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ARTICLE INFO ABSTRACT

Edited by: Professor Bing Yan The aquatic system is a major sink for engineered nanomaterials released into the environment. Here, we

assessed the toxicity of graphene oxide (GO) using the freshwater planarian Dugesia japonica, an invertebrate

Keywords: model that has been widely used for studying the effects of toxins on tissue regeneration and neuronal devel-
Graph?“e oxide opment. GO not only impaired the growth of normal (homeostatic) worms, but also inhibited the regeneration
le:?;::a;ent toxicit processes of regenerating (amputated) worms, with LC;¢ values of 9.86 mg/L and 9.32 mg/L for the 48-h acute
Stem CEH Y toxicity test, respectively. High concentration (200 mg/L) of GO killed all the worms after 3 (regenerating) or 4
Regeneration (homeostasis) days of exposure. Whole-mount in situ hybridization (WISH) and immunofluorescence analyses

suggest GO impaired stem cell proliferation and differentiation, and subsequently caused cell apoptosis and
oxidative DNA damage during planarian regeneration. Mechanistic analysis suggests that GO disturbed the
antioxidative system (enzymatic and non-enzymatic) and energy metabolism in the planarian at both molecular
and genetic levels, thus causing reactive oxygen species (ROS) over accumulation and oxidative damage,
including oxidative DNA damage, loss of mitochondrial membrane integrity, lack of energy supply for cell dif-
ferentiation and proliferation leading to retardance of neuron regeneration. The intrinsic oxidative potential of
GO contributes to the GO-induced toxicity in planarians. These data suggest that GO in aquatic systems can cause
oxidative stress and neurotoxicity in planarians. Overall, regenerated tissues are more sensitive to GO toxicity
than homeostatic ones, suggesting that careful handling and appropriate decisions are needed in the application
of GO to achieve healing and tissue regeneration.

Oxidative stress

1. Introduction (Shahnawaz Khan et al., 2015; Shang et al., 2019; Kumar et al., 2016),

and is being explored as biomedicine to treat the diseases such as Alz-

As an oxidized form of graphene, graphene oxide (GO) has great
potential applications in various fields such as healthcare (Mao et al.,
2013), and environmental protection (Clemente et al., 2017). Due to its
antibacterial and anti-inflammatory properties, GO has potential
biomedical applications (Lu et al., 2017; Hoyle et al., 2018). It is also
believed to be beneficial to tissue regeneration and wound repair
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heimer’s (Meng et al., 2012), and Parkinson’s disease (Xiong et al.,
2020). The worldwide production, application, and disposal of GO and
GO-containing nanomaterials would inevitably lead to their release into
the environment (Du et al., 2017; Zhang et al., 2020), which may pose a
risk to the environment and human health (Zhang et al., 2017a). The
aquatic ecosystem is undoubtedly a major sink for GO in the
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environment. As a result, GO can be potentially ingested by
sediment-feeding benthic vertebrates (Malina et al., 2020) and in-
vertebrates (Zhang et al., 2017b) and biomagnified in the food chain,
posing a threat and risk to these animals and higher trophic level
organisms.

Developing tissues and organisms are usually more sensitive to
chemical exposure than mature organisms (Leynen et al., 2019; Kluever
et al,, 2014). In the process of rapid cell division, stem cells are
vulnerable to environmental chemicals which may hinder the differen-
tiation and development of cells (Perera and Herbstman, 2011). In vitro
studies report contradictory results on the toxicity of GO to stem cells.
For example, Zhang et al. (2010) found that few-layered graphene sheets
could induce cytotoxic effects on the neural
phaeochromocytoma-derived PC12 cells and that these effects are
shape- and concentration-dependent. Wang et al. (2011) found that GO
can enter human fibroblast cells and induce cell apoptosis with a dose >
50 mg/L. It has been suggested that the toxic effects are related to the
generation of ROS caused by GO. Guo et al. (2020) reported that func-
tionalized graphene (G-NHz, G-OH and G-COOH) caused neurotoxicity
to human neuroblastoma cells (SK-N-SH) even at 0.1 mg/L. However,
contradictory results are also reported, showing that graphene-based
nanomaterials can be used as a platform to support cellular attach-
ment, differentiation, and proliferation (Li et al., 2011). For instance,
Park et al. (2011) noted that a graphene scaffold increased the human
neural stem cells-adhesion and differentiation by 97.4%. More studies
are therefore urgently needed to understand the biological effects of
graphene family materials on stem cells to address this and other
controversies.

