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Abstract

Background
Graphene quantum dots (GQDs) have been broadly applied in biomedicine in recent years, and their
environmental exposure and toxicological impacts have raised increasing concerns. The nanosafety
assessment on the nervous system is one of the most important aspects, and potential effects of GQDs
on neurodevelopment and the underlying mechanism are still elusive. In this study, the neural
developmental toxicities of hydroxylated GQDs (OH-GQDs) and amino functionalized GQDs (NH2-GQDs)
were investigated using the mouse embryonic stem cells (mESCs).

Results
The results revealed that OH-GQDs signi�cantly inhibited the ectoderm development, and reduced the
neural precursor formation and neurogenesis during the neural differentiation of the mESCs. The
exploration on the mechanism uncovered that the increased enrichment of H3K27me3 at the promoter
region of the Smad6 gene was involved in histone modi�cation-activated BMP signal pathway, which
consequently in�uenced its regulatory effects on neural differentiation. Additionally, OH-GQDs elicited
stronger effect on inducing the imbalance of histone modi�cation, and resulted in higher latency of
neural differentiation disturbance than did NH2-GQDs, suggesting surface functionalization-speci�c
effects of GQDs on neurodevelopmental toxicity.

Conclusion
This study would provide new insights in not only the adverse effects of GQDs on neurodevelopment, but
also the in�uence from the chemical modi�cation of GQDs on their bioactivities.

Background
With the rapid development and application of graphene quantum dots (GQDs), their exposure to the
environment and human has been increasing in recent years [1]. Given the intentional or unintentional
release of nanoparticles into the environment during their life cycle (e.g., during fabrication, use and
disposal), the biological effects of these materials have attracted public attention [2, 3]. The currently-
available studies have revealed the biosafety of GQDs, due to their low cytotoxicity in cell experiments [4,
5]. Moreover, to meet the needs of different applications, GQDs would be modi�ed with abundant
functional groups and used for supramolecular recognition [6]. For example, the amino groups can be
covalently bonded to GQDs (NH2-GQDs), facilitating the transformation from the ammonium moiety to
the conjugated structure, making GQDs a more appropriate probe with superior sensitivity, selectivity,
rapidity, and applicability [7]. Functionalizing GQDs with the hydroxyl group helps in the reverse of
photoionization, improves surface stability, and increases the �uorescent yield-producing hydroxylated
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GQDs (OH-GQDs) [8, 9]. However, the presence of functional groups might provide active sites for the
subsequent occurrence of various biological reactions, and changes in the surface characteristics could
enhance the risk uncertainty during the interaction of GQDs with organisms [10]. Therefore, it is urgent to
study the biosafety of different chemically-modi�ed GQDs.

The fetal origin of adult disease (FOAD) hypothesis proposes that an unfavorable environment during
developmental stages can cause an increased risk of disease in adulthood [11]. Environmental irritants
induce neurological damage and disease occurrence not only from direct exposure to adult
proprioception, but may also be related to early neurodevelopmental changes. Nanoparticles have been
reported even with the diameter of up to 240 nm were able to cross the blood-placenta barrier [12],
including GQDs which can easily enter the target organs of the human body, affect germ cells [13] or
affect embryonic development [14, 15, 16], and even cross the blood-brain barrier to reach and
accumulate in the central nervous system (CNS) [17, 18], showing its potential reproductive and
developmental toxicity. In addition, low-dose of N-GQD exposure could trigger microglial in�ammation
and induce mitochondrial iron death, while exposure to NH2-GQD affected the olfactory transduction and
GABAergic processes through several classic signaling pathways, including mTOR, ErbB and MAPK [19].
Meanwhile, some other arti�cial nanoparticles, such as titanium dioxide [20], silver [21], aluminum [22],
and ultra�ne particles [23] could also induce neurological developmental abnormalities, such as
abnormal neurobehavior and axon growth in the offspring. These available data suggest that
neurodevelopmental changes could be vulnerable to nanoparticle exposure, which offered an important
aspect for studying the potential neurotoxicity of GQDs.

