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ABSTRACT: The interactions between nanomaterials and cells are fundamental in
biological responses to nanomaterials. However, the size-dependent synergistic effects
of envelopment and internalization as well as the metabolic mechanisms of
nanomaterials have remained unknown. The nanomaterials tested here were larger
graphene oxide nanosheets (GONS) and small graphene oxide quantum dots
(GOQD). GONS intensively entrapped single-celled Chlorella vulgaris, and envelop-
ment by GONS reduced the cell permeability. In contrast, GOQD-induced
remarkable shrinkage of the plasma membrane and then enhanced cell permeability
through strong internalization effects such as plasmolysis, uptake of nanomaterials, an
oxidative stress increase, and inhibition of cell division and chlorophyll biosynthesis.
Metabolomics analysis showed that amino acid metabolism was sensitive to nanomaterial exposure. Shrinkage of the plasma
membrane is proposed to be linked to increases in the isoleucine levels. The inhibition of cell division and chlorophyll a
biosynthesis was associated with decreases in aspartic acid and serine, the precursors of chlorophyll a. The increases in
mitochondrial membrane potential loss and oxidative stress were correlated with an increase in linolenic acid. The above
metabolites can be used as indicators of the corresponding biological responses. These results enhance our systemic
understanding of the size-dependent biological effects of nanomaterials.
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■ INTRODUCTION

Graphene oxide (GO), a novel engineered nanomaterial with a
thickness of approximately 1 nm, has been applied in various
fields, including chemistry, medicine, biology, and environ-
mental protection.1,2 Compared with other nanomaterials, GO
exhibits excellent mechanical and hydrophilic properties while
remaining highly flexible and ductile.3 The flexible and ductile
properties facilitate the adherence of GO to cellular surfaces.4

Therefore, the interactions of GO with cells have received
much interest from researchers studying the biological effects of
nanomaterials.5 In the potential interactions between graphene-
related materials and cells, envelopment and internalization are
the fundamental interactional patterns, and these processes
typically occur simultaneously.5 The effects of internalization,
such as clathrin-mediated endocytosis, lysosomal or other
perinuclear compartment localization, and oxidative stress, have
been well studied, but the effects of nanomaterial envelopment
(biological responses after nanomaterial adhesion onto the
outer surface of the cell wall or membrane) remain unknown.6,7

Some studies have suggested that when GO is incubated with
cells, it forms a cell-assembled graphene biocoating for
enhanced chondrogenic differentiation, even protecting against
cell swelling, leakage, enzymatic attachment, and UV
irradiation.7,8 Viability tests have also indicated that GO

encapsulation was compatible with living cells.9,10 In contrast,
other studies have demonstrated that small hydrophobic
graphene sheets pierced through the phospholipid membrane
and navigated the double layer and that the envelopment of
embryos by GO-induced hypoxia promoted oxidative stress and
caused biological malformation.11,12 In addition, the internal-
ization effects of graphene-related materials should also be
considered. Endocytosis and passive diffusion are general entry
mechanisms for various extracellular materials.13 Because of the
challenge of accurately quantifying GO, the cellular uptake
paths dependent on the nanomaterial size and the cell wall
barrier and the specific cellular responses to nanomaterial
envelopment or internalization remain obscure. Herein, the
synergistic effects of GO envelopment and internalization were
considered to address the relevant questions.
The nanomaterial size plays a major role in the

biocompatibility of these materials. The nanomaterial size
significantly affected multiple cellular parameters (i.e., cellular
viability, oxidative stress, and cellular activation).14−17 Several
studies have reported that the in vitro cytotoxicity and
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intracellular uptake mechanisms of nanoparticles are dependent
on the size and/or aggregation state of these materials; for
example, dispersed and small-sized graphene molecules were
more toxic than their aggregated counterparts.14−17 Compared
with a larger GO nanosheet (GONS), GO quantum dots
(GOQD) assume the same motif as a conventional GONS,
with a lateral dimension of less than 100 nm and fluorescent
characteristics that contribute to the wide application of this
material.18,19 Until recently, the biological effects of GOQD
were unknown. Herein, we performed a comparable explora-
tion of the envelopment−internalization synergistic effects of
GONS (lateral length, 1−5 μm) and GOQD (lateral length,
approximately 20−50 nm).
The selection of toxicological end points also influences the

experimental conclusions. Cell viability, cell division, cell
ultrastructure, and oxidative stress are the common toxico-
logical end points of nanomaterials.20 Metabolites serve as
direct signatures of biochemical activities and are easy to
correlate with cellular biochemistry and biological phenom-
ena.21 For evaluation of the nanomaterial safety, the potential
unique benefits of applying metabolomics, particularly single-
cell metabolomics, have only recently been recognized.22,23 In
the present study, the multiple toxicological end points (cell
division, cell ultrastructure, oxidative stress, and cell metabo-
lism) of the single-celled organism Chlorella vulgaris were
employed to explore the specific effects of GONS and GOQD.

