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Graphene family nanomaterials (GFNs) have experienced significant development in
recent years and have been used in many fields. Despite the benefits, they bring to
society and the economy, their potential for posing environmental and health risks should
also be considered. The increasing release of GFNs into the ecosystem is one of the key
environmental problems that humanity is facing. Although most of these nanoparticles are
present at low concentrations, many of them raise considerable toxicological concerns,
particularly regarding their accumulation in plants and the consequent toxicity introduced
at the bottom of the food chain. Here, we review the recent progress in the study of
toxicity caused by GFNs to plants, as well as its influencing factors. The phytotoxicity
of GFNs is mainly manifested as a delay in seed germination and a severe loss of
morphology of the plant seedling. The potential mechanisms of phytotoxicity were
summarized. Key mechanisms include physical effects (shading effect, mechanical injury,
and physical blockage) and physiological and biochemical effects (enhancement of
reactive oxygen species (ROS), generation and inhibition of antioxidant enzyme activities,
metabolic disturbances, and inhibition of photosynthesis by reducing the biosynthesis of
chlorophyll). In the future, it is necessary to establish a widely accepted phytotoxicity
evaluation system for safe manufacture and use of GFNSs.

Keywords: nanomaterials, plant, phytotoxicity, influencing factor, toxicity mechanisms

INTRODUCTION

Graphene family nanomaterials (GFNs), a typical representative of two-dimensional carbon
nanomaterials (CNMs), have been widely used in various fields, including energy storage,
nanoelectronic devices and batteries, biomedical applications, biosensors, cell imaging, drug
delivery, and tissue engineering (Ou et al., 2016). GFNs include few-layer-graphene (FLG), ultrathin
graphite, graphene oxide (GO), reduced graphene oxide (rGO), and graphene nanosheets (GNS)
(Sanchez et al., 2012). Furthermore, GFNs can serve as an important building platform for
constructing various supramolecular products that have several advantageous applications (Dreyer
et al., 2010; Zhou et al., 2013). However, these carbon nanomaterials will inevitably be released
into the environment during their production, transport, consumption, and disposal. Their
environmental use for wastewater and drinking water treatment will likely lead to considerable
release of the aforementioned materials (Zhao et al., 2014). There has been considerable research
regarding the phytotoxicity of GENs, but far less research on the realistic release amount and
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concentration in the environmental media (air, water, and soil).
Yan et al. (2019) reported that the maximum release amount of
graphene was 1.6 mg/kg from graphene-polyethylene composite
films applied in food packaging, confirming the release of
GFNs. Miralles et al. (2012) summarized the release pathways
of engineered nanomaterials into the natural environment as
follows: their use in environment remediation, as delivery
systems in agriculture, as biosensors, and as release from medical
and cosmetic applications; as well as accidental release (e.g.,
atmospheric emissions, leaching from sewage sludge, etc.). This
information is helpful in understanding the release pathways
of GFNs. Early in 2005, researchers conducted an evaluation
of nanomaterials regarding human health risks (Thomas
and Sayre, 2005). Hereafter, considering its persistent and
hydrophobic properties, and dramatically increasing production,
(Arvidsson et al, 2013) proposed that the fate of graphene
in the environment and its toxicity should be further studied.
Many researchers have so far expressed concern about the
potential human health and ecological risks resulting from the
manufacture and use of GFNs (Gilbert, 2009; Sudrez-Iglesias
et al,, 2017; Chen et al., 2018b; Naasz et al., 2018). Currently,
most research is focused on the effects of GFMs on humans,
small mammals, invertebrates, and aquatic organisms, and little
research has investigated their effects on plants (Lee et al,
2016). As primary producers, plants play a major role in the
ecosystem. They not only interact directly with the soil, water,
and atmospheric compartments of the environment (Miralles
et al., 2012), but also provide food for people and other animals.
It is also the starting point for the bioaccumulation of toxic
substances. Therefore, it is likely that nanoparticles are gradually
enriched to higher levels of the food chain, leading to toxic
effects in organisms further up the chain (Yang and Zhao,
2013). Understanding the hazards of nanomaterials (e.g., toxicity,
mutagenicity, impacts on ecosystem services), and the underlying
toxicity mechanisms, is a basis for the more focused study
of the processes required to control their exposure (Wiesner
et al., 2009). Therefore, we should pay more attention to the
phytotoxicity of GFNs and its influencing factors, as well as
its potential toxicity mechanisms. The purpose of this article is
to critically review the existing literature on the phytotoxicity,
toxic influencing factors, and toxicological mechanisms of GFNs.
Some reviews have been written on the toxic effects of GFNs
in several organs and cell models (Ou et al., 2016). In addition,
toxicity, uptake, and translocation of engineered nanomaterials
in vascular plants (Miralles et al., 2012). We believe that a
comprehensive review is necessary to recognize emerging trends
and to discuss existing knowledge gaps on the toxicity of GFNs to
plants, especially crop plants.

