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ARTICLE INFO ABSTRACT

Editor: Dr. S.Y. Chen Graphene oxide (GO) nanomaterials have significant advantages for drug delivery and electrode materials in
neural science, however, their exposure risks to the central nervous system (CNS) and toxicity concerns are also
increased. The current studies of GO-induced neurotoxicity remain still ambiguous, let alone the mechanism of
how complicated GO chemistry affects its biological behavior with neural cells. In this study, we characterized
the commercially available GO in detail and investigated its biological adverse effects using cultured SH-SY5Y
cells. We found that ultrasonic processing in medium changed the oxidation status and surface reactivity on
the planar surface of GO due to its hydration activity, causing lipid peroxidation and cell membrane damage.
Subsequently, ROS-disrupted mitochondrial homeostasis, resulting from the activation of NOX2 signaling, was
observed following GO internalization. The autophagy-lysosomal network was initiated as a defensive reaction to
obliterate oxidative damaged mitochondria and foreign nanomaterials, which was ineffective due to reduced
lysosomal degradation capacity. These sequential cellular responses exacerbated mitochondrial stress, leading to
apoptotic cell death. These data highlight the importance of the structure-related activity of GO on its biological
properties and provide an in-depth understanding of how GO-derived cellular redox signaling induces
mitochondrion-related cascades that modulate cell functionality and survival.
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1. Introduction replacing current intracranial or spinal devices due to its mechanical and

electronic features (Chen et al., 2019; Niu et al., 2019; Liu et al., 2020).

The rapid development of nanotechnology in various fields, ranging
from engineering to electronics and biotechnology, has resulted in
increasing applications of graphene-based nanomaterials (GBNs) (Yao
et al., 2019). Compared with other graphene derivatives, graphene
oxide (GO) possesses a larger specific surface area, affluent
oxygen-containing groups, and more availability of surface functional-
ization, together making this material particularly attractive for
biomedical applications (Atiroglu, 2020; Shen et al., 2020; Satapathy
et al., 2020). However, the biomedical interest raised by GO nano-
materials (NMs) is two-fold. On one hand, GO can be used as tissue
scaffolds that promote nerve regeneration, and as a strong candidate for

On the other hand, emerging in vitro and in vivo biosafety studies have
revealed alarming findings (Gies and Zou, 2018; Xiaoli et al., 2020).
Among different hazard paradigms involved in biological behavior of
NMs, such as formation of thrombus (Singh et al., 2012), inflammatory
cell infiltration (Park et al., 2015), generation of oxidative stress
(Russier et al., 2013), and DNA damage (Lu et al., 2017), the production
of reactive oxygen species (ROS) is a major mechanism responsible for
NM-induced cytotoxicity (Xiaoli et al., 2017; Zhang et al., 2020; Zhang
et al., 2020). The intracellular ROS mainly comes from the electron
leakage during mitochondrial aerobic respiration (Cadenas, 2018),
however, in this study we detected that GO induced high levels of ROS
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primarily through activation of the NADPH oxidase system located on
the cytoplasm and plasma membrane. Studies on the antibacterial action
of GO reported that the two-dimensional planar structure and surface
functional groups of GO played crucial roles in ROS formation and its
interaction with bacterial membranes (Liu et al., 2011; Li et al., 2016;
Guo et al., 2017). Thus we wonder how the active chemical property of
GO reacts to mammalian systems, particularly to the CNS, by mediating
certain redox signaling. It’s important to note that once there’s an
imbalance of redox in the cell, high levels of ROS will persistently attack
lipids, proteins, DNA, and subcellular structures (such as the mito-
chondria and nucleus), leading to a series of cascades in living systems
(Feng et al., 2015).

It is clear that several natural antioxidants in cells, such as gluta-
thione, superoxide dismutase (SOD), and catalase, defend the cells
against high concentrations of ROS. More importantly, autophagy acts
as a defensive mechanism to limit ROS-triggered cell damage by
removing oxidatively damaged molecules and organelles (Zhang et al.,
2016; Li et al., 2020). Thus, the second paradigm in this paper lies in
studying the disturbance in cellular autophagy levels following exposure
to GO. At present, the elevated autophagy levels have been demon-
strated to be involved in metal and metallic oxide NMs (Shen et al.,
2019; Perez-Arizti et al., 2020; Simonet et al., 2020), it is not yet
considered as an exact mechanism for GBN-related biological behavior.
The dynamic process of autophagy is determined by autophagic flux,
including autophagosome formation, the fusion between autophago-
somes and lysosomes, and degradation within autolysosomes. There-
fore, it is unclear if autophagy is actively induced or it is linked to
excessive accumulation of autophagosomes resulting from impaired
lysosomal degradation. Several metal oxide NMs (such as ZnO, CuO)
have been reported to display pH-dependent solubility after internali-
zation via endocytosis, suggesting the crucial role of acidic lysosomes in
NM-induced cytotoxicity (Henson et al., 2019; Holmes et al., 2020).
However, much remains unclear about the potential biodegradation of
GBNs upon exposure to the non-conducive environment in cells (Soenen
et al., 2015). What would be more interesting, is to investigate the in-
fluence of biodegradation property of GBNs on cellular redox signaling
and further survival.

In the current study, we systematically explored the hydration ac-
tivity of GO in a complete medium and demonstrated the underlying
mechanism of its toxicity in human SH-SY5Y neuroblastoma cells.
Currently permanently established neuronal cell models have been
widely used to study neurological diseases to alleviate the challenge of
culturing mature neurons. We choose SH-SY5Y cells as the research
model for they are derived from human neuronal tumors and considered
to be most reminiscent of catecholaminergic neurons and commonly
used for toxicology evaluation (Kovalevich and Langford, 2013; Xicoy
et al., 2017). Firstly, we identified the function of surface oxidized
groups as well as free radicals in affecting the biological characteristics
of GO. Next, we emphasized the contribution of ROS-initiated oxidative
stress, followed by disturbances in the autophagy-lysosomal network, all
leading to significant mitochondrial stress and consequently cell
apoptosis. These data highlight the importance of the structure-related
activity of GO on its biological behaviors and provide an in-depth un-
derstanding of how one biological parameter (GO-derived cellular redox
signaling) can induce a cascade of effects that modulates nerve cell
functionality and survival.

2. Materials and methods
2.1. Materials, reagents, and antibodies

Graphene oxide (GO) nanosheets were obtained commercially from
Sigma-Aldrich (St. Louis, MO, USA). The chemical reagents N-acetyl-L-
cysteine (NAC), rapamycin (RAPA), and GSK2795039 were purchased
from MedChemExpress (MCE, China). 8-CPT-cAMP was purchased from
Abcam (USA). Bafilomycin A; (Baf A;), 3-methyladenine (3-MA), 3-
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IBMX, and forskolin were purchased from Topscience (Shanghai,
China). FITC-BSA was purchased from Bioss Inc. (Beijing, China).
TRITC-labeled phalloidin and RIPA lysate buffer were purchased from
Solarbio (Beijing, China). BODIPY 581/591 C11 was purchased from
Thermo Fisher (USA). MitoSOX Red indicator and LysoSensor™ Green
DND-189 were purchased from Yeasen (Shanghai, China). DAPI was
purchased from Beyotime (Shanghai, China). Earle’s balanced salt so-
lution (EBSS) was purchased from Gibco (USA). Anti-lysosome-
associated membrane protein-1 (LAMP-1) antibody was purchased
from Santa Cruz Biotechnology (USA). Antibodies against LC3I/I1, Atg5,
and Beclinl, p62/SQSTM1, and horseradish peroxidase (HRP)-conju-
gated secondary antibody were purchased from Cell Signaling Tech-
nology (USA). Anti-AMPK, anti-pAMPK, anti-ULK1, anti-pULK1, anti-
mTORC1, anti-pmTORC1, anti-p47P"*, anti-p67P"°%, anti-Bax, anti-cy-
tochrome C (CytC), anti-COXIV, anti-Caspase 3, anti-cleaved Caspase 3,
anti-Caspase 9, and anti-cleaved Caspase 9 antibodies were purchased
from Proteintech (USA). Anti-NOX1, anti-NOX2, and anti-NOX4 anti-
bodies were purchased from ABclonal (Wuhan, China). Anti-p-p47ph°"
and anti-Na'/K'-ATPase antibodies were purchased from Abbkine
(Wuhan, China). Anti-p-p67P"°% antibody was purchased from Affinity
(USA).

