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Abstract
Ionic liquids are widely used in many �elds due to their extremely tunable nature and exceptional
properties. The extensive application of ionic liquids raises great concerns regarding their
bioaccumulation potential and adverse effects on organisms.Green plants have a great potential for
uptake of persistent xenobiotics from aquatic and terrestrial environment. However, the assimilation and
bioaccumulation of 1-tetradecyl-3-methylimidazolium bromide ([C14mim]Br) has not been studied in

plantsyet. In order to explore the phytoaccumulationof [C14mim]+, ryegrass were exposed to [C14mim]Br
with hydroponic experiment.The effects of [C14mim]Brdosages on growth index, chlorophyll content,
malondialdehyde (MAD) content and antioxidant enzyme activity of ryegrass were investigated. The toxic
effects of[C14mim]Bron ryegrass growth increased with increasing initial concentration. The high initial
concentration treatment resulted in rapid changes in physiological characteristics in ryegrass tissue.
[C14mim]+ions were mainly accumulated in root tissue and partly translocated to the above ground part

of ryegrass.[C14mim]+was observed in the highest concentration (314.35 µg/gin root and 101.42 µg/gin
aboveground partsof ryegrass) with 10 mg/L of [C14mim]Br.Our results demonstrated that ryegrass can

uptake and accumulate [C14mim]+ and is therefore a suitable species for phytroremediationof trace

amount of [C14mim]+ and possibly other ionic liquids.

1 Introduction
Ionic liquids (ILs), a class of “green solvent”, are widely used in numerous industrial and pharmaceutical
applications. In recent years, ILs have aroused increasing concern as emerging aquatic pollutants due to
their unique chemical-physical properties with water solubility and low biodegradability (Liu et al. 2015b,
Oskarsson &Wright 2019). Among the ILs, imidazolium-based compounds have caused much attention
due to their toxicity to organisms at signi�cantly lower concentration than those of conventional solvents.
Numerous studies have con�rmed that imidazolium-based ILs have the potential to cause adverse
effects in aquatic and terrestrial organisms. For instance, imidazolium-based ILs were reported to caused
growth inhibition, chlorophyll content decrease and oxidative damage in aquatic and terrestrial plants (Xu
et al. 2020). Moreover, they can even accumulate in plant tissue and affect physiological processes in
plants (Habibul et al. 2019, Habibul et al. 2021, Hu et al. 2020). These reports also indicate that ILs may
present a potential to transferred to the edible portion of crops (Habibul et al. 2020). Root uptake and
accumulation of ILs could represent an entry point of ILs into the food chain, thus potentially causing
health risk.

Ionic liquids are highly water soluble, thus they presumably pose more environmental risks due to the
high permeability of hydrophilic chemical into aquatic ecosystem (Egorova et al. 2017). So far, studies
about the imidazolium-based ILs mainly focused on the toxic effects of different concentrations or
different side chain lengths of ILs. Very few studies reported the degradation of ILs by chemical process,
such as advanced oxidation process and electrochemical oxidation process (Fabiańska et al. 2012,
Spasiano et al. 2016, Thuy Pham et al. 2010). As a green remediation technology, the cost-effective
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operation and ecological perspective of phytoremediation technology make it an attractive alternative for
removal of organic pollutants such as ionic liquid (Limmer &Burken 2016). Due to their excellent water
solubility and high bioavailability, imidazolium-based ILs might easily penetrate into organisms such as
plant root system (Polesel et al. 2015). Recently, we reported that ryegrass can uptake and accumulate 1-
butyl-3-methylimidazolium ([C4mim]+), and its toxicity increased with increasing treatment concentration
(Habibul et al. 2019). Plant uptake of organic chemicals depends on their physicochemical properties
such as molecular weight, chemical structure and hydrophobicity (Sicbaldi et al. 1997). Previous studies
have demonstrated that the hydrophobicity and toxicity of imidazolium-based ILs were highly related to
the side alkyl chain length (Grzonkowska et al. 2016). 1-tetradecyl-3-methylimidazolium bromide
([C14mim]Br) is a long alky chain ILs, with higher toxicity than other imidazolium-based ILs such as

[Cxmim]+ (x < 8). While there is no study assessing the uptake and accumulation potential of [C14mim]+ in
plant.

