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Environmental biosafety is the key issue in the healthy development of the graphene industry, but the
toxicity of graphene to moss is still unknown to date. Herein, we investigated the influence of graphene
oxide (GO) on the growth, chlorophyll content and structure of white moss Leucobryum glaucum. Our
results indicated that GO did not alter the fresh weight of L. glaucum, but inhibited the dry weight gain
seriously, resulting in higher water-holding rates. GO induced the suppression of chlorophyll contents
and up-regulated the chlorophyll a/b ratios, thus might influence the photosynthesis of L. glaucum. GO
disturbed the microstructure and ultrastructure of L. glaucum at high concentrations, inducing the
destruction of cell wall, the separation of cell wall and membrane, and the formation of micropores on
the leave surface. GO led to the decrease of glutathione levels and catalase activities of L. glaucum,
suggesting the existence of oxidative stress. Our results collectively suggested that graphene had the
potential environmental risk to moss plants, and the release of graphene into the environment should be

rsc.li/rsc-advances strictly restricted.

Introduction

Graphene is a newly developed carbon nanomaterial that holds
great promise in diverse areas."” The skeleton of graphene is
composed by sp® carbon atoms, which form six-member rings.
Usually, there are defects on the carbon skeleton, generating
various derivatives and fantastic properties.®> Graphene has
found applications in electronics,* energy,’ analysis,® biomedi-
cine,” environmental remediation and detection,® and food
science.’ For examples, the graphene based batteries are widely
investigated and now produced commercially in several coun-
tries.® Graphene adsorbents show impressively high capacities
in treating heavy metal ions, organic pollutants, oils, and so
on.®'%" Graphene also could be used in drug delivery, bio-
imaging and photothermal therapy for cancer treatment.”'?
Therefore, the annual production of graphene increases quickly
and there is a great chance that graphene would be released into
the environment and induce toxicity to the living creatures.™
Thus, the potential environmental hazards and risks of gra-
phene should be thoroughly investigated.**

Among the fundamental and necessary issue of graphene
biosafety is the toxicity of graphene to all representative
components of the ecological environment.™'* Available results
in the literature indicate that graphene might be toxic to
microorganisms, animals and plants.” For instance, using A549
cells as the model, we reported that graphene oxide (GO)
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induced viability loss and oxidative stress following a dose- and
size-dependent way."® For white rot fungi, GO led to the weight
loss, structural disturbance and decomposition activity
decrease after the co-incubation for 14 d.'” For bacteria, GO
became more toxic to Escherichia coli and Bacillus subtilis after
photolysis.'® Upon the pulmonary exposure to mice, GO accu-
mulated in lung and aroused oxidative stress, inflammatory
infiltration and fibrosis.* As for plants, GO led to the inhibition
of germination, the suppression of root development, and the
disturbance of photosynthesis.” During these investigations,
more and more evidence indicated that oxidative stress was the
toxicological mechanism of graphene materials.”*** Beyond
these representative species, the impact of graphene on the
lower plants, such as moss and lichen, has not been concerned
yet. The lack of such information definitely hinders the full
understand of the environmental risks of graphene.

Moss is an important component of the ecological
system.”®** Moss originates from phycophyta and distributes
worldwide from the Arctic tundra to Antarctic glacier. Moss is
an important primary producer, in particular for frigid zones.
Moss accommodates the nitrogen-fixing bacteria for nitrogen
fixation and moss itself holds soluble phosphorus, therefore
moss plays crucial roles in geobiochemical cycle of N and
P. Moss could improve the soil quality together with bacteria on
its rhizoids. Moss has huge water-holding capacity, thus, is
crucial for water balance. Moss also provides accommodation
and/or food for many creatures. Moss even helps the growth of
plants such as hemlock, Souliea vaginata and Saxifraga. In
addition, moss is used for environmental monitoring, due to
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the high sensitivity to pollutants and climate changes.***® When
graphene enters the environment, the direct contact of gra-
phene with moss is unavoidable.”” The impact of graphene on
moss might lead to serious consequences, so the toxicity of
graphene to moss should be investigated to fully understand
the environmental risks of graphene.?®

In this study, we used white moss Leucobryum glaucum as the
model plant to investigate the environmental hazards of GO. L.
glaucum was incubated with GO for 28 d before toxicity assess-
ments. The fresh and dry weights of L. glaucum were measured
to calculate the water-holding rates. The chlorophyll contents
were analysed for chlorophyll a/b ratio calculation. The plant
was sectioned for optical microscope observations and the
ultrathin sections were checked under transmission electron
microscopy (TEM). The freeze-dried L. glaucum samples were
examined by scanning electron microscope (SEM). To elucidate
the potential toxicological mechanism, the glutathione (GSH)
and catalase (CAT) levels were quantified. The implication to
the biosafety and environmental effects of graphene is
discussed.