Freshwater planairans have a large number of pluripotent stem cells
thus any damaged or amputated tissues including the entire central
nervous system (CNS) can be regenerated, which makes them an ideal
model organisms for study of the (neuro-)developmental and biomedical
research (Hagstrom et al., 2016). Using the planarian model system
enables us to study the influence of nanomaterials in highly dynamic
stem cell systems and to promote the adoption of research strategies in
line with the 3 R (reduction, replacement, and refinement of animal
testing) directive (Russell and Burch, 1959). Planarians can regenerate
their brains and neuro-system after amputation, allowing normal adults
to be studied alongside genetically identical regenerating animals (Sei-
fert and Muneoka, 2018). Due to this unique characteristic and the
complexity of its intermediate neuronal, planarian is a good comple-
ment to the existing experimental animal models in toxicology, like
nematode and zebrafish, to provide sbroader molecular toolkits (Hag-
strom et al., 2015). In fact, the brain of planarian is considered to be the
ancestor of vertebrate brain; the neurotransmitters and receptors are
related to all major neurotransmitter systems which are found in
vertebrate brain (Ofoegbu et al., 2019). Besides, the morphology and
physiology of planarians’ brain nervous system are similar to those of
bertebrates (Ross et al., 2017).

Recently, the planarian was also established as a model for assessing
nanotoxicity. For example, 200 mg/kg boron nitride NPs (a diameter of
10-80 nm and length of 10 um) did not induce any oxidative DNA
damage and cell apoptosis, and there were no adverse effects on worms
stem cell biology and on de novo tissue regeneration (Salvetti et al.,
2015), whereas 15 mg/L Ag NPs (both uncoated and PVP-coated with a
nominal size of 20 nm) showed a strong interference with tissue- and
neuro-regeneration of worms (Leynen et al., 2019). However, CeOy
nanoparticles could accelerate the regeneration of planarians through
scavenging wound induced ROS (Ermakov et al., 2019). A recent study
exposed planarians to polystyrene micro- and nano-plastics (PS) and
found that PS could delay the growth and regeneration of planarians
(Gao et al., 2022). The researchers found that PS induced oxidative
stress to planarians and the activation of the Notch signaling and
TGFp/SMAD4 pathways are responsible for the inhibited proliferation
and differentiation of stem cells (Gao et al., 2022). Researchers often use
planarians as water quality monitors in environmental research due to
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their high susceptibility to substances added to their environment
(Rivera and Perich, 1994; Kapu and Schaeffer, 1991). After exposure to
water samples, different markers at the molecular (Pra et al., 2005) or
biological levels (Knakievicz, 2014) can be used to assess the water
pollution level and identify specific pollutants. Since most nano-
materials, micro-and nano-plastics tend to sink to sediments after
entering the aquatic system (Gao et al., 2022; Zhang et al., 2012; Little
et al., 2021), planarians as benthic organisms have a high chance to
absorb GO and other nanomaterials when they glide over the sediments
and feed.

In this work we for first time used the freshwater planarian Dugesia
japonica (D. japonica) to investigate the potential toxicity of GO nano-
materials (87 + 4.6 nm) and the mechanisms of induced impacts on
planarian stem cells, development and tissue regeneration in vivo. The
(neuro-)developmental and stem cell-related effects of homeostatic
(normal) planarians were explored versus regenerating (amputated)
planarians. Oxidative stress responses, migration and proliferation of
stem cells, and regeneration processes such as the development of head
and lateral branches of neuronal cells were evaluated to explore the
toxicity mechanisms of GO.

2. Materials and methods
2.1. Chemicals and animals

GO was purchased from Chengdu Organic Chemicals Co. Ltd.
(Chengdu, China). Details of morphology, lateral size and thickness,
chemical structure, (-potential, and hydrodynamic sizes of GO are
described in the supporting information (SI, Section I). All other com-
mercial chemicals were purchased from Sigma-Aldrich. The model an-
imal, freshwater planarian Dugesia japonica, was established in our lab.
The detailed planarian cultivation was described in SI.

2.2. Phenotype and post-exposure locomotion velocity (pLMV) assays

Thirty planarian (D. japonica) were exposed for 7 days to a series (0,
1, 10, 20, 50, 100, and 200 mg/L) of GO suspensions prepared in MW
medium. The number of live worms was recorded every day. The growth
of the regeneration bud (blastema) was evaluated by measuring the size
using computer morphometry as described previously (Ermakov et al.,
2019). The worms were photographed with a Nikon SMZ 1500 stereo-
microscope (Nikon, Japan) at 2, 3, 4, 5, 6, and 7 dpa, i.e., after the
decapitation. The area of the blastema and the total area of the body
were determined using Image J software (Version 1.8.0, Wayne Ras-
band, National Institutes of Health, Bethesda, MD, USA). The detailed
experimental design was described in SI (Fig. S1).

In each treatment, thirty worms were placed in a clear acrylic box
(50.0 cm by 50.0 cm) placed over graph paper (grid lines spaced 0.5 cm
apart) with MW medium underneath. Usually, 5 ~ 8 min is recom-
mended for a pLMV test (Raffa and Valdez, 2001; Zhang et al., 2013),
therefore, we observed the behavior of planarian in 8 min. The obser-
vation started 30 s after placement of the planarians at the center of the
grid and lasted for 8 min. The planarian’s PLMV was determined by the
number of grid lines that the worm crossed or recrossed over an
observation period of 8 min.