In this study, we aim to investigate the uptake and accumulation of [C14mim]+ by ryegrass and the toxic

effects of [C14mim]+ on ryegrass physiochemical characters. The intent of this study was to elucidate

[C14mim]+ phytoremediation potential in response to different concentration of [C14mim]+ in aquatic

environment. The results may provide a new insight into plant uptake and accumulation of [C14mim]+

from contaminated water, and act as a further veri�cation of using ryegrass for phytoremediation of
imidazolium-based ILs from aquatic ecosystem.

2 Materials And Methods

2.1 Plant culture and exposure experiments
The ryegrass seeds were sterilized with 1% NaClO for 15 minutes, immersed in distilled water for 12 h,
and then germinated on sterile moist �lter paper in a growth chamber at 25 oC. When the ryegrass
seedling were about 8 cm height, they were transferred to 250 mL foil-wrapped triangular �asks, and then
cultivated for 2 weeks with 1/2 Hoagland nutrient solution. Ryegrass seedlings of uniform size were
selected and cultivated in nutrient solutions with different initial concentrations of [C14mim]Br (0, 1, 2, 5,
10 mg/L). Three replicates for each concentration and blank control were conducted. Evaporation and
transpiration of whole plants were determined by the water level labeled on the �ask, and deionized water
was injected into the �ask every two days to supplement the transpiration losses. Water samples (0.5
mL) were sampled by syringe at intervals of 3, 6, 9, 12 and 15 days. All the water samples were �ltered
through 0.2 µm nylon �lter and stored at 4 oC until analysis. After 15 days exposure experiment, the
plants were harvested, divided into roots and leaves, weighed and stored at -20 oC in the seal sample bag
until extraction.

2.2 Growth inhibition test
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The root length, leaf length and fresh weight of each ryegrass were measured at the beginning and at the
end of the experiment. The relative inhibition of growth rates in each concentration were calculated by
Eq. (1) and the percent growth rate inhibition ratio I% was calculated using Eq. (2) (Chen et al. 2018):

whereμt is the average speci�c growth rate from the beginning t0 to the end ti, and B0 and Biare the
weights of the biomass at time t0 to ti, respectively.μ0is the mean value of μ for the untreated plant
control.

2.3 Determination of physiological indicators
Chlorophyll content was determined according to Xu et al. (Xu et al. 2018). Brie�y, 0.2 g of fresh ryegrass
leaves were placed in 25 mL tubes and immersed in 25 mL of 80% acetone for 12 h in the dark. The
absorbance values of extracts was measured by the UV-Vis light spectrophotometer at 663 and 646 nm,
respectively.

Malondialdehyde (MDA) content was determined following the methods described previously (Biczak
2016). 1 mL of ryegrass tissue solution was mixed with 2 mL 0.1% thiobarbituric acid. The mixture was
reacted in a boiling water bath at 100°C for 15 min, and the reaction was stopped by rapid addition to ice
water. Absorbance values were measured at 450 nm, 532 nm, and 600 nm, respectively.

0.5 g of ryegrass roots and leaves were weighed separately and grounded with liquid N2 in a mortar and
homogenized in 8 mL of 50 mM phosphate buffer (pH 7.0). The homogenates were centrifuge at 10,000
rpm for 10 min at 4°C. The supernatant was collected as a crude enzyme solution of ryegrass tissue at
4°C for further assays for ismutase (SOD), catalase (CAT) and peroxidase (POD)activities (Chandra Rai et
al. 2012). SOD activities were determined by measuring the inhibition in photochemical reduction of
nitroblue tetrazolium (NBT) at 560 nm. POD activities were assayed at 470 nm by determining the
oxidation of guaiacol by H2O2. CAT activities were determined as the decrease in absorbance value at
240 nm over time due to the consumption of H2O2.

2.4 Extraction and analysis
Fresh roots and leaves of ryegrass samples (0.5 g) were extracted using extraction solvent (0.5% formic
acid: methanol = 1:1). Brie�y, plant tissues were homogenized under liquid nitrogen conditions, and 8 mL
of extraction solvent was added, followed by shaking at 250 rpm for 24 hours, and centrifugation at 9000
rpm for 30 min. The collected extracts were dried by N2 and redissolved in 1 mL methanol and �ltered
through 0.22 µm PTFE �lter. The extracts were analyzed on a high performance liquid chromatography
(Agilent 1290) coupled with an Agilent 6460 mass spectrometer. An Agilent C18 column (150 mm × 4.6
mm, particle size of 5 µm) was used for separation. The mobile phase consisted of phase A (0.5% formic
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acid) and phase B (acetonitrile) mixture (35:65 by volume) for [C14min]Br, the �ow rate was 0.30 mL/min,
and the sample injection volume was 10 µL. [C14min]Br concentration measured in fresh shoot and root
samples were converted to their concentrations based on the fresh weight of ryegrass shoots and roots.
To elucidate the accumulation and transloctation pathways of [C14min]Br in ryegrass, the translocation
factors were calculated by:

TF = Cshoot/Croot (3)

where Croot, Cshoot are the [C14min]Br concentrations in the ryegrass root and shoot, respectively.