The development of the nervous system is a complex process, which is precisely regulated by a variety of
factors, and its underlying mechanism study is challenging. To circumvent these obstacles, the
technology of embryonic stem cells (ESCs) differentiation model provides powerful tools [24]. The ESCs
can differentiate into various tissue cells under certain conditions, and the neural differentiation of the
ESCs offer an important research window for exploring the mechanism for early development of nerves.
In light of the importance of epigenetics in modulating ESC proliferation and differentiation fate, the
entanglement of epigenetic mechanisms would be possible in GQD-induced biological effects on ESCs.
Histone modi�cations closely relate to a mechanism of heritable changes in gene expression without
changing DNA sequence, and is of proven importance in governing ESC pluripotency and differentiation
[25]. Nevertheless, whether histone modi�cations are attributable to GQD-in�uenced neural differentiation
of the ESCs remains to be determined.

Herein, based on the establishment of the neural differentiation model from the mouse ESCs (mESCs),
the neurodevelopmental toxicities of two kinds of GQDs with the functional groups of hydroxyl and
amino (i.e. OH-GQDs and NH2-GQDs) were investigated, and the underlying histone modi�cation-based
mechanism was explored. The study attempted to provide new experimental evidences on the potential
neurodevelopmental toxicities risk from the exposure to arti�cially-engineered GQDs.

Results And Discussion
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Characterization of GQDs
The characterization for the physicochemical properties of GQDs showed that both OH-GQD and NH2-
GQD solutions emitted blue �uorescence under UV irradiation (Fig. 1A). The �uorescence spectrum
scanning indicated that the maximum emission wavelength (λemission) was 425 nm for OH-GQD and NH2-
GQD, when the excitation wavelengths (λexcitation) were controlled at 360 nm and 350 nm, respectively
(Fig. 1B). NH2-GQDs had relatively higher �uorescence e�ciency than OH-GQDs. The morphological
observation of both GQDs under the TEM displayed the similar spherical particles with well-resolved
lattice fringes, and the average sizes were around 3 ~ 5 nm (Fig. 1C). The negatively-charged surfaces
were found for these two test GQDs in cell culture medium, which could be attributed to the ionization of
the oxygen-containing groups on GQD surfaces (Fig. 1D). The hydrodynamic diameter of OH-GQD and
NH2-GQDs were 237.50 nm and 167.93 nm, respectively (Fig. 1D), which were much larger than the
particle sizes observed under the TEM (Fig. 1C), possibly due to the protein corona formation on the
particles [26].

Cytotoxicologial effects of GQDs on the mESCs
To evaluate the cytological responses of the mESCs to two types of GQD exposure, the cytotoxicity was
�rstly measured, and the results showed that more than 80% of the cell viability remained under the test
GQD concentrations (50 µg/mL or below) and exposure durations (24 h or 48 h) (Fig. 2A). The EdU
incorporation assay showed that GQDs elicited little impact on the cell proliferation (Fig. 2B), which was
consistent with the results from cell viability assay. The mESC colonies from different groups exhibited
dark red after the AP staining (Fig. 2C), indicating neither OH-GQDs nor NH2-GQDs affected the self-
renewal property of the mESCs. These data were consistent with the previous �nding [16], the surface
functional groups of the test GQDs were different though.

In�uences of GQDs on the tridermic development of the
mESCs
A few studies based on germ cell and zebra�sh models have reported GQDs might interfere with embryo
development [14, 15], yet the consistent conclusions about the developmental toxicity of OH- or NH2-
GQDs have not been reached. To address that question, the in vitro differentiation of the mESCs was
performed in the presence of OH-GQDs or NH2-GQDs (0, 1, 10 µg/mL) for 4 or 9 days, and the analysis of
the transcriptional expressions of the biomarkers for mesoderm (Mesp1, Brachyury (T)), endoderm
(Gata6, Sox17), and ectoderm (Fgf5, Krt14) in the control groups showed that they were signi�cantly
increased along with the progress of the differentiation (p < 0.05, 0.01 or 0.001, Fig. 3), suggesting the
successful embryoid body (EB) modeling. Nevertheless, the temporal variations were observed for some
of the biomarkers like T and Fgf5, con�rming the intricate regulation of the tridermic transcription
network during the differentiation process.
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In concern of GQD-induced effects, exposure to 10 µg/mL OH-GQD caused the signi�cant induction in the
mRNA levels of Mesp1 and Gata6 (p < 0.05 or 0.01, Fig. 3A, 3B), but decreased the transcriptional
expression of Fgf 5 (Fig. 3C). Of noteworthy, the inconsistent alterations were observed in the biomarkers
for the three germ layers, as no signi�cant changes were observed for T, Sox17 or Krt14 in any of OH-GQD
exposure groups (p > 0.05, Fig. 3). The stimulation of the cells by 10 µg/mL NH2-GQDs caused the
signi�cant increase in Mesp1 on day 4, and decrease in T and Krt14 on day 9 (p < 0.05 or 0.01, Fig. 3A,
3C). The disturbances in the tridermic development caused by these two GQDs showed their potential
developmental toxicities, and the similar modulations on the ESC differentiation were also reported for
some other environment pollutants, like arsenic trioxide [27], nicotine [28], etc. The consistent exposure
concentration-dependent decreases in both Fgf5 and Krt14 induced by OH-GQDs at different time points
(Fig. 3C) suggested the substantial interference in the ectodermal differentiation of the mESCs.