2.2. Characterization of GO

The microstructure of GO samples was analyzed using scanning
electron microscopy (SEM; Hitachi Scientific Instruments, Japan) and
atomic force microscopy (AFM; Agilent Technologies, Inc., USA). To
assess the hydration activity, 100 pg/mL GO nanosheets were dispersed
in complete medium and sonicated for 1 h (50 W) in an ultrasonic
processor (Biosafer, China). After incubation for 6 h and 24 h, the GO
pellets were collected by centrifugation, and salts and organic com-
pounds were removed by washing with 2.7 M hydrochloric acid and
ethanol (Liu et al., 2015). The final products were washed with deion-
ized water and freeze-dried for XPS analysis. The Raman spectroscopy
(Renishaw, UK) was used to measure the molecular structure of GO
samples with a laser excitation (50 mW) of 785 nm. The reactions be-
tween GO nanosheets and free radicals were studied on an electron
paramagnetic resonance (EPR) spectrometer (Bruker, Germany) with
9.7858 GHz frequency and 3480G center field. 2,6,6-Tetramethyl-1-pi-
peridinyloxy (TMPO) was used as an unpaired electron probe. The im-
ages of GO suspensions at different time points were captured. Finally,
the zeta potential and hydrodynamic size of GO suspension (100 pg/mL)
were evaluated respectively in culture medium and pure water using the
Malvern Zetasizer Nano-ZS (Malvern Instruments Ltd., UK).

2.3. Abiotic pro-oxidative assays of GO

The pro-oxidative capacity of GO nanosheets (100 pg/mL) was
assessed using specific chemical probes that selectively reacted with
singlet oxygen (102) (BestBio, Beijing, China), superoxide anions (Oz™)
(Nanjing Jiancheng, Nanjing, China) under abiotic conditions. First, GO
nanosheets were dispersed in complete medium and sonicated for 30
min, followed by incubation at 37 °C for 1, 3, 6, or 24 h. At indicated
time points, the supernatant was collected by filtration using 0.22 pm
membrane filters to remove additional materials, which otherwise
would interfere with luminescence detection. The complete medium
without GO treatment was selected as the control group. The prepared
samples were subjected to pro-oxidative assays according to the manu-
facturer’s instructions. Finally, a GSH consumption test in GO samples
was performed using the GSH-Glo™ Glutathione Assay (Promega, USA)
and detected on a BMG microplate reader (SPECTROstar Omega,
Germany).

2.4. Cell culture and viability assessment

Human SH-SY5Y neuroblastoma cell line was acquired from the
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Shanghai Cell Bank of Type Culture Collection of the Chinese Academy
of Sciences. Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS) (Thermo Fisher, USA)
and 100 IU penicillin and 100 mg/mL streptomycin (Gibco, USA) at
37 °C.

Before administration to cells, GO solutions were freshly prepared in
complete medium and dispersed by sonication at 50 W for 30 min. SH-
SY5Y cells were plated in a 96-well plate (NEST, Wuxi, China) at a
density of 6 x 10%/well. Next, the cells were treated with GO solutions
with gradient concentrations of 5, 10, 20, 40, 60, 80, and 100 pg/mL.
The control group was treated with the culture medium. After incuba-
tion for 3, 6, and 24 h, cell viability was assessed using the Cell Counting
Kit-8 (CCK-8) assay (Dojindo Molecular Technologies, Japan) or the
AlamarBlue assay (BestBio, Beijing, China) according to the manufac-
turer’s instructions. To prevent the interference of GO materials with
luminescence measurement, the supernatant from each well was trans-
ferred to an empty plate. Afterward, the absorbance was respectively
measured at 490 nm or 560 nm by a microplate reader. To further
investigate the death models of SH-SY5Y cells, cells were plated in 6-
well plates and exposed to 40, 60, and 80 pg/mL GO for 24 h. NAC
(600 pM) or a cAMP cocktail was added for stimulation in the rescue
experiment. Next, cells were collected using EDTA-free trypsin and
processed with a Annexin V-FITC/PI apoptosis kit (KeyGEN, Guangz-
hou, China). The cells were immediately subjected to flow cytometry
(BD FACSAria III, NJ, USA) analysis.

2.5. Lysosomal reacidification

The cAMP cocktail, consisting of 8-CPT-cAMP (500 pM), forskolin
(10 pM), and IBMX (100 uM) was used for lysosomal reacidification, as
reported in previous studies (Coffey et al., 2014; Zhao et al., 2019).

2.6. Microscopy

Cellular morphology was observed under a 4KX41 phase-contrast
microscope (Olympus, Japan). To further investigate the interactions
between the surface membrane and GO materials, cells were seeded in
12-well plates with sterilized glass coverslips and treated with 40, 60
and 80 pg/mL GO for 24 h. Next, cells were washed with phosphate-
buffered saline (PBS) and fixed in 4% paraformaldehyde (PFA) for 30
min. Afterwards, coverslips were dehydrated via gradient concentra-
tions of ethanol, then embedded and observed using an S-3400N SEM
(Hitachi Scientific Instruments, Japan). For TEM detection, 2.0 x 10°
cells were grown in 6-well plates and subjected to 60 pg/mL GO with/
without a cAMP cocktail for 24 h. The cells were subsequently collected
by centrifugation and fixed in 2.5% glutaraldehyde and embedded in
Epon resin. Finally, ultrathin cell samples (70 nm) were detected with
the H-7500 TEM (Hitachi, Tokyo, Japan).

2.7. Cellular uptake of FITC-BSA-conjugated GO

FITC-BSA-conjugated GO samples were prepared as described before
(Xiaoli et al., 2017). First, GO suspensions (1.0 mg/mL) and FITC-BSA
solution were mixed with equal mass ratio and incubated at 37 °C
overnight in dark. FITC-labeled GO pellets were obtained via centrifu-
gation at 16,000g for 30 min and re-suspended with complete medium
for immediate administration. For confocal imaging, 60 ug/mL
FITC-BSA-GO were administered to cells for different time points (1, 3,
6, 12, and 24 h), washed using PBS, and fixed in 4% PFA for 1 h.
Cytoskeleton and cell nucleus were respectively stained with
TRITC-labeled phalloidin (100 nM) and DAPI in dark for 1 h. Photog-
raphy were performed using a FV10i confocal microscope (Olympus,
Japan).
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2.8. Detection of membrane lipid peroxidation

Cells were incubated with different doses of GO (40, 60, and 80 pg/
mL) for 6 h and stained with BODIPY 581/591 C11 peroxidation probe
(10 pM) for 20 min. Photography were performed using a confocal mi-
croscope with excitation/emission wavelengths of 581/591 nm and
488/510 nm, respectively, to observe the conversion between reduced
and oxidized fluorescent activity.