■ MATERIALS AND METHODS
Characterization of Nanomaterials Provided in the Support-

ing Information. Cell Division. C. vulgaris was purchased from the
Institute of Wuhan Hydrobiology, Chinese Academy of Sciences. The
algal cells were cultured in 250 mL glass flasks containing 100 mL of a
BG-11 medium (Table S1) in the presence or absence of different
concentrations (0.01, 0.1, 1.0, and 10.0 mg/L) of GONS and GOQD.
The glass flasks containing algae were placed in an illumination
incubator (LRH-250 Gb, China) at 24.0 ± 0.5 °C and 80% humidity.
The inhibition of cell division was calculated daily using CASY TT
(Innovatis, Germany). The initial density of algal cells was
approximately 6.5 × 104 cells/mL. The cell division inhibition rates
(%) were identified as the cell numbers in nanomaterial exposure
groups subtracted from the cell numbers in the control and then
divided by the cell numbers in the control. The proportions of dead
cells were detected by flow cytometric analysis with propidium iodide
staining. Cell suspension was centrifuged at 9000g for 5 min, washed
using phosphate-buffered saline (PBS), and then stained with
propidium iodide for 20 min. The fluorescent intensity was analyzed
on a flow cytometry (CyFLOW Space, Partec, Germany). To measure
chlorophyll a, 4 mL of the algal cell suspension was centrifuged at
9000g for 5 min. Subsequently, 4 mL of 95% ethanol was added to the
suspended cells and incubated in the dark for 24 h. The chlorophyll a
content in 95% ethanol was measured at 665 and 649 nm using a UV−
vis spectrophotometer (TU-1900, Persee, China).
Cell Permeability. Cell permeability was determined using the

fluorescein diacetate (FDA) method. FDA is a nonpolar, hydrophobic,
and nonfluorescent esterified compound that freely enters cells. The
algal cell suspension (1 mL) was centrifuged (9000g, 5 min) and
washed three times with a fresh BG-11 medium, and then FDA was
added at a final concentration of 10 μg/mL. The suspension was then
incubated for 30 min under dark conditions at room temperature,
centrifuged (12000g, 2 min), and washed three times with PBS. The
fluorescent samples were examined using a fluorescence microscope
(LS55, PerkinElmer, USA) with excitation at 485 nm and emission at
521 nm. The results are shown as the fluorescence intensity per 106

cells.
Fourier Transform Infrared (FTIR). FTIR spectroscopy was used

to identify the functional groups and structures on the surface of the
cells. The algal cells were harvested through centrifugation at 9000g at

25 °C for 5 min and washed three times with PBS. Subsequently, the
cells were filtered through a 0.2 μm poly(tetrafluoroethylene)
membrane and then freeze-dried. A Bruker Tensor 27 FTIR
spectrometer was used to record the IR spectra, and the spectra
from 1000 to 3500 cm−1 were collected with a resolution of 2 cm−1.

Electron Microscopy Observation. Envelopment of algal cells by
nanomaterials was observed using scanning electron microscopy
(SEM; SU8010, Hitachi, Japan). Algal suspensions of 5 mL were
obtained through centrifugation (9000g, 5 min), chemically fixed for 2
h using 2.5% glutaraldehyde, washed three times with PBS, and
subsequently postfixed in 1% osmium tetroxide for 2 h. Subsequently,
the samples were dehydrated in a graded ethanol series (30%, 50%,
70%, 80%, 90%, 95%, and 100%) for 10 min each, washed with tert-
butyl alcohol, and air-dried under vacuum. The cellular ultrastructure
was observed through transmission electron microscopy (TEM;
HT7700, Hitachi, Japan). The cells were collected after centrifugation
of the 5 mL suspension. After washing with PBS, the cells were fixed in
2.5% glutaraldehyde overnight at 4 °C, postfixed in 1% osmium
tetroxide for 2 h, dehydrated in a graded ethanol series (30%, 50%,
70%, 80%, 90%, 95%, and 100%), and then embedded in an epoxy
resin. Ultrathin sections (90 nm) of algal cells were cut with a diamond
knife (EM FC7, Leica, Germany) on an ultramicrotome and stained
with uranyl acetate and lead citrate for 15 min.

