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Abstract

Background: Given the tremendous potential for graphene quantum dots (QDs) in biomedical applications, a thorough
understanding of the interaction of these materials with macrophages is essential because macrophages are one of the
most important barriers against exogenous particles. Although the cytotoxicity and cellular uptake of graphene QDs were
reported in previous studies, the interaction between nuclei and the internalized graphene QDs is not well understood.
We thus systematically studied the nuclear uptake and related nuclear response associated with aminated graphene QDs
(AG-QDs) exposure.

Results: AG-QDs showed modest 24-h inhibition to rat alveolar macrophages (NR8383), with a minimum inhibitory
concentration (MIC) of 200 μg/mL. Early apoptosis was significantly increased by AG-QDs (100 and 200 μg/mL)
exposure and played a major role in cell death. The internalization of AG-QDs was mainly via energy-dependent
endocytosis, phagocytosis and caveolae-mediated endocytosis. After a 48-h clearance period, more than half of the
internalized AG-QDs remained in the cellular cytoplasm and nucleus. Moreover, AG-QDs were effectively accumulated
in nucleus and were likely regulated by two nuclear pore complexes genes (Kapβ2 and Nup98). AG-QDs were shown
to alter the morphology, area, viability and nuclear components of exposed cells. Significant cleavage and cross-linking
of DNA chains after AG-QDs exposure were confirmed by atomic force microscopy investigation. Molecular docking
simulations showed that H-bonding and π-π stacking were the dominant forces mediating the interactions between
AG-QDs and DNA, and were the important mechanisms resulting in DNA chain cleavage. In addition, the generation
of reactive oxygen species (ROS) (e.g., •OH), and the up-regulation of caspase genes also contributed to DNA cleavage.

Conclusions: AG-QDs were internalized by macrophages and accumulated in nuclei, which further resulted in nuclear
damage and DNA cleavage. It is demonstrated that oxidative damage, direct contact via H-bonding and π-π stacking,
and the up-regulation of caspase genes are the primary mechanisms for the observed DNA cleavage by AG-QDs.
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Background
Graphene quantum dots (QDs) are a zero-dimensional
graphitic nanomaterial with exceptional physical and
chemical properties and have inspired significant re-
search efforts since being firstly developed [1, 2]. Owing
to their stable photoluminescence, chemical inertness,
and compatible functionalization with biomolecules, gra-
phene QDs have been evaluated for their potential use
in biomedical applications such as bioimaging, biosens-
ing, and drug/gene delivery [3–5]. The cellular fate and
potential toxicity of graphene QDs are critical issues fa-
cing successful biomedical research and application [6].
Although current investigations with graphene QDs

have suggested that these materials have low toxicity to
mammalian cells, focused study on the detailed inter-
action of these materials with cellular systems and or-
ganelles need to be conducted. It has been shown that
graphene QDs can be internalized by human cells. Wu
et al. found that caveolae-mediated endocytosis was the
major pathway for graphene QDs uptake by human
MGC-803 cells [7]. Wang et al. reported that direct
penetration rather than energy-dependent pathways
(e.g., endocytosis) was primarily responsible for graphene
QDs uptake by human fibroblast cells [8]. Although
most of studies have shown that graphene QDs ran-
domly distribute in cytoplasm and do not diffuse into
the nucleus of mammalian cells such as A549 and osteo-
blastic cells (MC3T3-E1) [9, 10], Wu et al. did report
that graphene QDs entered the nucleus of MCF-7 cells
[7]. These apparent contradictory findings clearly high-
light the need for additional study on the pathways for
cellular and nuclear uptake of graphene QDs. To the
best of our knowledge, no report on the internalization
of graphene QDs within mammalian macrophages is ob-
served, although there are two studies focusing on cyto-
toxicity to Thp-1 macrophages [11, 12]. Macrophages
are one of most important barriers against exogenous
particles/agents, and are the dominant infiltrating cells
rapidly responding to biomaterial implantation in bio-
medical applications [13]. Therefore, we comprehen-
sively investigated the translocation of graphene QDs in
macrophages, including uptake pathways, exocytosis,
and cellular/nuclear distribution.
It has been shown that DNA in NIH-3 T3 cells could

be damaged via oxidative stress upon exposure to gra-
phene QDs without the direct contact with nuclear gen-
etic materials [8]. This DNA damage is expected to be
stronger if graphene QDs were to enter the nucleus and
directly contact with DNA, although changes in appar-
ent toxicity (e.g., growth inhibition) may not be obvious.
It is shown that graphene QDs could be intercalated in
the DNA base pairs during direct incubation [14]. An-
other study found that graphene QDs interacted more
strongly with DNA than did graphene oxide (GO) [15].

π–π Stacking and hydrogen bonding are likely the domin-
ant forces that overcome electrostatic repulsion as shown
for the interaction of DNA with micrometer-sized GO
and reduced GO (rGO) [16, 17]. However, the behavior of
graphene QDs in nucleus and underlying mechanism for
the interaction of these particles with DNA remain un-
known. We hypothesize that graphene QDs could damage
DNA during direct contact/binding after nuclear uptake,
which could further lead to the abnormal responses of nu-
clei and genetic material.
In the current study, the nuclear uptake, DNA damage

and related cellular responses after graphene QD expos-
ure to rat alveolar macrophages (NR8383) were investi-
gated. Amine-modified graphene QDs (AG-QDs) were
used because amine groups significantly promote linkage
between graphene-materials and DNA [18]. Based on
the two hypotheses above, this study specifically investi-
gated (1) the uptake, distribution and nuclear internaliza-
tion of AG-QDs in macrophages; and (2) the interaction
of AG-QDs with DNA through atomic force microscopic
analysis and molecular simulation. The findings from this
work will provide new insights into the detailed behavior
of graphene QDs in cells and nuclei, and will be useful for
better understanding the biosafety of these novel graphene
materials.

Results
AG-QDs characterization and impact on cell viability
Elemental analysis by X-ray photoelectron spectroscopy
(XPS) (Additional file 1: Figure S1a) showed that the O/
C atomic ratio for AG-QDs was 0.525, demonstrating
that the particles had a relatively high oxidation level.
The N/C atomic ratio was calculated to be 0.140, which
is similar to nitrogen-doped graphene QDs (N/C =
0.178) [19]. The characteristic peaks of C 1 s at 284.8,
285.9, 286.6, 288.4 and 289.0 eV represented C=C/C-C
(43.6%), C-N (11.8%) C-OH (12.3%), C=O (13.6%) and
O=C-OH (18.7%) groups, respectively (Additional file 1:
Figure S1b). In addition, N 1 s XPS spectra showed that
the C-N groups on the surface of AG-QDs were mainly
N-H (399.6 eV, 52.8%), -N+ = (400.9 eV, 38.1%) and -N=C
(398.5 eV, 9.10%) (Additional file 1: Figure S1c), clearly
highlighting the dominance of -NH2 functional groups.
With regard to the morphology of AG-QDs in DI water,
transmission electron microscopy (TEM) images show
that individual AG-QDs are uniform, with an average par-
ticle size of ~ 4.1 nm (Fig. 1a). AG-QDs thickness was cal-
culated as ~ 0.720 nm (Fig. 1c), corresponding to a single
layer of oxidized graphene [20]. After incubation in the
culture medium for 24 h, the size and thickness of
individual AG-QDs were 9.40–11.8 nm and 4.30–
10.2 nm, respectively (Fig. 1b, d), suggesting the ad-
sorption of medium components (e.g., fetal bovine
serum (FBS)) onto the particles. AG-QDs (50 μg/mL)
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were negatively charged (− 22.2 mV) in DI water (Fig. 1e)
due to the presence of more carboxyl groups than amino
groups on surface (Additional file 1: Figure S1b). The zeta
potentials of AG-QDs at different concentrations (50, 100,