2.9. Detection of cellular redox deviation

The production of ROS was analyzed by the cell-permeable DCFH-DA
dye assay (Beyotime, Nanjing, China). Cells were grown in 6-well plates
and treated with GO samples for 6 h. NAC (600 pM) and NOX2-specific
inhibitor (GSK2795039, 25 pM) were respectively applied in the rescue
experiment. Cells were then harvested through trypsinization and
stained using 10 pM DCFH-DA at 37 °C for 30 min and subjected to flow
cytometry. Other detecting indexes for oxidative stress, including su-
peroxide dismutase (SOD), catalase (CAT) and malondialdehyde (MDA)
were estimated using commercial assay kits (Nanjing Jiancheng, Nanj-
ing, China) according to the manufacturer’s instructions. Total soluble
protein content was measured using Coomassie blue staining. The
NADP/NADPH content was determined using a specific assay kit pur-
chased from Abbkine (USA). We next detected the activities of enzymes
of three typical mitochondrial respiratory chain complexes, namely
Complex I, Complex III, and Complex IV using commercial kits pur-
chased from Solarbio (Beijing, China). Finally, cells were fixed in 4%
PFA, followed by permeation in 0.2% Triton X-100 and blocked in 5%
BSA. Cells were incubated with anti-NOX2 antibody overnight at 4 °C
and labeled with indicated secondary antibodies for another 1 h at room
temperature. The confocal microscope was used to observe intracellular
fluorescence.

2.10. Mitochondrial dysfunction assessment

The activity of mitochondrial permeability transition pore (mPTP)
was studied using a commercial kit purchased from Beyotime (Shanghai,
China). Briefly, cells were subjected to different doses of GO for 24 h.
Next, cells were stained with calcein AM, fluorescence quenching agent
CoCl; or positive treatment Ionomycin (0.5 pM), and observed under the
confocal microscope. To measure the mitochondrial membrane poten-
tial (A¥Ym), GO-treated cells were stained with 500 pL of JC-1 working
solution for 20 min at 37 °C and analyzed using flow cytometry. Mito-
chondrial ROS (mtROS), a by-product of respiration, serves as another
major source for intracellular ROS production. Therefore, cells were
incubated with MitoSOX Red indicator (5 uM) for detecting the mtROS
content and observed under an automatic fluorescent microscope
(BX63, Olympus, Japan). The red fluorescence intensity was quantified
using flow cytometry.

2.11. Intracellular ATP/AMP determination

The total mass of intracellular ATP was assessed using a commercial
kit purchased from Beyotime (Shanghai, China). Cells were exposed to
GO samples with/without NAC (600 pM) treatment for 24 h and lysed in
a specific lysis buffer. Afterwards, the supernatant was collected by
centrifugation at 12,000g at 4 °C for 5 min. ATP working solution was
added to the samples and fluorescence intensity was determined using a
BMG microplate reader. Cellular AMP was collected using a commercial
kit purchased from Solarbio (Beijing, China) according to the manu-
facturer’s instructions. The high-performance liquid chromatography
(HPLC, Nexera XR LC-40, SHIMADZU, Japan) was used to assess AMP
content.
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2.12. Autophagic lentiviral transfection and imaging

SH-SY5Y cells at a density of 30,000 cells/well were seeded in a 24-
well plate and transfected with stubRFP-sensGFP-LC3 lentivirus (Gen-
eChem, Shanghai, China) following the instructions of the manufac-
turer. Cells stably expressing RFP-GFP-LC3 were seeded into 12-well
plates and exposed to 60 pg/mL GO for 6 or 24 h. RAPA (100 nM) was
administered to cells as a positive control. Next, cells were fixed with 4%
PFA and labeled with DAPI for 15 min. Intracellular LC3-positive puncta
were detected by a confocal microscope and quantitative analysis of
fluorescence intensities was performed using ImageJ.

2.13. Lysosomal dysfunction evaluation

First, the fusion between autophagosomes and lysosomes was stud-
ied by immunofluorescence. Briefly, cells were treated with 60 pg/mL
GO or RAPA (100 nM) for 24 h, followed by staining with anti-LAMP1
and anti-LC3 antibodies and corresponding secondary antibodies. The
intracellular fluorescence was observed under a confocal microscope
and analyzed using ImageJ software. For lysosomal acidity assay, cells
were stained with LysoSensor Green DND-189 (Yeasen, Shanghai,
China) for 30 min at 37 °C. In the rescue experiment, a cCAMP cocktail
was used to reacidify lysosomes. Next, cells were washed with PBS and
detected using a fluorescence microscopy and quantitatively evaluated
via the flow cytometry. The activity of lysosomal hydrolase, including
acid phosphatase (ACP) and cathepsin B, were respectively determined
using specific kits purchased from Leagene (Beijing, China) and Cusabio
(Wuhan, China) according to the manufacturers’ instructions. Fluores-
cence intensity values were calculated using a BMG microplate reader.

2.14. Cellular protein extraction

Cells were treated with 40, 60, and 80 pg/mL GO suspensions for 6 h
or 24 h. 3-MA (10 mM), Baf A; (200 nM), and NAC (600 pM) and the
cAMP cocktail were applied for different stimulations. To induce auto-
phagy, cells were incubated in EBSS (starvation medium) or GO samples
for 24 h and subsequently exposed to 3-MA (10 mM) for different time
points (0, 1, 2, and 4 h). Cells were lysed using RIPA lysis buffer con-
taining a mixture of proteases and phosphatase inhibitors to obtain total
proteins. In addition, plasma membrane proteins were isolated using a
commercial kit (Invent, USA) following the instructions of the manu-
facturer. Briefly, collected cells were lysed with buffer A, then trans-
ferred to a filter cartridge for differential centrifugation to separate
membrane proteins and other cellular components. Plasma membrane
proteins were suspended in buffer B and collected after super centrifu-
gation, and finally dissolved in the Minute™ denaturing protein solu-
bilization reagent. Similarly, mitochondria were isolated using the
ExKine™ Mitochondrion Extraction Kit using a reagent-based method.
The mitochondrial pellet was lysed in RIPA buffer and cytosolic super-
natant was collected for western blotting.

2.15. Western blotting

An equivalent quantity of protein samples was subjected to SDS-
PAGE and separated proteins were transferred to a polyvinylidene
difluoride (PVDF) membrane (Merck Millipore, USA). Membrane-bound
proteins were blocked in 5% fat-free milk and washed thrice with Tris-
buffered saline in 0.1% Tween (TBST). The blots were incubated with
indicated primary antibodies followed by incubation with HRP-
conjugated secondary antibodies. The immunoreactivity was detected
with a chemiluminescence substrate (EMD Millipore, USA), and then
determined on enhanced chemiluminescence (ECL) detection system
(Tanon, China). ImageJ software was used to analyze the optical den-
sities. GAPDH, Na'/K'-ATPase, and COX IV were used as loading con-
trols for total protein, plasma membrane protein, and mitochondrial
protein, respectively.
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2.16. Statistical analysis

Data were obtained from at least three independent experiments. The
statistical analysis was conducted using GraphPad Prism 5 (USA) using a
two-sided unpaired Student’s t-test or one-way analysis of variance
(ANOVA). p < 0.05 was considered as statistically significant.

3. Results and discussion

3.1. Pro-oxidative capability was related to the structural activity of GO
nanosheets

The physicochemical properties of graphene nanomaterials, such as
size, oxidation states, and functional groups, greatly influence their
biological behavior and properties. In this study, a type of commercially
available GO nanosheet was used to determine its potential neurotox-
icity. Moreover, it was thoroughly characterized before exposing the SH-
SY5Y cell line to it. TEM images showed that GO samples consisted of
nanosheets with sharp edges and a lateral size ranging from 300 to 800
nm (Fig. 1A). The average thickness of GO in AFM analysis was
approximately 1.0 nm (Fig. 1B), suggesting the single-layered structure
of GO nanosheets. Considering the use of GO in cellular studies, we next
investigated their hydrodynamic size and zeta potential in pure water
and culture medium (Table 1). Most of the GO samples demonstrated
distinct agglomeration, resulting in varying hydrodynamic diameters of
741.50 + 205.40 nm, 641.30 + 74.47 nm, and 561.30 + 115.60 nm in
respective solutions. We found that the zeta potential of GO in pure
water was —29.40 £+ 5.10 mV, whose absolute value was considerably
higher than that of materials in the medium, suggesting that GO was
more stably dispersed in pure water. The culture medium contained
several proteins and inorganic ions, which could be adsorbed onto the
GO surface to form the protein crown and interfere with the aggregation
effect of GO suspensions (Koh et al., 2016; Xiaoli et al., 2020). Under
these considerations, we believe that GO nanosheets dispersed in the
medium could aggregate to form a bulk material that easily precipitated
from the solution, resulting in increased hydrodynamic diameter size of
GO in pure water than in the medium. This phenomenon was further
visualized by images of GO suspensions acquired at different incubation
time points (Fig. 1I). After the incubation time was extended to 24 h, a
large number of evenly dispersed GO materials settled to the bottom of
the tube, and the color of the medium was clearer than that of 1, 3 and 6
h.