Nanomaterial Internalization. To prepare the calibration curve
for the quantification of nanomaterial internalization, 20 mL of the
algal suspension cultured for 96 h without nanomaterial exposure was
collected after centrifugation (9000g, 5 min) and suspended using 3
mL of a BG-11 medium. Nanomaterials (0.02, 0.2, 2.0, and 20.0 μg)
were spiked into the above algal suspension, and the algal cells were
substantially broken using an ultrasonic cell disruptor in an ice bath.
The cells were exposed to the sonication probe tip at 150 W for 15
min to ensure that the nanomaterials were homogeneously distributed
in the cell matrix. The cell matrix containing nanomaterials was
lyophilized and then placed on microscope slides. The quantification
of nanomaterial internalization was performed by confocal Raman
spectroscopy (RS; Thermo Scientific, DXR, USA) at 780 nm, and the
intensity of the G bands was recorded. The nanomaterials in the
exposed groups were quantified using the procedure described above.

Reactive Oxygen Species (ROS) and Superoxide Dismutase
(SOD) Assay. 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-
DA) was used to measure intracellular ROS. DCFH-DA entered the
algal cells, reacted with ROS, and then produced the highly fluorescent
compound dichlorofluorescein (DCF). Briefly, 1 mL of the algal
suspension was collected after centrifugation (9000g, 5 min) and then
washed three times with PBS. The algal cells were incubated with
DCFH-DA (10 μM) in the dark at 25 °C for 30 min. The algal cells
were then washed an additional three times with PBS. The
fluorescence intensity of DCF was measured using a fluorescence
spectrophotometer (LS55, PerkinElmer, USA) with an excitation
wavelength of 485 nm and an emission wavelength of 530 nm. The
SOD activity was spectrophotometrically determined using a SOD
assay kit (A001-2, Nanjing JianCheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instructions. The
absorbance was read at 450 nm using a UV−vis spectrophotometer
(TU-1900, Persee, China). Relative SOD levels were calculated as the
ratios of the treatments to the control.

Mitochondrial Membrane Potential Loss. For this assay, 1 mL
of an algal suspension was collected after centrifugation (9000g, 5
min), washed three times with PBS, and then incubated with 10 mM
5,5′,6,6′-tetrachloro-1,1′,3,3 ′-tetraethylbenzimidazolylcarbocyanine io-
dide (JC-1) for 1 h in the dark at 37 °C. Before the observation, algae
were washed again with PBS. The JC-1-stained algal cells were
observed by fluorescence microscopy (IX71, Olympus, Japan) with a
475 nm excitation wavelength, and the corresponding fluorescence
intensities were collected at 530 nm (green) and 590 nm (red). Images
were acquired using the Photoshop 7.0 software package. Images and
fluorescence intensities were analyzed using ImageJ software. Measure-
ment of the mitochondrial membrane potential loss was recorded as
the ratios of red-to-green emission intensities (I590/I530).
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Metabolic Analyses. The cells were collected from 10 mL of the
algal suspension after centrifugation (9000g, 5 min). To avoid
metabolic alterations during the preparation and to completely break
the cell walls, collection was followed by three cycles of freezing in
liquid nitrogen and thawing. Subsequently, a 4.5 mL solution of
methanol/chloroform/water (volumetric ratio = 2.5:1:1) was spiked
into the cell suspension, and the cells were completely broken using an
ultrasonic cell disruptor (150 W, 10 min) in an ice bath. The
metabolites were extracted using ultrasound (200 W, 30 min),
followed by centrifugation for 5 min at 9000g at 4 °C. The supernatant
was collected, and after ultrasound and centrifugation as described
above, the sediment was extracted again using 4.5 mL of a methanol/
chloroform/water solution (volumetric ratio = 2.5:1:1). The super-
natant was mixed with the previously collected supernatant. Water (1.5
mL) was added into the above supernatant and then centrifuged at
9000g for 5 min. The lower phase was filtered through a 5 cm silica gel
column and dried via nitrogen blow-off. For the upper phase,
methanol and water were removed via nitrogen blow-off and
lyophilization, respectively, and subsequently mixed with the residual
lower-layer phase. Methoxamine hydrochloride (20 mg/mL, 50 μL)
and N-methyl-N-(trimethylsilyl)trifluoroacetamide (80 μL) were
added as derivatives. The samples (1 μL) were injected into the gas
chromatography column in split mode (1:25). Metabolic analyses were
conducted using gas chromatography with quadruple mass spectrom-
etry (GC−MS; 6890N/5973, Agilent, USA).
Statistical Analysis. All of the experiments were performed in