PHYTOTOXICITY OF GFNS

Due to possible direct human exposure through the food chain,
crop plants have been chosen as test subjects in most research on
phytotoxicity of GENs. The following review is mainly focused on
the findings obtained regarding crop plants. The toxicity of GFNs
to plants is summarized in Figure 1.

GFNs Fate in Plants

Graphene can be transferred from wheat roots to shoots and
enter the cytoplasm and chloroplasts (Hu et al., 2014c); however,
GO accumulation was not observed in the root cells of wheat
(Chen et al., 2018a). Furthermore, GO did not accumulate in the
seedlings of spinach and chive from if their seeds were treated
with 50 mg/L GO (He et al, 2018). In another study, Zhao
et al. (2015) found that GO in the range of pg/L accumulated
in root hair and root parenchyma cells; however, it did not
translocate into the stem or leaves of Arabidopsis thaliana. This
finding was supported by Chen et al. (2017); GO was readily
absorbed by the plant roots, but the absorbed GO showed limited
upward translocation. Different quantitative and distributional
trends between the two graphene materials in pea plants were
observed by Chen et al. (2019). Their study showed that rGO
was translocated into leaves after being absorbed by the roots.
The uptake amount in the root tended to stabilize at 15-day
exposure, and the cumulative amount in the leaves was higher
than that in the roots at 20-day exposure, reaching accumulation
amounts up to mg level. Conversely, GO mainly accumulated
in the roots and low levels in leaves. Besides root accumulation
and translocation from root to shoot, Huang et al. (2018) further
discovered that ~9% of the accumulated FLG was degraded to
CO; in the rice plant, and that the hydroxyl radical in the leaf
played an important role in degrading FLG. Earlier studies have
demonstrated that CO;, was the final product of the complete
enzymatic catalyzed oxidation of GO (Kotchey et al, 2011),
and H,O;, was a key component of this degradation process
(Xing et al.,, 2014). In plants, H,O, plays an important role in
regulating biotic and abiotic stress responses (Sun et al., 2018).
Thus, given the widespread presence of H,O, in plants, they can
potentially eliminate accumulated GFNs and could be used as
phytoremediation agents for environmental clean-up.

Toxic Effects on Plant Germination

Generally, GFNs produce a delaying effect in plant germination.
For example, in rice seeds treated with 50 mg/L of graphene,
germination started 3 days after the control group (Nair
et al, 2012). A later study confirmed that the increase in
graphene stress (<200 mg/L) induced a delay in the initiation
of the germination process in rice, but had no negative effects
on the final germination percentage (Liu et al, 2015). A
similar delay occurred in the appearance of the cotyledons
and the root system of tomato, cabbage, and red spinach
seeds treated with graphene (Begurn et al., 2011). However,
tomato seeds exposed to graphene at concentrations as low
as 40 mg/L obtained rapid seed germination and higher
germination rates, which was attributed to the penetration of
the seed coat by the graphene, thus facilitating water uptake
(Zhang et al, 2015b). GO also significantly stimulated plant
germination at 50 mg/L because its hydrophobic sp? domains
transported more water to the seed in the soil (He et al., 2018).
GO at concentrations in the order of pg/L (10-1000 pg/L)
had no obvious influence on the germination of Arabidopsis
seeds (Zhao et al, 2015). When GO concentration was up
to 100 mg/L, the rice germination percentage insignificantly
decreased; the effect became significant at 500 mg/L GO