Results and discussion
Characterization of GO

GO formed a brown dispersion upon sonication in water.
According to the atomic force microscope (AFM) observation,
the GO sheets were single-layer dispersed with a height of
0.8 nm. When preparing TEM specimen, GO sheets wrinkled
slightly during the drying (Fig. 1a), but most of them were still
single-layered. The typical G-band and D-band could be easily
distinguished in the Raman spectrum (Fig. 1b), suggesting the
sp® carbon atoms and the abundant defects. Based on X-ray
photoelectron spectroscopy (XPS) analysis, there were about
32 at% of oxygen atoms and 68 at% of carbon atoms in GO
samples. The oxygen containing groups were also indicated by
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Fig.1 TEM image (a) and Raman spectrum (b) of GO.
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the IR spectrum, where ~-OH/-COOH groups were reflected by
the broad band at 3400 cm ™" and C=0 bonds were indicated by
the peak at 1720 cm ™. The characterization data collectively
suggested that the GO sample of high purity was suitable for the
following toxicological experiments.'®'”

Growth and water-holding rate

As described in the Introduction, moss is an important
component of the environment and also useful in environ-
mental monitoring.>*** However, the hazards of carbon nano-
materials to moss have not been investigated yet, leaving this
area as virgin land. Some efforts were only paid to the synthesis
of carbon nanomaterials from moss skeleton, such as carbon
nanosheets and carbon nanotubes.?* Therefore, it is necessary
to evaluate the potential toxicity of graphene to moss.** Gener-
ally, GO had minor influence on the fresh weight of L. glaucum
(Fig. 2a). A slight decrease was found at the GO concentration of
0.4 mg mL ™' and an increase occurred at 1.0 mg mL ™", The
increase at 1.0 mg mL ™" might be associated with the aggre-
gation of GO at high concentrations that reduced the bioavail-
ability of GO to L. glaucum. Similarly, Wang et al. observed the
inverse dose-effect of carbon nanomaterials to soybean and
attributed this to the agglomeration of carbon nanomaterials at
high concentrations.*” However, the dry weights of L. glaucum
significantly decreased at all GO concentrations (Fig. 2b). No
apparent dose-effect was presented in the concentration range
of 0.04-4 mg mL~". The loss of fresh weight suggested that the
photosynthesis of L. glaucum might be down-regulated. The
influence of weight gain by graphene nanomaterials were widely
observed in the studies using higher plants as the model.****
For examples, sulfonated graphene decreased the biomass of
maize seedlings at 100 mg L~" and higher concentrations.®
Zhang et al. found that graphene inhibited the weight increase
of tomato seedlings at 40 mg L '* Liu et al found that

a R b —
5
L 1 . J_ _L 0.30
B 4t - :
= _ 024
=3 c 7
S =
23 5 o018
< o *
3 H
L o2f g 012
1 0.06
0 r : . : 0 : : :
Control 0.04 0.4 1 2 Control 0.04 0.4 1
GO (mg/mL) GO (mg/mL)
c ¥
o N
&)
D24t 1
° .
[
218
c
£
212}
2
o
= 6r
0 : : : : : -
Control 0.04 04 1 2 4
GO (mg/mL)

Fig. 2 Fresh weight (a), dry weight (b) and water-holding rate (c) of L.
glaucum after the exposure to GO (n = 4).
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graphene stimulated the weight gains of both root and shoot of
rice at 5 mg L' and then inhibited the weight gains at
50 mg L~ and higher.*

The unchanged fresh weights and decreased dry weights
could be converted into the large increases of water-holding
rates. As shown in Fig. 2c, the water-holding rate of L. glau-
cum was nearly doubled upon the exposure to GO of concen-
trations of 0.04 mg mL™~ " and higher. The increased water-
holding rate suggested that the skeleton of L. glaucum was not
compressed and could still hold large quantity of water. To this
regard, the toxicity to L. glaucum did not affect the capacity of
maintaining water balance in short-term.

