphene oxide powder (XFNANO Materials Tech
Co., Ltd. Nanjing, China), N, N-Dimethylformamide (Sigma Aldrich),
FITC-BSA (Bioss Inc., Beijing, China), 2′, 7′-Dichlorodihydrofluorescein

(D6883, Sigma Aldrich), hydrogen peroxide (Chengdu Kelong Chemical
Company), catalase (C1345, Sigma Aldrich), o-dianisidine (D9143,
Sigma-Aldrich), acridine orange (AO, Sigma-Aldrich), ethidium bro-
mide (EB, Sigma-Aldrich), methane-sulfonate salt (MS-222, 98%,
Aladdin), phosphate buffer solution (1 × PBS, pH 7.4, Gibco), dulbec-
co's modified eagle medium (DMEM, Gibco).

2.3. Nanoparticles (NPs) preparation

The as-prepared N-GQDs for toxicity assessment were synthesized
according to our laboratory's method [10]. The final N-GQDs solutions
were condensed at a concentration of 4 mg/mL. Ultrasmall graphene
oxide (USGO) prepared for toxicity assays was fabricated according to
Zhang's method [34], and the end-product was diluted to 2 mg/mL
stock solution with E3 embryo culture medium [28]. To monitor the
bio-distribution of USGO in zebrafish, we performed chemical coupling
by modifying USGO with FITC according to the previous method [35].

2.4. Surface characterization

Nano-surface properties of N-GQDs and USGO were imaged by
atomic force microscope (Dimension FastScan, Bruker Corporation,
Germany). NPs samples for AFM were prepared in water dispersion and
distributed uniformly on mica substrates (Zhongjingkeyi Technology
Co., Ltd, Beijing, China), and then naturally dried in a clean container
before testing. By loading the same NPs solutions onto an electron
microscopy copper grid (300 mesh size), nanostructures of N-GQDs and
USGO were determined with a Tecnai G2 20 Transmission Electron
Microscope (TEM) (FEI Co.), and nanoscale feature sizes were measured
and calculated with Nanomeasure software. The statistical number of
nanoparticles was less than 100. X-ray photoelectron spectroscopy
(XPS) spectra were acquired with a Kratos Axis UltraDLD spectrometer
(Kratos, Manchester, England) using a monochromatic Al Ka source at
1486.6 eV. Agilent Cary 630 FTIR Spectrometer was also used to
compare the functional commonality between USGO and its progenitor
(GO). The surface charge of two nanoparticles in different mediums was
measured using a Zetasizer Nano ZS apparatus (Malvern Instruments
Ltd, Malvern, U.K.).

2.5. Zebrafish husbandry and NPs exposure

Zebrafish strains including wide-type AB and Tg (fli:eGFP) were
raised at constant temperature (28 °C) and photoperiod (14: 10 LD), and
fed three times daily with the newly-hatched brine shrimp (Artemia
nauplii). Zebrafish at about 4 months old were maintained for spawning,
and the newly-laid eggs for NPs exposure were collected at 4 h post
fertilization (hpf). Fifty well-developed embryos were picked out and
transferred into each well of six-well plates by supplementing with
various concentrations of NPs solutions (0, 25, 50, and 100 μg/mL), and
each concentration group was treated in triplicate. Developmental in-
dices, such as heart rates, survival and hatching rates, were recorded at
different time intervals.

2.6. In vivo tracing of GQDs and USGO

N-GQDs exposed zebrafish embryos at 48 hpf and 72 hpf were re-
spectively observed under UV light excitation (330–380 nm) using an
invert fluorescent microscope (NiKon SMZ18, Japan). To avoid the
adverse effects of UV light on organisms, zebrafish embryos for dif-
ferent treatment were scanned by UV light for less than 300 ms. To
track USGO biodistribution in zebrafish, the as-prepared FITC-BSA-
conjugated GO (0.3 mg/mL) was pipetted into 6-well plates containing
zebrafish embryos, and then incubated for 0.5 h in the dark. The real-
time monitoring of USGO movement was carried out using a confocal
laser scanning microscopy (CLSM, FV1200, Olympus, Japan).
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2.7. In vitro and in vivo assessment of reactive oxygen species (ROS)

In vitro cell-free detection of ROS signal was performed according to
the previously reported method [36]. ROS levels in zebrafish embryos
were quantified according to the methods described in previous studies
[37–39]. In brief, 35 embryos per treatment at 3dpf, 4 dpf, and 5 dpf,
were prepared for different exposure concentration of NPs. Each
treatment including control was performed for three biological re-
plicates, and the total fluorescence for various groups was calculated as
Mean ± SEM.