At present, ultrasonic processing is widely applied with or without
the addition of organic dispersants to obtain a homogeneous dispersion
of graphene materials (Maktedar et al., 2017; Pattammattel et al., 2017).
However, this strong mechanical force could destroy the primary
structure of nanomaterials, producing fragmentation and defects on the
surface or edges, and affecting their behaviors in the biological system
(Gies and Zou, 2018). In this study, Raman spectroscopy was used to
detect the typical D and G bands representative of GO and to confirm
minimal structural alterations (Fig. 1D). As shown in Table 2, the in-
tensity ratio of D to G band (Ip/Ig ratio) increased from 1.408 to 1.657
(incubation for 6 h) and 1.652 (incubation for 24 h) in GO samples
following 1 h ultrasonic dispersion. Considering that Raman Ip/Ig ratios
are indicative of the level of graphene surface defects (including
oxygen-containing surfaces and structural defects), we believed that
more number of defects were produced on the surface of GO nanosheets.
These defects could be sites for the production of ROS as reported in
Zhao and Jafvert’s (2015) study. XPS was used to evaluate the functional
groups on the surface of GO. As demonstrated in Table 2, similar atomic
percentages of total oxygen were found between pristine GO (31.81%)
and ultrasound-processed GO following incubation for 6 h (30.43%).
However, with an increase in the incubating time, the total oxygen
content decreased to 26.88% in GO samples incubated in the medium for
24 h. It was reported that light irradiation would change the oxidation
state of GO in the aqueous solution (Zhao and Jafvert, 2015) , thus we
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Fig. 1. Characterization and pro-oxidative capacity of GO nanosheets. (A) SEM image of GO morphology; (B) AFM image and thickness analysis of GO. The white
line indicated by white triangles in the image represents the location of the thickness analysis; GO samples (100 pg/mL) were firstly dispersed in complete medium
and sonicated for 1 h. After incubated for 6 h and 24 h, the GO pellets were collected via centrifugation followed by washing with hydrochloric acid and ethanol. The
final products were washed with deionized water and subjected to XPS analysis (C), Raman spectrum identification (D), EPR assessment of the formation of carbon
radicals (E) and hydroxyl radicals (F). Similarly, GO dispersions in medium were sonicated for 30 min and incubated at 37 °C for 1, 3, 6 and 24 h. At indicated time
points, the supernatant was collected by filtration and subjected to superoxide anions assay (G) and abiotic glutathione assay (H). Additionally, the photographs of
GO suspensions at different time points were displayed in (I); (J) Schematic describing the link to radical generation on GO surface following ultrasonic dispersion.
Values are presented as mean =+ S.D. from 3 independent measurements. * P < 0.05, *** P < 0.001 compared to the control group, respectively. For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.

Table 1
Zeta potential and hydrodynamic diameter of GO samples (n = 3).
GO samples In pure In basal culture In complete culture
water medium medium
Zeta potential (mV) -29.40 + -8.20 + 0.98 -7.24 +1.88
5.10
Hydrodynamic 741.50 = 641.30 £+ 74.47 561.30 + 115.60
diameter (nm) 205.40

wonder more obvious decrease in total oxygen content (24 h) may be
linked to longer incubation time in medium, especially under the con-
dition that an increase in structural defects was detected on the GO
surface. In contrast, the atomic percentages of oxygen functional groups

Table 2
GO surface functional groups, radical density and defect levels.
GO XPS (at%) EPR EPR Raman
samples (10% (10%) (In/16)
Total C-OH CoO C-O- -C -OH Defects
oxygen C
GO 31.81 16.58 12.55 4.57 5.733 39.704 1.408
GO-6h 30.43 25.33 10.3 2.42 28.123 51.850 1.657
GO-24h 26.88 26.47 1378 2 16.765 46.610 1.652

changed to varying degrees as shown in XPS Cls spectra (Fig. 1C).
Among these, the content of C-OH increased significantly from 16.58%
to 26.47%, whereas that of C-O-C decreased from 4.57% to 2% (Table 2)
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after incubation for 24 h. We further used EPR (Fig. 1E and F) to assess
the effect of ultrasonic treatment on the generation of free radicals
including carbon radicals (eC) and hydroxyl radicals (eOH). It could be
found that both carbon radical peak (28.123 x 10°) and hydroxyl
radical peak (51.850 x 10°) reached the highest in GO samples incu-
bated in the medium for 6 h. These results suggested that epoxy rings
could be opened through ultrasonic processing to react with nucleo-
philes in the culture medium, generating C-OH groups and free radicals
(Fig. 1J), which exhibited a similar effect with hydration process as
reported in Li et al. (2016, 2018) studies.

The presence of unpaired electrons of free radicals can react with
molecular dioxygen to produce other types of ROS (Valko et al., 2016).
Using selective and highly reactive chemical probes, we detected for-
mation of O3 (Fig. 1G), but not 10, (Fig. S1) in GO-exposed medium,
which peaked following 6 h incubation. An abiotic GSH-Glo™ assay was
further conducted to confirm the pro-oxidative capacity of GO materials.
The GO suspensions were depleted of GSH resulting in maximum con-
sumption by 61% at 6 h (Fig. 1H). Based on these findings, there exists a
correlation between the surface radical density, the degree of
pro-oxidant activity, and ultrasonic processing in the culture medium for
GO nanosheets. A recent study reported that electrons from biological
reducing agents could be transferred from single-walled carbon nano-
tubes to molecular oxygen, generating ROS, and damaging DNA (Hsieh
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etal., 2014). Therefore, we believe that a similar mechanism resulting in
oxidative stress can occur in GO and responsible for its toxicological
effects.

3.2. GO caused cytotoxicity in neuronal cells manifested as apoptotic cell
death

First, the adverse effects of GO on cell proliferation were assessed
using the CCK-8 assay. Based on the data in Fig. 2A, at concentrations of
GO samples lower than 20 pg/mL, no change in cell viability was
discovered despite increasing the incubation time to 24 h. On the con-
trary, the cell survival rate was significantly reduced (less than 66%)
following 3 h treatment of GO at a concentration higher than 40 pg/mL.
Furthermore, with the increase in the incubating time, 50% lethal dose
(LDsp) of GO materials in SH-SY5Y cells decreased from 100 pg/mL to
60 pg/mL. Therefore, GO triggered dose and time-dependent toxicity to
SH-SY5Y cells. To further investigate the link between GO-induced
cytotoxicity and oxidative stress, cells were treated with a redox indi-
cator, alamarBlue (Bonnier et al., 2015). Cells in a proliferative state are
in a reductive environment, thus internalized alamarBlue may be
reduced and then released into the culture medium, emitting pink
fluorescence. When the cell proliferation is stronger, its fluorescence is
brighter. Fig. 2B reveals a decline in cell survival rates, suggesting an
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exposed to GO suspensions of 5, 10, 20, 40, 60, 80 and 100 pg/mL for different