Frontiers in Chemistry | www.frontiersin.org

May 2019 | Volume 7 | Article 292


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

Phytotoxicity of GFNs

Germination
o Toxicity effects: delaying effects
e Test method: seeds sown in petri dishes with
filter paper and solution
o Phytotoxicity parameters: germination rate,
germination potential, the emergence of the
radical/rootlet, relative water content of seeds

Toxicitylmechanism
e Decrease in seed water uptake
e Severe H,0O, production and oxidative stress in seed

Test plant species

Higher plant
e Cereal crop (rice, wheat, maize)
e Vegetable (cabbage, tomato, spinach, carrot,
cucumber, lettuce, and onion )
e Bean crop (faba bean)
e A universal model plant (Arabidopsis thaliana)
Freshwater algae

FIGURE 1 | Schematic diagram of the phytotoxicity and possible mechanisms of GFNs.

Seedling growth
o Toxicity effects: a loss of morphology
e Test method: hydroponic culture, soil
culture
e Phytotoxicity parameters: plant length
and biomass, root number, root diameter

Toxicity lmechanism
; R
Physical effects
e Shading effect
e mechanical injury
e physical blockage

'Physiological and biochemical effects
e Enhancement of ROS generation and
inhibition of antioxidant enzyme
activities ‘
Metabolic disturbances
Inhibition of photosynthesis by reducing |
L the biosynthesis of chlorophyll /

(Liu et al., 2015). Similar to rice, the germination of wheat seeds
was inhibited owing to GO concentrations exceeding 400 mg/L
(Chen et al., 2017).

Toxic Effects on Plant Growth

The common toxicity symptoms observed in plants exposed
to GFNs are a severe loss of morphology and decreases
in growth parameters, such as root and shoot length, root
number, root diameter, and biomass production (Table 1). For
instance, the morphology of rice seedlings was significantly
inhibited if graphene concentration reached 100 mg/L
(Liu et al, 2015). GO also adversely affected biomass
accumulation and stem elongation in wheat seedlings (Chen
et al, 2017). After exposure to 50 and 500 mg/kg rGO,
negative effects on the shoot height and root length of rice
seedlings were observed by Hao et al. (2018); in addition,
the root diameter and the number of cells in the transverse
section significantly decreased. However, GO in the range
of ng/L did not cause significant changes in shoot and root
development of Arabidopsis seedlings, or flowering time
(Zhao et al, 2015). These apparently contrasting results
suggest that the toxic effects of GFNs are associated with
exposure concentrations.

FACTOR

The potential effects of GFNs depend on many factors, such as
their physicochemical, the exposure concentration and time, and
the plant species, which deserve further attention.

Physicochemical Properties of GFNs

The biological impacts of nanomaterials are dependent on their
size, chemical composition, surface structure, solubility, shape,
and aggregation. Of these properties, size and surface area
are important characteristics from a toxicological perspective;
a small size and a large surface area increase the uptake
and interaction with biological tissues, thus increasing the
probability of generating adverse biological effects in living cells
(Nel et al., 2006).

Because the large size of GO sheets hinders its translocation
from the roots to the stem and leaves, GO bioaccumulation
was much lower than that of fullerenol in wheat roots (Chen
et al., 2017). Using freshwater algae as a test plant, Zhao
et al. (2017) investigated the toxicity of GFNs based on their
different physicochemical properties and colloidal behaviors.
They found that GO with abundant functional groups could
adsorb more macronutrients (N, P, Mg, and Ca) from the culture
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TABLE 1 | Toxic effects on the germination and growth of crop plants.