2.8. Biochemical analysis

After exposure for 6 d, 50 zebrafish per treatment were sampled for
the determination of enzymatic activities of catalase (CAT), superoxide
dismutase (SOD), and glutathione peroxidase (Gpx). Firstly, the col-
lected fish were anesthetized with 0.05% (w/v) MS-222 solution, and
then homogenized with 0.9% physiological saline (w/v) on ice. The
homogenate (1: 10 w/v) was centrifuged at 3000×g for 10 min at 4 °C,
and then the supernatant was collected for enzymatic activity assays.
Each treatment was performed for three biological replicates. Based on
the chemical reaction between hydrogen peroxide and ammonium
molybdate, CAT activities were measured by spectrophotometric to
detect the pale-yellow end-product at 405 nm in pH 7.0 sodium phos-
phate medium. Hydroxylamine method was employed to detect the
total SOD activities, and GSH-Px (GPx) activities were determined by
the yellow end-product at 412 nm, which was produced by the inter-
action between GSH and 5,5′-Dithiobis-(2-nitrobenzoic acid) (DNTB).
Activities of these three enzymes were determined and calculated with
assay kits (Institute of Biological Engineering of Nanjing Jianchen,
Nanjing, China) as A007-1-1, A001-1-1, and A005, respectively. In
addition, we made an in vitro cell-free enzyme activity assay for CAT to
check whether CAT activities on hydrogen peroxide are changed by
NPs. The chemical assays were carried out according to the previously
described method [40]. In brief, 50 mM hydrogen peroxide was pre-
pared as the catalytic substrate for catalase and N-GQDs. The final
concentration of catalase solution was prepared as 20 U/mL by dis-
solving 0.05 mg catalase powder into 10 mL E3 solution. Four con-
centrations of NPs solutions were prepared as 25, 50, 100, and 200 μg/
mL, respectively, and E3 solution was set as the control group. After the
reaction, the final catalase activities were determined by a catalase
assay kit (A007-1, Nanjing Jiancheng Bioengineering Institute, China).

Several NADPH dehydrogenases of the respiratory chains were in-
volved in the redox reaction and conducted the oxidative process of
NADH (P) to NAD (P). In this study, enzymatic activities of three typical
mitochondrial respiratory chain complexes (complex I, complex III, and
complex IV) were investigated. Activities of these enzymes were de-
termined in similar sampling ways to the bioassays for CAT/SOD/Gpx.
The activities of complex I, III, and IV were detected using specific kits
BC0510, BC 3240, and BC0940 (Solarbio, Beijing, China), respectively.
All data were indicated as Mean ± SD, ∗p < 0.05.

2.9. o-dianisidine staining

o-dianisidine staining was used to detect the mature hemoglobin
levels in zebrafish embryos that were exposed to NPs, and the proce-
dure of the o-dianisidine staining was performed as described [41].
Briefly, the NPs exposed zebrafish embryos at 36 hpf were placed into
6-well plates, washed with clean water, and then incubated with an o-
dianisidine solution for at least 15 min. After dyeing, zebrafish embryos
were washed with clean water and observed using an inverted micro-
scope (Nikon SMZ18, Japan). Hemoglobin levels were marked by rust-
colored precipitates, which were specifically labeled for hemoglobin in
erythroid cells.

2.10. Immunohistochemical analysis

To further determine N-GQDs bio-distribution and associated in-
jured regions, tunnel assays were performed in zebrafish embryos ex-
posed to NPs at 72 hpf. Firstly, whole-mount paraffin-embedded zeb-
rafish were processed by following the steps of cutting,
paraformaldehyde (4%) fixation, and paraffin embedding. Serial slices
with an average thickness of 4 μm were performed. After that, white
paraffin-embedded slices were directly observed under UV light ex-
citation (330–380 nm) using the stereo-fluorescence microscope.
Tunnel assay was performed using DeadEnd™ Colorimetric TUNEL
System (Promega, USA) according to the manufacturer's protocol.

2.11. AO/EB double staining

To detect the apoptosis in NPs exposed zebrafish, AO/EB double
staining was performed as described [42–44]. Acridine orange (AO) and
ethidium bromide (EB) were prepared to uniformly mix with the final
concentration of 100 μg/mL, and zebrafish embryos were immersed in
AO/EB solution for 30 min at 28 °C and covered with silver papers.
After washing three times with 1 × PBS, zebrafish were carefully pi-
petted into glass slides and observed with 10 × CLSM. The number of
apoptotic areas (infectious loci) was counted and analyzed by Image-
Pro Plus 6.0 software.

2.12. Whole-mount in situ hybridization (WISH)

Zebrafish exposed to 100 μg/mL NPs at different developmental
stages were collected for WISH analysis. Four probes (hbbe1, tfa, cyp1a,
and mpx) were used in the study, and WISH was performed according to
the online protocols (http://zfin.org/ZFIN/Methods/ThisseProtocol.
html). Primer pair sequences were designed according to the previous
reports [41,45–48].

2.13. Immunoblotting analysis

The primary antibodies of zebrafish Casp8 (GTX54181) and Casp3
(GTX54182) were purchased from Genetex (Irvine, CA, USA) for de-
tecting NPs induced Caspase-related apoptosis in zebrafish at 6 dpf.
Immunoblotting assays were performed according to the standard
protocols. Protein samples from control and zebrafish exposed to dif-
ferent concentrations of GQDs (50 μg/mL, and 100 μg/mL) and USGO
(100 μg/mL) were extracted for WB analysis. Bradford assay protocol
was used to measure the total protein content in the embryonic cell
lysate [49]. Mouse monoclonal antibody against β-Tubulin (Earthox,
LLC, E021160-03) was used as a loading control.