times points (3, 6 and 24 h) and subjected to CCK-8 assay (A) and alamarBlue assay (B) for cell viability. (C) Cells were treated with 40, 60 and 80 pg/mL GO for 24 h
and stained with the Annexin V-FITC/PI dye for 30 min, and collected for flow cytometer analysis. Quantitative analysis of cell apoptosis rate and necrosis rate were
displayed in the below histogram (D). (E) SEM image of GO treated cells following 24 h incubation. (F) Cells were incubated with 60 pg/mL FITC-BSA-GO for
different time points (1, 3, 6, 12 and 24 h) and fixed in 4% PFA for 1 h. Cytoskeleton and nuclei were respectively stained with TRITC labeled phalloidin (100 nM)
and DAPIL. Representative images were captured using a confocal microscope and intracellular FITC fluorescence intensities were quantified in the right histogram.
All quantitative data are presented as mean + SD of 3 independent tests, * P < 0.05, ** P < 0.01, *** P < 0.001 compared to the control group.
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intracellular redox deviation in GO treated cells. Note that CCK-8 assay
was more sensitive to alamarBlue because no significant change of cell
survival rate was detected in alamarBlue assay following 40 pg/mL GO
treatment for 6 h. Based on the above findings, we selected three con-
centrations of low, medium and high (40, 60, 80 pg/mL) to investigate
potential adverse effect of GO in subsequent experiments. Next, we used
flow cytometry to identify the possible patterns and types of cell death
caused by GO. As demonstrated in Fig. 2D, a relatively higher dose of GO
(80 pg/mL) resulted in apoptotic death in 38.2% of the total amounts of
cells. However, there was almost no cell necrosis. This finding suggested
that GO primarily induced apoptotic cell death in neural cell lines,
which was supported by previous studies conducted by our group (Feng
et al., 2018; Kang et al., 2017).

After determining the potential neurotoxic effects of GO, we studied
the interaction between GO and cells using a phase-contrast microscope.
Under physiological conditions, SH-SY5Y cells have two or more
extending tentacles with intact edges. Following GO exposure for 24 h,
numerous layered GO materials adhered to the cell surface, or inserted
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into the cell membrane, disrupting the integrity of cell edges (Fig. S2).
Besides, GO materials were likely to agglomerate in the medium,
forming large-size materials and accumulating around the cells. This
adhesion behavior of GO may reduce the cellular uptake of nutrients
from the surrounding culture medium, thus affecting cell growth and
survival (Zhang et al., 2016). To further clarify the association of the
plasma membrane with GO, cells were fixed in 4% PFA and observed
under the SEM. As shown in Fig. 2E, a large number of GO materials
adhered to the cell surface and even inserted into cell membranes. The
hydrophobic interactions of graphene materials with the cell membrane
could lead to cytoskeletal dysfunction and abnormal membrane
permeability to a certain degree (Feng et al., 2018; Sasidharan et al.,
2012). The biological interactions between GO with the plasma mem-
brane were followed by possible cellular uptake (Zhang et al., 2016).
Thereafter, FITC-labeled GO samples were prepared and co-cultured
with cells for different time points for confocal microscopy observa-
tion. We found that the fluorescence intensity in cells enhanced with an
increase in the incubation time, indicating an increase in cellular uptake
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Fig. 3. Intracellular redox deviation induced by GO nanosheets. (A) Cells were incubated with 40, 60, 80 pg/mL GO for 6 h and stained with 10 pM DCFH-DA for
20 min and immediately detected using the flow cytometer. Intracellular ROS level was quantified via FITC fluorescence intensity and shown in the right histogram.
(B) GO exposed cells were stained with 10 pM BODIPY 581/591 C11 peroxidation probe for 30 min and observed under the confocal microscope. The generation of
lipid peroxidation was determined as the transition from red to green fluorescence. (C) Intracellular levels of CAT, SOD, MDA and NADP*/NADPH content were also
estimated to explore the status of oxidative stress. (D) Levels of NOX-related proteins (NOX1, NOX2 and NOX4) were detected via western blotting and GAPDH was
used to determine the amount of loading control. The relative levels of indicated bands were shown in the right histograms. After exposure to GO samples for 6 h, the
expression of NOX2 (defined as green fluorescence) in cells was observed under the confocal microscopy (E). (F) Translocation of NOX2 signaling to surface
membrane in response to GO exposure were detected using western blotting. ATPase was used to determine the amount of loading proteins. (G) GO exposed cells
were pretreated with/without NAC and NOX2 specific inhibitor (GSK2795038) and harvested for flow cytometer analysis. Intracellular ROS level was quantified via
FITC fluorescence intensity and shown in the right histogram. All quantitative data are presented as mean + SD of 3 independent tests, * P < 0.05, ** P < 0.01,

*#% P < 0.001 compared with the control group in (A), (C), (D), (F); ***

P < 0.001 compared to GO treated cells in (H).
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of GO (Fig. 2F). This finding was also confirmed by quantitative analysis
using flow cytometry (Fig. S3). Considering that the intracellular green
fluorescence could also be detected by materials adhering to the cell
surface, direct observation of accumulation sites of GO in cells requires
further studies.

3.3. Cellular redox deviation resulted from imbalanced antioxidant
systems and activation of the NOX2 pathway

Through material characterization, we confirmed that GO nano-
sheets possessed potential pro-oxidative capability in biological envi-
ronment. Thus we wonder how this property could react to the redox
state inside the cell and further affect cell survival? Firstly, we measured
the intracellular levels of ROS using the DCFH-DA assay and found that
GO treatment elevated the cellular ROS in a concentration-dependent
manner (Fig. 3A). Afterwards, we tested whether GO nanosheets trig-
gered lipid peroxidation during the adhesion of these materials to the
surface membrane. Cells were stained with BODIPY® 581/591 C11 re-
agent to observe fluorescence activity conversion from red to green. It
was clear that a substantial switch to green fluorescence occurred in the
plasma membrane of GO-treated cells (Figs. 3B and S4). It was inter-
esting to note that oxidized graphene materials could strengthen
membrane-disturbing abilities as compared with pristine graphene, thus
damaging the membrane integrity (Mao et al., 2014; Kang et al., 2020).
Excessive production of ROS could be an initial step in cellular oxidative
stress. Several important biomarkers involved in the oxidative/antiox-
idative system were described in Fig. 3C. We detected a clear redox
deviation inside cells, as evident from significantly reduced levels of
CAT and SOD, which could catalyze superoxide anions and hydrogen
peroxide (H20) to produce oxygen and water, respectively (Hao and
Liu, 2019). The elevated content of intracellular MDA, the metabolic
product of lipid peroxidation, was also in agreement with our above
finding on membrane peroxidation. More importantly, we detected that
the relative ratio of NAPD™ to NADPH content increased remarkably
with the increase in GO concentrations.