Plant species GFNs Exposure Exposure time Toxic symptoms of growth References
concentration
Rice (Oryza sativa) Graphene 100 and 200 mg/L 16 days Inhibition of root and stem length, Liu et al., 2015
adventitious root number, and root
and stem fresh weight
rGO 50, 500 mg/kg 30 days Reduced shoot height and root Hao et al., 2018
length, decreased root diameter and
number of cells in transverse section
wheat (Triticum aestivum) GO >1000 pg/mL 9 days Decrease in root length, shoot length Chen et al., 2018a
and relative biomass; obvious
damage to plant tissue structures
Graphene 250, 500, 1000, and 30 days Root hair reduction, oxidative burst, Zhang et al., 2016
1500 mg/L photosynthesis inhibition, and
nutritional disorder
200 mg/L 5 days Inhibition in the number of wheat Hu et al., 2014c
roots
Maize (Zea mays) GO 100, 500, 1500 mg/L 15 days Significant decrease of shoot and root  Yin et al., 2018
weight
Brassica napus GO 25-100 mg/L 15 days Shorter seminal root length Cheng et al., 2016
50-100 mg/L Decrease in fresh root weight
Cabbage (Brassica oleracea), tomato Graphene 500-2000 mg/L 20 days Significant inhibition of plant growth Begurn et al., 2011

(Lycopersicon esculentum), red
spinach (Amaranthus tricolor and A.
lividus)

and biomass. Decrease in the
number and size of leaves

medium than rGO, thus leading to stronger nutrient depletion-
induced indirect toxicity; rGO could directly penetrate into
algal cells, but GO, with more flexible sheets, could not. In
addition, GO had a significant shading effect on algal growth
due to its good dispersibility and transformation. Compared to
graphene and GO, hydrated graphene ribbon (HGR) not only
promoted the germination rate of aged seed, but also increased
root differentiation; the disordered layer structures of HGR
played a key role in this process (Hu and Zhou, 2014). The
observations of Chen et al. (2018a) showed that GO induced
obvious toxic symptoms in wheat, while amine-functionalized
GO was non-toxic and enhanced plant growth. They inferred that
the introduction of amines could decrease the surface electrical
resistivity of GO, creating higher electronic conductivity, and
activating bioactivity in plant cells.

Exposure Concentration and Time

The general effect of GFNs on plant growth is dose-dependent.
Graphene at 5 mg/L promoted the number of adventitious
roots, and increased the root and shoot fresh weight of rice
seedlings; however, at a concentration of 50 mg/L, it significantly
inhibited the stem length and fresh shoot weight (Liu et al., 2015).
Graphene at 500 mg/L resulted in only a slight decrease in root
and shoot length of tomato, cabbage, and red spinach, whereas
a marked inhibition was induced by graphene at concentrations
up to 2,000 mg/L (Begurn et al.,, 2011). After a 10-day exposure
to GO, the lower concentrations (5 and 10 mg/L) had no
significant effect on root length and fresh weight, but the higher
concentrations (50 and 100 mg/l) showed inhibited root growth
(Cheng et al., 2016). However, this effect is not completely

concentration-dependent. Anjum et al. (2014) found that GO at
1600, 200, and 100 mg/L significantly inhibited the germination
rate and root length of the faba bean (Vicia faba), while the health
status of the plant was improved with exposure to GO at 400 and
800 mg/L. Their previous study assessed the tolerance of faba
bean to GO, in which the plant showed a significantly higher
sensitivity to GO at 1,600, 200, and 100 mg/L, and its tolerance
increased when exposed to 400 and 800 mg/L concentrations
(Anjum et al., 2013). Their further investigations indicated that
the sensitivity and/or tolerance of the plant to GO depended on
the cellular GSH redox system. Additionally, the concentration-
dependent toxicity of GFNs is also related to exposure time.
Zhang et al. (2016) found that long-term graphene exposure
(30 d) caused wheat leaf deformities and yellowing, whereas no
distinct alterations in leaf elongation were found after short-term
exposures (24 or 48h). This exposure time-dependent toxicity
was also observed by Zhao et al. (2017). In their investigation, the
growth inhibition of GFNs to freshwater algae highly increased
with increasing exposure times (24-96 h).