200 μg/mL) in cell culture medium were less negative
(− 10.3~ − 10.8 mV) than in DI water (Fig. 1e) because of
the adsorption of FBS (− 10.5 mV) on the particle surface
[21]. Hydrodynamic diameter of AG-QDs (50 μg/mL) in

a b

c d

e f

Fig. 1 Characterization of AG-QDs. a, b: TEM imaging and size distribution of AG-QDs in deionized (DI) water and culture medium, respectively.
c, d: AFM topography and height of AG-QDs in DI water and culture medium, respectively. e Zeta potentials of AG-QDs in DI water and culture
medium. In panel (e), S1 represents AG-QDs (50 μg/mL) in DI water, and S2-S5 represent AG-QDs at 0, 50, 100, and 200 μg/mL in FBS-containing
culture medium, respectively. (f) Fluorescence spectra of AG-QDs in DI water and culture medium. In panels (a) and (b), the size distribution of
AG-QDs (as shown by the inserted figures) was obtained by calculating 50 randomly-selected points during TEM imaging. In panels (c) and (d), the
inserted figures were the height profiles of AG-QDs as marked on the AFM images. In panel (e), the values are given as mean ± SD (standard
deviation). Significant difference is marked with different letters (p < 0.05, LSD, n = 6)
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DI water was 29.7 nm (Additional file 1: Figure S2), sug-
gesting the formation of AG-QDs homoaggregates. In the
culture medium, the hydrodynamic diameter of AG-QDs
was much larger (113.8 nm), which may be caused by the
adsorption of FBS and formation of protein corona. In
addition, the AG-QDs retained a significant characteristic
blue fluorescence at 438 nm after 96-h incubation in the
cell culture medium (Fig. 1f).
Cell viability of the rat alveolar macrophages (NR8383)

was examined after AG-QDs exposure using the CCK-8
assay. After 24-h exposure, no significant inhibition on
cell growth was observed after particle exposure at 10,
25, 50 and 100 μg/mL; however, particle exposure at 200
and 500 μg/mL significantly reduced cell growth (p < 0.05)
(Additional file 1: Figure S3). After exposure for 48, 72,
and 96 h, the minimum inhibitory concentrations (MICs)
of AG-QDs were 100, 25, and 25 μg/mL, respectively.
These results demonstrate that AG-QDs toxicity is both
time- and concentration-dependent. Mouse osteoblastic
cells (MC3T3-E1) which play a crucial role in bone forma-
tion [22] were also used to assess the toxicity of AG-QDs.
The MICs of AG-QDs to MC3T3-E1 cells were 50 μg/mL
after exposure for 24–96 h (Additional file 1: Figure S4),
confirming the low cytotoxicity of AG-QDs to normal
mammalian cells. We subsequently selected AG-QDs ex-
posure concentrations at or lower than the MIC to further
investigate cellular uptake of AG-QDs by macrophages
and biological response to particle exposure in the follow-
ing experiments.
Macrophage apoptosis and necrosis were further ex-

amined by flow cytometry after exposure to AG-QDs
(50, 100, and 200 μg/mL). The areas denoted as R1, R2,
R3, and R4 in Fig. 2a-2b indicate viability, early apop-
tosis, late apoptosis, and necrotic cells, respectively. The
proportions of apoptotic cells after 24-h exposure to
AG-QDs at 100 and 200 μg/mL were 8.30% and 22.0%,
respectively; these values are significantly higher than
that of unexposed cells (2.13%) (p < 0.05). After 48-h ex-
posure, significant increases in apoptotic cells were ob-
served for AG-QDs at 100 and 200 μg/mL. In addition,
early apoptosis was evident at all exposure times and
AG-QDs concentrations (Fig. 2c). Importantly, early apop-
tosis was AG-QDs concentration-and time-dependent;
significant increases in early apoptosis were observed after
exposure to AG-QDs (100 μg/mL) for 24 and 48 h
(p < 0.05) (Additional file 1: Figure S5). Less than 3%
of cells were observed to be in necrosis across all the
treatments (Fig. 2d), indicating that AG-QDs induced
cell death was primarily due to apoptosis.

Uptake and exocytosis processes of AG-QDs
The cellular uptake of AG-QDs was detected by confocal
laser scanning microscopy (CLSM). Un-exposed NR8383
cells showed no fluorescence signals; the intracellular blue

fluorescence intensity increased with increasing AG-QDs
exposure concentrations (50, 100 and 200 μg/mL), indi-
cating that cellular uptake was concentration-dependent
(Fig. 3a-3c). A series of confocal images along the z axis of
NR8383 cells were further imaged to exclude possible at-
tachment of AG-QDs on the cell surface (Fig. 3d). The
fluorescence intensity gradually increased and achieved a
maximum at the medium depth (~ 9 μm) of cells, con-
firming cellular internalization of AG-QDs. The quantita-
tive evaluation of AG-QDs internalization in NR8383 cells
is shown in Fig. 3e. After exposure to AG-QDs at 200 μg/
mL for 24 h, the intracellular AG-QDs content was 3.07
and 1.67 times higher than that at 50 and 100 μg/mL, re-
spectively. At a given AG-QDs concentration, there was
no significant difference between 24- and 48-h exposure,
suggesting that uptake had occurred in less than 24 h.
As a “first responder”, macrophages primarily use

endocytosis when encountering foreign materials [13].
The main endocytotic pathways were investigated in the
current study by using five inhibitors, including NaN3,
cytochalasin D, chlorpromazine, amiloride, and genistein
(Fig. 3f ). The fluorescence intensity of AG-QDs in
NR8383 cells was significantly decreased for all tested
endocytosis inhibitors (p < 0.05). NaN3 (energy-depen-
dent endocytosis inhibitor), cytochalasin D (phagocytosis
inhibitor) and genistein (caveolae-mediated endocytosis
inhibitor) showed much greater reduction in AG-QDs
uptake than chlorpromazine (clathrin-mediated endo-
cytosis inhibitor) or amiloride (macropinocytosis inhibi-
tor). These results demonstrate that energy-dependent
endocytosis, phagocytosis and caveolae-mediated endo-
cytosis play a more important roles in the intracellular
accumulation of AG-QDs by NR8383 cells. In addition,
the internalization of AG-QDs was highly inhibited at
low temperature (4 °C) (Fig. 3f ), demonstrating that cel-
lular uptake of AG-QDs was energy-dependent.
Cellular export is an important process for AG-QDs