2.5 Statistical analysis
All of the above experimental data were analyzed by SPSS 20.0 statistical software and analysis of
variance (ANOVA). Treatment means were compared with the least signi�cant difference (LSD) test at a
signi�cance level of P < 0.05.

3 Results

3.1 [C14mim]Br removal by ryegrass
The relative [C14mim]+ concentration (C/C0) in growth medium was calculated by dividing the

concentration of [C14mim]+ at a certain time with the initial concentration. As shown in Fig. 1, [C14mim]Br
content in the substrate medium decreased with time. Speci�cally, C/C0 with 1 mg/L and 2 mg/L of
[C14mim]Br in the growth medium decreased rapidly within 15 days and reached the lowest level at 0.32
mg/L and 0.53 mg/L, respectively. A high removal e�ciency of 68% was achieved within 15 days with 1
mg/L [C14mim]Br. The average removal rates of ryegrass to 1, 2, 5, and 10 mg/L of [C14mim]Br were
0.045, 0.031, 0.018, and 0.016 mg/L/d, respectively. At the end of experiment, the removal e�ciencies of
[C14mim]Br were 68%, 47%, 28%, and 24% with 1, 2, 5, and 10 mg/L of [C14mim]Br.

3.2 Accumulation and transportation of [C14mim]Br in
ryegrass.
After 15 days of treatment with [C14mim]Br, the contents of [C14mim]Br in different ryegrass tissues were
extracted and detected. The results showed that ryegrass could uptake [C14mim]Br through the roots and
transport to the aboveground parts (Fig. 2). After treatment with 1 mg/L, 2 mg/L, 5 mg/L, 10 mg/L of
[C14mim]Br, the concentrations of [C14mim]Br in the ryegrass roots were 180, 222, 256, 312 µg/g·FW,
respectively, while in the ryegrass leaves the concentrations were 81, 90, 96, 105 µg/g·FW, respectively.
Obviously, [C14mim]Br accumulation in the roots was much higher than that in the leaves. The total
[C14mim]Br accumulation in ryegrass was affected by the initial concentration of [C14mim]Br in the
hydroponic culture medium, and the accumulation amount was positively correlated with the
concentration (R = 0.93, P < 0.05). Translocation factor is an important indicator for measuring the above
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ground accumulation and transport capacity of [C14mim]Br by ryegrass(Trapp 2000). The ryegrass
transfer factor under all treatment concentrations were less than 1 (Table 1), indicating that ryegrass was
not a hyperaccumulator plant under the treatment(Bedabati Chanu &Gupta 2016). However, in
consideration of [C14mim]Br with lower concentration had the tendency to be taken up by the ryegrass
roots, ryegrass still have great potential for phytoremediation of trace amount of [C14mim]Br.

Table 1
Effects of [C14mim]Br with different concentration on the growth of ryegrass

Concentration(mg/L) Fresh weight (g) Root length (cm) Leaf length (cm)

0 4.66 ± 0.26 7.31 ± 0.61 15.33 ± 0.62

1 2.74 ± 0.13 4.33 ± 0.23 12.61 ± 0.14

2 1.91 ± 0.06 2.56 ± 0.40 8.06 ± 0.49

5 0.92 ± 0.04 1.43 ± 0.09 5.76 ± 0.61

10 0.49 ± 0.01 0.81 ± 0.14 3.66 ± 0.18

 
Table 2

The removal e�ciency and transfer factor of ryegrass at different
concentrations [C14mim]Br