Plant Species

Heretofore, only a few studies have been designed to compare
the toxicity of GFNs to different plants. The hydroponics
experiments conducted by Begurn et al. (2011) indicated that
graphene had little or no significant toxic effect on lettuce
seedlings, but significantly inhibited the growth and biomass
of tomato, cabbage, and red spinach seedlings under the same
conditions. Among these selected vegetable species, tomato
seedlings exhibited the highest sensitivity to graphene, according
to the root and shoot weight data.
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Interaction With Co-existing Pollutants
Compared with studies on the ecotoxicity of single
nanomaterials, relatively little research has focused on the
interaction of nanoparticles and other contaminants (Zhang
et al,, 2018). In general, GFNs coexist with other pollutants in
the natural environment. Heavy metals and organic pollutants
(OPs) are common in the water and soil environment. The
interactive toxic effects are different when GFNs are combined
with these pollutants; these are termed additive or antagonistic
effects. The research of Hu et al. (2014a) found that GO amplified
the phytotoxicity of As in wheat. It further revealed the main
mechanisms of indirect toxicity of GO: (a) enhancing the uptake
of GO and As by damaging cellular structures and electrolyte
leakage, and (b) promoting the transformation of As®* to
high-toxicity As**. Conversely, another investigation found
that GO alleviated the inhibitive effects of Cd*" on the seminal
root and bud growth of rice, which possibly resulted from Cd?*
adsorption in available contact sites or accumulation in the
interlayer space of GO (Yin et al,, 2018). Early researchers had
already noticed the strong attractive forces between Cd** and
GO, and had used GO as a sorbent for heavy metal removal from
waste water (Tan et al.,, 2015). Lingamdinne et al. (2016) found
that the adsorption occurred through physical and chemical
interactions between heavy metal ions and oxygen-containing
surface functional groups, and the m-w bond electrons of GO.
Moreover, functionalized GO exhibited significantly higher
adsorption capacity (Pirveysian and Ghiaci, 2018). However,
once desorption occurs, high adsorption capacity implies the
potential release, thus presenting a high risk to public health and
the environment (Yang and Xing, 2007). GFNs have also been
widely used to remove OPs from the environment (Chowdhury
and Balasubramanian, 2014; Amaranatha et al, 2015; Zhang
et al., 2015a). Although no direct data currently suggest that
interaction of GFNs and OPs enhances phytotoxicity of either, it
has been confirmed that GO can serve as an insecticide carrier to
enhance contact toxicities (Wang et al., 2019). This synergistic
mode of adsorption-delivery-release is most likely equally
effective for plants. Moreover, previous research demonstrated
that Cg fullerenes significantly increase the bioaccumulation of
DDE (dichlorodiphenyldichloroethylene, DDT metabolite) into
three selected food crops (De La Torre-Roche et al., 2012). These
findings indicate that the carbon nanomaterials can affect the
accumulation and bioavailability of co-existing pollutants, and
thereby be regarded as a toxic alert to plants.

TOXICITY MECHANISM OF GFNS

The toxicity mechanism of GFNs to plants is summarized
in Figure 1.