fate after internalization by macrophages. We thus quan-
tified particle excretion after incubation with AG-QDs
(50, 100 and 200 μg/mL) for 24 h (Additional file 1:
Figure S6a). For each pretreatment concentration, the
released amount of AG-QD increased with increasing
excretion times. After excretion for 48 h, intracellular
AG-QDs was reduced by 23.3–35.2%, confirming particle
export by the macrophages. This observed excretion
phenomenon could be a cellular detoxification pathway
post-AG-QDs exposure [23]. However, a significant
fraction of AG-QDs remained in cellular cytoplasm
and nucleus even after 48-h excretion (Additional
file 1: Figure S6b), which was confirmed by using
SYTO 9 probes to identify AG-QDs in the nuclei
(Additional file 1: Figure S7). It has been reported that
the distribution and entrapment of nanoparticles (NPs)
into cytoplasm and nucleus are the limiting processes for
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exocytosis [23, 24]. The translocation and fate of AG-QDs
in macrophage nuclei was thus further investigated.

Accumulation of AG-QDs in cell nucleus
After cellular internalization, AG-QDs could distribute
in mitochondria, endo-lysosomes and endoplasmic
reticulum of NR8383 cells (Additional file 1: Figure S8).
These AG-QDs in endo-lysosomes could escape into the
cytoplasm of NR8383 cells as indicated by a stability

decrease of endo-lysosomes membrane (Additional file 1:
Figure S9). Interestingly, for most of macrophages evalu-
ated after 24-h AG-QDs exposure, the fluorescence inten-
sity of cell nuclei was much stronger than other cellular
areas (Fig. 4a, b), suggesting significant internalization of
the particles in this important organelle. z-Axis imaging of
NR8383 cells after 24-h exposure was conducted (Fig. 4c).
AG-QDs are clearly present in NR8383 cells along the z
axis (z = 0–15 μm), with the maximum fluorescence

a

b

c d

Fig. 2 Apoptosis and necrosis of NR8383 cells during 24- and 48-h AG-QDs exposure as detected by flow cytometry. a, b: Representative flow
cytometer images of NR8383 cells after exposed to AG-QDs (0, 50, 100 and 200 μg/mL) for 24, and 48 h. For each image in panels (a) and (b), the
areas R1, R2, R3, and R4 indicate viability, early apoptosis, late apoptosis, and necrotic cells, respectively. c, d: Quantitative results of apoptotic and
necrotic percentages from flow cytometry analysis. In panels (c) and (d), for a given exposure time, significant difference on apoptotic or necrotic cells
among AG-QDs concentrations is marked with different letters (p < 0.05, LSD test, n = 6)
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Fig. 3 (See legend on next page.)
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intensity occurring at a depth of 8–10 μm in the
cells. To examine the role of -NH2 on AG-QDs, an-
other type of graphene QDs (GO-QDs) without -NH2

groups (characterization data in Additional file 1:
Figure S10) was employed for the cellular/nuclear distri-
bution assay. It is shown that GO-QDs were internalized

in NR8383 cells, and were accumulated in nuclei after
24-h exposure (Additional file 1: Figure S10), suggesting
that the observed nuclear localization was not dependent
on the -NH2 groups on AG-QDs. Interestingly, the nu-
clear uptake process was exposure time-dependent. After
exposure for 12 h, AG-QDs were mainly located in the

(See figure on previous page.)
Fig. 3 Uptake of AG-QDs by NR8383 cells under confocal imaging and analysis. a, b: Confocal images of NR8383 cells after treatment with
AG-QDs (0, 50, 100, and 200 μg/mL) for 24 h under fluorescence excitation, and bright field, respectively. c: Merged images of (a) and
(b). d Fluorescence intensity of AG-QDs (200 μg/mL) in NR8383 cell at different cell depths along the z axis (z = 0, 3, 6, 9, 12, and 15 μm). e
Uptake (indicated by blue fluorescence) of AG-QDs (0, 50, 100 and 200 μg/mL) after exposure for 24 and 48 h as quantified by a fluorescence
spectrophotometer. f Effect of specific endocytosis inhibitors on the uptake of AG-QDs (200 μg/mL) by NR8383 cells during 24-h incubation. In
panel (f), the treatments I0-I5 represent the cells after incubation with AG-QDs, NaN3, cytochalasin D, genistein, chlorpromazine, and amiloride,
respectively. Significant differences among different treatments are marked with letters “a-d” (p < 0.05, LSD, n = 6). In panel (e), for a given
exposure time, significant differences among AG-QDs concentrations are marked with different letters (p < 0.05, LSD, n = 6)

a b

c

Fig. 4 Accumulation of AG-QDs in the nucleus as imaged by confocal microscopy The NR8383 cells were incubated with AG-QDs (200 μg/mL)
for 24 h before imaging. a: Fluorescence image under 405-nm excitation and 438-nm emission (blue). b: The merged fluorescence and bright
field images. c: Fluorescence intensity of AG-QDs in NR8383 cells (as shown in panel (a)) at different cell depths along the z axis (z = 0, 2, 4, 6, 8,
10, 12 and 15 μm)
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cytoplasm while insignificant fluorescence signals were de-
tected in the nucleus (Additional file 1: Figures S11 and
S12). To further investigate the time-dependent nuclear
uptake of AG-QDs, the expression of two key nuclear
pore complex (NPC) genes, karyopherin β2 (Kapβ2) and
nucleoporin 98 (Nup98), was determined. Kapβ2 is a
prototypical Kapβ, which binds important substrates and
nucleoporins simultaneously for nuclear transfer [25, 26].
Nup98 plays a critical role in regulating the permeability
barrier that inhibits macromolecular diffusion [27]. The ex-
pression Kapβ2 was down-regulated after AG-QDs exposure
for 12 h in comparison to the un-exposed group (Additional
file 1: Figure S13). The down-regulation of Kapβ2 suggests
an inhibition of the biochemical selectivity of the nuclear
envelope. On the contrary, the expression of Nup98 was sig-
nificantly increased after 12-h exposure (p < 0.05), demon-
strating that the passive permeability barrier was activated,
serving to inhibit AG-QDs diffusion from cytoplasm to nu-
cleus. Interestingly, the regulation of both genes returned to
normal after 24-h exposure and was not significantly differ-
ent from the un-exposed group (Additional file 1: Figure
S13); this is consistent with our previous finding that nuclear
distribution of AG-QDs was observed only after 24-h expos-
ure. Therefore, it is very likely that the nuclear uptake of
AG-QDs was regulated by Kapβ2 and Nup98 activities.
However, it is still unknown if Kapβ2 and Nup98 were also
triggered by AG-QDs before nuclear uptake.

