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Abstract: As typical transition metal dichalcogenides (TMDC), tungsten selenide (WSe;) nanosheets
(nano-WSe;) are widely used in various fields due to their layered structures and highly tunable
electronic and magnetic properties, which results in the unwanted release of tungsten (W) and
selenium (Se) into the environment. However, the environmental effects of nano-WSe, in plants are
still unclear. Herein, we evaluated the impacts and fate of nano-WSe; and micro-WSe; in rice plants
(Oryza sativa L.). It was found that both nano-WSe, and micro-WSe; did not affect the germination
of rice seeds up to 5000 mg/L but nano-WSe; affected the growth of rice seedlings with shortened
root lengths. The uptake and transportation of WSe, was found to be size-dependent. Moreover, W
in WSe, was oxidized to tungstate while Se was transformed to selenocysteine, selenomethionine,
SelV and Se"! in the roots of rice when exposed to nano-WSe,, suggesting the transformation of
nano-WSe; in rice plants. The exposure to nano-WSe; brought lipid peroxidative damage to rice
seedlings. However, Se in nano-WSe; did not contribute to the synthesis of glutathione peroxidase
(GSH-Px) since the latter did not change when exposed to nano-WSe,. This is the first report on the
impacts and fate of nano-WSe; in rice plants, which has raised environmental safety concerns about
the wide application of TMDCs, such as WSe; nanosheets.
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1. Introduction

Transition metal dichalcogenides (TMDCs) are a family of 2D nanosheets typically
in the form of MX,, where M is the transition metal and X is the chalcogen. In recent
years, TMDCs have attracted wide attention due to their layered structures and highly
tunable electronic and magnetic properties [1]. TMDCs have been applied in the fields of
energy [2], environment [3], biomedicine [4] and agriculture [5] due to their excellent phys-
ical, chemical, electrical and biological properties [6]. For example, molybdenum sulfide
(MoS;) nanosheets have been applied in biomedicine, biosensing and bioimaging [7]. It
was noticed that Mo in the MoS,; nanosheet could be used for the synthesis of molybdenum
enzymes in animals [8], suggesting the bioavailability of MoS, in animals. It was also found
that MoS; promoted rice growth by regulating chlorophyll synthesis and aquaporin gene
expression [9].

Tungsten selenide (WSe;) nanosheet (nano-WSe,) is another typical TMDC, which
has excellent mechanical, optical, electrical and magnetic properties [10]. It is used in
photovoltaic devices and ultra-thin LEDs and is an additive in lubricants due to its flake
structure with small friction coefficient [11]. The reconfiguration or doping on WSe, with
other atoms [12] enhances its applications in environmental engineering [13] and chemical
engineering [14]. The wide application of nano-WSe, increases the possibility of its release
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into the environment. The environmental toxicity of nano-WSe; is still largely unknown.
To date, only one study on the cytotoxicity of WSe; has been reported, which found at least
50% cell death at a dose of 400 ng/mL [15].

Tungsten (W) is an essential element for archaea [16], such as Pyrococcus furiosus [17],
and is linked to organic cofactors, such as tungsten cofactors [18]. It can replace Mo in
the molybdenum pterin cofactor to reduce the severity of intestinal inflammation in mice
with colitis [19]. However, W is also an environmental pollutant and has been associated
with leukemia [20]. The increasing release of W to water and soil has attracted more and
more attention since W was identified as an emerging environmental pollutant by the U.S.
Environmental Protection Agency [21]. Selenium (Se) is an essential element for animals
and human beings but is toxic to plants [22]. The indiscriminate incorporation of seleno-
amino acids into proteins can impair protein functions and ultimately lead to physiological
malfunction [23]. Se is involved in many enzymatic activities and the regulation of the
physiological metabolism. For example, Se can reduce stress injury by down-regulating
galactose metabolism and activating the metabolism of glutamate and glutamine [24]
and enhances the production of heat shock proteins (HSPs) and glutathionase activity to
alleviate heat stress-induced oxidative damage in vivo [25].