2.3. Oxidative stress responses

The ROS accumulation in the cells of the worms was determined
after dissociation treatment following the method described previously
(Pirotte et al., 2015) with a minor modification (details are provided in
the SI). Briefly, we rinsed the dissociated cells with deionized water (DI
water) and immersed them in PBS buffer (pH 7.4) containing 10 uM 2/,
7'-dichlorodihydrofluorescein diacetate (DCFH-DA) solution for 20 min,
and then rinsed with PBS buffer followed by measurement at Ex/Em
485 nm/528 nm using a Thermo Varioskan Flash (Thermo Fisher
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Scientific, USA). The ROS in the whole body was also visualized (Details
are presented in the SI).

To analyze the antioxidative enzymes and lipid membrane integrity,
the supernatant was collected for analysis. SOD, POD, CAT, GPx, GST
and GR activities, and MDA contents were determined as per the man-
ufacturer’s instructions in the assay kits (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China). Assay kits were also used to measure
non-enzymatic anoxidant levels in GSH and GSSG (Beyotime Institute of
Biotechnology, Shanghai, China). Details of the analyses are provided in
the SI.

2.4. Mitochondrial integrity and adenosine triphosphate (ATP)

Mitochondria were isolated following the method described previ-
ously (Yuan et al.,, 2016). Mitochondrial membrane integrity was
measured using a JC-1 assay kit (Beyotime Biotech, Nantong, China) as
per the manufacturer’s protocol. The ATP content and total ATPase
activity were measured using an Enhanced ATP Assay Kit (Beyotime
Institute of Biotechnology) and an ATP assay kit (Nanjing Jiancheng
Bioengineering Institute), respectively, using a Thermo Varioskan Flash
(Thermo Fisher Scientific, USA). A Bicinchoninic Acid Protein Assay kit
(BCA, Thermo Fisher Scientific, Waltham, MA) was used to measure the
protein concentration.

2.5. Real-time quantitative PCR analysis

Differential expression of oxidative stress-associated genes (gpx, gr,
gst, and nak) in worms were detected using quantitative real-time PCR
(qPCR) after exposure to GO (50 mg/L) for 48 h. The primer sequences
are provided in Table S1 in the supplemental information (SI). Based on
the manufacturer’s protocol, an SYBR Real-time PCR mixture (BioTeke,
China) was used for qPCR analyses using a LightCycler 480 II Real-Time
PCR System (Roche, Basel, Switzerland). The detailed method is shown
in the SI.

2.6. Whole-mount in situ hybridization (WISH) and immunofluorescene

After 2 days of exposure to GO (50 mg/L), the intact and regenerated
worms (2 days after amputation) were used for in situ hybridizations.
The experiments were performed to characterize the expression level of
Djpiwi-A, a stem cell marker gene (Shibata et al., 2010) following a
previously described method (Gao et al., 2021). The worms were pre-
pared for immunochemistry following a previously described method by
Dong et al. (2019). Details of the experiments are shown in the SI.

2.7. ELISA for Caspase-3 and 8-OHdG activities

Cleaved cysteine-aspartic proteases-3 (caspase-3), an apoptotic
marker, was quantified in worm’s tissue using a commercially available
ELISA assay (Jiangsu Jingmei Biotechnology Co., Ltd, Jiangsu, China).
To measure DNA oxidative damage, we used a DNA Damage ELISA kit
(Jiangsu Jingmei Biotechnology Co., Ltd, Jiangsu, China) to detect 8-hy-
droxy-2 deoxyguanosine (8-OHAG) content. All assays followed the
protocols supplied by the manufacturer. Details of sample preparation
and the analyses are shown in the SI.

2.8. Oxidative potential of GO by a GSH oxidation assay

The intrinsic oxidative potential of GO was evaluated using Ellman’s
reagent as described previously with a minor modification (Xie et al.,
2020). A spectrophotometric method was conducted to quantify
non-oxidized GSH using Ellman’s reagent (5, 5'-dithiobis (2-nitro-
benzoic acid), DTNB), which reacts with GSH thiol groups to form 3-thi-
o-6-nitrobenzoate (TNB). Details of the experiments are shown in the SI.

Ecotoxicology and Environmental Safety 249 (2023) 114431
2.9. Statistical analysis

Data are expressed as mean + SD (standard deviation) after three
repetitions of each tests. Student’s t-test or ANOVA was used to examine
statistical significance. A significant level was defined as p < 0.05.