2.14. qPCR analysis

Quantitative real-time PCR (qPCR) was carried out using ABI ViiA
7™ real-time PCR system (Applied Biosystems, Carlsbad, CA, USA) with
SYBR® Premix Ex Taq™ II (Perfect Real Time, Takara). RNAs isolated
from zebrafish samples at different treatment were used for cDNA
synthesis. The first-strand cDNAs were transcribed with PrimeScript™
RT reagent kit with gDNA eraser (Takara, Dalian, China) according to
the manufacturer's instructions, and 1 μg of the total mRNAs were
prepared for the cDNA synthesis. Running a program of qPCR was in-
itiated from 95 °C, incubating for 5 min, followed by 40 cycles of 95 °C
for 15 s, 60 °C for 30 s, 72 °C for 30 s. Primers were designed by Beacon
Design 8 (Table 1), and β-actin were selected as the internal control to
normalize the relative mRNA levels [50]. Three independent biological
replicates were performed for each treatment, and 2−ΔΔCt method was
used to quantify gene expression levels.
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2.15. Statistical analysis

Statistical analysis was carried out with SPSS 19.0 software (IBM,
USA), and significant differences between control and treatment were
determined by independent sample t-test or one-way analysis of var-
iance (ANOVA), following by a post hoc test (Tukey's method) with
significant levels as following: ∗p < 0.05, ∗∗p < 0.01, and
∗∗∗p < 0.001.

3. Results

3.1. NPs characterization

As shown in Fig. 1A, the image of the transmission electron mi-
croscope (TEM) showed that the sizes of N-GQDs nanoparticles dis-
tributed between 1 and 9 nm, and 80% of the fabricated N-GQDs dis-
tributed with sized 3–7 nm. The TEM image of ultrasmall GO (USGO)
showed that > 80% USGO nanoparticles were flakes with the lateral
size distribution in the nanosize of < 50 nm (Fig. 1C). Furthermore,
AFM images indicated that the morphologies of N-GQDs and USGO
were nanoscale, and the AFM results showed the lateral size distribu-
tion (Fig. 1B and D). The height size distributions of N-GQDs and USGO
were about ∼1 nm and ∼1.5 nm, respectively. As shown in Fig. 1E, the
zeta potential of USGO and N-GQDs was both negatively charged in
three mediums, including ultrapure water (ddH2O2), 1 × PBS (pH 7.4),
and DMEM. In contrast to USGO nanoparticles, the zeta potential of N-
GQDs decreased greatly from water to the other two mediums, showing
the enhancing flocculation of N-GQDs in PBS and DMEM mediums.
Meanwhile, XPS analysis was performed to confirm the functional
groups on the surface of N-GQDs and USGO (Fig. 1F–G). The detail
about the GQDs chemical characterization was discussed in our pre-
vious paper [10]. The prepared USGO contains 73.85% C1s
(282.38–297.98 eV), 21.39% O1s (530.62–544.98 eV), and 2.14% N1s
(398.69–409.98 eV). The result of FTIR showed similar characteristic
peaks between GO and USGO (Fig. S1).

3.2. High concentration of N-GQDs arrested zebrafish development

Like our previous study [10], the hatching rate of zebrafish declined
after exposure to 100 μg/mL concentration of N-GQDs at 96 hpf, but not
to a significant level when compared to control groups (Fig. 2A). The
mortality rate at 96 hpf showed no significant changes among different
treatments (Fig. 2B). Heartbeat rates at 96 hpf declined slightly with a
concentration-dependent manner of N-GQDs (Fig. 2C). USGO exposed
groups revealed no significant changes for various developmental in-
dices, even at the highest exposure concentration (100 μg/mL). Inter-
estingly, the highest concentration of N-GQDs (100 μg/mL) sig-
nificantly increased the malformation rates in zebrafish at 120 hpf,
compared to that in USGO exposed groups (Fig. 2D). Bent spine (BS)
and reduced pigmentation were clearly observed in both GQDs and
USGO exposed zebrafish larvae, compared to the control group
(Fig. 2E–G).