Plants are an important part of the ecosystem and play important roles in ecological
balance [5]. Rice is one of the staple foods for human beings, which has also been applied
as a model plant for ecotoxicological study [26]. The absorption and accumulation of toxic
elements by crops will affect the food safety and even bring harm to human health [27].
Considering the low solubility of WSe;, it is generally believed that it is not bioavailable
to plants; however, it is not clear whether WSe; at nano size is bioavailable and trans-
formable or not. Understanding the bioavailability and phytotoxicity of nano-WSe; on
crops is important for food safety and agricultural sustainability but such information is
currently lacking.

To address these knowledge gaps, the impact and fate of nano-WSe; in rice plants
(Oryza sativa L.) was studied using WSe, powder (micro-WSe;) for comparison in this study.
The impacts on germination rate and growth of rice seedlings by nano-WSe, or micro-
WSe, were first studied. Then the biological responses after exposure to nano-WSe; or
micro-WSe, were compared. The distribution and transformation of W and Se in different
tissues of rice plants were then examined. To the best of our knowledge, this is the first
report on the impact and fate of nano-WSe; on rice plants, which may shed light on the
safe application of TMDCs.

2. Results and Discussion
2.1. The Size of Nano-WSe, and Micro-WSe,

The SEM images for nano-WSe; and micro-WSe; is shown in Figure 1A,B. The size
of nano-WSe, is around 150 nm and it is around 2.5 um for micro-WSe;. The particle size
of nano-WSe, through DLS is between 200-300 nm, and the particle size of micro-WSe; is
1-3 pm (Figure 1C,D). It can be seen that both nano-WSe; and micro-WSe; are in the form
of flakes, stacked layer by layer, which is consistent with other studies [13].

2.2. The Impacts on the Germination and Growth of Rice Plants by Nano-WSe; or Micro-WSe;
2.2.1. The Impacts on Germination Rate of Rice Seeds

The germination rate when exposed to different concentrations of nano-WSe, or micro-
WSe; is shown in Table 1. It can be seen both nano-WSe; and micro-WSe; had no significant
difference on the germination rate of rice seeds under the studied concentrations up to
5000 mg/L. On the other hand, compared with the control group, the germination rate of
seeds exposed to different concentrations both nano-WSe; and micro-WSe, was lowered,
although not significantly different, suggesting a potential inhibition on the germination of
rice seeds.
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Figure 1. SEM images of (A) nano-WSe; and (B) micro-WSe; and DLS images of (C) nano-WSe; and
(D) micro-WSe;.

Table 1. The germination rate of rice seeds on the 7th day.

Concentration (mg/L) Germination Rate (%)

0 90.66 + 0.01
(nano) 100 81.33 £0.01
(micro) 100 82.00 £ 0.07
(nano) 500 85.33 + 0.02
(micro) 500 87.86 £+ 0.07
(nano) 1000 81.33 £ 0.06

(micro) 1000 87.33 +0.03
(nano) 5000 86.67 £+ 0.05
(micro) 5000 83.33 £ 0.03

2.2.2. The Impacts on the Growth of Rice Seedlings

The lengths of roots, stems, and leaves in different groups are shown in Table 2. At the
same concentration, the root length in nano-WSe, group was shorter than that in the micro-
WSe; group. With increased concentration, the root length of rice exposed to nano-WSe;
became even shorter, especially at the concentration of 1000 and 5000 mg/L, and the root
growth inhibition rate reached 30.94% and 66.67%, respectively, suggesting higher toxicity
to roots by nano-WSe; than micro-WSe,. Roots are an important site for the absorption,
synthesis, and secretion of physiologically active substances required by rice [28]. In the
nano-WSe, group, it was found that the growth of the root system was restricted, which
affected the growth and development of rice. When considering the impacts on the lengths
of stems and leaves of rice, it can be seen that both nano-WSe; and micro-WSe, exposure
generally led to decreased lengths, although not significantly different.
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Table 2. The length of roots, stems, and leaves of rice plants on the 30th day when exposed to different
concentrations of nano-WSe; or micro-WSe; (* p < 0.05, ** p < 0.0001).