3. Results and discussion
3.1. Characterization of GO

As shown in Fig. S2, FT-IR spectra shows that GO had a large amount
of oxygen-containing groups (C-O group at 1416 and 1052 cm ™}, C=0
group at 1726 cm™!, O-H group at 3400 cm™Y). The Ip/Ig value was
lower than 1 in the Raman spectrum, suggesting slight defects in the GO
structure. The average lateral size of the GO was 87 + 4.6 nm and the
thickness was 0.83 + 0.24 nm, as revealed by AFM. DLS analysis shows
that the GO had a negative charge in DI water and mineral water (MW).
The hydrodynamic diameter of GO in the worm’s mucus medium was
1678 + 97 nm, which was larger than that in MW (1394 + 72 nm) and
DI water (1054 + 49 nm) (Table S3). The high salinity and the excretion
of organic material by planarian into the mucus medium could compress
the double electric layer on the surface of the GO nanomaterials,
resulting in strong aggregation (Zhang et al., 2020).

3.2. GO exposure caused acute toxicity and inhibition of mobility in
homeostatic planarian

As shown in Fig. S3a, GO induced acute toxicity in a time- and dose-
dependent manner. GO at 10 mg/L inhibited the survival rate by 10% at
2 d and 16.7% at 7 d of exposure. GO exposure at 200 mg/L caused the
highest toxicity, killing all the worms at 4d after exposure. The 1, 2, 3, 4,
5, 6, and 7 d LCs( values of GO for homeostatic worms were 153.5 mg/L,
133.2 mg/L, 107.4 mg/L, 95.8 mg/L, 93.5 mg/L, 88.7 mg/L, and 81.2
mg/L, respectively (Fig. S3a), suggesting increased toxicity over time.
Similarly, GO also reduced the mobility of the worms in a time- and
dose-dependent manner (Fig. S3b). Before death, growth and repro-
duction, behavior is normally altered. In fact, the latter is more sensitive
than mortality as a biomarker (Alonso and Camargo, 2011; Beketov and
Liess, 2008). We examined the mobility using PLMV test, which is a
convenient and sensitive metric to quantify planarian behavioral re-
sponses (Raffa and Valdez, 2001). In this study, data were plotted as
cumulative means over 8 min for each group.The slope of the plot rep-
resents the speed of movement across the gridlines. The worms in the
control groups (CT) displayed an average pLMV of about 20-25 gridlines
per minute (the slope value is 21.5). We observed the mobility again
after 2 days of exposure. GO started to inhibit the mobility of the worms
from the concentration 10 mg/L, with the pLMV reduced by 35.8%
compared to the CT group. GO at 20, 50, and 100 mg/L reduced the
slope of the pLMV to 11.3, 6.5 and 3.6, respectively. The change of
behavior induced by GO exposure are most likely caused by its neuro-
toxic action since the behavior is highly dependent on neuronal activity
(Inoue et al., 2015). GO has also been reported to be neurotoxic in
different biological models, including SH-SY5Y (Lv et al., 2012),
zebrafish (Hu et al., 2017), and Caenorhabditis elegans (Li et al., 2017).
Together, the dose- and time-dependent neurotoxicity suggest that GO
showed acute neurotoxicity to the planarian tested.

3.3. GO impedance of the tissue regeneration of planarian

Once lose part of its body, neoblast cells would migrate to wound
sites, proliferate, and differentiate to form new tissues and organs in
planarians (Pellettieri et al., 2010). Previous studies showed that the
neoblast proliferation and differentiation are affected by environmental
factors such as contaminants (Leynen et al., 2019; Dong et al., 2021).
Therefore, we also checked the impact of GO on the
neuro-developmental process and examined the proliferation and



C. Xie et al. Ecotoxicology and Environmental Safety 249 (2023) 114431

a) 50mg/L GO  100mg/L GO
< 100 , — RCT e By
= — 1 mg/L R-GO f ‘
; 10 mg/L R-GO
2 50 — 20 mg/L R-GO
€ — 50 mg/L R-GO
S — 100 mg/L R-GO
a L — 200 mg/L R-GO
0 2 4 6 8
Time (days)

(e
~

—8-RCT
0.084 —@—50 mg/L R-GO
—&— 100 mg/L R-GO

0.06 4

Ratio of new blastema size
vs whole square

0.04 4
0.02 4
0.00 T T T T T T
2 3 4 5 6 7
Time (days)
250
P ~
_ PiwiA E 200 et
@ E px 3
211 % 150 . *k
g ;j: .g 100 =
£ 0.8 0 o
207 g
£ 06 T v
E 0.5 CcT GO
CT GO
s 400+
a1 o~
< * E .
210 £ 300 r»
[ . 3 Y S
£ 0.9 B 200 . *ok
@ D 3 -
208 £ =
= & 100 s
2o :
R-CT R-GO
R-CT R-GO
°s
*
f) £ 5] *
= 1
5 41 3
s T
£ 3
S
o 2]
@
2 1
&
& o
= 5 | L fad
£ 1
= 1
£ 4 T T
2
g 31
52
(&
£
% 0

CT GO R-CT R-GO

(caption on next page)