Chlorophyll content

The loss of dry weight implied that the photosynthesis of L.
glaucum was suppressed. Therefore, we quantified the chloro-
phyll contents of L. glaucum samples to verify this. As indicated
in Fig. 3a, GO did not influence the chlorophyll a much. The
only significant increase was observed at GO concentration of
2 mg mL . More changes were found in chlorophyll b, where
significant decreases were observed at GO concentrations from
0.04 to 4 mg mL ™" (Fig. 3b). The chlorophyll a/b ratios increased
significantly at all GO concentrations (Fig. 3c). The increase of
chlorophyll a/b ratio meant that the light utility of blue region
was suppressed. For L. glaucum, the utilization of blue light was
crucial, because moss preferred weak light. The decreased
chlorophyll b suggested that the photosynthesis of L. glaucum
was inhibited, which explained the decreased dry weight.

By reviewing the literature results, it could be concluded that
the influence of carbon nanomaterials on chlorophyll contents
depended on both the properties of materials and also the
species of plants. Previously, we found that hydroxylated
fullerene stimulated the chlorophyll contents in wheat.*® On the
other hand, GO decreased the chlorophyll contents of wheat at
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Fig. 3 Influence of GO on the chlorophyll content of L. glaucum (n =
4). (a) Chlorophyll a; (b) chlorophyll b; (c) chlorophyll a/b ratio.
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0.5 mg mL ™" after 30 d exposure.’” Hu et al. reported that gra-
phene, hydrated graphene ribbon and GO could decrease the
chlorophyll a contents and up-regulated the chlorophyll a/
b ratios.*® Reduced GO was found to down-regulate the chlo-
rophyll contents and a/b ratios of another lower plant green alga
Scenedesmus obliquus.* In our study, we observed the decreases
of chlorophyll b contents and up-regulated chlorophyll a/
b ratios of L. glaucum. Our results were different to aforemen-
tioned examples, suggesting the unique characteristics of moss.

Structure and ultrastructure

GO toxicity was reflected by the changes of structure and
ultrastructure. First, we sectioned the L. glaucum samples and
stained them by safranin and fast green for optical microscopy.
As shown in Fig. 4, the control group had nearly intact structure.
The single layer of chlorophyllose cells were well aligned and
embedded in the empty hyaline cells.”® The adjoining walls of
the hyaline cells were easily recognized. Upon the exposure to
GO, the major change was the destruction of adjoining walls.
The phenomenon was particularly serious at GO concentration
of 2 mg mL~". In the stem of the L. glaucum plant, the breaking
of cell walls was more obvious comparing to that in the leaves.
The morphological changes indicated that GO was toxic to L.
glaucum.

The L. glaucum samples were checked under TEM to verify
the ultrastructural changes. The control group had normal
structures of chlorophyllose cell (Fig. 5a). The cell membrane
and the cell wall were tightly attached and both were intact. The
chloroplast was clearly presented. The ultrastructure kept
nearly unchanged except the vesicles in chloroplasts at GO
concentration of 0.04 mg mL™" (Fig. 5b). Serious shrink of cell
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Fig. 4 Structural changes of L. glaucum upon the exposure to GO
(200x). (a) Control group; (b) L. glaucum exposed to GO at 0.1 mg
mL™% (c) L. glaucum exposed to GO at 2 mg mL™% (d) L. glaucum
exposed to GO at 4 mg mL™2.
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Fig. 5 Ultrastructural changes of L. glaucum upon the exposure to
GO. (a) Control group; (b) L. glaucum exposed to GO at 0.04 mg mL™%;
(c) L. glaucum exposed to GO at 1 mg mL™%; (d) L. glaucum exposed to
GO at4 mgmL™™.

plasma was observed at 1.0 mg mL ™" of GO (Fig. 5¢). The cell
wall and membrane detached due to the shrink. The nucleus
was squeezed by the chloroplasts to a very small size and the
thylakoids had higher contrast. At 4.0 mg mL ™", the ultra-
structural changes seemed to be relieved, although the
detachment of wall-membrane and the vesicles in chloroplasts
were still observed (Fig. 5d). No GO was observed in the
L. glaucum cells at all GO concentrations, suggesting that GO
could hardly penetrate the cell wall. In the contrast, iron
nanoparticles penetrated in the leave cells of another moss
species [Physcomitrella patens (Hedw.) Bruch & Schimp] after
the exposure as the mineral solution.*” The iron nanoparticles
(20-80 nm) were smaller in size than GO (several micrometres),
so the iron nanoparticles penetrated the cells easier. According
to the literature, GO could be absorbed by the root of higher
plants, such as Arabidopsis thaliana and tomato.***' Moss
lacked the real root and the rhizoid worked as the anchor.
Therefore, the penetration of GO into moss plant did not
occurred during our experiment.