3.3. N-GQDs exhibited strong permeable effects in zebrafish embryos

In our previous study, the biodistribution of N-GQDs in zebrafish
was well characterized in terms of the wide-range of fluorescence sig-
nals emitted by N-GQDs under different excitation wavelengths, i.e.
blue, green, and red [10]. In this study, we found that N-GQDs exposed
zebrafish exhibited fluorescence enhancement effects in a short UV
excitation time (< 300 ms), compared to that of the other two photo-
luminescence (> 1 s). Based on that, we found that N-GQDs possess
strong permeable effects in zebrafish embryos that were easily dis-
tinguished under the inverted fluorescence microscope. Further, a dif-
ference was observed in biodistribution characteristics of N-GQDs
across the development of zebrafish embryos (Fig. 3). In zebrafish
embryos at 48 hpf, the bio-accumulative effects of N-GQDs mainly oc-
curred in the region near to the common cardinal veins and tail veins
(Fig. 3A-a2), implying an uneven distribution pattern inside the em-
bryo. However, in zebrafish embryos at 72 hpf, N-GQDs showed
fluorescence enhancement effects in the caudal region and in the area
adjacent to the circulatory system (Fig. 3A-a4 and Fig. S2). Moreover,
the use of fli1a: EGFP transgenic zebrafish in N-GQDs exposure gave a
more direct sight of flow effects of N-GQDs around the dorsal aorta
(DA) and caudal venous plexus (CVP) (Fig. 3B-b5 and b6). However,
compared to the weak fluorescence background in control group
(Fig. 3C and E), FITC-labeled USGO exposed zebrafish embryos were
decorated with intense green fluorescence, in which USGO mainly
distributed in the surface areas of head, notochord, and tail of zebrafish
embryos at 48 hpf (Fig. 3D), and spread along the intestinal tract at 72
hpf (Fig. 3F).

3.4. N-GQDs inhibited ROS generation in zebrafish embryos

In vitro cell-free assays showed that DCF fluorescent intensity de-
creased slowly when the exposure concentration of N-GQDs increased,
but USGO induced very high fluorescence, even at the lowest con-
centrations (0.5 μg/mL) (Table 2), implying that N-GQDs possessed the
weak potential for ROS generation. In vivo bioassays revealed the si-
milar changes of ROS levels in N-GQDs exposed zebrafish. Further,
when the exposure time was prolonged, ROS levels decreased sig-
nificantly in N-GQDs exposed zebrafish (Fig. 4). In contrast, at the same
exposure concentrations, USGO induced stronger fluorescent intensity
than N-GQDs and control zebrafish at 4 dpf, but quickly decreased at 5
dpf, when compared to control groups.

3.5. N-GQDs selectively inhibited antioxidant enzyme activities

In vitro cell-free assays demonstrated that N-GQDs can compete with
CAT for decomposing H2O2, while USGO has no significant inhibitory
effects on CAT activities (Fig. 5A). Compared to control and USGO
exposed zebrafish, CAT activities in N-GQDs decreased slowly in a
concentration-dependent manner, and reduced to a significant level in
100 μg/mL N-GQDs treated groups, indicating that N-GQDs can com-
petitively inhibit CAT to decompose H2O2. Instead, CAT activities in-
creased significantly in 100 μg/mL USGO exposed zebrafish (Fig. 5B). In

Table 1
Primers used for quantitative real-time PCR in this study.

Gene name Accession No. Forward primer (5′–3′) Reverse primer (5′–3′) Amplified length (bp)

β-actin NM_131031 ACGAGAGATCTTCACTCCCCT TGCCAACCATCACTCCCTGA 189
cat NM_212846 GCAGAGGGCTTTGATTGTGT AATCACGATGGTCAGGCAGT 259
hbbe2 NM_212846 GACATCAAGAACACCTACG AGAGCAGAGACAACAACA 185
cyp1a NM_131879 AAGTTGGAAGGCGAGAAGG GCCAGGAACAGGAAGACTTC 95
ahrr1 NM_001035265 TTACTGGACAGCACCTCT GGCTCCTCATCTTCAGATC 172
ahrr2 NM_001033920 GCTTCCACAAACACAACT TCTCATCATCCACTTCATACT 81
mpx NM_212779 TCGTGTCAATGAGAATCCT CCTACAATTAGTGGCAAGTATT 192
tfa NM_001015057 CGATATGATTGAGAGGACCTA TATGACTGTTTGATGTGTTTGA 127
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vivo assays showed that SOD activities were also repressed in N-GQDs
exposed zebrafish, and decreased to a significant level, when the ex-
posure concentration of N-GQDs was 100 μg/mL (Fig. 5C), but SOD
activities were remarkably elevated in 100 μg/mL USGO exposed

zebrafish. Interestingly, we found that GPx activities in N-GQDs ex-
posed zebrafish increased significantly when compared to the other two
treatments, and no significant differences were observed between
control and USGO exposed groups (Fig. 5D). Unlike SOD and GPx that

Fig. 1. Surface characterization of N-GQDs and USGO. (A–B) TEM and AFM images of N-GQDs (scale bar = 20 nm). The inset in Fig. 1A shows the lateral size
distribution (counted number: 100) and the inset in Fig. 1B demonstrates the height size distribution. (C–D) TEM and AFM images of USGO (scale bar = 100 nm). (E)
Zeta potential of USGO and N-GQDs in three mediums, including ddH2O2, 1 × PBS (pH 7.4), and DMEM, each treatment was performed for three replicates
(Mean ± SEM). (F) and (G): XPS characterization of USGO and N-GQDs.
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are polymorphic in genetic structures and possess more than two iso-
forms in zebrafish, CAT is translated from only one transcript, in-
dicating that the transcription levels of catalase (cat) are stably ex-
pressed than the other two antioxidant enzymes. Accordingly, qPCR
was performed to check the cat expression levels in parallel with the
enzyme activities assays. The result showed that cat mRNA levels were
not significantly changed in N-GQDs exposed zebrafish at 3 dpf, but
greatly decreased after exposure to N-GQDs for 6 d, which showed a
concentration-dependent effect; however, USGO revealed no regulatory
effects on the cat expression levels (Fig. S3).