The inhibition of OH-GQDs on the neural differentiation of
the mESCs
The ectoderm is the key initiating player in the embryogenesis of the CNS, which can be sub-specialized
to form the neural ectoderm, and subsequently give rise to the brain, spinal cord, and peripheral nerves
[29]. Previous studies have showed GQDs could reach and accumulate in the central nervous system
(CNS) by passing through the blood-brain barrier, and result in severe neuronal disorders [17, 18]. The
neurological injury might also be caused by the neurodevelopmental alterations induced by GQDs during
the early stage of embryogenesis.

As evidenced by the disturbed ectoderm development due to OH-GQD exposure (Fig. 3C), the monolayer
neural differentiation of the mESCs to the neural progenitor cell (NPCs) was further investigated for 12
days. The obvious morphological changes characterized by the neuro�lament formation in Additional �le
1: Figure S1 con�rmed the neural differentiation process was practically ongoing. The transcriptional
analysis of the biomarkers for the neural precursor (Sox1, Sox3, Pax6) and neurogenesis (Map2, NeuroD,
Dcx) in the control groups showed that they all gradually increased along with the neural differentiation
of the mESCs, further demonstrating the substantial differentiation of the mESCs into the nerve cells
(Fig. 4).

In the regard of GQD exposure, signi�cant decreases were observed for Sox1, Pax6, Map2 and NeuroN on
differentiation day 12 in the cells with OH-GQD treatments (p < 0.01 or 0.001, Fig. 4), the slight stimulation
was observed on differentiation day 6 though. Different from OH-GQDs, NH2-GQDs showed no signi�cant
in�uence on the test biomarkers for the neural precursors or neurogenesis (p > 0.05, Fig. 4).

To further testify the consequence from GQD exposure on neural differentiation, the immunostaining of
the neuro�lament biomarkers, including Map2 and β-tubulin, was performed for the cells after 12-day
differentiation, and the control group showed the extensive neuro�lament connections probed by the
green �uorescer (Fig. 5A), con�rming the successful neural differentiation. In OH-GQD treatment, the
reduced Map2 and β-tubulin expressions were indicated by relatively less numbers of green �uorescer-
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probed synaptic contacts, in comparison with those in the control group (Fig. 5A). The western blotting
analysis of Map2 also showed the signi�cant reduction of this protein level in the differentiated cells
following 12-day OH-GQD exposure at the concentration of 10 µg/mL (p < 0.05, Fig. 5B). Distinct from OH-
GQDs, the exposure to NH2-GQDs did not compromise the neural differentiation of the mESCs, as
evidenced by the unchanged expressions of Map2 and β-tubulin from both the immunostaining assay
and western blotting analysis (Fig. 5). The above results for the protein biomarker analysis were well
consistent with the transcriptional data in Fig. 4.

It is known that Map2 plays a critical role in regulating cytoskeleton dynamics [30], and the inhibition of
Map2 expression induced by OH-GQDs suggested that this kind of nanoparticle could in�uence the
neurite outgrowth and synaptic plasticity. Likely, silver nanoparticles were also reported to induce
toxicities to the neuron and astrocyte network though disrupting Map2 expression [31], suggesting the
dysregulation of Map2 could be involved in some nanoparticles-induced neurotoxicities.