Concentration The Length of Root ~ The Length of Stem The Length of Leaf
(mg/L) (cm) (cm) (cm)

0 6.69 £ 0.22 446 £1.22 8.59 +0.25
(nano) 100 6.22 +0.28 413 £0.16 8.62 +0.71
(micro) 100 6.30 & 0.01 3.524+0.28 8.21 +0.20
(nano) 500 5.79 + 0.52 3.60 = 0.31 9.45+0.21
(micro) 500 7.17 £ 1.06 3.39 +0.04 7.78 £0.11
(nano) 1000 462+022* 4.09 £0.32 8.47 +0.59

(micro) 1000 6.93 +0.16 3.34+0.21 7.77 £ 0.55
(nano) 5000 2.23 +0.49 ** 3.54 +0.17 8.39 £ 0.31
(micro) 5000 5.97 +0.20 3.42 4+ 0.02 6.76 = 0.11

2.3. The Concentration of Se and W in Rice Plants after Exposure to Nano-WSe;, or Micro-WSe;

The concentration of Se and W in the roots, stems, and leaves of rice is shown in
Figure 2. The content of Se and W in rice exposed to nano-WSe, was significantly higher
than that of micro-WSe, at the same concentration, which indicated that nano-WSe,; was
more easily absorbed by rice and transported to other parts of rice than micro-WSe;. On the
other hand, the accumulation of Se and W was dose-dependent since higher concentration
exposure led to higher Se and W levels in rice tissues. Studies have shown that the
concentration of accumulated Se in most plants was lower than 100 mg/kg [29] and our
results agree with this. Studies have found that W in plants growing in the W mine area
can reach 1637 mg/kg or even 13,500 mg/kg [30], which is much higher than what we
observed in this study. Moreover, the concentration of Se and W in rice was in the order of
roots > stems > leaves, suggesting roots are the major accumulation sites in rice. The high
accumulation of Se and W in roots may explain the shortened root length as previously
mentioned (Table 2). The molar ratio of Se to W in different tissues of rice was calculated
and is shown in Table 3. It can be seen that the molar ratio of Se to W in rice tissues
was lower than the control and much less than 2 in all the tissues of rice due to the high
accumulation of W in rice tissues.

Table 3. Molar ratio of selenium and tungsten (nge:ny) in rice.

Concentration Root Stem Leaf
(mg/kg)

0 0.14 0.21 0.80
(nano) 100 0.11 0.13 0.07
(micro) 100 0.11 0.14 0.40
(nano) 500 0.08 0.14 0.05
(micro) 500 0.12 0.10 0.18
(nano) 1000 0.06 0.07 0.05

(micro) 1000 0.11 0.14 0.15
(nano) 5000 0.06 0.11 0.09
(micro) 5000 0.14 0.14 0.09

2.4. The Levels of GSH-Px an MDA in Rice Roots, Stems, and Leaves after Exposure to by
Nano-WSe, or Micro-WSe;

In higher plants, Glutathione peroxidase (GSH-Px) is a sulfur-containing peroxidase
that can scavenge H, O, organic hydroperoxides, and lipid peroxides in the body and block
ROS from causing further damage to the body [31]. Therefore, the GSH-Px activity can
reflect the oxidative damage in plant. Moreover, Se is required for the synthesis of GSH-Px.
Malondialdehyde (MDA) is the product of cell membrane lipid peroxidation, which can be
used as an indicator for lipid peroxidation in plants [32].
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Figure 2. Concentration of Se (A-C) and W (D-F) in rice roots, stems, and leaves after exposure to
different concentrations of nano-WSe; or micro-WSe; (* p < 0.5, ** p < 0.05, *** p < 0.01, n = 3).