It has been reported that NADPH oxidase (NOX) can reduce oxygen
molecules to superoxide anions through NADPH-dependent single-
electron reduction, leading to ROS generation (Kalyanaraman et al.,
2018). To further confirm the involvement of NOX enzymes in
GO-driven cellular redox deviation, three important
superoxide-producing NOX enzymes, including NOX1, NOX2, and NOX4
(Ma et al., 2018) were identified by western blotting. Compared to its
counterparts, only the expression of NOX2 increased in cells exposed to
GO (Fig. 3D). Further, this finding was supported by immunofluores-
cence analysis as shown in Figs. 3E and S5. The phagocyte NOX2 is
widely known for its function in immune defense; however, recent ev-
idence pointed out that non-phagocytized NOX2 distributed in neuronal
systems also played essential roles in cellular oxidative stress (Kang
et al., 2020). The NADPH activity is associated with the unique binding
between NOX isoforms and NOX-related regulatory subunits. The spe-
cific binding partners of NOX2 (also named as gp91P"*) include phos-
phorylated p67°"°* and p47P"°%, which could translocate to the plasma
membrane along with a Racl/2-containing complex upon activation
(Martner et al., 2019). We analyzed the extracted cell membrane pro-
teins by western blotting and detected increasing expressions of RAC2,
phosphorylated p67P"* and p47PM°% which confirmed the effective
activation of NOX2 enzyme complex following GO exposure (Figs. 3F
and S6). Finally, we used flow cytometry to check whether the treatment
of GSK2795038, a specific inhibitor of NOX2, could inhibit ROS gen-
eration. As shown in Fig. 3G, elevated levels of ROS following GO
treatment were reduced by GSK2795038 incubation, exerting an effect
similar to that of NAC (total ROS scavenger) treatment. The selection of
effective NAC concentration (600 pM) was shown in Fig. S7. Together,
our data illustrated the intrinsic mechanism of GO-induced redox de-
viation in SH-SY5Y cells, that was primarily resulted from activation of
the NOX2 signaling pathway and weakened antioxidant capacity.
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3.4. Induction of apoptosis was linked to ROS-derived mitochondrial
stress

Mitochondria serve as the primary energy providers within cells;
however, their metabolic processes such as oxidative phosphorylation
also produce ROS, leaving them vulnerable to other forms of oxidative
stress (Yang et al., 2016). The normal opening of mPTP is necessary for
maintaining the membrane potential and energy metabolism of mito-
chondria (Tsutsumi and Sasase, 2019). This study first investigated
whether GO-drived ROS could enhance mPTP activation using a com-
mercial fluorescent reagent, calcein-AM (Li et al., 2019) that could be
passively transported into the cells and aggregated in mitochondria
(Fig. 4A). Under physiological conditions, closed mPTP prevents the
quenchant, CoCly, from entering the mitochondria, such that only
mitochondria exhibit strong green fluorescence in the calcein + medium
group. Nevertheless, the fluorescence intensity decreased significantly
in GO-exposed cells in a concentration-dependent manner, revealing a
similar effect compared with positive Ionomycin treatment (Fig. 4B).
These observations confirmed that GO resulted in continuous opening of
mPTP, changing the normal mitochondrial permeability, which may
accelerate the progression of mitochondrial stress and initiate apoptotic
cell death (Chen et al., 2018; Zhang et al., 2018). From the data shown in
Fig. 4C, exposure to GO substantially reduced A¥m by a maximum of
60% as compared with control cells, which was quantified as the relative
ratio of red to green fluorescence intensity (Fig. 4D).

The electron transfer process of the mitochondrial respiratory chain
(also called electron transport chain, ETC) is coupled to ADP phos-
phorylation, also known as oxidative phosphorylation. The mitochon-
drial ETC consists of two respiratory chains depending on the hydrogen
donor, NADH or FADH,. However, only the former is responsible for
ATP synthesis (Guo et al., 2018). Therefore, we examined enzymatic
activities of three typical complexes, namely complex I, complex III, and
complex IV, in the NADH respiratory chain. The activity of these com-
plexes decreased remarkably after GO treatment in a
concentration-dependent manner (Fig. 4E). Furthermore, we detected a
significant blockage of ATP synthesis along with an increase in AMP
content in response to GO stimulation, as evidenced in Fig. 4F. Based on
these findings, we believe that the abnormal activation of mPTP un-
couples oxidative phosphorylation in the mitochondria. Other types of
nanomaterials, such as nano-TiOy (Geng et al., 2020) and -Mn (Alaimo
et al., 2014) were also reported to cause mPTP abnormally open and
mitochondrial disruption. To further investigate the function of mtROS
in the cellular redox system, cells were stained with MitoSOX, a specific
mitochondria-targeted probe, and observed under a fluorescence mi-
croscope. GO stimulation significantly enhanced the fluorescence in-
tensity in cells, which correlated with the quantitative analysis by flow
cytometry (Figs. S8 and 4G).

Over-opening of mPTP leads to increased mitochondrial perme-
ability and the release of pro-apoptotic factors such as cytochrome C into
the cytoplasm, which further activates intrinsic apoptotic pathways
(Xiao et al., 2018). Therefore, the relative levels of CytC in the mito-
chondria and the cytoplasm were respectively detected by western
blotting. As shown in Fig. 4H, the CytC content in the mitochondria
decreased, whereas its content increased in the cytoplasm following GO
treatment. This result confirmed our speculation that GO induced
distinct translocation of CytC from the mitochondria to the cytoplasm.
Subsequently, we assessed the potential pathways involved in intrinsic
cell apoptosis. Western blotting revealed that the level of pro-apoptotic
protein, Bax, increased markedly following GO treatment for 24 h. In
addition, the levels of phosphorylated Caspase 9 and Caspase 3
increased significantly in a concentration-dependent manner (Fig. 4I).
Apoptosis occurs in a cascade of proteases mediated by members of the
caspase family. Among them, activation of primordial caspase 9 can
activate downstream caspase3 and directly play a pro-apoptotic role
(Wang et al., 2019). The mitochondrial intrinsic pathway has also been
identified to regulate apoptosis induced by other types of nanomaterials
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Fig. 4. GO impaired mitochondrial homeostasis in SH-SY5Y cells. (A) The changes of mitochondrial membrane permeability were observed by confocal microscopy
in GO treated cells following 24 h exposure. Ionomycin (0.5 pM) was used as a positive treatment. The relative fluorescence intensity was analyzed and presented in
(B). (C) Cells were stained with JC-1 working solution for 20 min at 37 °C and analyzed with a flow cytometry. The relative ration of red to green fluorescence was
analyzed and presented in (D). (E) Enzymatic activity changes of three typical mitochondrial respiratory chain complexes (complex I, complex III and complex IV) in
GO treated cells. (F) Cellular content of AMP and ATP in GO treated cells. Cells were stained with a MitoSOX red indicator and harvested for flow cytometry analysis.
The mean fluorescence intensity was quantified and presented in the right histograms (G). (H) Plasma protein and mitochondrial protein were extracted from GO
exposed cells and subjected to western blotting. GAPDH and COXIV was respectively used as a loading control for plasma protein and mitochondrial protein. Relative
levels of CytC were shown in the right histograms. (I) Cellular total proteins were harvested for western blotting analysis and GAPDH was used as a loading control.
The relative levels of indicated bands were shown in the right histograms. Values are presented as mean + SD of 3 independent tests, * P < 0.05, ** P < 0.01,

##% P < 0.001 compared to the control group.

such as cuprous oxide (Yang et al., 2017), zinc oxide (Xiaoli et al., 2017),
and silica nanoparticles (Guo et al., 2018). Meanwhile, note that
ROS-mediated oxidative stress can cause other types of secondary ef-
fects, which are not always related to cell death (Zhang et al., 2016;
Stefanatos and Sanz, 2018; Kunovac et al., 2019; Liang et al., 2019).
Collectively, we found that cellular redox deviation correlated with the
occurrence of mitochondrial stress, eventually triggering the observed
apoptotic cell death in response to GO exposure.

3.5. Mitochondrial dysfunction activated autophagy through the AMPK/
mTORC1/ULK1 pathway

Apart from triggering apoptosis, stressed mitochondria may activate
autophagy to self-preserve (Yamashita and Kanki, 2017). As mentioned
above, the disruption of mitochondrial ETC creates an imbalance in
cellular energy metabolism as manifested by a turnover ratio of AMP to
ATP content. Consequently, we studied whether AMP-activated protein
kinase (AMPK), which modulates metabolic homeostasis by sensing the
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cellular energy status, participated in initiating the autophagy flux.
Western blotting results demonstrated that the levels of phosphorylated
AMPK (pAMPK) and ULK1 (pULK1) increased, whereas those of phos-
phorylated mTORC1 (pmTORC1) decreased (Fig. 5A) in GO-treated
cells. Cells regulate the phosphorylation of ULK1 under different phys-
iological conditions through AMPK and mTORCI signaling, thus sensing
the energy changes to modulate autophagy (Holczer et al., 2019). To
directly observe the formation of autophagosomes, cells were fixed in
2.5% glutaraldehyde and observed under the TEM (Fig. 5B). We detec-
ted the formation of numerous autophagosomes or autolysosomes in the
cytoplasm of cells exposed to GO (shown by the black arrow), some of
which contained GO nanosheets (shown by the white arrow) taken up by
cells. This internalization of graphene materials has also been observed
in other cell types despite different cellular uptake patterns (Ma et al.,
2015; Xu et al., 2016; Contreras-Torres et al., 2017). Moreover, ultra-
structural changes in mitochondria, including vacuolated mitochondria
and breakage of mitochondrial cristae (shown by the black triangle),
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were detected in the experimental group. These findings strengthened
the potential link between the initiation of autophagy and mitochondrial
dysfunction.