Nuclear damage by AG-QDs
Morphological changes of cell nucleus after AG-QDs ex-
posure were characterized using TEM (Fig. 5). The nucleus

of unexposed cells was intact and elliptical in shape,
with randomly distributed chromatins. After exposure
to AG-QDs (50 μg/mL) for 24 h, shrinking of the
inner nuclear envelope was observed (as indicated by
the yellow box in Fig. 5b). At higher AG-QDs con-
centrations (100 and 200 μg/mL), nuclear morphology
became more irregular and malformed. In addition,
the chromatins in nucleus were highly condensed,
and were mainly attached on nuclear membrane or in
the form of long-chain structures (blue arrows in Fig. 5b).
We employed the High Content Screening (HCS) to fur-
ther investigate the changes in nuclear morphology and
related viability. The HCS images on the Hoechst-stained
nuclei are showed in Fig. 6a, and the influence of
AG-QDs on the fluorescence intensity of Hoechst-stained
nuclei was negligible (Additional file 1: Figure S14). The
quantitative results show that nuclear areas were signifi-
cantly decreased with increasing AG-QDs concentrations
(Fig. 6b), confirming the observed shrinkage of nuclei in
Fig. 5b. Moreover, fluorescence intensities of Hoechst-
stained nuclei were significantly decreased after exposure
to AG-QDs at 100 and 200 μg/mL (Fig. 6a, b), indicating a
reduction in nuclear viability.
Nuclear areas of NR8383 cells were evaluated using

Raman spectroscopy to identify organelle components
impacted by AG-QDs. The microscopic images marked
with red squares were analyzed (Additional file 1:
Figure S15a-S15c), and the corresponding Raman spectra
are shown in Additional file 1: Figure S15d. A Raman peak
at 790 cm− 1 represents the vibration of tyrosine and cyto-
sine on the DNA backbone, while 1003, 1098, 1768, and

a

b

Fig. 5 TEM images of NR8383 nuclear morphology after exposure to AG-QDs (0, 50, 100, and 200 μg/mL) for 24 h. The images in Panel (b) are
enlarged from panel (a). In panel (b), the yellow box indicates the shrinking of the inner nuclear envelope after AG-QDs (50 μg/mL) exposure.
The red boxes indicate the malformation of nuclear morphology after AG-QDs (100 and 200 μg/mL) exposure. The blue arrows indicate the chromatin
condensation (electron-dense, black structure along nuclear membrane) within the nuclei
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2429 cm− 1 indicate the vibration of phenylalanine, DNA
PO2

− backbone, lipids C=O, and protein C=N, respectively
[28]. The vibration strengths on DNA tyrosine and cyto-
sine (790 cm− 1), and PO2

− backbone (1098 cm− 1) de-
creased with increasing exposure times (0, 24, and 48 h),
clearly suggesting the disruption on DNA structure [29].
Moreover, the peaks (e.g., D and G bands) of AG-QDs
were too weak to observe in NR8383 cells after AG-QDs
exposure.

Mechanisms on DNA cleavage induced by AG-QDs
The disruption of DNA chains caused by AG-QDs was
characterized using atomic force microscopy (AFM). A
characteristic long-chain structure was clearly observed
for the extracted DNA samples from the normal unex-
posed NR8383 cells (Fig. 7a). Interestingly, for the DNA
extracted from the AG-QDs exposed cells, the typical
long-chain structures were cleaved into the shorter-chain
and cross-linked structures (Fig. 7b). Oxidative damage,
direct physical contact, and the up-regulation of caspase
genes are three possible reasons for this observed disrup-
tion of DNA chains. We thus first investigated the
over-generation of ROS in NR8383 cells during AG-QDs
exposure. It is shown that AG-QDs alone did not produce
ROS, while intracellular ROS level significantly increased
after exposure to AG-QDs (200 μg/mL) for 24 h
(Additional file 1: Figure S16). These results confirmed
the oxidative stress of AG-QDs on cells. Then, H2O2 (oxi-
dizing agent) and GSH (antioxidant) were used to verify
oxidative DNA damage induced by AG-QDs (200 μg/mL)
exposure. After exposure to H2O2 for 24 h, the extracted
DNA showed similar cleavage and cross-linking (Fig. 7c).
In the presence of GSH, the degree of DNA cleavage and
cross-linking from AG-QDs-exposed cells was notably

mitigated (Fig. 7d), confirming that oxidative stress
had occurred, and that oxidative DNA damage was
an important mechanism for DNA disruption after
particle exposure.
After nuclear uptake, the accumulated AG-QDs may

bind with DNA chains, causing physical damage by dir-
ect contact. An investigation evaluating the direct inter-
action between AG-QDs and pre-extracted DNA chains
was conducted. Clearly, significant cleavage and cross-
linking occurred for the AG-QDs-contacted DNA chains
in DI water (Fig. 7e). The particles (indicated with white
arrows) were observed on the DNA breaking points
(Fig. 7e); the height of these particles was ~ 6 nm
(Fig. 7g). The normal thickness of DNA chains was
only 1–2 nm (Fig. 7f ) while the lateral size of the
AG-QDs was ~ 4.1 nm (Fig. 1a), indicating the pres-
ence of AG-QDs that had adsorbed or intercalated on
DNA chains. This finding is consistent with that of
Ren et al., in which the nano-sized GO sheets were
reported to bind to the DNA in an intercalative manner
[30]. Because AG-QDs may be still coated with FBS dur-
ing direct contact with DNA chains in NR8383 cells, the
direct interaction between AG-QDs-FBS and DNA chains
were investigated (Additional file 1: Figure S17). The
height of the particles (indicated with white arrows) ob-
served on the DNA chains were 6.6 and 10.4 nm; the
height of AG-QDs in FBS was 4.30–10.2 nm (Fig. 1d), in-
dicating that AG-QDs coated with protein corona could
also adsorb or intercalate on DNA chains. Moreover,
AG-QDs induced similar cleavage and cross-linking of
DNA chains in the presence of FBS, confirming that the
DNA cleavage could be caused by the internalized AG-
QDs in NR8383 cells, and this effect is independent of the
coating of FBS.