C. Xie et al.

Ecotoxicology and Environmental Safety 249 (2023) 114431

Fig. 1. Impacts of GO on tissue regeneration and stem cells preliferation. (a) Survival of regeneration worms after GO exposure. (b) Microphotographs of new
blastema after 7 days of exposure to 50 and 100 mg/L of GO. (c) Area ratio of new blastema to the whole-body square (Fig. S5). (d) Left, in situ hybridization to
detect DjpiwiA transcripts in worms. Right, the expression of DjpiwiA was reduced in the homeostatic and regeneration worms after exposure to 50 mg/L GO. (e)
Immunohistochemistry using the mitotic marker Anti-H3P antibody. The left panel shows a view of the homeostatic worm and the head regeneration of control and
GO treatments. Right, the number of mitotic events in GO treatment and CT groups. Whole-mount immunostaining of the nervous system with anti-SYNORF1 (3C11)
in regeneration worms after exposure to 50 mg/L GO for 10 days (f). Contents of caspase-3 (f, upper) and 8-OHdG (f, lower) in homeostatic and regeneration worms
affected by GO treatments. * and the different letters indicates a significant difference at p < 0.05 compared with the corresponding control. The results are presented
as the mean + SD of a minimum of 6 biological replicates. Scale bar: 1 mm. R stands for regeneration.

apoptosis of regenerating fragments.

Similar to the homeostatic worms, the survival rates of regeneration
worms were also reduced by GO in a time and dose-dependent manner,
while the effects were stronger than on the homeostatic worms. The LCsq
of GO to the regeneration worms were 113.4 mg/L, 101.8 mg/L, 94.1
mg/L, 80.3 mg/L, 65.1 mg/L, 57.2 mg/L and 51.8 mg/L, respectively at
1,2, 3,4,5, 6, and 7 dpa (Fig. 1a). The survival rate was reduced by
13.4% and 26.7% respectively after 2 and 7 days of exposure to 10 mg/L
GO. The rate was dramatically reduced by 200 mg/L GO, with only
16.1% survival at 1 d post-exposure and all had died after 3 d of expo-
sure. Fig. S4 shows that a high concentration (100 mg/L) of GO caused
necrotic lesions and lysis of the tissues, which led to death eventually.

We further examined the effect of GO exposure on tissue regenera-
tion by measuring the size of the newly growing blastema. Based on the
LCsp, we used 50 or 100 mg/L for the subsequent studies. As shown in
Fig. 1b, the anterior blastema sizes in the GO-exposed planarian were
significantly smaller compared with those in the CT group (Fig. 1b). The
blastema was visible only until 4d after exposure to 100 mg/L GO,
suggesting retardation of tissue regeneration. The quantitative analysis
(Fig. 1c) showed that the blastema sizes were 42.3% and 67.9% smaller
in the 50 mg/L and 100 mg/L GO treatments, compared with the size in
the CT at 7 dpa. Tissue regeneration relies on stem cells proliferation,
migration, and differentiation especially, thus a significant decrease in
stem cell proliferation underlies the disturbed regeneration process
(Barghouth et al., 2019). We therefore explored the underlying mech-
anism by examining the impacts of GO on stem cells at the molecular
level.

3.4. GO impaired stem cell dynamics and regeneration of the nervous
system

DjpiwiA, a main gene marker for stem cells, was examined using
WISH to characterize its expression level (Dong et al., 2021). For the
homeostatic worms, DjpiwiA was extensively expressed (shown as a blue
color) in the whole body except for the pharynx and head (Fig. 1d), and
the expression was reduced by 34.3% after 2 days of exposure to
50 mg/L GO. The head was fully regenerated 7 d after amputation in the
R-CT group, evidenced by the strong expression of DjpiwiA. Again, GO
exposure impaired the regeneration as shown by the 17.9% lower
expression of stem cells at 2 dpa.

Mitotic activity was examined in vivo by labeling stem cells’ nuclei
with an anti-phospho-Histone H3 antibody. Compared with the CT
group, the number of nuclei significantly decreased (by 46.3%) after GO
treatment (Fig. 1e), suggesting impaired cell proliferation. In the process
of regeneration (R-CT), the cell proliferation was accelerated for tissue
regeneration, as compared with the CT group. However, the cell pro-
liferation was severely inhibited by the GO treatment, with the number
of nuclei reduced by 50.3% compared to the CT. The planarian brain
contains several thousands of neurons, which can be fully regenerated de
novo after injury through the stem cells. Previous studies have indicated
that GO may be unable to guide neural growth but may facilitate
regaining tissue integrity after spinal cord injury (Lopez-Dolado et al.,
2015). GO was also found to induce intracellular redox deviation, and
autophagy-lysosomal network dysfunction leading to disrupted mito-
chondrial homeostasis in human Y5Y neuroblastoma cells (Xiaoli et al.,
2021). To evaluate whether the reduced stem cell activity caused by GO
further impacted the regeneration of the nervous system, the neuron