Physical Effects

The main physical mechanisms for the phytotoxicity of GFNs
include the shading effect, mechanical injury, and physical
blockage. Both shading effect and mechanical injury were
observed by Zhao et al. (2017). They found that the dispersed
and darkened GO reduced light transmittance, thus decreasing
the available light required to support plant growth, resulting in

approximately 16% of growth inhibition; and more interestingly,
direct penetration into algal cells by graphene materials was
discovered for the first time. The physical blockage is closely
related to the size of GFNs. If nanoparticle diameter is larger
than the diameter of root cell wall pores, particles will accumulate
at the root surfaces and form surface layers, thus decreasing
the hydraulic conductivity and uptake of nutrients (Asli and
Neumann, 2009).

Physiological and Biochemical Effects

GFNs enhance the generation of reactive oxygen species (ROS)
and inhibit antioxidant enzyme activities, resulting in oxidative
stress, which has been recognized as one of the most important
mechanisms in growth-limiting effects on plants (Hu et al,
2014b; Zhang et al.,, 2016; Chen et al., 2017). GO also caused
metabolic disturbances linked to key biological processes, such
as inhibiting carbohydrate and amino acid metabolisms, and
increasing the ratios of unsaturated to saturated fatty acids,
changing the flux of nitrogen metabolism (Hu et al., 2014b).

It is well-known that photosynthesis is critical for plant
survival and growth. Graphene significantly inhibited the
biosynthesis of chlorophyll and decreased chlorophyll content in
plants, leading to impaired photosynthesis and reduced growth
(Hu et al, 2014c; Zhang et al., 2016). Hu et al. (2014c) also
found that glyconic acid and aconitic acid were upregulated by
graphene, and these metabolites were negatively correlated with
the biosynthesis of chlorophyll.

PROBLEMS AND PROSPECTS

Plant bioassay, the physicochemical properties of GFNs, and
toxicity endpoints, are key factors in toxicity evaluation. At
present, most research has focused on crop species (Miralles et al.,
2012), and competitive toxicity assays between GFNs has only
been conducted for lower plant forms. More risk assessments
in a large range of plants must be systematically investigated.
In order to develop GFNs for further use in various fields,
many efforts have already been initiated on functionalization of
GFNs by supramolecular approaches (Chen et al., 2015; Gobbi
et al., 2017); such modifications create multiple and complex
properties in GFNs (Xu et al., 2018). However, little is known
about the relevance of phytotoxicity with the properties of
GFNs, and a fundamental understanding of this relationship
is essential to their applications. Additionally, functionalized,
and non-functionalized nanomaterials exhibited significantly
different toxicity to several crop species, thereby requiring future
study to evaluate the potential toxicity of both forms Carias
et al. (2008). Currently, indicators of plant germination, growth,
and physiology have been often used to evaluate the toxicity of
GFNs in most existing studies. These visually identifiable and
practical indicators are easy to obtain, but might not fully reflect
the toxic effects and mechanisms of GFNs; in addition, they
have a different sensitivity to GFNs. For instance, the number
of roots was more sensitive to graphene than seed germination
or fresh weight (Hu et al., 2014c). Therefore, endpoint selection
in toxicity tests is very important, and studies at the molecular
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level are needed to develop a deep understanding of the toxicity
mechanisms of GFNs in plants.

Compared to assessing their toxicity, the uptake, transport,
distribution, and degradation of GFNs within plants remains
poorly understood (Huang et al., 2018). Their transformation
pathways and fate in water/soil-plant systems requires additional
research, which will contribute to prevention of environmental
risks. It is possible that the phytotoxicity of GFNs could lead to
crop yield reduction. However, the current research is mainly
focused on responses of crop plants to GFNs at the seedling
stage, there is no direct data to support this. Therefore, relevant
researches should cover the whole of the growth period of each
tested crop.

Taken together, although a large number of phytotoxicity
assays for GFNs have been carried out, there is a big difference in
terms of the selected plant species, the growth stages of the plants,
the plant material culture methods (soil culture or hydroponics),
and the exposure time between these toxicity tests; this leads to
a lack of comparability of the assessment results. Moreover, the
systematical assessment of GFNs phytotoxicity is hampered by
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