triplicate, and the results are presented as the mean ± standard
deviation. One-way analysis of variance (ANOVA) using least
significant difference followed by Duncan’s test was employed to
analyze the statistical significance of the exposed groups compared
with the control. Statistical significance “*” was accepted at a level of p
< 0.05.

■ RESULTS
Nanomaterial Characterization. The TEM images of

GONS and GOQD in Figure 1a,b show irregular folds on
GONS, reflecting the flexibility of GONS. Parts c and d of
Figure 1 show the atomic force microscopy (AFM) images of
the nanomaterials. The thicknesses of GONS and GOQD were
approximately 0.8−1.0 and 4.8−5.2 nm, respectively. The AFM
and TEM images also showed that the lateral lengths of GONS

and GOQD were approximately 1−5 μm and 20−50 nm,
respectively. Furthermore, the material dispersity was inves-
tigated, as shown in Figure 2a, and the ζ potential became
negative with increasing pH, suggesting that the surfaces of
both materials exhibited negative charges at pH 7−11. GOQD
exhibited more negative charges than GONS at pH 7−11,
suggesting that GOQD has a better dispersity than GONS
because of electrostatic repulsion (the pH of the cell culture
medium was 7.4). The free electrons of nanomaterials were
examined through electron paramagnetic resonance (EPR), as
shown in Figure 2b. The peak shapes and intensities of GONS
and GOQD were comparable. X-ray photoelectron resonance
(XPS) was conducted to describe the surface chemistry of
GONS and GOQD. As shown in Figure 2c, GONS includes
67.17% C 1s, 30.37% O 1s, and 2.47% S 2p. Figure 2d shows
that GOQD contains 78.2% C 1s, 16.5% O 1s, and 5.3% Na 1s.
The limited elements sulfur and sodium were the agents
involved in chemical synthesis.

Envelopment of Cells through Nanomaterials. SEM
images were obtained to explore the envelopment of algal cells
through GONS and GOQD, as shown in Figure 3a−c. The
diameters of the cells were similar in all groups and were
approximately 5 μm. In control cells, irregular ruffles forming
grooves of approximately 0.5 μm diameter covered the surface
of the cells. However, as shown in Figure 1b,c, the ruffles were
not obvious for cells exposed to GONS and GOQD, and an
unknown compound filled the grooves on the surface of cells,
as denoted by the red arrows. To determine the chemical
composition of the unknown compound described above, RS
was performed as shown in Figure 3d. For cells exposed to
GONS, the typical D and G bands were clearly detected,
suggesting that GONS covered the surfaces of the cells. For
cells exposed to GOQD, the D and G bands were not
significant. The red shift in the RS peaks for GOQD might
reflect interactions with the intercellular environment.24 In
addition, RS also showed that, compared with control
conditions, cell secretion decreased when the cells were
covered by GONS but not when they were covered by
GOQD, indicated by the blue arrow. This may be explained by
the finding that GONS envelops the cells and that GOQD does
not, as shown in Figure 3b,c. The RS of cells enveloped by
GONS reflects strong signals of GONS rather than the natural
cell surface, as shown by the D and G peaks in Figure 3b.

Alterations of the Cell Surface Chemistry. FTIR was
performed to identify alterations in the cell surface chemistry
after envelopment by nanomaterials. As described in Figure 4,
the absorbance of CO2 from the atmosphere is obvious in
GONS using two-dimensional sheet morphology, and the CO2
peak remained significant after GONS were immobilized onto
algal cells. In the GOQD condition, a CO2 peak did not appear,
but on the surfaces of cells exposed to GOQD, the CO2 peak,
denoted by the green arrow, was obvious, likely because of cell
respiration. After entrapment by nanomaterials, the O−H/N−
H/C−H/C = N/N−N peaks increased, as indicated by black
and pink arrows. Compared with GONS, GOQD enhanced the
peaks of C−O/N−O/C−N/N−H, as indicated by blue and
red arrows. Considering that the above groups were not
detected in GONS/GOQD samples or on pristine cell surfaces,
the increases in those chemical groups presumably result from
alterations in the cell walls after nanomaterial envelopment.