The occurrence of autophagy (also known as autophagy flux) un-
dergoes several dynamic processes, including the formation of the initial
sequestering compartment, autophagosome maturation, the fusion be-
tween the autophagosome and lysosome, and degradation within auto-
lysosomes. Several proteins involved in regulating the autophagy
machinery, for example, autophagy-related protein 5 (Atg5),
microtubule-associated protein 1 light chain 3 (LC3), and Beclinl
(mammalian Atg6) are crucial for autophagosome synthesis (Han et al.,
2019). It is well known that the conversion from LC3-I to LC3-II is a
hallmark of autophagy initiation, which was demonstrated as an in-
crease in the relative ratio of LC3-II/LC3-I (Fig. 5C). Moreover, western
blotting revealed distinct upregulation of Atg5 and Beclinl. We further
validated our findings using another imaging approach to observe the
formation of LC3-positive autophagosomes (Fig. 5D). A
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DAPI Merge

relative LC3 puncta/cell

relative RFP/GFP ratio

control 6h  24h RAPA

Fig. 5. Induction of autophagy by mitochondria stress was linked to AMPK/mTORC1/ULK1 pathway. Total proteins were extracted from cells treated with 40, 60,
80 pg/mL GO for 24 h, and subjected for western blotting analysis. GAPDH was used to determine the amount of loading proteins. Relative levels of AMPK, ULK1,
mTORCI proteins and their phosphorylated counterparts were quantified and presented in (A); Relative levels of Atg5, LC31, LC3II, and Beclinl proteins were
quantified and presented in (C); (B) GO treated cells were harvested for TEM observation. The below images were magnifications of the white boxes in upper images,
which reveled the mitochondria (black triangle), autophagic vacuoles (black arrows) and GO sheets (white arrows). Cells expressing stubRFP-sensGFP-LC3were
exposed to 60 pg/mL GO for 6 or 24 h. RAPA (100 nM) was used a positive control. Formations of autophagosomes and autolysosomes were detected by the
confocal microscope (D). The relative LC3 puncta/cell and RFP to GFP fluorescence intensity ratio was respectively analyzed and shown in (E). Values are presented
as mean =+ SD of 3 independent tests, * P < 0.05, ** P < 0.01, *** P < 0.001 compared to the control group.
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lentivirus-transfected cell line stably expressing RFP-GFP fluo-
rescent-tagged LC3 was exposed to GO or RAPA (100 nM) for different
time points and observed using confocal microscopy. LC3-positive
puncta in the autophagosomes showed a merged signal of GFP and
RFP, whereas the fluorescence signal mainly switched to RFP in the

A
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autolysosomes because of the acidic environment within the lysosomes.
More evident accumulation of LC3-positive puncta was detected in cells
following incubation with GO or RAPA, suggesting enhanced autopha-
gosome synthesis. We noted that the relative RFP/GFP ratio reduced in
GO-exposed cells as compared with that in the RAPA group, which, on
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Fig. 6. Blockade of autophagic flux was resulted from impaired lysosomal degradation. (A) After GO stimulation, the expression of p62 protein was detected via
western blotting. GAPDH was used to identify the amount of loading proteins. (B) Cells were exposed to GO with/without Baf A; (200 nM) for 24 h and subjected to
western blotting. The relative levels of p62 and LC3 II/LC3 I were shown in the right histograms. (C) Cells were pretreated with 60 pg/mL GO or incubated with
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of p62 and LC3 II/LC3 I were shown in the bottom histograms. (D) Cells were incubated with 60 pg/mL GO or 100 nM RAPA for 24 h and stained with mouse anti-
LAMP1 (red) and rabbit anti-LC3 (green) antibodies. The confocal microscope was employed to observe colocalization of LAMP1 and LC3 positive puncta. The
fluorescence activity was quantified by ImageJ (right). (E) LysoSensor Green probe was used to identify lysosomes and imaged under a fluorescent microscope.
Additionally, the flow cytometry was used to quantitatively evaluate the intensity of FITC fluorescence (F). The enzymatic activity of acid phosphatase enzyme (G)
and cathepsin B (H) were respectively detected to identify lysosomal degradative capacity. Values are presented as mean + SD of 3 independent tests, * P < 0.05,

** P < 0.01, *** P < 0.001 compared with control group.
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the contrary, indicated a block of autophagic flux in the terminal stage.
Efficient autophagy is crucial for maintaining mitochondrial homeo-
stasis via the timely elimination of dysfunctional mitochondria to avoid
further damage to cells (Wu et al., 2019). Autophagy block may lead to
excessive accumulation of stressed, ROS-generating mitochondria,
which in turn, enhances oxidative damaging the healthy mitochondria.

3.6. Autophagy flux block resulted from weak lysosomal degradative
capacity

Autophagy is a fundamental process that degrades impaired cellular
components and protein aggregates at basal levels, but any abnormity of
the pathway may participate in nanomaterial toxic effects (Mohamma-
dinejad et al., 2019; Feng et al., 2020). To further identify the specific
sites of the abnormal autophagic pathway, the level of p62 protein, a
substrate that is preferentially degraded by autophagy, was determined
using western blotting (Fig. 6A). The results revealed that GO treatment
increased the p62 levels in a concentration-dependent manner, indi-
cating inhibition of normal degradation. Subsequently, we used two
types of inhibitors that affected autophagy machinery to analyze the role
of GO exposure in the progress of autophagic flux. First, cells were
treated with GO in the presence or absence of Baf Aj, an inhibitor
affecting the acidity of lysosomes (Mauvezin and Neufeld, 2015), and
harvested for western blotting. GO exerted an effect similar to that
exerted by Baf A;, which simultaneously enhanced the intracellular
levels of LC3 II/I and p62 protein (Fig. 6B). Afterwards, we investigated
the degradation levels of autophagy substrates by treating the cells with
3-MA (Sun et al., 2018) to inhibit the formation of new autophagosomes.
Following the treatment with 3-MA, the ratio of LC3-1I/LC3I decreased
dramatically in both starved and GO-exposed cells, which resulted from
effective inhibition of autophagy in the initial stage. However, we noted
that GO increased the p62 levels in a dose-dependent manner in contrast
to stable p62 levels in starved cells, suggesting the existence of weak-
ened autophagic degradation following GO treatment (Fig. 6C). The
terminal stage of autophagy involves two steps: the fusion of the auto-
phagosome with the lysosome and subsequent cargo degradation (Feng
et al., 2020). Therefore, the autophagosome-lysosome fusion was
further assessed by observing the colocalization of GFP-tagged LC3 and
RFP-tagged LAMP1. The fluorescent images revealed that the colocali-
zation of LC3 and LAMP1 in GO-treated cells was almost identical to that
in the RAPA group (Fig. 6D). Thus, the fusion between the autophago-
some and lysosome was not affected by GO treatment.