Concentration(mg/L) Removal e�ciency (%) Transfer factor

1 68 0.45

2 47 0.40

5 28 0.37

10 24 0.32

3.3 Effects of [C14min]Br on ryegrass growth
It was reported that ionic liquids lead to physiological and molecular changes in plants that adversely
affect their fresh biomass growth and development of root/leaf elongation (Habibul et al. 2021). The
fresh biomass, root and shoot lengths of ryegrass with different [C14mim]Br concentration treatment are
shown in Table 1. The exposure of > 2 mg/L of [C14mim]Br signi�cantly reduced the ryegrass fresh
biomass and inhibited root/shoot growth compared with the control plants (P < 0.05). Ryegrass plants
also showed stunt, leaf chlorosis and root necrosis under 5 mg/L and 10 mg/L of [C14mim]Br exposure
(Fig. 3a and 3b). When the [C14mim]Br concentration increased from 0 to 10 mg/L, the ryegrass growth
rate decreased from 0.04 cm/d to 0.01 cm/d. The exposure to 10 mg/L [C14mim]Br resulted in decreases
in roots and leaves growth by 88.9% and 82.6%, respectively. The ryegrass biomass growth inhibition rate
with different treatment [C14mim]Br concentration were 27.8%, 45.2%, 69.9%, 83.7%, respectively. The
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inhibitory effect of [C14mim]Br on ryegrass was expressed by the half-maximum effect concentration
EC50, which was calculated to be 3.3 mg/L.

3.4 Effect of [C14min]Br on chlorophyll and MDA content in
ryegrass
Chlorophyll is the most important pigment for photosynthesis in plants, which has been considered a
sensitive indicator of abiotic stress. Variation of chlorophyll content in ryegrass leaves depended on the
[C14min]Br concentration in the growth medium (Fig. 4A). There was no signi�cant difference in
chlorophyll a and chlorophyll b contents in lower [C14min]Br concentration treatment (P > 0.05). However,
compared to the control, the chlorophyll a and chlorophyll b contents in ryegrass leaves showed
downtrends when exposed to 5 mg/L and 10 mg/L [C14min]Br, which was decreased by 54% and 72%
(chlorophyll a), and 51% and 67% (chlorophyll b), respectively (P<0.05).

MDA is the �nal product of membranous peroxidation, and MDA level can indicate the degree of cell
membrane damage. Figure 4 reveals that MDA contents in roots and leaves were signi�cantly affected by
the concentration of [C14min]Br in the growth medium (R = 0.92, R = 0.97, P < 0.05). It can be clearly
observed from Fig. 4B that the MDA content in the roots was signi�cantly higher than that in the leaves.
The leaf MDA contents ranged from 25.67 ± 2.71 nmol/g to 71.91 ± 2.43nmol/g, while the root MDA
contents ranged from 60.09 ± 1.95 nmol/g to 129.86 ± 3.72 nmol/g. Compared with the control,
[C14min]Br exposure at 1–10 mg/L signi�cantly increased root MDA contents by 20.12%-115.11%.

3.5 Effect of [C14min]Br on antioxidant enzyme system in
ryegrass.
SOD, CAT, and POD are three major enzymes in the organism's antioxidant defense system. SOD is a
natural eliminator of superoxide radicals that neutralizes the O2− into H2O2 (Yuan et al. 2018). However,
this reaction produces H2O2, which can be decomposed into harmless oxygen and water under the
synergistic action of CAT and POD. Previous studies suggested that imidazolium based ILs induced
oxidative stress in plants by generating reactive oxygen species (ROS) (Zhang et al. 2011). Therefore, the
antioxidant defense mechanisms in ryegrass were measured by analyzing SOD, CAT and POD activities.
The antioxidant enzyme activity increased with increasing [C14min]Br concentration in growth medium,
and the increasing trends were signi�cantly different between root and leaves, and between antioxidant
enzymes. When exposed to 10 mg/L of [C14min]Br, SOD, CAT and POD activities increased in roots by
137.7%, 80.2% and 71.7% compared with those in the control, respectively (P < 0.05). Similarly, SOD, CAT
and POD activities in leaves increased by 96.7%, 134.1% and 30.8%, respectively. However, the low
[C14min]Br concentration (1 mg/L) treatment did not signi�cantly affect the antioxidant enzyme activities
in ryegrass.