Alterations of the Cell Permeability. Alterations of the
cell permeability after envelopment of nanomaterials were
explored, as shown in Figure 5a. There was no significant

Figure 1. Nanomaterial morphology: (a) field-emission TEM image of
GONS; (b) field-emission TEM image of GOQD; (c) AFM image of
GONS; (d) AFM image of GOQD. Scale bars: (a) 0.2 μm; (b) 0.1
μm; (c) image lateral length of 10 μm; (d) image lateral length of 10
μm.
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difference between the control and the cells exposed to GONS,
except for the high-concentration exposure at 1 and 10 mg/L.
At 0.01 and 1 mg/L GONS exposure, there were no significant
alterations in the fluorescence intensity compared with the
control. In contrast, the fluorescence intensity significantly
increased by 12.6%, 30.0%, 24.3%, and 82.5% with 0.01, 0.1, 1,
and 10 mg/L GOQD, respectively. Unlike the traditional views
that the cell permeability only reflects damage to the cell wall/
plasma membrane, these results suggest that envelopment of
nanomaterials also directly influences the cell permeability,
specifically by decreasing the cell permeability.
Intracellular Oxidative Stress. As shown in Figure 5b,

both GONS and GOQD at 0.01−10 mg/L significantly
promoted the production of ROS. The relative ROS levels in
the GONS and GOQD groups were 10.5−52.1% and 79.6−
175.4% higher than the control, respectively. The ROS level in

Figure 2. Chemical properties of nanomaterials: (a) ζ potential; (b) EPR spectra; (c) XPS spectrum of GONS; (d) XPS spectrum of GOQD.

Figure 3. Envelopment of the cells by nanomaterials at 96 h. SEM
images of the cells in the (a) absence and presence of 10.0 mg/L
GONS (b) and 10.0 mg/L GOQD (c). The red arrows denote the
envelopment phenomena of the nanomaterials. Furthermore, RS
spectra (d) were conducted to determine the chemical composition of
the envelopment coating SEM images. The blue arrow denotes algal
secretion.

Figure 4. FTIR spectra of the controls (GONS power, GOQD power,
and cell surface without nanomaterial exposure) and the cell surface
exposed to nanomaterials. The arrows denote alterations in the
chemical groups.

Figure 5. Alterations in the cell permeability (a), intracellular ROS
levels, (b) SOD activities, (c) and mitochondrial membrane potential
loss (d) after exposure to nanomaterials for 96 h. The mitochondrial
membrane potential loss in algal cells exposed to 0 mg/L
nanomaterials is shown via JC-1 staining. Black and red “*” denote
significant differences compared to the control and GONS groups,
respectively, at p < 0.05.
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the GOQD group was significantly higher than that in the
GONS group. Furthermore, the activities of SOD confirm
changes in the oxidative stress, as shown in Figure 5c. High
concentrations of GONS, 1 and 10 mg/L, induced upregulation
of the SOD activity, while at concentrations ranging from 0.01
to 10 mg/L, GOQD induced upregulation of the SOD activity.
GOQD induced stronger upregulation of the SOD activity than
GONS. The mitochondrial membrane potential loss associated
with intracellular oxidative stress was evaluated by JC-1
staining. As shown in Figure 5d, the ratios of red-to-green
fluorescence intensity significantly decreased by 44.40% (p <
0.01) and 66.09% (p < 0.01) after exposure to 10.0 mg/L
GONS and GOQD, respectively, compared with the control.
This result suggests that GOQD induces stronger oxidative
stress than GONS.
Alterations of the Cellular Ultrastructure. As shown in