3.6. N-GQDs exerted inhibitory effects on mitochondrial respiratory chains

Mitochondrial respiratory chains (MRCs) are an orchestra of protein
complexes that are responsible for transferring electrons from donor
molecules to acceptor molecules via the redox reaction. There are three
important proton pumps simultaneously operating in MRCs: complex I,
complex III, and complex IV, which function as ion carriers to reduce

molecular oxygen to water. Here we found that all enzyme activities in
the two MRCs of complex I complex II, and complex III were relatively
reduced in N-GQDs exposed groups, but the enzyme activities of com-
plex IV were not markedly changed after N-GQDs treatment. On the
contrary, the relative enzyme activities of the three enzymes were
greatly elevated in USGO exposed groups (Fig. 6).

3.7. N-GQDs selective repressed hemoprotein activities

Hemoglobin (Hb) is a member of a superfamily of hemoproteins that
are involved in the transportation of oxygen (O2) in vertebrate organ-
isms [51]. Elevated levels of hemoglobin are usually associated with an
increase of red blood cells [52]. Besides functioning as an oxygen car-
rier, Hb is proved to have the capacity of redox chemistry, especially
under some unfavorable stresses [53]. At 36 hpf, the rust-colored pre-
cipitates marking for Hb levels were found much less in N-GQDs ex-
posed zebrafish than that in control and USGO exposed zebrafish. Ac-
cordingly, the mRNA levels of hemoglobin-2 (hbbe2) were also detected

Fig. 2. Developmental indices of zebrafish exposed to N-GQDs and USGO. (A–D) Statistical results of hatching rates (96 hpf), mortality rate (96 hpf), heart rate (96
hpf), and malformation rate (120 hpf) of zebrafish after exposure to N-GQDs and USGO at different exposure concentrations. Images showed zebrafish larvae in the
control group (E), 100 μg/mL N-GQDs group (F), and 100 μg/mL USGO group (G). The black arrow indicated the developmental malformation (bent spine, BS) in N-
GQDs exposed zebrafish at 120 hpf.
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to be significantly up-regulated in N-GQDs exposed zebrafish based on
WISH results (Fig. 7A). Further, when the exposure time extended to 6
dpf, hebb 2 mRNA levels maintained a relatively low expression level
when compared to the other two treatments (Fig. 7B). In addition, we
checked two typical hemoproteins: myeloperoxidase (mpx) and one
cytochrome P450 monooxygenase (cyp1a), which are responsible for
producing hypohalous acids against microbes and metabolizing various
physiologic and xenobiotic organic compounds, respectively. Here we
confirmed by WISH that the mRNA levels of mpx mainly expressed in
the hindbrain, spinal cord, as well as the cardinal veins. However, the
staining in the posterior cardinal vein was greatly reduced in N-GQDs
exposed zebrafish at 3dpf and 4 dpf, respectively (Fig. 7C), and did not
recover the normal expression levels at 6 dpf (Fig. 7F). However, the
expression level of cyp1a was identified to be slightly induced in livers
in both NPs exposed zebrafish at 3 dpf (Fig. 7D), and remained to be

highly activated at 6 dpf (Fig. 7F). The higher activation levels of Cyp1a
were also examined in the transgenic zebrafish Tg (cyp1a: eGFP) after
exposure to N-GQDs (Fig. S4). In addition, the transcriptional levels of
ahrr1 and ahrr2 were found to be significantly changed after exposure
to NPs, implying the formation of AhR/AhRR feedback loop model
occurred in NPs exposed zebrafish (Fig. 7F).

Based on the above analysis, we investigated the total iron binding
capacity using a molecular marker, transferrin a (TFA). At 3dpf, the
result of WISH showed that there were no significant changes of tfa
mRNA levels between control and NPs exposed zebrafish (Fig. 7E), but
qPCR results demonstrated that tfa mRNA levels increased sharply after
exposure to N-GQDs for 6 d (Fig. 7F).