a b

Fig. 6 Effect of AG-QDs on nuclear viability and area as detected by high content screening. a: High content screening images of nucleus
(as stained by Hoechst 33342). The NR8383 cells were exposed to AG-QDs (0, 50, 100 and 200 μg/mL) for 24 h before staining and imaging. The
stained cell at the bottom right corner is magnified from the cell marked with red box. b Viability (red) and area (blue) of nuclei as obtained from
quantitative analysis of the intensity and area of nuclei fluorescence in panel (a). Significant differences among different AG-QDs concentrations
(0–200 μg/mL) is marked with different letters (p < 0.05, LSD, n = 6)
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Molecular docking was then employed to explore the
interaction mechanisms between AG-QDs and DNA
chains. During the docking analysis, 10 structural
models (Additional file 1: Figure S18) of AG-QDs con-
taining representative functional groups (e.g., -NH2,
-COOH, -OH, O=C-) based on XPS data (Additional file 1:
Figure S1b) were used to simulate the interaction forces be-
tween AG-QDs and DNA. Among these 10 AG-QDs struc-
tures, 6 were able to form different kinds of H-bonds with
DNA bases/deoxyribose: (a) H-bonds formed between the
amino hydrogen (H33, 34) of AG-QDs (Structures 1, 4 and
5) and the oxygen (O4) of deoxyribose; (b) H-bonds be-
tween the carboxyl oxygen (O25) of AG-QDs (Structures 1,
and 2) and the amino hydrogen (H61) of adenine; (c)
H-bonds between the hydroxyl hydrogen (H33) of AG-QDs
(Structure 2) and the oxygen (O4) of deoxyribose; (d)
H-bonds between the hydroxyl oxygen (O23, 24) of
AG-QDs (Structures 3, and 4) and the amino hydrogen
(H61) of adenine; (e) H-bonds between the carboxyl hydro-
gen (H36) of AG-QDs (Structure 5) and the oxygen (O4) of
adenine; (f) H-bonds between the double-bonded oxygen
(O21) of AG-QDs (Structure 6) and the amino hydrogen
(H61) of adenine (Fig. 8). In addition, π-π stacking was ob-
served between the benzene rings of DNA bases (e.g., A, T,
G, and C) and all 10 AG-QDs structural models (Fig. 8,
Additional file 1: Figure S19). In addition, the number of π
bonds between AG-QDs (Structures 1–10) and DNA
chains was quantified (Additional file 1: Table S1). For each
AG-QDs structure, 11 or more π bonds were formed with

DNA bases. It is well known that the DNA double helix is
stabilized primarily by two forces: (1) hydrogen bonding be-
tween nucleotides, and (2) base-stacking interaction among
aromatic nucleobases. The hydrogen bonding and π-π
stacking between model AG-QDs and DNA chains (Fig. 8)
may lead to the disruption of the DNA double helix,
subsequently causing the observed cleavage and cross-
linking (Fig. 7).
The activation of caspases can lead to cell apoptosis

and may also be involved in DNA cleavage [31]. There-
fore, RNA sequencing (RNA-Seq) was used to investi-
gate the expression of cellular caspases upon AG-QDs
exposure. The caspase gene family in Rattus norvegicus
genome contains 10 members (caspase-1, − 2, − 3, − 4,
− 6, − 7, − 8, − 9, − 12, and − 14), in which the genes of
caspase-1, − 4, − 7, and − 8 were up-regulated after
AG-QDs exposure for 24 h; activation of other 6 caspase
genes was not observed (Additional file 1: Table S2).
Caspase-activated DNase (CAD) is a protein that can
break the DNA chain during apoptosis. Under apoptotic
conditions (previously observed in Fig. 2), the activation
of caspases could hydrolyze the inhibitor of CAD
(ICAD), dissociate the CAD/ICAD heterodimer, release
CAD from cytosol to the nucleus, and cause cleavage of
DNA chains [32]. The activation of caspase-1 was re-
ported to stimulate nuclease activity and induce the
DNA cleavage in macrophages (J774A.1) after the infec-
tion by Salmonella enterica serovar Typhimurium [33].
The up-regulation of caspase-4, − 7 and − 8 could also

a b c

d e
f

g

Fig. 7 Investigations on DNA chain damage caused by AG-QDs. a, b: AFM images of DNA morphology in unexposed NR8383 cells and the cells
after exposure to AG-QDs (200 μg/mL) for 24 h. The DNA chains were extracted from cells before imaging. c, d: AFM images of DNA morphology
in NR8383 cells after exposure to H2O2 (50 μL/mL), AG-QDs (200 μg/mL) with GSH (1 mg/mL) for 24 h. e: AFM images of DNA chains that were
directly exposed to AG-QDs (200 μg/mL) for 24 h. f, g: The height profiles of DNA chains as marked on the AFM images in panels (a) and (e),
respectively. In panel (e), white arrows indicate the particles on DNA chains
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induce the CAD/ICAD inactivation and DNA cleavage
[34, 35]. Therefore, the up-regulation of caspase-1, − 4,
− 7, and − 8, and subsequent apoptosis also played im-
portant role in the observed DNA damage.

Discussion
In the present work, AG-QDs (lateral size, 4.1 nm) had
a higher 24-h MIC value (200 mg/L) to macrophages
(Additional file 1: Figure S3) than does graphene (lateral
size, ~ 200 nm) (MIC, 50 μg/mL) [36], GO (lateral size,
300–750 nm) (MIC, 20 μg/mL) [37], or amino-function-
alized carbon quantum dots (lateral size, 10 nm) (MIC,
100 μg/mL) [38], suggesting that smaller lateral size
could be a main reason for the lower cytotoxicity of
AG-QDs [39]. This finding is different from the toxicity
to algal cells (Chlorella vulgaris), in which GO-QDs (lat-
eral size, 20–50 nm) induced higher toxicity because of
higher internalization than the normal GO sheets (lateral
size, 1–5 μm) [40]. This low cytotoxicity highlights the
possibility for safe application of AG-QDs in biomedi-
cine. In addition, AG-QDs induced a significant increase

of apoptotic cell and negligible change of necrotic cell
(Fig. 2, Additional file 1: Figure S5). It is observed that
early apoptosis was evident at all exposure times and
AG-QDs concentrations. It is well known that early
stage apoptosis can promote the loss of membrane in-
tegrity, compromise the mitochondrial membrane, and
even stimulate programmed cell death [41]. Taken to-
gether, it is clear that early apoptosis plays a major role
in AG-QDs-induced cell death, and the toxicity of
AG-QDs cannot be neglected.
Our results demonstrated that AG-QDs could be

internalized by macrophages, and cellular uptake of
AG-QDs was primarily by energy-dependent endocyto-
sis, phagocytosis and caveolae-mediated endocytosis
(Fig. 3f ). NaN3 and low temperature (4 °C) significantly
inhibited AG-QDs uptake because endocytotic processes
including phagocytosis, pinocytosis, caveolae-mediated, and
clathrin-mediated endocytosis are all energy-dependent
[42]. Phagocytosis is a specialized process by which macro-
phages engulf large or aggregated particles (< 10 μm); given
that AG-QDs formed larger aggregates during the uptake

Fig. 8 Hydrogen bonding and π-π interactions between AG-QDs and DNA at select binding sites. Green dotted lines show H-bonds between
AG-QDs and basic groups, purines and pyrimidines. Yellow lines show π-π interactions between AG-QDs and basic groups (cytimidine, guanine,
adenine, and thymine). Carbon, oxygen, hydrogen, and nitrogen are colored in grey, red, white, and blue, respectively
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assay, phagocytosis is likely an important pathway for
AG-QDs internalization. CdTe QDs were reported to be
taken up by macrophages (Kupffer cells) via phagocytosis
[43], consistent with our findings. In the present work,
AG-QDs were detected within endo-lysosomes (Additional
file 1: Figure S8), confirming the phagocytosis pathway. It is
reported that peptides (e.g., histidine-rich peptides) coated
on the surface of NPs could destabilize endo-lysosomes
membrane, which is an important mechanism for the es-
cape of NPs from endo-lysosomes [44]. Actually, the integ-
rity of endo-lysosomes membrane was decreased by
AG-QDs (Additional file 1: Figure S9). Therefore, in our
case, AG-QDs are likely to escape from endo-lysosomes
with the assistance of adsorbed FBS, and then be taken up
by nuclei. But this escape pathway needs further investiga-
tion. Caveolae-mediated endocytosis could bypass the
endosomes and lysosome vesicles, transporting the
NPs (< 80 nm) directly to endoplasmic reticulum and
nucleus [45]. Wu et al. reported that caveolae-mediated
endocytosis was a significant pathway for graphene QDs
(~ 20 nm in lateral size) internalization in MCF-7 cells [7],
which is in good agreement with our result that AG-QDs
were efficiently transported via caveolae-mediated
endocytosis.
A major finding presented here is that AG-QDs after