Figure 6, TEM was performed to observe alterations in the

cellular ultrastructure. Figure 6a shows TEM images of control
cells with intact cell walls, plasma membranes, and chloro-
plastic, nuclear, and other cytoplasmic compartments. How-
ever, GONS and GOQD induce significant plasmolysis, as
indicated by the double black arrows in parts b and c of Figure
6, respectively. Analysis of TEM images showed that the ratios
of the plasmolysis area to total cell area were 17.1% and 13.8%
after GONS and GOQD exposure, respectively, and these
parameters were significantly higher than those in the control
(9%). Compared with the typical shape of the cell wall in all
groups, shrinkage of the plasma membrane led to plasmolysis.
Shrinkage of the plasma membrane after GONS exposure was
more obvious than that after GOQD exposure. In addition, the
structures of the chloroplasts and thylakoids were indistinct in
cells exposed to nanomaterials. GOQD significantly induces the
downregulation of chlorophyll a biosynthesis, as shown in
Figure S1. The numbers of starch grains and lysosomes

significantly increased after nanomaterial exposure, as shown in
Figure 6b,c. The numbers of starch grains after GONS and
GOQD exposure were 2.6- and 4.0-fold larger than that in the
control, respectively, as shown in Figure 6d. The numbers of
lysosomes after GONS and GOQD exposure were 2.0- and 3.7-
fold larger than that in the control, respectively.

Cellular Internalization of Nanomaterials. RS was used
to determine the uptake of GONS and GOQD in algal cells.
GONS and GOQD were spiked into the algal matrix to prepare
calibration curves with linear correlation coefficients higher
than 0.9. The uptake rates were identified as the ratios of the
nanomaterial mass in cells to the cell mass. The uptake
percentages were defined as the ratios of the nanomaterial mass
in cells to the total nanomaterial mass in the cell suspension.
The uptake rates of GONS at 0.01, 0.1, and 1 mg/L were 0.4,
2.7, and 23.3 μg/g, respectively. The uptake percentages of
GONS at 0.01, 0.1, and 1 mg/L were 1.2%, 0.7%, and 0.7%,
respectively. The uptake rates of GOQD at 0.01, 0.1, and 1 mg/
L were 4.7, 439, and 913 μg/g, respectively. The uptake
percentages of GOQD at 0.01, 0.1, and 1 mg/L were 13.7%,
61.5%, and 27.4%, respectively. These data suggest that the
cellular internalization levels of GOQD are approximately 10−
80-fold higher than those of GONS.

Cell Division. Figure 7 shows the envelopment−internal-
ization effects of nanomaterials upon cell division. The initial

number of cells was 6.5 × 104 cells/mL. At 24 h, cell division
was promoted by increasing the concentrations of nanomateri-
als. The cell numbers after GONS and GOQD exposure were
12.1−90.5% and 53.7−76.5% higher than those in the control,
respectively. At 48 h, the cell numbers after GONS and GOQD
exposure were 5.7−64.9% and 16.6−55.9% higher than those in
the control, respectively. However, at 72 h, cell division was
promoted by GONS but inhibited by GOQD. At 96 h, both
nanomaterials inhibited cell division. The cell numbers after
GONS and GOQD exposure decreased 1.9−15.9% and 20.1−
46.8%, respectively, compared with the control. These results
showed that GONS and GOQD first promoted and then
inhibited algal cell division. Moreover, GOQD led to a more

Figure 6. TEM images of cells: (a) control without nanomaterial
exposure; (b) 10 mg/L GONS exposure; (c) 10 mg/L GOQD
exposure; (d) statistical analysis of TEM images (n > 15). The double
black arrows denote plasmolysis. Abbreviations: Cw, cell wall; Pm,
plasma membrane; L, lysosome; S, starch grain; Chl, chloroplast; Thy,
thylakoids; Pc, pyrenoid center; Psp, pyrenoid starch plate. Figure 7. Cell division under nanomaterial exposure at (a) 24, (b) 48,

(c) 72, and (d) 96 h. The inhibition ratios are defined as the cell
numbers in nanomaterial exposure groups subtracted from the cell
numbers in the control and then divided by the cell numbers in the
control.
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marked inhibition of cell division than GONS. The proportions
of dead cells were also detected, as shown in Table S2. Neither
GONS nor GOQD remarkably induced the death of cells, and
the proportions of dead cells were less than 3% in all tested
groups.
Metabolic Analysis. Approximately 160−190 peaks in each

sample were analyzed using GC−MS with derivatization
preparation, and 36 metabolites were identified, as shown in
Tables S3 and S4. The 36 identified metabolites include amino
acids, carbohydrates, fatty acids, tricarboxylic acid, and other
small molecular metabolites. The metabolite levels in the
control and nanomaterial-exposed groups are presented using
thermal maps. Figure 8a shows the relative levels of the 36