SEM was adopted to investigate the surficial morphology of
L. glaucum samples. It could be seen that the surface of control
group was flat with a few wrinkles and very a few of small
particles (Fig. 6a). No obvious change was found at GO
concentration of 0.04 mg mL™~" (Fig. 6b). The heights of wrin-
kles became a little larger at GO concentrations of 1 and 4 mg
mL~" (Fig. 6¢c and d). No graphene sheets were found on the
surface of L. glaucum, suggesting the washing was very efficient
to remove the attached GO. Interestingly, some micropores were
found in the 4 mg mL ™" group with the diameters of 10-20 pm
(Fig. 6e and f). The SEM results suggested that GO had slight
influence on the surficial morphology of L. glaucum and the
major structures were retained.
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Fig. 6 Surficial morphology of L. glaucum after the exposure to GO.
(a) Control group; (b) L. glaucum exposed to GO at 0.04 mg mL™?; (c)
L. glaucum exposed to GO at 1 mg mL™%; (d—f) L. glaucum exposed to
GO at 4 mgmL™.

Oxidative stress

Oxidative stress is a widely proposed toxicological mechanism
of nanomaterials.*” The literature studies have suggested that
graphene induced oxidative damage to plants.?*-*>3*3% Herein,
we measured the GSH and CAT levels to reflect the oxidative
stress level of L. glaucum. As shown in Fig. 7a, the GSH level
showed a dose-dependent decrease upon the exposure to GO.
The decreases became significant at GO concentrations of 1 mg
mL ™' and higher. GSH was the main species to quench reactive
oxygen species (ROS) in cells. The depletion of GSH would lead
to the oxidative damage of L. glaucum. The CAT level slightly
increased at 1 mg mL ™" of GO and then decreased (Fig. 7b). CAT
was the enzyme to decompose intracellular H,O,. The up-
regulation of CAT at low GO concentrations could be regarded
as the stress reaction of L. glaucum. At high GO concentrations,
the CAT levels decreased, which indicated the serious oxidative
damage. In another study on moss, the iron nanoparticles
increased the ROS levels of P. patens at 72 h post foliar expo-
sure.”® For future studies, further toxicological mechanism
investigations at molecular levels should be performed.**
Overall, the oxidative stress occurred in L. glaucum after the

This journal is © The Royal Society of Chemistry 2017
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Fig.7 Influence of GO on the GSH (a) and CAT (b) levels of L. glaucum

(n = 4).

exposure to GO and the oxidative damage was one of the toxi-
cological pathways of GO to L. glaucum.

Conclusions

In summary, GO induced obvious toxicity to white moss L.
glaucum, where the oxidative stress was considered as the
possible toxicological mechanism. GO induced the weight loss,
water-holding rate increase, alteration of chlorophyll contents,
and structural change to L. glaucum. The decreased GSH levels
and the changed CAT levels collectively indicated the existence
of oxidative stress during the exposure to GO. The toxicity
results suggested that the release of graphene materials into the
environment might induce potential hazards to moss and
consequently influence the C/N/P cycles, the water balance and
the living of other organisms in particular at high concentra-
tions during the environmental accidents. On the other hand,
the sensitivity of moss might be utilized for monitoring the
environmental impact of nanomaterials. In addition, the
tolerance of moss to GO at extremely high concentration of
4.0 mg mL™" also provided a potential environmental restora-
tion approach in future. It is hoped that our results would
benefit the ongoing environmental safety evaluation of gra-
phene materials and stimulate more interest of using moss as
model plant for nanoimpact investigations.