The Effect of OH-GQDs on the Histone Modi�cation-
Activated BMP Signaling
It is well known that the bone morphogenetic protein (BMP) belongs to the transforming growth factor
(TGF-β) superfamily, which is not only directly related to early neural fate determination, but also plays a
very important role in the proliferation and differentiation of the neural stem cells and the formation of
various subtypes of cells in the nervous system [32]. The BMP signaling pathway was thus further
interrogated to reveal the mechanism underlying OH-GQD-compromised neural differentiation. The
transcriptional analysis of the major intracellular components in BMP signaling (i.e. Smad6, Smad9 and
Id3) in the control groups showed that they were increasingly expressed along with the differentiation
duration (Fig. 6A). The evaluation for the phosphorylation of Smads revealed that the cellular level of p-
Smad1/5/9 was signi�cantly increased on differentiation day 12 (p < 0.001, Fig. 6B). These results
suggested the regulatory role of BMP signaling in different stages of neurodevelopmental process.

In terms of GQD exposure, OH-GQDs signi�cantly reduced Smad 6 expression on differentiation day 12 (p 
< 0.01), while they exhibited induction effects on the test biomarkers on differentiation day 6 (Fig. 6A).
However, no in�uence was observed following NH2-GQDs exposure (Fig. 6A). Similarly, the exposure to 10
µg/mL OH-GQDs caused the signi�cant decrease in the phosphorylation of Smads (p < 0.05), while NH2-
GQDs showed no effects (Fig. 6B).

Studies have shown that the BMP signaling pathway plays different, sometimes even opposite, roles in
different periods of neural differentiation [33]. The inhibition of BMP signaling is required during neural
induction [34], while it plays a positive regulatory role in the formation of neural precursor cells [35]. As
shown in Fig. 6A and 6B, OH-GQDs interfered with BMP signaling at different stages of neural
differentiation. Smad6, as a negative regulator of BMP signaling, is required for promoting NPCs to exit
the cell cycle and differentiate into neurons [36], and it also promotes the formation of Map2-expressed
cells [37]. The �ndings herein showed that the expressions of both Map2 and Smad6, together with the



Page 8/22

phosphorylation of Smads, were dramatically induced along with the neural differentiation process.
Nevertheless, OH-GQD exposure reduced the expressions of Map2, Smad6 and p-Smad1/5/9, causing the
consequent inhibition of the neural differentiation.

The histone apparent modi�cation has been found to regulate the BMP signaling pathway, and in�uence
the process of neurodevelopment [38]. The plausible molecular basis for OH-GQD-induced inhibition in
neural differentiation was thus explored by testing the histone modi�cation of Smad6. According to the
result from the ChIP-qPCR assay, the global H3K27me3 level within the promoter regions of Smad6 was
signi�cantly increased after the neural differentiation of the mESCs (p < 0.05, Additional �le 1: Figure S2),
accompanying with the increase in Smad6 expression during this process (Fig. 6A). As for GQD
treatments, neither OH-GQDs nor NH2-GQDs showed any in�uences on the global level of H3K27me3
(Additional �le 1: Figure S2). However, the enrichment of H3K27me3 at the promoter region of the Smad6
gene was signi�cantly increased following OH-GQD exposure (p < 0.05, Fig. 6C), which could explain the
consequent repression in Smad6 expression (Fig. 6A) due to the condensed enrichment of H3K27me3.

In the regard of surface functional modi�cation-related effect, OH-GQDs showed stronger effect on
inducing the imbalance of histone modi�cation and neural differentiation disturbance than did NH2-
GQDs, showing the potential role of the surface hydroxyl group on GQDs in delaying the neural precursor
formation. Previous studies also indicated that neurotoxic potential of the graphene family
nanomaterials followed the order: G-OH > G-NH2 [39]. The lower toxicity observed for NH2-GQDs herein
was consistent with the previous study that aminated graphene was more favorable for neurite outgrowth
and branching [40]. The amino group functionalization was capable of promoting the linkage between
graphene materials and organic molecules, and reducing the charge transfer to cells [41, 42], suggesting
the relatively high biological compatibility.