Fig. 3. Distribution of N-GQDs and FITC-
BSA labeled USGO (FITC-USGO, 1 mg/mL)
in zebrafish embryos at 48 hpf and 72 hpf.
(A) Zebrafish embryos at 48 hpf after ex-
posure to 100 μg/mL N-GQDs solution.
White arrows indicated the permeable ef-
fects of N-GQDs around the circulatory
system (TA: tail artery, CCV: common car-
dinal vein, IBV: intersegmental blood
vessel). Images were captured under the
inverted fluorescence microscope, scale
bar = 250 μm a1-a4 showed the whole and
regional profiles of the wild-type zebrafish
embryos under the excitation of 380 nm
wavelength with or without NPs treatment.
a1 and a3: control zebrafish; a2 and a4: NPs
exposed zebrafish. (B) The dynamic changes
and permeable effects of N-GQDs in trans-
genic zebrafish embryos (fli: eGFP) at 72 hpf
after exposure to 100 μg/mL N-GQDs. White
arrows indicated the dynamic flow of N-
GQDs along the dorsal aorta (DA). Images
were real-time captured under 10ΧCLSM.
b1-b3: control zebrafish, b1 and b2 were the
images captured under the excitation of
480 nm and 405 nm wavelength, respec-
tively, and b3 was the merged image of b1
and b2. b4-b6: NPs exposed zebrafish em-
bryos. and b4-b6 were acquired under the
same conditions to b1-b3. (C–F)
Visualization of FITC-labeled USGO in zeb-
rafish embryos at 48 h and 72 h under
10ΧCLSM. The green fluorescent spots in-
dicated by white arrows showed the bio-
distribution of USGO in zebrafish. C and E
were both control zebrafish embryos at 48 h
and 72 h, respectively. D and F were NP
exposed zebrafish embryos at 48 h and 72 h,
respectively. d1-d3 and f1-f3 indicated the
biodistribution of the FITC-labeled USGO in
zebrafish embryos at 48 h and at 72 h, re-
spectively. (For interpretation of the refer-
ences to color in this figure legend, the
reader is referred to the Web version of this
article.)

Table 2
NPs induced ROS signals via cell-free assay.

Treatment Control E3 N-GQDs USGO

0.5 μg/mL 1 μg/mL 2 μg/mL 4 μg/mL
DCF fluorescence (units)

Data ± SEM
23, 366 ± 4, 567 24, 446 ± 3, 256 20, 399 ± 945

68, 823 ± 7, 657
24, 167 ± 2532
95, 235 ± 13, 782

23, 696 ± 1, 935
122, 329 ± 9, 017

20, 457 ± 645
186, 125 ± 22, 338
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3.8. N-GQDs induced higher levels of apoptosis than USGO

The observation of white paraffin-embedded section under the UV
light excitation revealed the accumulative effects of N-GQDs in zebra-
fish embryos at 96 hpf, mainly distributing in the yolk sac, the region
near to eyes and along the intestinal tract (red arrows in Fig. 8A: a4),
most of which were basically in accordance with the earlier findings
obtained in this study (Fig. 3A–B). The accompanied tunnel assays
showed that both NPs exposed zebrafish underwent apoptosis, but N-
GQDs induced more apoptosis (indicated by brown granules) in the
areas of the hindbrain, hindgut, and around the notochord than that in
USGO exposed zebrafish at the same exposure concentration (100 μg/
mL) (Fig. 8A: a3). USGO induced apoptosis mainly aggregating in the
regions around eyes and also along the foregut (Fig. 8A: a5), which is
basically in agreement with USGO biodistribution in zebrafish embryos
(Fig. 3D and F). The result of AO/EB staining further confirmed that N-
GQDs caused considerable apoptosis at 100 μg/mL than the other two

treatments in zebrafish, and apoptosis was observed between dorsal
stripe and ventral strip at 96 hpf, mainly covering the intersected re-
gions of the tail artery and caudal veins (Fig. 8B). Accordingly, tunnel
assays and A/B double staining further strengthen the findings of NPs
mediated apoptosis in different regions of zebrafish body: region-1
(R1), region-2 (R2), and region-3 (R3) (Fig. 8C). Statistical data showed
that both NPs had adverse effects on R1 and R3, and only N-GQDs exert
significantly toxic effects on R2. Comparatively, N-GQDs induced more
apoptosis than USGO in R3 (Fig. 8C and Fig. S5-S6). WB analysis
showed concentration-dependent effects of N-GQDs on the expression
of Casp8 and Casp3, and N-GQDs induced relatively higher expression
levels of Casp8 and Casp3 than USGO at the same exposure con-
centration (Fig. 8D–E).

Fig. 4. In vivo ROS levels in zebrafish embryos exposed to N-GQDs and USGO.
Statistical comparison of the absolute fluorescence (units) in embryonic cells
exposed to both NPs. Zebrafish embryos at 3, 4, and 5 dpf that exposed to the
concentration gradient of NPs solution (0-25-50-100 μg/mL) were collected for
ROS detection. Each exposure concentration was performed for three replicates
(n = 35 individuals per replicate). Significant analysis among various treatment
was performed by means of one way ANOVA, ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001.

Fig. 5. Enzymatic activities assays for CAT, SOD, and
Gpx. (A) In vitro cell-free assays for the detection of
CAT activities when catalase mixed with hydrogen
peroxide (H2O2), and supplemented with various con-
centrations of NPs. a1: control (E3 solution), a2:
control + 50 mM H2O2, a3: catalase solution (20 U/
mL) + 50 mM H2O2; b1: catalase solution (20 U/
mL) + 50 mM H2O2 + 25 μg/mL N-GQDs, b2: catalase
solution (20 U/mL) + 50 mM H2O2 + 50 μg/mL N-
GQDs, b3: catalase solution (20 U/
mL) + 50 mM H2O2 + 100 μg/mL N-GQDs, b4: cat-
alase solution (20 U/mL) + 50 mM H2O2 + 200 μg/
mL N-GQDs, b5: 50 mM H2O2 + 200 μg/mL N-GQDs;
c1: catalase solution (20 U/mL) + 50 mM
H2O2 + 25 μg/mL USGO, c2: catalase solution (20 U/
mL) + 50 mM H2O2 + 50 μg/mL USGO, c3: catalase
solution (20 U/mL) + 50 mM H2O2 + 100 μg/mL
USGO, c4: catalase solution (20 U/mL) + 50 mM
H2O2 + 200 μg/mL USGO, c5: 50 mM H2O2