cellular uptake were highly accumulated in nucleus,
which is in good agreement with another result that less
than half of the internalized AG-QDs were exported
from NR8383 cells after a 48-h excretion period. It has
been reported that nano-sized particles (∼10 nm) can
passively diffuse into nuclei through NPCs (10 nm in
pore diameter) [46]. In the present work, a large propor-
tion of AG-QDs were smaller than 10 nm even after be-
ing coated with serum proteins (Fig. 1), suggesting that
passive diffusion is the primary nuclear uptake pathway
for these particles. Furthermore, two NPC genes includ-
ing Kapβ2 Nup98 were shown to regulate nuclear up-
take of AG-QDs during the passive diffusion of
AG-QDs. In addition, it is confirmed that nuclear uptake
of AG-QDs (lateral size, 4.1 nm; O/C atomic ratio,
0.525) was independent of their -NH2 groups on the sur-
face (Additional file 1: Figure S10). Another study re-
ported that graphene QDs (lateral size, 3.2~ 3.6 nm)
with different functional groups (O/C atomic ratio,
0.150–0.275) did not diffuse into the nucleus of osteo-
blastic cells (MC3T3-E1) [10]. Higher O/C atomic ratio
associated with lower aggregation is likely a reason for
the nuclear uptake of AG-QDs in this work. The ob-
served nuclear uptake may be also cell type-dependent
(macrophages v.s. normal mammalian cells), which
needs to be further verified.
TEM imaging showed that AG-QDs in nucleus

induced the shrinkage and malformation of nuclear
morphology and unevenly-distribution of chromatins

(Fig. 5). An irregular shape and the unevenly-distributed
chromatins in glioblastoma cells were also observed after
GO exposure, in agreement with our findings of NPs-in-
duced alteration of nuclear morphology [47]. Nuclear
malformation and chromatin condensation are known
hallmarks of apoptosis [48], which have occurred in the
exposed NR8383 cells as shown in Fig. 2. Accumulated
AG-QDs in nuclei also resulted in the decrease of nu-
clear areas and the reduction of nuclear viability upon
HCS analysis (Fig. 6). Disruption of the DNA backbone
was further detected in the AG-QDs treated cells by
Raman spectra (Additional file 1: Figure S15). These re-
sults suggested that AG-QDs could potentially cause nu-
clear damage after environmental exposure although it is
low-toxic via growth inhibition assay.
Importantly, it is demonstrated that AG-QDs could

cause significant DNA chain cleavage and cross-linking
in NR8383 cells. Three mechanisms including oxidative
damage, direct contact, and the up-regulation of cas-
pases were responsible for the observed disruption of
DNA chains by AG-QDs. Oxidative DNA damage was
confirmed after AG-QDs exposure in the present work.
Intracellular reactive oxygen species (ROS) (e.g., •OH)
could be a major contributor to DNA phosphate back-
bone cleavage through hydrogen abstraction from the
deoxyribose sugar [49]. Kim and Kang also observed that
•OH generated in the Fenton-like reaction of cyto-
chrome c/H2O2 system induced the cleavage of plasmid
DNA [50]. Therefore, •OH generation could also be an
important cause for the observed DNA damage upon
NPs exposure in the present work. In addition, the accu-
mulated AG-QDs in nucleus could directly contact with
DNA chains and cause physical DNA damage as observed
from atomic force microscopy imaging. H-bonding and
π-π stacking played dominant forces during the interac-
tions between AG-QDs and DNA chains via molecular
docking simulation (Fig. 8, Additional file 1: Figure S19),
which disrupted the stabilized DNA double helix, subse-
quently causing the observed cleavage and cross-linking.
Our previous study also showed the disruption of DNA
nanostructures by the benzene ring- and hydroxyl-con-
taining Bisphenol A through hydrogen bonding and π-π
stacking [51]. Furthermore, H-bonding between AG-QDs
and DNA bases may either block DNA replication and
transcription or generate mutations by miscoding during
replication [52]. π-π Stacking could inhibit gene expres-
sion and cellular differentiation, and promote cellular
apoptosis through disrupting double-helix structure of
DNA [53]. Electrostatic attraction has been reported to
contribute to the adsorption between DNA chains and
NPs such as Au, ZnO, and Fe3O4 [54–56]. However, both
AG-QDs and DNA chains are negatively charged; thus,
electrostatic attraction could not be a dominant force for
AG-QDs-DNA interaction in our system. The activation
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of caspases leading to cell apoptosis could also induce
DNA cleavage. The genes of caspase-1, − 4, − 7, and − 8 in
NR8383 cells were up-regulated after AG-QDs exposure
for 24 h by RNA sequencing (Additional file 1: Table S2).
The activation of caspase-1, − 4, − 7, and − 8 were re-
ported to stimulate nuclease activity and induce the DNA
cleavage [32–34], which were in good agreement with our
present results. All these results suggested that graphene
QDs could be accumulated in nuclei of macrophages, and
the investigation on nuclear DNA damage brings new
insight into genotoxicity of graphene QDs.

Conclusions
It is observed that AG-QDs exhibited low overt cytotox-
icity to NR8383 cells (MIC, 200 μg/mL), but induced a
significant increase of cell apoptosis, with early apoptosis
playing a major role in the AG-QDs-induced cell death.
AG-QDs were internalized primarily by energy-dependent
endocytosis, phagocytosis and caveolae-mediated endo-
cytosis. Significant amounts of the particles would be
retained in the cytoplasm and nucleus after a 48-h excre-
tion period. The internalized AG-QDs were accumulated
in nucleus; the NPC genes Kapβ2 and Nup98 were shown
to regulate nuclear uptake of AG-QDs. AG-QDs in nu-
cleus altered nuclear morphology, decreased nuclear
areas, and reduced nuclear viability. Disruption of the
DNA backbone was also detected after AG-QDs exposure.
It is demonstrated that AG-QDs could cause significant
DNA chain cleavage and cross-linking. Oxidative damage,
direct contact via H-bonding and π-π stacking, and the
up-regulation of caspases are the primary mechanisms for
the observed disruption of DNA chains by AG-QDs.
These findings advance our understanding of the potential
nuclear toxicity and DNA damage mediated by AG-QDs
uptake and accumulation in macrophages, and will pro-
vide useful knowledge for health risk assessment of this
unique nanoparticle.