morphologies were observed after 10 days of exposure to GO using a
whole-mount immunofluorescence assay. The anti-SYNORF1 antibody
was used as a biomarker, which allows visualization of the planarian
CNS. Planarian brains have an inverted U-shaped structure composed of
neural cells and axons displaying rich branching (Umesono et al., 1999).
We found that GO treatment significantly reduced the density of nerve
fibers and the number of lateral branches (Fig. 1f and Fig. S6). These
results revealed that GO induced neural regeneration defects in the
treated worms, which manifested as a decreased number of neuronal
cells and decreased lateral branches compared to CT (Fig. 1f). In fact, GO
accumulation and biodistribution in the regeneration tissues and organs
may cause a direct toxicity (Chatterjee et al., 2017). Similarly, Kim et al.
(2018) also used Raman spectroscopy to analysis the in vivo uptake GO
in Caenorhabditis elegans (C. elegans). They found that GO were deposited
in the pharynx and the intestine, which further supported the strong
reproductive toxic potential of GO in C. elegans (Kim et al., 2018). Ma
etal. (2015) found that larger GO showed a stronger adsorption onto the
plasma membrane which may enhance production of inflammatory
cytokines and small GO sheets were more likely taken up by cells.
Overall, these results correlated with each other, suggesting that GO
exposure impaired the stem cell activity and thus the health and
regeneration capacity of the CNS in the exposed worms. Further ex-
periments at the molecular level suggest that GO exposure induced
higher cell apoptosis and DNA damage (Fig. 1g). DNA damage caused by
GO exposure was also reported in other models, e.g., MDA-MB-231
human breast cancer cells, where DNA mutagenesis occurred (Liu
et al., 2013). A previous study also suggested that GO caused chromo-
somal aberrations and DNA fragmentation of stem cells at ppm levels
(Akhavan et al., 2013). Since 8-OHdG is a maker for oxidative DNA
damage, the increase of 8-OHdG indicates an oxidative stress induced
DNA damage, which may contribute to the reduced mitosis (Fig. 1e). To
further demonstrate this hypothesis and the underlying toxic mecha-
nism, we next analyzed the responses of the antioxidative system in the
worms following GO exposure.

3.5. GO exposure induced disruption of the antioxidant system

Overproduction generation of ROS is one of the most important
mechanisms of toxicity induced by nanomaterials (Seabra et al., 2014).
While scavenging of ROS is also a mechanism for the protective effects
induced by some nanomaterials such as CeOy (Ermakov et al., 2019).
Therefore, ROS level, e.g., the redox balance, is an important indicator
for nanomaterial induced biological effects. We first detected changes in
the intracellular ROS levels in the planarian cells 2 days post-exposure to
GO. As shown in Fig. S7, the intracellular ROS levels in homeostatic and
regeneration worms were significantly enhanced by 160% and 180%,
respectively, relative to the control following GO treatment. The ROS
levels in the whole body were also examined (Fig. S8), and again the
ROS levels were higher after GO treatments compared with the CT or
R-CT. In fact, the physicochemical properties of nanomaterials, such as
shape, size, surface chemistry and the degree of aggregation influence
the production of free radicals and subsequent oxidative stress (Aillon
et al., 2009). The aggregation of nanomaterials is a key factor leading to
the apparent controversies on the toxic mechanism of nanomaterials in
literature. Generally speaking, the harmfulness of NPs may arise from
their size-related ability to readily enter biological system (Lovric et al.,
2005). Many studies also demonstrated NPs aggregation changes the
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Fig. 2. Alteration of antioxidant markers and oxidative stress-related genes expression. Left (A), MDA (a), SOD (b), POD (c), CAT (d), GPx (e), GST (), GR (g),
GSH (h) and GSSG (i) contents in homeostatic worms after exposure to GO for 48-h. Right (B), the effect of GO on relative mRNA expression levels of gene gpx, gr, gst,
and nak was measured in homeostatic worms (j, k, 1, and m) and regeneration worms (n, o, p, and q) exposed for 48-h. * p < 0.05 and * * p < 0.01 indicate dif-

ferences as compared to the control group (CT). R stands for regeneration.

retention time of particles which may increase or decrease the toxicity
(Murugadoss et al., 2020). Most studies observed that as the particle size
decreases, there is a tendency for toxicity to increase, even if the same
material is relatively inert in a bulkier form (Sharifi et al., 2012). Herein,
in this study we believed that GO aggregation may decrease its nano-
toxicity due to the original size of material only 80 nm which needs
further study to demonstrate this hypothesis.