The levels of GSH-Px and MDA in roots, stems, and leaves are shown in Figure 3.
From Figure 3A-C, no significant difference was found for GSH-Px levels in rice roots,
stems, and leaves between the nano-WSe; and micro-WSe, groups. Many studies showed
that Se can regulate the activity of antioxidant enzymes to a certain extent in higher plants
such as wheat, rice, and cucumber [33]. It is known that Se is required for GSH-Px synthesis;
however, no difference was found in this study when exposed to nano-WSe, or micro-
Wsey, suggesting that Se from nano-Wse; or micro-Wse; was not used for the formation
of GSH-Px.
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Figure 3. GSH-Px (A-C) and MDA (D-F) in rice roots, stems, and leaves after exposure to different
concentrations of nano-WSe, or micro-WSe;.

The levels of MDA in rice roots, stems, and leaves are shown in Figure 3D-F. It can
be seen that the levels of MDA in rice cultivated by nano-WSe; is higher than that in
micro-WSe, suggesting that nano-WSe, brings more lipid peroxidation damage to rice
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than micro-WSe;,. This agrees with the results that nano-WSe, was more easily absorbed
and transformed by rice than micro-WSe;.

Combined with the content of Se and W in rice and the values of GSH-Px and the
level of MDA in rice, WSe; was absorbed by rice and can be transported in rice, and there
were peroxidative effects of WSe; on rice. It was reported that the growth of plants was
impaired when >3900 mg/kg in broccoli [21]. However, the concentration differences in
hydroponic plants would be related to plant-specific tolerance mechanisms [34].

2.5. The Distribution and Transformation of Se and W in Rice Plants
2.5.1. The Distribution of Se and W in Rice Plants

SRXRF is a multi-element analysis and in-situ elemental analysis technique with the
advantages of high sensitivity and high spatial resolution [35]. The spatial distribution of
Se and W in rice roots, stems, and leaves is shown in Figure 4. It can be seen that W and Se
distributed mostly in the stele of rice roots, suggesting the absorption and transportation
of W and Se from rhizosphere to the stele. The W and Se were transported upward along
the vascular bundle and distributed in the stems and leaves, and also distributed in the
veins of the rice leaves. Furthermore, W and Se were found coexisting in the tissues of
rice. Combined with the element content, as found through ICP-MS, this confirmed that
nano-WSe, was more easily absorbed by rice than micro-WSe;.

Se

Figure 4. Spatial distribution of Se and W in rice (A) roots, (B) stems, and (C) leaves. (al-a3) the
control group; (b1-b3) the nano-WSe, group; (c1-c3) the micro-WSe; group.
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2.5.2. The Transformation of Se and W in Rice Roots

The species of Se and W in rice roots are shown in Figure 5. From Figure 5A, higher
levels of Se-Cys, Se-Met, and Se!V can be found in nano-WSe;, exposed rice roots, suggesting
that nano-WSe; is more easily transformed than micro-WSe,.
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Figure 5. The species of Se and W in rice roots exposed to 5000 mg/L nano-WSe, or micro-WSe;.
(A) The speciation of Se by AE-HPLC-ICP-MS. (B) The chemical forms of W by XAS.

The oxidation state of tungsten in rice roots was studied by XAS. Figure 5B shows
that the absorption edge of W in rice roots is right-shifted, suggesting that W has been
oxidized to a higher valence than WSe;, most possibly to tungstate, which is a plant-
available form [36]. This agrees with other studies that found W in rice was in the form of
tungstate [37]. Studies have shown that the effects of tungstate on plants are bidirectional.
For example, 1-50 mg /L tungstate in broccoli will not cause oxidative damage and is almost
harmless, and it also has certain beneficial effects. At the dose of 100 mg/L, tungstate caused
the reduction of germination rate, growth parameters, and some biochemical activities [36].
Moreover, studies have shown that low tungstate levels have a protective mechanism for
the GSH-GSH-Px-GST system in plants and can maintain the amount of toxic reactive
oxygen species and lipid peroxides under control plants [21].