Methods
AG-QDs characterization
AG-QDs were purchased from Nanjing XFNANO
Materials Tech Co., Ltd. (China). Elemental analysis of
AG-QDs was conducted by X-ray photoelectron spec-
troscopy (XPS) (ESCALAB 250Xi, Thermo scientific,
USA). Particle morphology in both DI water and culture
medium (F12 K medium supplemented with 15% FBS)
was examined by transmission electron microscopy
(TEM) (H-7650, Hitachi, Japan) and atomic force micros-
copy (AFM) (Agilent-5400, USA). The zeta potential and
hydrodynamic diameter of AG-QDs in DI water (50 μg/
mL) and cell culture medium (0, 50, 100, and 200 μg/mL)
were determined on a Zetasizer (ZS90, Malvern, Britain).
In addition, fluorescence spectra of the particles were

recorded by a fluorescence spectrophotometer (Hitach
F-4500, Japan) with an emission wavelength at 438 nm.

Cell culture and viability assay
The NR8383 cell line was purchased from Shanghai
Institute for Biological Sciences, Chinese Academy of
Science. NR8383 cells were cultured at 37 °C in F12 K
medium (Sigma-Aldrich, St. Louis, MO) supplemented
with 15% FBS (PAA Laboratories GmbH, Austria),
2 mM L-glutamine (Amresco Inc., USA), and 1% penicil-
lin/ streptomycin (Haoyang Biological Manufacture Co.,
Tianjin, China) in an incubator with 5% CO2 [23].
MC3T3-E1 cells (iCell Bioscience Inc., Shanghai, China)
were cultured at 37 °C in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich, St. Louis, MO) sup-
plemented with 10% FBS in an incubator with 5% CO2.
Cell viability was determined by Cell Counting Kit-8

(CCK-8, Beyotime Institute of Biotechnology, China).
Briefly, NR8383 (1 × 107 cells/mL) or MC3T3-E1 cells
(1 × 105 cells/mL) in 96-well plates were exposed to differ-
ent concentrations of AG-QDs (0, 10, 25, 50, 100, 200,
and 500 μg/mL) at 37 °C for 12, 24, 48, 72 and 96 h, and
were then treated with CCK-8 probes to determine cell
viability with a microplate reader (Thermo-1500, USA).

Cell apoptosis and necrosis assay
Upon exposure, apoptotic and necrotic cells were de-
tected with the FITC Annexin V apoptosis kit (Beyotime
Institute of Biotechnology, China). NR8383 cells (1 ×
107/mL) were first exposed to AG-QDs at different con-
centrations (0, 50, 100 and 200 μg/mL) for 24 and 48 h.
The cells were then washed three times with phosphate
buffered saline (PBS). The washed cells were re-sus-
pended in 200 μL Annexin V-FITC binding buffer, and
were stained with Annexin V-FITC (5 μL) and propi-
dium iodide (PI, 5 μL). After incubation for 20 min at
25 °C in the dark, the apoptotic and necrotic cells were
assessed by flow cytometry (Becton Dickinson, Mountain
View, USA). The exposed cells at both early and late apop-
tosis were indicated by FITC labeled Annexin V. PI indi-
cated damage of cell membrane, which occurs in late
apoptosis and necrosis. The early apoptosis and late apop-
tosis cells were identified as Annexin V+/PI− and Annexin
V+/PI+, respectively. The necrotic cells were identified as
Annexin V–/PI+ and viable cells were identified as
Annexin V–/PI−.

Cellular uptake and exocytosis of AG-QDs
After exposure to AG-QDs (0, 50, 100 and 200 μg/mL)
for 12 and 24 h, the NR8383 cells were washed three
times with PBS buffer. The uptake of AG-QDs in
NR8383 cells was then investigated by confocal laser
scanning microscopy (CLSM) (FV1000, Olympus, Japan)
at 405 nm excitation and 438 nm emission. A series of
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confocal images of the whole cells and cell nuclei were
captured at different depths (z axis). The fluorescence
intensity of AG-QDs in cells was quantified by fluores-
cence spectrophotometer (Hitach F-4500, Japan). For
comparison, cellular uptake of GO-QDs (Nanjing
XFNANO Materials Tech Co., Ltd., China) was also in-
vestigated by following the above approaches. The distri-
bution of AG-QDs in mitochondria, endo-lysosomes,
and endoplasmic reticulum was further examined.
Briefly, NR8383 cells after exposure to AG-QDs (200 μg/
mL, 24 h) were washed with PBS. Nuclei and mitochon-
dria/endo-lysosomes/endoplasmic reticulum in NR8383
cells were co-stained with SYTO 9 (1 μM) and Mito-
Tracker Red (100 nM)/Lyso-Tracker Red (50 nM)/
ER-Tracker Red (300 nM) to indicate nuclei and
mitochondria/endo-lysosomes/endoplasmic reticulum,
respectively. The locations of nuclei (green fluores-
cence, 500 nm excitation and 530 nm emission) and
mitochondria (red fluorescence, 587 nm excitation
and 615 nm emission), endo-lysosomes (red fluorescence,
587 nm excitation and 615 nm emission), or endoplasmic
reticulum (red fluorescence, 587 nm excitation and
615 nm emission) were then observed and imaged by
CLSM.
To analyze the endocytotic pathway, specific inhibitors

including NaN3 (3 mM), cytochalasin D (10 μM), genis-
tein (200 μM), chlorpromazine (10 μg/mL), and amilor-
ide (50 μg/mL) were employed during AG-QDs (200 μg/
mL) exposure at 37 °C. In addition, low-temperature
(4 °C) incubation was carried out for the AG-QDs
(200 μg/mL) exposure assay. For the exocytosis assay,
NR8383 cells pre-treated with AG-QDs (200 μg/mL,
24 h) were washed three times with PBS, and then
re-cultured in fresh media. After re-culturing for 2, 6,
12, 24, or 48 h, the cells were observed with CLSM.
The fluorescence intensities were determined with a
fluorescence spectrophotometer.

Quantitative real-time PCR (qRT-PCR) analysis
After exposure to AG-QDs (200 μg/mL) for 12 and
24 h, NR8383 RNA was extracted using Trizol according
to the manufacturer’s instructions (Tiangan Biotech
CO., China). The mRNA levels for the genes of interest
(Kapβ2 and Nup98) were determined using SYBR Green
(FP205, TIANGEN Biotech CO., LTD., China) by qRT-
PCR (Mx3005P, Bio-Rad, USA). The detailed procedures
were previously reported [23]; the primers for the PCR
reactions are listed in Additional file 1: Table S3.