Conclusion
Altogether, OH-GQD and NH2-GQDs could affect the global differentiation of the mESCs, especially for
inhibiting the ectoderm development. Moreover, OH-GQD could selectively suppress Map2 expression
through histone modi�cation-regulated BMP signaling pathway by increasing the enrichment of
H3K27me3 at the promoter region of the Smad6 gene, resulting in the delayed neural precursor formation
and neurogenesis (Fig. 7). This study highlighted the importance in the biosafety evaluation of so called
low-toxic QDs to ensure an unbiased and mechanism-based risk assessment of nanoimpact.

Material And Methods

Materials
Two kinds of GQDs (i.e. OH-GQDs and NH2-GQDs) were purchased from Xianfeng Nanotechnology Co.,
Ltd. (Nanjing, China), and their suspensions in water (1 mg/mL and 20 mg/mL, respectively) were used
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as the stock solutions, and stored in the dark at 4 °C. The working solution was freshly prepared under the
sterile condition by diluting with the cell culture medium.

Characterization of GQDs
The morphology of the test GQDs was visualized, using a high-resolution transmission electron
microscopy (TEM, JEM-F20, Japan) at the acceleration voltage of 200 kV. Their zeta potentials and
hydrodynamic sizes in N2B27 medium at the concentration of 50 µg/mL were analyzed by a Malvern
Zetasizer Nano ZS (Malvern, UK) to accord with the cell experiments in the following studies. The
�uorescence spectrum of these two GQDs were scanned using a �uorescence spectrophotometer (F-
7000, Hitachi, Japan) at the excitation wavelength in the range of 340–410 nm.

Cell culture
The J1 mESCs (Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences) were
seeded on 0.1% gelatin (Millipore, USA) pre-coated 96-well, 12-well or 6-well plates at the densities of
1×104, 1×105, and 2×105 cells per well, respectively, and cultured in KSR medium at 37 ℃ under 5% CO2

for 12 h to obtain cell attachment on the plates. Then, the KSR medium was replaced with N2B27
medium for the proliferation and colony formation of the mESCs [43]. The experiments based on the
mESCs were performed by adding different concentrations of GQDs in N2B27 medium, and the duration
lasted for 24 h or 48 h. The naïve ESCs were also tested throughout the study as the undifferentiated
control for evaluating the neural committed differentiation process.

Cell viability
The mESCs cultured in 96-well plates were exposed to a series of concentrations of OH-GQDs or NH2-
GQDs (0, 1, 10, 50 µg/mL) for 24 h and 48 h, respectively. When the exposure was terminated, the cells
were incubated with the fresh N2B27 medium containing 10 µM alamarBlue (Thermo Fisher Scienti�c,
USA) for 2 h at 37°C in the dark, and the absorbance at the wavelength of 490 nm was recorded using a
microplate reader (VARIOSKAN FLASH, Thermo Fisher Scienti�c, USA). The non-cytotoxic levels of GQDs
based on the results of this assay were selected for the following mESC experiments.

EdU incorporation assay
The cellular proliferation of the mESCs was evaluated by EdU incorporation method. Brie�y, the mESCs
were exposed to different concentrations of GQDs (0, 1, 10 and 50 µg/mL) for 48 h, and the probe of EdU
(2.5 µM) was added to the exposure systems and incubated for 2 h to label the S-phase cells with DNA
replication. Then, the cells were harvested, �xed, permeabilized, and stained in accordance with the
manufacturer’s instructions (RiboBio, China). The quantitative analysis of apollo 567-labeled EdU-positive
cells in different exposure groups were examined using a �ow cytometry (NovoCyte, Agilent Technologies,
USA).

Alkaline phosphatase (AP) activity
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According to the previously-reported protocol [43], the mESCs were submitted to 48-h GQD exposure (0, 1,
10 and 50 µg/mL) in 12-well plates, and then �xed with citrate-acetone-formaldehyde buffer, incubated
with alkaline-dye mixture and �nally counterstained with hematoxylin solution using the AP kit (Sigma,
USA). The morphology of the cell colonies from different exposure groups was observed under the
inverted microscope (Olympus IX73, Japan), and the representative images were taken from different
visual �elds.