These results suggested that WSe;, at the micro- and nano-scale could also be trans-
formed by the rice plants, which raised the safety concerns about the application of TMDCs,
such as nano-WSe,. However, it is still unclear how nano-WSe, was transformed in these
species, which deserves further study.

3. Materials and Methods
3.1. Reagents and Materials

WSe; powder (99.9%) was purchased from Alfa Aesar (Shanghai, China), which was
used as micro-WSe,. Nano-WSe, was obtained from Xinchao New Materials Co. Ltd. (Rizhao,
China). HyO, (MOS) was obtained from Sinopharm (Shanghai, China). HNO3 (BV-III) was
provided by Beijing Chemical Plants (Beijing, China). Sodium selenate (Na;SeO;), sodium
selenite (NaySeQOs), selenocysteine (SeCys) and selenomethionine (SeMet) were used as stan-
dard for HPLC analysis, were commercially purchased from Sigma Aldrich (Merck KGaA,
Darmstadt, Germany). Methanol was from Guangfu and ammonium citrate (98.5%) from
Sigma. Deionized water was prepared by a Milli-Q system (Millipore, Bedford, MA, USA).

3.2. Characterization of the Micro-WSe, and Nano-WSe;

The particle size was measured by a dynamic light scattering particle size ana-
lyzer (Zetasizer Nano Z590, Malvern, UK) and Scanning Electron Microscope (SU8220,
Tokyo, Japan).
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3.3. Rice Germination and Hydroponic Cultivation

The germination of rice seeds follows Zhao et al. [38]. Briefly, the full-grained Y
Liangyou 900 rice seeds were immersed in 30% hydrogen peroxide for 30 min for dis-
infection and then rinsed with deionized water to wash off the disinfectant followed by
soaking in deionized water for 2 h. Fifty soaked seeds were placed into each petri dish
with 5 mL nano-WSe, or micro-WSe, (0, 100, 500, 1000, or 5000 mg/L) with triplicate
dishes in each dose. Previous studies showed that the cell death rate at 400 mg/L was
50% for nano-WSe;, [15]. Since the culture state of plants and cells is different, the high
concentration up to 5000 mg/L was used in this study was higher than the previous used.
The seeds were put in an artificial climate chamber at a temperature of 27 °C, light intensity
of 0 (dark conditions), and humidity of between 50-70%. The germination rate of the seeds
in each petri dish was counted on the 7th day.

The rice seedlings were then cultured with 5 mL nano-WSe; or micro-WSe; (0, 100,
500, 1000, or 5000 mg/L) in an artificial climate chamber. Hoagland’s solution was added
at a fixed time each day. The daytime temperature was set at 27 °C with a light intensity
of 300-350 pmol-m~2-:s~! for 14 h; the nighttime temperature was set at 20 °C with no
light for 10 h. The relative humidity was controlled at 50-70%. On the 30th day, the rice
plants were harvested and cleaned thoroughly using deionized water and kept in the re-
frigerator prior to further analysis. The lengths of roots, stems, and leaves were recorded in
each group.

3.4. Analytical Method
3.4.1. Quantification of W and Se in Rice Plants

The concentration of W and Se in rice tissues was determined using an inductively cou-
pled plasma-mass spectrometry (ICP-MS) (Thermo Elemental X7, Waltham, MA, USA) [39].
Each experiment was performed in triplicate. Citrus leaves (GBW10020/GSB-11) were used
as the certified reference material, and the recovery rate of Se was 83%, while the recovery
rate of W was 97% when using the tungsten standard solution.