Nuclear morphology, area and viability
Morphological changes of the AG-QDs exposed-nuclei
were characterized by TEM. NR8383 cells that had been
exposed to AG-QDs (0, 50, 100 and 200 μg/mL) for
24 h were collected and washed with PBS buffer. The

fixation, dehydration and embedding of samples were
conducted by following the procedures of Wang et al.
[23]. The ultrathin sections were obtained by Ultra
microtome (UC7, Leica, Germany) before TEM imaging.
High content screening (HCS) was used to examine

the nuclear area and viability of NR8383 cells after
AG-QDs exposure. Briefly, NR8383 cells were exposed
to AG-QDs (0, 50, 100, and 200 μg/mL) for 24 h. The
cells were fixed with 4% (w/v) paraformaldehyde
(100 μL, 30 min) and were permeated with 0.1% Triton
X-100 (v/v) in PBS buffer (100 μL, 30 min). The nuclei
were stained by 100 μL Hoechst 33342 (3 μg/mL) for
1 h, and the collected cells were further stained with
100 μL Alexa 488 (0.2%, v/v) for 1 h. The cells were
washed with PBS buffer for each staining procedure.
The nuclear viability was determined as indicated by the
fluorescence intensity of Hoechst-stained nuclei, and the
nuclear area of the stained cells were obtained by HCS
(PerkinElmer, USA).

Investigations on interaction between DNA and AG-QDs
A laser Raman microscope (Thermo Fisher, USA) was
used to investigate the alteration of nuclear components
after uptake of AG-QDs (200 μg/mL) into this organelle
for 24 and 48 h. The nuclear areas were located by light
microscopy, and a laser with the excitation wavelength
at 438 nm was used to focus and collect all Raman sig-
nals in the sample.
For the investigation on DNA damage, NR8383 cells

were exposed to AG-QDs (0 and 200 μg/mL), H2O2

(50 μL/mL), or AG-QDs (200 μg/mL) with GSH (10 μg/
mL) for 24 h at 37 °C. The DNA of NR8383 cells in each
treatment was extracted using a Genomic DNA Mini
Preparation Kit with a Spin Column (Beyotime Institute
of Biotechnology, China) according to the manufac-
turer’s instructions. The extracted DNA was dissolved in
DI water (20 ng/μL) and was deposited on a freshly
cleaved mica substrate (1 cm × 1 cm). After washing and
air-drying, the DNA chain morphology on the mica sub-
strate was imaged by AFM in tapping mode. Moreover,
the extracted DNA samples (20 ng/μL) from the
un-exposed cells were mixed with AG-QDs (200 μg/
mL), and then were allowed to sit for 24 h prior to
morphological observation by AFM. In addition, ROS
levels of AG-QDs alone and NR8383 cells after ex-
posure to AG-QDs (200 μg/mL) were detected using
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA,
Beyotime Institute of Biotechnology, China) by a
fluorescence spectrophotometer.

Molecular docking simulation
To investigate the specific interaction between AG-QDs
and DNA chains, ten representative structural models of
AG-QDs (Additional file 1: Figure S18) based on the
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particle characterization data were employed. The bind-
ing mode for representative structural models of
AG-QDs to DNA was investigated by CDOCKER, which
was incorporated into Discovery Studio 2.5 (Accelrys
Software Inc.) through the Dock Ligands protocol.
CDOCKER is an implementation of the docking tool
based on the CHARMm force field that has proven to
be viable [57]. The crystal structure of DNA (PDB entry
code: 1DJD) was retrieved from the Brookhaven Protein
Database (PDB http://www.rcsb.org/pdb). Hydrogen atoms
were added and the crystallographic waters were removed.
The random DNA conformations were refined by
grid-based simulated annealing in the receptor active site,
which improved accuracy. From the above molecular
docking simulation, insights into the specific interaction
forces between the AG-QDs and DNA were obtained.

RNA-seq analysis
After 24-h AG-QDs (100 μg/mL) exposure, NR8383
cells were sampled for RNA-Seq analysis through OE
Biotech. Co., Ltd. (Shanghai, China). Briefly, the total
RNA was extracted from the exposed NR8383 cells
using a mirVana™ miRNA Isolation Kit (Thermo
Scientific, USA). The integrity of the extracted RNA was
evaluated using the Agilent 2100 Bioanalyzer (Agilent
Technologies, USA). The cDNA, reverse-transcribed
from the extracted RNA, was used to construct libraries
by the TruSeq Stranded mRNA LTSample Prep Kit
(Illumina, USA) according to the manufacturer’s proto-
col. cDNA libraries were sequenced on the Illumina
sequencing platform (HiSeqTM 2500). Raw data (raw
reads) generated after sequencing was processed using
the NGS QC Toolkit and was then mapped to a refer-
ence Rattus norvegicus genome using Tophat. After
comparing with the sequences of reference genes, the
differentially expressed genes induced by AG-QDs were
identified using the DESeq functions estimateSizeFactors
and nbinomTest. A P value < 0.05 and Fold Change > 2
were set as the threshold for significantly differential
expression.

Statistical analysis
All experiments were run with triplicates or more, and
the data were expressed with mean ± standard deviation.
LSD and T tests were used to analyze the statistical sig-
nificance using SPSS Statistics 20.0 (p < 0.05).
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Additional file 1: Figure S1. Physicochemical characterization of AG-QDs.
Figure S2. The hydrodynamic diameter of AG-QDs in DI water and cell
culture medium. Figure S3. Cell viability of macrophages after exposure to
AG-QDs at different concentrations. Figure S4. Viability of MC3T3-E1 cells
after exposure to AG-QDs at different concentrations. Figure S5. Apoptosis

of NR8383 cells during 24- and 48-h AG-QDs exposure. Figure S6. Export of
AG-QDs by macrophages after AG-QDs internalization. Figure S7. Distribution
of internalized AG-QDs in macrophages after exocytosis for 24 and 48 h.
Figure S8. Confocal images of AG-QDs distributed in mitochondria, endo-
lysosomes, and endoplasmic reticulum after incubation for 24 h. Figure S9.
The effect of AG-QDs on the membrane stability of endo-lysosomes.
Figure S10. Uptake of GO-QDs by NR8383 cells under confocal
imaging. Figure S11. Confocal images of AG-QDs distributed in the
cellular cytoplasm under 438 nm fluorescence emission. Figure S12.
Distribution of AG-QDs in the cellular cytoplasm after incubation for
12 h. Figure S13. Relative expression of Kapβ2 and Nup98 after exposure
to AG-QDs (200 μg/mL) for 12 and 24 h. Figure S14. The high content
screening (HCS) images of NR8383 cells after AG-QDs (200 μg/mL) exposure
in absence and presence of Hoechst33342 at 347 nm excitation and
483 nm emission. Figure S15. Raman images of cells after exposure to
AG-QDs (200 μg/mL) for 24 and 48 h. Figure S16. ROS levels of AG-QDs
(200 μg/mL) alone and NR8383 cells after AG-QDs exposure. Figure S17.
AFM image of DNA chains that were directly exposed to AG-QDs-FBS
(200 μg/mL) for 24 h. Figure S18. Ten representative structural models of
AG-QDs. Figure S19. π-π Interactions between the AG-QDs (Structures
7–10) and DNA. Table S1. The number of π bonds between AG-QDs
(Structures 1–10) and DNA as obtained by molecular docking. Table S2.
The expression of genes in the caspase family after AG-QDs exposure. The
macrophages were exposed to AG-QDs for 24 h prior to analysis. Table S3.
Sequences of the gene-specific primers used in the quantitative real-time
PCR (qRT-PCR) experiment. (DOCX 2467 kb)
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