High levels of ROS may lead to a string of adverse consequences such
as damage to membrane integrity, DNA, protein, or subcellular struc-
tures. Indeed, DNA damage has been demonstrated above (Fig. 1g). Loss
of membrane integrity is also considered to be a marker of cytotoxicity
induced by nanomaterials (Hashemi et al., 2016). Similarly, Ma et al.
(2021a). found benzo[a]pyrene-bearing fine biochar particles elicited a
severe disruption of the phospholipid membrane and oxidative stress.
The membrane integrity was impaired as shown by the increased MDA
levels (Fig. 2a) which is a marker of lipid membrane oxidation. To cope
with the excessive ROS in the body, the antioxidant defense system
including enzymatic (SOD, POD, CAT, GPx, GST) and non-enzymatic
(GSH-GSSG) processes can be triggered. These compounds work syner-
gistically to protect organisms from ROS-induced oxidative damage. Our
results showed that the activities of both enzymatic and non-enzymatic
antioxidants were down-regulated in both homeostatic (Fig. 2A) and
regeneration worms (Fig. S9), thus causing the inability of the worms to
eliminate the excessive ROS and driving the consequent oxidative
damage. Specifically, POD, GPx, and GST activities significantly
decreased in all GO-treated groups (Fig. 2¢, e, and f, p <0.05). SOD,
CAT, and GR activities were reduced significantly only in the 100 mg/L
GO treatment (Fig. 2b, d, and g, p <0.05). A similar pattern of impacts
on the non-enzymatic antioxidant system was also observed (Fig. 2h and
i, and Fig. S8). The GSH contents decreased by 16.1% and 28.2% after

exposure to 50 and 100 mg/L GO for 2 d, compared with CT. In
regeneration worms, the GSH content decreased by 22.6% and 32.3% at
2 dpa, respectively. Correspondingly, a significant increase of the GSSG
content, an oxidized form of GSH, was observed in both types of worms
(homeostatic and regenerative) after exposure to GO.

We further examined whether the antioxidant system was impaired
at the genetic level by examining the mRNA expression of some key
genes including GPx gene (gpx), GR gene (gr), GST gene (gst) that control
antioxidant production and the Na®/K'-ATPase gene (nak) which is
responsible for ATP synthesis, using the qRT-PCR technique. As shown
in Fig. 2j-q, gpx, gr, gst, and nak expressions were significantly down-
regulated after 2 days of exposure to GO. Similar patterns were also
observed in the regeneration worms (Fig. 2B). The results above suggest
that GO exposure impaired the antioxidant systems in the worms at both
genetic and molecular levels, thus causing the accumulation of excessive
ROS in their bodies and subsequent oxidative damage.

3.6. GO disruption of energy metabolism

Energy is essential for biota and is especially critical for the nervous
system which consumes 20% of the total energy produced by the body to
maintain its normal function (Pulido and Ryan, 2021). To further un-
derstand the mechanism of GO-induced impairment of the growth and
tissue regeneration in planarians, we examined the ATP level, the
ATPase level, and the mitochondria membrane integrity which is where
the energy is produced. Previous studies have indicated that GO may
affect mitochondrial function and change the energy metabolism in
A549 tumor cells and SH-SY5Y cells (Xiaoli et al., 2021; Zhang et al.,
2019). When mitochondrial energy is depleted, intracellular ion pumps
that rely on ATP may face a variety of transport barriers. ATP synthesis is
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impaired when mitochondrial ion transport is dysfunctional. A
dysfunctional ion transport system can generate intracellular free radi-
cals, which damage cytoplasmic membranes (Kourie, 1998). As shown
in Fig. 3a and ¢, ATP content significantly decreased in GO groups
compared with CT (p<0.05) in both homeostatic and regeneration
worms. The activity of ATPase was reduced by 27.8% and 38.9%, and
22.2% and 33.3% in homeostatic and regeneration worms, respectively,
following 50 and 100 mg/L GO treatment (Fig. 3b and d). ATPase, a
protease on bio-membranes, plays a vital role in material transport,
energy conversion, and information transmission. The activity of
ATPase is thus an important index for evaluating energy metabolism and
cell functions (Serrano, 1989).

The reduction in ATPase activity can occur when the lipid mem-
branes undergo oxidative damage (Figs. 2a, 3a, and ¢). Duch, et al (Duch
etal., 2011). reported that GO could induce cytotoxicity toward alveolar
epithelial cells and macrophages through ROS generation, causing
impaired mitochondrial respiration and cell apoptosis. A recent study
also found that GO can disrupt mitochondrial homeostasis by inducing
intracellular redox deviation, which eventually leads to apoptotic death
(Xiaoli et al., 2021). Mitochondrial dysfunction can affect the balance of
extracellular and intracellular ROS levels, thus causing further oxidative
damage (Lim et al., 2007). The mitochondrial membrane integrity was
analyzed by measuring the mitochondrial membrane potential (MMP),
the decrease of which is a crucial indicator of mitochondrial dysfunc-
tion. As shown in Fig. 3e and f, the MMP was significantly reduced after
GO exposure, as shown by the ratio of red to green fluorescence in-
tensity. In the homeostatic group, the MMP decreased by 51.8% and
66.7% compared to the CT, respectively, following 50 mg/L and
100 mg/L GO exposure. Likewise, in regeneration worms, the MMP
decreased by 55.1% and 64.7%, respectively. Graphene-based nano-
materials could trigger mitochondrial pathways, activate caspase-3, and
eventually cause cell apoptosis (Li et al., 2012). Excessive ROS in
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Fig. 3. GO disrupted the mitochondrial
e) function. Effects of exposure to 0, 50 and
100 mg/L GO on ATP contents (a) and ATPase
activity (b) in homeostatic worms, and ATP
contents (¢) and ATPase activity (d) in regen-
eration worms exposed for 48-h. * p < 0.05,
**p < 0.01. Effect of the different concentra-
tions of GO on the mitochondrial membrane
potential (MMP) of homeostatic (e) and regen-
eration worms (f). Percentage of GSH loss (g)
due to oxidation by GO and GOp with or
without light for 3 h. Different letters indicate
significant difference. R stands for regeneration.