+ 200 μg/mL USGO. (B–D) showed the activities of
CAT, SOD, and GPx in control and NPs exposed zeb-
rafish at 6 dpf, respectively. Data were represented as
Mean ± SEM, and independent-samples t-test was
used to compare control and NPs treated groups. Each
concentration was performed for three replicates
(n =50 embryos per replicate), ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001.

Fig. 6. Enzymatic activities assays for mitochondrial respiratory chain complex.
Each concentration was performed for three independent replicates (n = 50
embryos per replicate). Values were calculated by the ratios between treated
and control groups, which are indicated by Mean ± SEM.
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4. Discussion

GQDs hold great promises for its huge extensive applications in
bioengineering, such as bioimaging, biosensors, drug delivery, and anti-
cancer adjuvants. The accurate biosafety evaluation of GQDs using in

vivo system can assist us to unveil the potential molecular perturbation
induced by these NPs. Therefore, the current study showed that N-GQDs
have strong peroxidase-like activities in eliminating free radicals and
selectively inhibiting the endogenous antioxidant enzyme activities.

The surface characterization showed that N-GQDs inherit some

Fig. 7. Molecular detection of Hb, hbbe2, mpx, cyp1a,
tfa, and ahrr in NPs exposed zebrafish at different time
points. (A) The changes of Hb (o-dianisidine) and its
mRNA expression levels in zebrafish embryos exposed
to NPs at 36 hpf. (B) The mRNA expression levels of
hbbe2 in zebrafish exposed to NPs at 6 dpf. (C) The
mRNA expression levels of mpx in zebrafish exposed
to NPs at 2 dpf and 3 dpf, respectively. (D) The mRNA
expression levels of cyp1a in zebrafish exposed to NPs
at 3 dpf. (E) The mRNA expression levels of tfa in
zebrafish exposed to NPs at 3 dpf, and black arrows
indicated the expressed regions of tfa. (F) The mRNA
expression levels of cypa 1, ahrr1, ahrr2, mpx, and tfa
in zebrafish exposed to NPs at 6 dpf. Comparative
analysis of gene expressions between NPs and con-
trols was statistically performed by independent-
samples t-test, and values were represented by
means ± SEM, ∗p < 0.05, ∗∗p < 0.01.

Fig. 8. Molecular detection of Hb, hbbe2, mpx, cyp1a, tfa, and ahrr in NPs exposed zebrafish at different time points. (A) a1 (control), a3 (N-GQDs), and a5 (USGO)
were the photographs of tunnel assays for NPs exposed zebrafish at 72 hpf,. a2, a4, and a6 were the images of white paraffin-embedded slices under UV excitation
wavelength (330–380 nm). (B) AO/EB double staining indicated the apoptosis induced in zebrafish embryos that exposed to NPs (100 μg/mL) for 72 h under
10 × CLSM. Comparison between control and treatment was carried out by independent-samples t-test, and values were represented by means ± SEM, ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001. (C) Statistical results of NPs induced apoptosis in different regions in zebrafish: R1 (green dot line), R2 (red dot line), and R3 (yellow dot
line). (D) Western blotting for Casp8 and Casp3a in zebrafish after exposure to NPs for 6 d. (E) Casp8 and Casp3 were normalized against β-Tubulin according to the
intensity of the WB bands. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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physicochemical properties from parent G [10], and also share fluor-
escent characters with other sources of GQDs [5] (e.g. nitrogen-free
GQDs). However, N-GQDs emit intense blue PL that is totally different
from the green PL of their nitrogen-free counterparts [54]. Except for
the size and surface effects of N-GQDs, the oxygen-rich functional
groups are an important contributor for its excellent blue luminescence
[54,55]. Therefore, the fluorescence enhancement effects rendered us
feasibility to determine the permeable effects of N-GQDs in zebrafish
embryos.

The low toxicity of GQDs was mainly confirmed using in vitro sys-
tems [15–22], but it is less reported for in vivo systems [22,33,56]. Also,
the systemic evaluations of GQDs remain largely unexplored due to the
limited detection of biochemical indicators in cells and mice. Moreover,
the toxicity data from various cohorts that exposed to GQDs are very
scarce. In contrast to murine models, zebrafish show more advantages
in phenotype observation, genetic manipulation, and sampling. In this
study, the developmental coordination between the N-GQDs exposed
and control groups showed a relatively high proportion of malforma-
tion-‘bent spine’ in N-GQDs treated zebrafish. The large-scale sampling
from different treatments provided the direct insight to the changes in
the levels of ROS and associated antioxidant enzymes (e.g, CAT, SOD,
and GPx), which are conventionally examined in vitro in previous stu-
dies.