EB formation assay
In vitro differentiation of the mESCs into EBs was performed according to the protocol reported previously
[44]. Brie�y, the mESCs were passaged using 0.05% TrypLE express enzyme, seeded onto ultra-low
attachment 6-well plates (Corning, USA) at the density of 4⋅105 cells per well, and cultured in 2 mL of
differentiation medium containing 1 and 10 µg/mL OH-GQDs or NH2-GQDs. The controls without GQD
treatment were also designed, and the differentiation medium was replaced every other day during EB
formation. The EB samples were collected on differentiation day 4 and 9 for the subsequent
characterization of three germ layers using the quantitively polymerase chain reaction (qPCR) assay. The
mESCs were also tested as the undifferentiated control.

Neural differentiation of the mESCs
Brie�y, the mESCs (8×104 cells per well) were seeded onto 0.1% gelatin-coated 6-well plates, and cultured
in N2B27 medium consisted of 50% DMEM/F12 and 50% Neurobasal™ medium (Gibco, USA),
supplemented with 0.1% bovine serum albumin fraction V (Beyotime, China), 1× N2 supplement, 1× B27
supplement (Gibco, USA), 0.1 mM β-mercaptoethanol and 1% GlutaMax). The neural differentiation
media was changed every other day, and the exposure experiments were performed by culturing the
mESCs in the neural differentiation media, containing different levels of OH-GQDs or NH2-GQDs. The cell
samples exposed to 10 µg/mL GQDs were collected on differentiation day 2, 6 or 12 for nerve formation
and BMP signaling evaluation, using qPCR. The cells harvested from GQD treatments at different
exposure levels (0, 1, 10 µg/mL) on neural differentiation day 12 were submitted to immuno�uorescence
staining, chromatin immunoprecipitation (ChIP) analysis or western blotting. The mESCs were
concomitantly tested for the comparison with the neural differentiated cells.

Immuno�uorescence staining
The neural cells from the committed differentiation of the mESCs on day 12 were �xed, and incubated
overnight with MAP2 (1:50, Cell Signaling Technology, USA) or β3 Tubulin antibodies (1:50, Santa Cruz
Biotechnology, USA). Then the cells were immunoblotted with Alexa �uorescently-labeled IgG antibody
(1:1000, Proteintech, China) for 1 h, and �nally stained with DAPI. The representative images were
captured under different visual �elds using a �uorescence microscope (Olympus IX83, Japan).

The qPCR analysis
Total RNA samples were extracted from different treatments described above using the TRIzol Reagent
(Gibco, USA), and submitted to the synthesis of �rst-strand complementary DNA (cDNA) with a reverse
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transcription kit (BioRad, USA). The quanti�cation of the target gene expressions was carried out using
SYBR Green qPCR Master Mix (BioRad, USA) on Roche 480 Real-Time PCR system (Roche, USA). The
relative transcriptional levels of the biomarkers for EB formation (Mesp1, Brachyury T, Gata6, Sox17, Fgf5
and Krt14), neural differentiation (Sox1, Sox3, Pax6, Map2, NeuroN and Dcx) and BMP signaling (Smad6,
Smad9 and Id3) were normalized to that of GAPDH, using the method of 2−△△CT, and the primer
sequences for these test genes were listed in Additional �le 1: Table S1.

Western blotting assay
The cell samples after 12-day neural differentiation, together with the undifferentiated mESCs, were lysed
with RIPA solution (Solarbio, China). The extracted proteins were subsequently separated by the sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), and transferred to a PVDF membrane.
The target proteins were investigated by the overnight incubation of the membrane with the
corresponding primary antibodies, including anti-Map2, anti-Smad1, anti-p-Smad1/5/9, anti-H3K27me3
(1:1000, Cell Signaling Technology, USA) or anti-GAPDH (1:2500, Abcam, USA). The horseradish
peroxidases (HRP)-labeled secondary antibody (1:2500, ZSGB-BIO, China) were subsequently used. The
quantitative analysis of the target protein expressions was performed by adjusting with the
corresponding GAPDH levels.

Chromatin immunoprecipitation (ChIP) analysis
The ChIP analysis was performed to investigate the enrichment of H3K27me3 at the Smad6 promoter,
according to the manufacturer’s instructions (Cell Signal Technology, USA). The pair primer sequences for
the ChIP were listed in Additional �le 1: Table S1 for the binding site. Brie�y, the cells from different
treatments were �xed with formaldehyde to cross-link DNA and proteins. After the wash with cold PBS
twice, the cells were lysed with SDS buffer, and the genomic DNA was sonicated into fragments. After the
incubation with the antibodies against IgG or H3K27me3, DNA was puri�ed and ampli�ed by the speci�c
primers (Additional �le 1: Table S1) using qPCR assay.