3.4.2. Measurement of GSH-Px and MDA

The activity of glutathione peroxidase (GSH-Px) and the levels of malonaldehyde
(MDA) in plant tissues were determined by a multi-function microplate reader (Infi-
nite M200 Pro, TECAN Trading AG, Switzerland) using commercial assay kits (Nanjing
Jian cheng Bioengineering Institute, Nanjing, China). Each experiment was performed
in triplicate.

3.4.3. The Speciation of Se in Rice Tissues

Anion Exchange High Performance Liquid Chromatography Combined with Induc-
tively Coupled Plasma Mass Spectrometry (AE-HPLC-ICP-MS) was used to analyze Se
species in rice tissues [40]. A Hamilton PRP-X100 (250 mm x 4, 1 mm, 10 mm) was used for
the separation of Se species [41]. The mobile solution was as follows: 0.5 mM ammonium
citrate solution + 2% (v/v) methanol, pH 3.7, as mobile phase A and 100 mM ammonium
citrate solution + 2% (v/v) methanol as mobile phase B with gradient elution conditions of
93% A + 7% B.

Plant samples were processed by enzymatic hydrolysis: 20 mg of root samples were
weighed into a 15 mL centrifuge tube and 6 mg protease, 4 mg lipase, and 1 mL Tris-HCI
(pH =7.5) were added. The samples were shaken in a water bath shaker at 200 rpm for 24 h
at 37 °C and were then centrifuged at 4000 rpm and 15 °C for 15 min; the supernatant was
then collected after centrifugation. The above steps were repeated, and the supernatants
obtained by centrifugation were mixed together. The supernatants were filtered with a
0.22 um microporous membrane.
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3.4.4. The Distribution and Transformation of W and Se in Rice Tissues

Synchrotron radiation X-ray fluorescence (SR-XRF) was used to study the distri-
bution of W and Se in rice tissues. It was performed at beamline 4W1B, Beijing syn-
chrotron Radiation Facility, which runs at the energy of 2.5 GeV with a current intensity of
150-250 mA. A polychromatic beam (pink beam) with the energy of 10-18 keV was used
as the incident X-ray. The mapping was performed with a beam size of 50 x 50 pum?. A
four-element Hitachi Vortex®-ME4 silicon drift detector coupled to a Quantum Detectors
Xspress3 multi-channel analyzer system was used [42]. Spectral data were normalized by
PyMCA [43] (Python multichannel analyzer) and then plotted by Origin 9.0 (OriginLab).

An X-ray absorption spectroscopy (XAS) experiment was performed at beamline
4B9A, Beijing synchrotron Radiation Facility. Elemental W and WSe; were used as standard
references. IFEFFIT Athena software (CARS, the Consortium for Advanced Radiation
Sources at University of Chicago) was used for data analysis [44].

3.5. Statistical Analysis

Statistical tests were performed using the software Origin 9.0, and p < 0.05 was
considered to be significant. All data were presented as mean =+ standard deviations, and
all data were analyzed using one-way ANOVA. Student’s t-test was used to compare means
among groups.

4. Conclusions

The wide application of TMDCs leads to the increased possibility of their release
into the environment. This study found that nano-WSe; did not affect the germination of
rice seeds up to 5000 mg/L but affected the growth of rice seedlings, especially at higher
concentrations. Nano-WSe, was much more easily absorbed and transported to other parts
of rice than micro-WSe,. The high content of W and Se was found in roots than that in
stems and leaves, suggesting most nano-WSe; were blocked by roots. HPLC-ICP-MS and
XAS found that nano-WSe, was transformable by rice plants. In all, our results raised the
safety concerns about the application of TMDCs such as nano-WSe,. However, it is still
unclear how nano-WSe; and micro-WSe, were transformed in the plants, which deserves
further study. In addition, the impacts on the growth of rice throughout its life cycle and
whether the soil microbiota will be affected by nano-WSe; have not been investigated.
Therefore, further studies on the long-term effects of WSe; on plants are also warranted.
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