mitochondria could cause the loss of MMP and thus disrupt the electron
transport chain and energy metabolism (Guo et al., 2020). Few-layer
graphene could also induce the increase of Ca%* level in cytoplasmic,
which results in the depolarization of the mitochondrial membrane,
increased membrane permeability and apoptosis (Sasidharan et al.,
2016). Our results agree with these previous reports, and demonstrate
that GO-induced failure of the antioxidant system and the resultant ROS
over-accumulation contributed to the impaired mitochondrial function
and energy metabolism, and cellular apoptosis.

3.7. Chemical origin of the toxicity: the intrinsic oxidative potential of GO

GO may have intrinsic oxidative potential (Pieper et al., 2016) which
can oxidize intracellular antioxidants (e.g. GSH), thereby reducing the
antioxidative capacity of the cells (Ma et al., 2021b). We thus examined
the oxidative potential of GO using an in vitro GSH oxidation assay (Xie
et al., 2020). Since the exposure experiments were performed under a
light/dark cycle, the oxidative potential under both dark and light
conditions was examined. As shown in Fig. 3g, 13.8% and 21.7% of GSH
were lost after incubation with pristine GO under dark and sunlight
conditions, respectively. This suggests that GO has an intrinsic oxidative
potential and that GO can cause stronger oxidation under light exposure,
which might be due to the photo-enhanced electron transfer and gen-
eration of electron holes that enhance GSH oxidation (Chong et al.,
2017). GSH oxidation can cause depletion of GSH in the body leading to
reduced antioxidant capacity and failure of the planarian to protect
themselves from ROS attack. GSH oxidation partly relies on a direct
chemical reaction between the GO surface and GSH molecules. How-
ever, in biological surroundings, e.g. in the planarian culture medium,
the biomolecules (e.g., mucus) secreted by the worms may form a
bio-corona layer on the GO surface, which may change their oxidative
potential. To examine this possibility, we also collected the GO after
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incubation with the worms (GO,) and determined their GSH oxidation
capacity. We found that GO, showed significantly stronger oxidative
potential than the pristine GO (37.2% and 43.7% higher in dark and
light conditions when compared with untreated controls, respectively).
This interaction with secreted mucus may explain the enhanced toxicity
(decreased LCsp) of the GO to the planarian with extended exposure
time. It should be noted that the intrinsic oxidative potential of GO is
highly related to its physicochemical properties such as lateral size and
surface chemistry. Therefore, the results presented here only represent
the unique GO in this study. GO characteristics need to be studied in
future to determine their neurotoxicity. For example, GO with higher
surface oxygen content may has higher GSH oxidation capacity thus is
expected to have higher neurotoxicity to planarian. Actually, the pas-
sage of exogeneous fine particles and nanomaterials into the animals
brain may cause a harmful effects on the central nervous system and
then induce neurotoxicity. Qi et al. (2022) used isotope labeling tech-
nology to obtain evidence that exogeneous particles into the CNS and
their transport into the brain tissues. Isotope labeling technology may
help us to track the passage of GO into planarian body from pharynx and
the intestine and then transport to the blastema (new brain), which may
provide additional insights for the negative effects of GO on the brain
and the development of neurological system. Further studies quantifying
the uptake of GO in planarian are thus necessary in the future.

4. Conclusions

In summary, a freshwater planarian’s homeostasis and tissue
regeneration were impaired by GO for the first time in this study. The
pathways of GO-induced impairment of tissue regeneration are shown in
Fig. 4. The intrinsic oxidative potential of GO caused oxidative damage
to the stem cell proliferation and differentiation and thus obstructed the
regeneration and development of the neuron system. This study suggests
that GO may also have a significant negative effect on aquatic organisms
and thus the overall ecosystem health. Our findings also provide
important data regarding the impacts of GO on neurodevelopment and
regeneration toxicology and highlight the need for ongoing and exten-
sive safety evaluation of GO. A balance between GO’s efficacy and
toxicity is necessary to ensure its future industry applications, as well as
its potential impact on ecosystems and human health.
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