Statistical analysis
All the experiments were independently performed for 3 times or more. The data from different treatments
were presented as the mean ± SE, and analyzed with one-way ANOVA followed by LSD's post hoc
analysis. The signi�cant differences were considered in all tests, when p value was less than 0.05, 0.01,
or 0.001.

Abbreviations
GQDs: Graphene quantum dots; mESCs: mouse embryonic stem cells; NH2-GQDs: amino functionalized
GQDs; OH-GQDs: hydroxylated GQDs; FOAD: The fetal origin of adult disease; CNS: central nervous
system; ESCs: embryonic stem cells; λemission: the emission wavelengths; λexcitation: excitation
wavelengths; EB: embryoid body; NPCs: neural progenitor cell; BMP: bone morphogenetic protein; TGF-β:
the transforming growth factor; TEM: transmission electron microscopy; AP: Alkaline phosphatase; qPCR:
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quantitively polymerase chain reaction; ChIP: chromatin immunoprecipitation; cDNA: complementary
DNA; SDS: sodium dodecyl sulfate; PAGE: polyacrylamide gel electrophoresis; HRP: horseradish
peroxidases.
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Figures

Figure 1

Characterization of OH-GQDs and NH2-GQDs. (A) The images for the GQDs under UV illumination. (B) The
�uorescence spectrum of GQDs under different excitation wavelengths. (C) The representative TEM
images of OH-GQDs and NH2-GQDs. (D) The zeta potentials and hydrodynamic diameters of OH-GQDs
and NH2-GQDs in cell culture medium.
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Figure 2

The cellular responses of the mESCs to GQD exposure (n = 3). (A) The cell viability by alamarBlue assay.
(B) The cell proliferation by EdU incorporation assay. (C) The AP activity. Scale bar = 200 μm. *p < 0.05,
**p < 0.01, or ***p < 0.001 versus the control.
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Figure 3

GQDs in�uenced the heterogeneous development of the mESCs (n = 3). The relative transcriptional
expressions of the gene biomarkers for three germ layers of endoderm (A), mesoderm (B), and ectoderm
(C). *p < 0.05, **p < 0.01, or ***p < 0.001 versus the controls at the corresponding time points. #p < 0.05,
##p < 0.01, or ###p < 0.001 versus the mESCs. 
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Figure 4

OH-GQDs compromised the neural differentiation of the mESCs (n = 3). The relative transcriptional
expressions of the gene biomarkers for neural precursors formation (A) and neurogenesis(B). The
exposure concentrations of the test GQDs were 10 mg/mL. *p < 0.05, **p < 0.01, or ***p < 0.001 versus
the controls at the corresponding time points. #p < 0.05, ##p < 0.01, or ###p < 0.001 versus the mESCs.
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Figure 5

OH-GQDs in�uenced the microtubule assembly during neural differentiation. (A) Immunostaining
analysis of Map2 and β-Tubulin expressions. Scale bar = 100 μm. The exposure concentrations of GQDs
were 10 mg/mL. The nuclei were stained by DAPI, and the target proteins were probed by FITC. (B)
Western blotting analysis of Map2 expression. The cells were harvested on differentiation day 12. *p <
0.05 versus the control group at on neural differentiation day 12. #p < 0.05, ##p < 0.01, or ###p < 0.001
versus the mESCs. 
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Figure 6

OH-GQDs affected BMP signaling pathway by disturbing histone modi�cation (n = 3). (A) The relative
transcriptional levels of Smad6, Smad9 and Id3. (B) The phosphorylation of Samd1/5/9. (C) Enrichment
of the H3K27me3 subunit to the promoter of Smad6 gene. IgG was used as a negative control in the ChIP
assay. The exposure concentrations of GQDs were 10 mg/mL for panel A and C, and the cells were
harvested on differentiation day 12 for Panel B and C. *p < 0.05, **p < 0.01, or ***p < 0.001 versus the
control group at on neural differentiation day 12. #p < 0.05, ##p < 0.01, or ###p < 0.001 versus the mESCs.
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Figure 7

Schematic diagram for surface modi�cation-speci�c neurodevelopment hazards of GQDs exposure.
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