CAT, SOD, and GPx in organisms, mainly act as antioxidant enzymes
to detoxify ROS signals including superoxide anion, hydrogen peroxide,
singlet oxygen, and hydroxyl radicals, which are usually generated as
the byproducts from cell metabolism [57–59]. It has been reported in
previous studies that G and its derivatives (CNTs and GO) can activate
the enzyme activities of CAT, SOD, and GPx in vitro or in vivo, all of
which were usually generated along with the large amount of ROS in-
duced by these NPs [60–70]. Here, we found that USGO basically in-
herited the biochemical properties from GO, which can stimulate ROS
generation and enhance in vivo antioxidant enzyme activities.

Due to the intrinsic antioxidant enzyme-like catalytic activities, N-
GQDs have been proven effective in scavenging free radicals and
thereby protecting cells against oxidative damages [55,71]. Our find-
ings revealed that N-GQDs cannot trigger ROS signals, instead of re-
tarding its generation in vivo system, in contrast to the characters of GO.
The side effects of N-GQDs on antioxidant enzyme cannot be ignored,
and the previous reports indicated that the appropriate concentrations
of H2O2 can induce the gene expression related to development, re-
production and regeneration in zebrafish [72,73]. Furthermore, we
found that N-GQDs selectively exerted inhibitory effects on the anti-
oxidant enzyme, and then likely affect the natural immune system.
Some previous studies have shown that few anti-inflammatory drugs
(e.g, indomethacin) used for scavenging free radicals could imperil the

endogenous peroxidase, leading to the irreversible injuries in vivo sys-
tems [74,75]. In vitro assays indicated that the catalytic activities of
CAT on hydrogen peroxide were directly inhibited by N-GQDs, im-
plying that the valence stage change of iron ions (Fe (III)-E→ Fe (IV)-E
(.+)→ Fe (III)-E) was heavily disrupted by N-GQDs. We also discovered
that CAT activities and mRNA expression levels of cat were restrained in
N-GQDs exposed zebrafish. Similarly, CAT, SOD, Hb, MPO, and the
mitochondrial redox carriers (complex I, complex II, and complex IV)
were significantly inhibited by GQDs in term of their enzyme activities
or transcription levels. Generally, these antioxidant enzymes depressed
by N-GQDs are basically the members of hemoprotein superfamily
(Heme Protein Database: http://hemeprotein.info/heme.php). Hemo-
proteins are a large class of metalloproteins, which contain a heme
prosthetic group and are chemically structured by an ‘irons cation’
encompassed by ‘porphyrin bases’. Thus, the antioxidant activities of
hemoproteins are greatly determined by the oxidation state of iron ion
[76]. Accordingly, we identified the high expression level of transferrin
a, which is associated with the total iron binding capacity in blood
plasma [77]. It can be deduced that the free iron ions released from TFA
decreased, and then likely caused adverse effects to the synthesis of red
blood cells. The high levels of TFA are usually the risk index for hy-
poferric anemia, acute viral hepatitis, and hepatic necrosis [78].
However, some antioxidant enzymes, such as GPx and CYP1A, are
highly activated by N-GQDs. GPx is a selenium-containing enzyme,
which is responsible for the reduction of lipid hydroperoxides and hy-
drogen peroxide [59]. Like GO and CNTs, N-GQDs can promote in vivo
GPx activities, suggesting that the charge-transfer state of GSH→ GS-SG
induced by N-GQDs was different from those iron-containing perox-
idases, and the underlying biochemical mechanisms remain to be in-
vestigated in the future. P450 monooxygenases are also the members of
the hemoprotein superfamily, whose main role is to metabolize various
physiologic and xenobiotic organic compounds [79]. It is well known
that GQDs share the aromatic structure with G and GO. Our study
showed that both N-GQDs and USGO can induce high expression levels
of cyp1a, suggesting that these NPs were effectively metabolized by
P450 monooxygenases via the canonical AhR signaling pathway, which
was shown in the previous studies [10,80]. Furthermore, the activation
of ahrr1 and ahhr2 implied that NPs can directly act as the mimic li-
gands to bind with aryl hydrocarbon receptor (AhR) and accelerate the
expression levels of P450 monooxygenases (Fig. 9).

5. Conclusion

Our results provide preliminary evidence of the potential adverse
effects of N-GQDs in vivo system. Although derived from GO, N-GQDs
do not inherit most toxicity mechanisms from its parent and develop
specific biological effects using in vivo system. We here reported the
fluorescence enhancement effects and bio-accumulative effects of N-
GQDs in zebrafish models, and revealed that N-GQDs could perturb the
endogenous antioxidant enzyme system via transcriptional or post-
transcriptional repression of antioxidant enzymes. Since the antioxidant
enzyme system is the key complex underlying the natural immune
system to resist dangerous xenotics, it should be careful about the
disturbing effects of nanoparticles on organisms. Thus, a better under-
standing of the molecular mechanism of various types of GQDs can
contribute to developing more biocompatible GQDs for biomedical uses
in the future.
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