Experimental

Preparation of GO

GO was prepared by modified Hummers' method.** Briefly,
graphite (3.0 g) was pre-oxidized with P,O5 (2.5 g) and K,S,04
(2.5 g) in H,SO, (12 mL) at 80 °C for 4.5 h. After cooling to room

temperature, the suspension was diluted with deionized water,
filtered, washed, and dried under vacuum. The residue in H,SO,
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(120 mL) was oxidized by KMnO, (15 ) at 35 °C for 2 h (solid
KMnO, should be added very slowly under stirring). Then, the
mixture was added into 250 mL of deionized water and stirred
for another 2 h. To the mixture, 500 mL of deionized water and
20 mL of H,0, (30% v/v) were added. After filtration, the residue
was washed by HCl aqueous solution (10% v/v) and dialyzed
against deionized water for 7 d. GO was characterized by IR
(Avatar 370, Thermo Nicolet, USA), XPS (Kratos, UK), TEM (JEM-
200CX, JEOL, Japan), AFM (SPM-9600, Shimadzu, Japan) and
Raman spectroscopy (inVia, Renishaw, UK).

Exposure of GO to L. glaucum

The L. glaucum was purchased from Unique Landscape Co.,
China, who collected the L. glaucum from Wuyi Mountain. L.
glaucum was placed on filter paper in transparent plastic box
and watered to keep the container wet. The moss was cultivated
for 48 h before exposure (a day/night cycle of 12 h/12 h,
temperatures of 25/25 °C, illumination of 24 000 Ix during the
day cycle, and 80% relative humidity). Then, GO was dispersed
in modified Hoagland nutrient solution and exposed to L.
glaucum at concentrations of 0.04-4 mg mL~*.3* Moss cultivated
without GO was taken as the control group. Modified Hoagland
nutrient solution was added daily to maintain the total volume
of solution unchanged during the observation period. The L.
glaucum samples were collected at 28 d post exposure for toxicity
assays.

Toxicity assessments

L. glaucum samples were washed with deionized water to
removal all attached GO and then soaked in deionized water for
24 h. L. glaucum samples were placed on a screen mesh to
remove the extra water before fresh weight (m;) measurements.
After weighting, the samples were dried at 65 °C for 48 h for dry
weight (mg) measurements. The water-holding rate (R) was
calculated following eqn (1).

m

R="T1""1 5 100% (1)
mgq

For chlorophyll content measurements, L. glaucum samples
were washed with ice-cold phosphate buffered solution and the
water was sucked by filter paper. Then, 0.1 g of each sample was
mixed with 5 mL 95% alcohol and homogenized in an ice bath.
The mixture was filtered and the volume of the filtrate was
adjusted to 5.00 mL. The absorbance at 665 nm and 649 nm was
recorded for chlorophyll content calculation following eqn (2)
and (3).

(1395 X A665 nm — 6.88 x A649 nm) x5 [2)
0.1 x 1000

Chlorophyll a =

(2496 X A649 am — 7.32 x A665 nm) x5

Chlorophyll b = 0.1 x 1000 ©)

For structural change observations, the fresh L. glaucum
samples were fixed with formaldehyde-acetate-alcohol solu-
tion. The samples were embedded in paraffin, sectioned with 10
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pm thicknesses, and stained with safranin and fast green.
Images of the L. glaucum paraffin sections were recorded under
a microscope (CAB-30PC, Cabontek Co., Chengdu, China).
Another set of L. glaucum samples were fixed with 3% glutaral-
dehyde, post-fixed in 1% osmium tetroxide, dehydrated in
a graded alcohol series, and embedded in epoxy resin. Sections
were cut with an ultramicrotome and post-stained with uranyl
acetate and lead citrate for TEM examination. The third set of
samples were lyophilized and coated with gold for 5 s using
a sputter coater (JFC 1600, JEOL, Japan), and observed with
a SEM (JSM-7500, JEOL, Japan).

For oxidative stress assays, all kits were obtained from the
Nanjing Jiancheng Bioengineering Institute, Nanjing, China. L.
glaucum samples were homogenized in ice-cold water (0.1 g
tissue/5 mL water). The samples were centrifuged at 8000 rpm
for 3 min to remove the residues. The protein concentration was
determined by staining with Coomassie brilliant blue. The GSH
and CAT levels were analyzed following the manufacturer's
instructions using an UV-vis spectrophotometer (UV-1800,
Mapada, China). The protocols could be found at http:/
elder.njjcbio.com/index_en.php.

Statistical analysis

All data were expressed as the mean of four individual samples
with standard deviation (mean + SD). Significance was calcu-
lated by using Student's ¢-test, where p < 0.05 was considered as
statistically significant.
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