metabolites identified. These metabolites were divided into two
groups by hierarchical clustering (HCL) analysis: control and
exposure groups. Moreover, the exposure groups were divided
into GONS 0.01/GONS 0.1 and other exposure groups. HCL
analysis demonstrated that nanomaterials induced alterations in
metabolism. Furthermore, several metabolites (amino acids,
carbohydrates, and fatty acids) were individually analyzed to
explore the significant differences in exposure groups compared
with the control, as shown in Figure 8b. For a combination of
the 36 metabolites identified, no significant differences from the
control were observed among exposure groups except for
GONS at 10 mg/L. For carbohydrate and fatty acid
metabolism, no significant differences in the exposure groups
were observed compared with the control. However, for amino
acid metabolism, significant differences from the control were
observed for all exposure groups except for GONS at low
concentrations of 0.01 and 0.1 mg/L. The above analysis
implies that amino acid metabolism is sensitive to exposure to
nanomaterials. The relative metabolism levels of individual

amino acids were further analyzed, as shown in Figure 8c.
Metabolites were divided into two groups: control/GONS 0.01
and other exposure groups. Compared with the control,
nanomaterial exposure induced increases in the isoleucine
and glutamine levels, particularly after GOQD exposure. In
contrast, the levels of serine and threonine were downregulated
after nanomaterial exposure at the high concentrations of 1 and
10 mg/L.

■ DISCUSSION
Figure 3 shows that GONS obviously entraps cells. Until
recently, the entrapment mechanism was unclear. In Figure 1,
the AFM and TEM images show that GONS presented a
flexible nanosheet morphology. This characteristic facilitated
the adhesion of GONS onto cells. The oxygen- and hydrogen-
containing groups on nanomaterials could also drive the
adhesion of nanomaterials onto cell surfaces through hydro-
phobic, receptor−ligand, and hydrogen-binding interactions.2,25
In Figure 2, the ζ potential shows that the nanomaterial surface
was negatively charged at pH 6−11. Given the negative charges
on algal cells,26 electrostatic interactions did not contribute to
the wrapping of cells with nanomaterials. The cellular adhesion
onto GONS was stronger than that onto graphene,27 suggesting
that, in the interactions of GONS with cells, hydrogen bonding
from hydrogen- and oxygen-containing groups played a more
important role than π−π stacking from sp2 structures. This
hypothesis was supported by the results of the FTIR spectra
shown in Figure 4.
The reduction of the cell permeability after GONS exposure

confirmed the envelopment of GONS. This result was
consistent with the cytoprotective roles of GONS, for instance,
the inhibition of cell leakage.7,28 Maheshwari et al. also
demonstrated the protection of Saccharomyces cerevisiae against
osmotic pressure after coating the cells with reduced GONS.29

In contrast, GOQD enhanced the cell permeability. Given that
TEM images show that GONS induced stronger plasma
membrane shrinkage than did GOQD, the envelopment effects
might play a dominant role in the reduction of the cell
permeability. There was no significant breakage in the cell wall
when nanomaterials were detected on the surfaces of the cells.
The TEM results were consistent with Raman mapping,
showing that GONS and GOQD were located in the cytoplasm
via endocytosis.30,31 Given that endocytosis cannot occur in the
cell wall, the passive translocation of nanomaterials likely
occurred. Recently, computer simulation modeling proposed
that graphene microsheets enter cells through passive
membrane penetration.16,32 GOQD was remarkably better
internalized than the larger GONS. Zhang and colleagues also
proposed that, compared with large GONS, ultrasmall GONS
showed a higher amount of cellular uptake in human cells
without a cell wall barrier.33

Plasmolysis was the most remarkable phenomenon after
nanomaterial exposure. In a previous study, we also showed
that GONS induced plasmolysis of wheat cells.34 However, the
molecular mechanisms remain unclear. To address this
question, the metabolites were detected using metabolomics
strategies, as shown in Figure 8. Biotin is an absolute
requirement for the full catabolism of isoleucine.35 The
upregulation of isoleucine reduced the biotin concentration
and the irritating effects of hydroxyisovalerate, leading to
plasma membrane shrinkage.36 Therefore, nanomaterial-
induced plasmolysis likely reflects an increase in isoleucine, as
shown in Figure 8c. The mechanisms underlying the increase in