To further verify the possibility of impairment within lysosomes, we
investigated the acidification of lysosomes, which is critical for lyso-
somal maturation and activating a majority of lysosomal hydrolases.
Cells were stained with a pH-dependent lysosensor for microscopic
observation. The fluorescence intensity was quantified by flow cytom-
etry. We detected that the fluorescence intensity in GO-treated cells
reduced remarkably (Fig. 6E, F), suggesting an increased lysosome pH. A
high acidic pH (between 4.5 and 5.0) inside the organelle lumen is
required to activate the hydrolytic enzymes within the lysosomes
(Mindell, 2012). Consequently, we examined the activity of two repre-
sentative lysosomal enzymes, ACP and cathepsin B. We found a clear
decrease in the enzymatic activity following treatment with GO (Fig. 6G,
H). As mentioned in the previous section, the activation of the AMP-
K/ULK1 pathway is required for inducing autophagy in response to GO
stimulation. Note that the activation of AMPK signaling can prevent
lysosome acidification through inhibition of vaculolar ATPase (VAT-
Pase) assembly, which might explain the observed lysosomal dysfunc-
tion (Nwadike et al., 2018). From a mechanistic point of view, we
proposed that GO impaired the autophagic degradative capacity by
steric hindrance due to their persistent presence within the lysosomes as
a kind of non-degradable material. Furthermore, the phenomenon has
been reported in other non-biodegradable nanomaterials such as nano
carbon black (CBNPs) (Guan et al., 2020) and SiO, nanoparticles
(Manshian et al., 2018).

12

Journal of Hazardous Materials 416 (2021) 126158

3.7. Inhibition of ROS signaling and lysosomal reacidification alleviated
GO-induced mitochondrial stress

We observed intracellular redox deviation and subsequent auto-
phagy-lysosomal network dysfunction following GO stimulation. To
further verify our speculations regarding the mechanism of action of GO-
triggered adverse effects in SH-SY5Y cells, we conducted rescue exper-
iments using specific chemical reagents. First, NAC, a ROS scavenger,
was introduced to GO-exposed cells to observe the alterations in cell
viability using the CCK-8 assay. We detected that NAC significantly
increased the cellular survival rates as compared to single GO treatment
under different concentrations (Fig. 7A). This finding supported the fact
that GO-derived ROS generation resulted in oxidative cell damage. We
next examined whether NAC could alleviate ROS-targeted mitochon-
drial injury. As shown in Figs. 7B and SO (statistical analysis of flow
cytometry data), the combined treatment of NAC with GO weakened the
evident loss of mitochondrial membrane potential in the GO group. As
expected, the abnormal turnover of AMP and ATP content resulting from
mitochondrial uncoupling recovered in response to treatment with NAC
(Fig. 7C).

Afterward, we applied the cAMP cocktail to restore lysosomal pH and
evaluated its potential function in lysosomal acidification, autophagic
flux, and cell survival following GO stimulation. Based on the fluores-
cence images shown in Fig. 7D, the fluorescence intensity of green DND-
189 in GO-exposed cells increased remarkably (Fig. S10) following the
addition of cAMP, suggesting effective acidification of lysosomal pH. We
next used LC3 lentivirus-transfected cells to observe the progress of
autophagic flux; the results showed that the reduced levels of RFP/GFP
following GO stimulation greatly improved after co-incubation with
cAMP (Figs. 7E and S11). Again, this observation supported our hy-
pothesis that GO-mediated alkalizing effect in the lysosomes and the
subsequent impaired degradative capacity blocked the autophagy
pathway. More importantly, the elimination of dysfunctional mito-
chondria via autophagy recovered to the basal levels as demonstrated by
the TEM images. More healthy mitochondria (shown in black triangle)
were detected in the cytoplasm in GO exposed cells in the presence of
cAMP treatment (Fig. 7F). These findings well explained the increased
cell viability following treatment with a combination of GO and cAMP
(Fig. 7G). Finally, we provided evidence that the CytC-Bax-Caspase
signaling pathway was involved in GO-induced apoptosis by activating
ROS signaling. This intrinsic apoptotic pathway could be abolished
through the effective degradation of abnormal mitochondria by the
autophagy-lysosome system. Co-treatment with NAC or cAMP with GO
effectively inhibited GO-triggered elevated apoptosis rate (Fig. 7J),
manifested as decreased CytC release from the mitochondria to the
cytoplasm, and downregulated levels of Bax and phosphorylated Cas-
pase 9 and 3 proteins (Figs. 7H, I and S12) by western blotting.

4. Conclusions

This study mainly described how complicated GO chemistry engages
neural cell line. Before administration to cells, GO was characterized in
detail including their microstructure, zeta potential, dispersion in the
medium as well as its oxidation status, and surface reactivity. Carbon
and hydroxyl radicals were detected on the GO surface upon ultrasonic
treatment, further triggering lipid peroxidation of the plasma membrane
in SH-SY5Y cells. After cellular uptake, GO induced redox deviation by
activating the NOX2 pathway in combination with imbalanced antiox-
idant systems. Elevated ROS caused the continuous opening of mPTP,
leading to a sequence of events linked to mitochondrial stress, including
a reduction in A¥m, uncoupling of ETC, turnover of AMP/ATP ratio,
and generation of mtROS. Subsequently, AMPK sensed the compromised
energy status and activated autophagy by regulating the AMPK/mTOR/
ULK1 pathway. In addition, GO exposure induced an alkalizing effect in
the lysosomes, impairing the normal progression of autophagic flux and
limiting the clearance of autophagosomes, finally resulting in over-
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Fig. 7. Inhibition of ROS signaling and lysosomal reacidification alleviated mitochondrial injury. (A) Cells were treated with 40, 60, 80 pg/mL GO in the presence or
absence of 600 pM NAC for 24 h and subjected to CCK-8 assay. (B) Flow cytometry analysis of A¥m in 60 pg/mL GO exposed cells with or without NAC co-
incubation. (C) Intracellular content of AMP and ATP in 60 pg/mL GO exposed cells with or without NAC co-incubation. (D) Additionally, cells were treated
with 60 pg/mL GO in the presence or absence of cAMP for 24 h and stained with LysoSensor Green probe. Cells were then imaged using a fluorescent microscope and
relative fluorescence intensity was shown in the in the right histograms. (E) Cells transfected with LC3 lentivirus were exposed to GO in the presence or absence of
cAMP for 24 h. Nuclei were labeled with DAPI (blue). Formations of autophagosomes and autolysosomes were observed by the confocal microscope. (F) TEM
observation of GO exposed cells with or without cAMP co-incubation. The black triangle indicates healthy mitochondria and yellow triangle indicates damaged
mitochondria, and black arrow indicates internalized GO samples. (G) Cell viability assay after exposure to 40, 60, 80 pg/mL GO in the presence or absence of cAMP
cocktail for 24 h. Finally, GO exposed cells were treated with/without NAC or cAMP co-incubation in the same time. (H) Relative levels of CytC in plasma protein and
mitochondrial protein were detected via western blotting analysis. (I) Cells were treated with 60 pg/mL GO for 24 h and total proteins were also harvested for
western blotting to detect relative levels of Bax, cleaved Caspase 3 and cleaved Caspase 9. (J) Cells were stained with the Annexin-V/PI dye and the apoptosis rate was
Enalyzed using a flow cytometry. Values are presented as mean =+ SD of 3 independent tests, * P < 0.05, ** P < 0.01, *** P < 0.001.

accumulation of autophagy-related substrates including dysfunctional redox signaling could modulate cell functionality and survival,
mitochondria. Altogether, these toxic effects triggered mitochondria- contributing for the prevention of GO exposure risks in neuromedical
mediated apoptotic cell death by activating the CytC-Bax—Caspase fields.

signaling (Fig. 8). In vitro toxicological pathways could be remarkably
abolished by the addition of NAC or cAMP. These data highlighted the
significance of structure-related activity of GO on its biological behavior
and provided an in-depth understanding of how GO-derived cellular
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