Figure 8. Thermal map reflecting the metabolic levels in the control
and nanomaterial exposure groups: (a) thermal map of all identified
metabolites; (b) significant differences in the levels of exposure groups
compared with the control; (c) thermal maps of amino acids. Cluster
analysis of the metabolites was conducted using an HCL model.
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starch grains after the exposure of nanomaterials also remained
unclear. The number of starch grains increased after salt and
nitrogen element stimulation in plants.37,38 The increase in
starch grains might reflect cellular adaptation and alterations in
nitrogen metabolism. The number of lysosomes also increased
after nanomaterial exposure. The lysosome is considered a
targeted organ for GONS localization.5,39 Furthermore, the
results of the present study indicate that small GOQD induced
the production of more lysosomes than large GONS. Similar to
starch grains, the increase in the number of lysosomes might
reflect a pattern of cellular adaptation.
Figure 7 shows that cell division is promoted and then

inhibited by nanomaterials. Several reasons for this phenom-
enon have been proposed. First, nanomaterials permeated the
cell wall during internalization, promoting the fracture of the
cell wall in parental cells.40 Second, the internalization of
nanomaterials damaged the cell ultrastructure, increased
oxidative stress, and disturbed cellular metabolism, as shown
in Figures 6−8, respectively. Third, the envelopment−internal-
ization synergistic effects led to the inhibition of cell division in
Figure 7d. It has been shown that silica coating greatly
suppressed cell division.41 GOQD triggered a more severe
inhibition of cell division than GONS did, implying that
nanomaterial internalization more strongly influenced cell
division than did nanomaterial envelopment. Cell division
requires energy, and branched-chain amino acids (BCAAs)
provide an alternative to sugar as a source of energy.42

However, at high concentrations, GONS and GOQD decreased
the levels of aspartic acid, which is a precursor of some BCAAs
as well as inosine and purine bases,43 and this would also
explain the inhibition of cell division.
GOQD induced stronger biological effects than GONS, i.e.,

enhancement of the intracellular ROS levels, SOD activity, and
mitochondrial membrane potential loss, and the reduction of
chlorophyll a and cell division. Reduction of the chlorophyll a
content after nanomaterial exposure has been widely reported,
although the relevant mechanisms remain unknown.44,45 Serine
participates in the biosynthesis of purines and pyrimidines and
is also the precursor of chlorophyll a.46 Metabolic analysis
showed that the serine levels decreased after GONS and
GOQD exposure at high concentrations, which explained the
reduction in the chlorophyll a content. Mitochondrial
membrane potential loss is a common phenomenon in
nanotoxicology,47,48 and oxidative stress is considered the
primary mechanism of nanotoxicology,49,50 but the molecular
pathways have not been examined at the metabolic level.
Linolenic acid, a membrane lipid, influences the membrane
fluidity, and upregulation of this molecule induced perturba-
tions in the plasma membrane.51 Linolenic acid was also
reported as a source of metabolites, called oxylipins.52 The
signaling function of oxylipins is well established because many
studies have demonstrated its influence on the peroxidation of
free fatty acid chains.53 Therefore, GOQD likely increased the
mitochondrial membrane potential loss and oxidative stress
throughupregulation of the linolenic acid content, as shown in
Figure 8c. The above discussion suggests that metabolic
analysis is potentially useful in the risk analysis of nanomateri-
als.

■ CONCLUSION
Multiple parameters of nanomaterials, such as size, dispersity,
shape, surface charges, and chemical composition, influence the
biological responses to these materials. Notably, the various

physicochemical properties of nanomaterials are interdepend-
ent. For example, the size of graphene can affect the charge
density, dispersity, and density of active groups, conductivity,
hydrophobicity, or hydrophilicity.20,54,55 To avoid the interfer-
ence of other factors, the ζ potential, surface chemistry, and free
electrons of nanomaterials were investigated, as shown in
Figure 2. The differences in these factors are not very obvious
compared with the size differences between GONS and
GOQD, which are 1−5 μm and 20−50 nm in size, respectively.
In the present work, size is proposed as the main reason for the
differences in the biological responses to GONS and GOQD.
GOQD induced more obvious biological effects than GONS,
including cellular uptake, cell division, cell permeability, and
oxidative stress. Importantly, this work revealed that amino acid
metabolism was sensitive to nanomaterial exposure. These
metabolites are associated with the biological effects described
above. Furthermore, it is proposed that these metabolites could
be used as indicators of the corresponding biological responses
to nanomaterials of various sizes.
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