4 Discussion
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Previous studies have demonstrated the uptake of imidazolium ILs into plants and subsequently
accumulated in different parts of plant tissues (Habibul et al. 2019, Hu et al. 2020). However, the uptake
and translocation behavior of different imidazolium based ILs in a plant is highly varied and complex. In
this study, the removal e�ciency of [C14mim]Br by ryegrass ranged from 28–64%, which was notably
lower than that of shorter alkyl chain length of ILs (71%-100% for [C4mim]Br) (Habibul et al. 2019). As
described in our previous study, the removal e�ciency of different alkyl chain length of imidazolium
based ILs by ryegrass decreased with increase of side alkyl chain length of IL (Habibul et al. 2021). We
speculate that the possible explanation for the less-e�cient root uptake or removal of [C14mim]Br by
ryegrass might be due to the signi�cant toxic effects of long alkyl chain length of ILs for ryegrass roots.
Generally, water and chemicals can enter the root via the root hairs and root tips, which is ascribed to the
bulk of root surface area for plant nutrient and other small solutes adsorption(Miller et al. 2016).
However, the toxic effects of [C14mim]Br signi�cantly inhibited ryegrass growth, extremely decreased
�brous root system of ryegrass, which decreased the root absorption surface for [C14mim]Br in the growth
medium and consequently impeded [C14mim]Br translocation into root tissue. When cationic xenobiotics
enter the plant roots, they would tend to retention in root cells due to the electrostatic attraction to
negatively charged cell walls and membrane within the apoplast (Nason et al. 2019, Sicbaldi et al. 1997).
In the present study, [C14mim]Br showed the highest propensity to accumulate in ryegrass roots, and few
of [C14mim]Br transported to the above ground parts of ryegrass. The higher root accumulation of
[C14mim]Br may also indicate di�culty bypass the Casparian strip to reach the xylem and phloem and
sequestered in root cell vacuoles before they enter the vasculature (Miller et al. 2016). The higher ILs
accumulation in the plant roots than that in leaves was consistent with previous researches (Habibul et
al. 2021, Hu et al. 2020). Transfer factor can be a useful parameter to predict translocation ability of
compounds in-plant tissue across species. In this study, TF values below 1 indicate that [C14mim]Br may
not be readily transported from roots to shoots in ryegrass. To our best knowledge, the mechanism of
xenobiotic cations transportation in plants have not been clearly identi�ed, but it was speculated that ion
trapping in the phloem and electrostatic interaction with cells wall may affect the translocation of ionic
organic chemicals in the phloem (Trapp 2000, 2004). However, since the translocation mechanisms vary
by plant species and chemical properties of xenobiotic, there is no plausible explanation on the uptake
and translocation mechanism of imidazolium based ILs by ryegrass yet.

Imidazolium based ILs have been reported to be toxic to green plants and the toxicity increased with
increasing side alkyl chain length (Habibul et al. 2020, Xu et al. 2020, Xu et al. 2018). Our results indicate
that [C14mim]Br had signi�cant toxic effects on the growth and physiological metabolism of ryegrass.
The toxic effect levels are also consistent with [C14mim]Br accumulation amount in ryegrass tissue. The
growth of ryegrass roots, leaves and the increase of fresh weight are signi�cantly inhibited with the
increase of [C14mim]Br concentration and the median effective concentration (EC50) value on ryegrass
was 3.3 mg/L, which was signi�cantly lower than that of [C4mim]Br on ryegrass EC50 (8.29 mg/L for
[C4mim]Br).
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Nowadays, it is clearly established that (i) imidazolium based ILs disturb lipid bilayers of the cell
membrane due to stronger ILs-lipid bilayer interactions, and affected plant photosynthesis (Xu et al.
2020); (ii) ROS are generated in the presence of ILs, correlated with physiological plant root/shoot
inhibition, oxidative stress, and apoptosis in normal cells (Chen et al. 2018, Xu et al. 2018). In this work,
[C14mim]Br induced a decrease in chlorophyll content in ryegrass leaves, and the inhibition of chlorophyll
contents increased with increasing [C14mim]Br treatment concentration. The decrease in chlorophyll
content is an indicator of early debilitation of the plant (Biczak 2016). Studies have shown that ILs can
damage the plant thylakoid membrane, which is the basic structure for plants to transfer and convert
photosynthetic pigments (Liu et al. 2015a). The inhibition of photosynthesize ability of plants
consequently resulted in plant leaf chlorosis and inhibition of plant growth, which is consistent with the
dryness of ryegrass leaves in the current experiment.

It is known that plants normally produce ROS in chloroplasts and mitochondria during the respiration and
photosynthesis (Karuppanapandian et al. 2011). Abiotic stress has been shown to induce excessive ROS
accumulation in plant cell, which results in damaged cell membranes and therefore the inhibition of plant
growth. To avoid the adverse effects of ROS, plants activated antioxidant systems, such as altering lipid
peroxidation, increasing super dismutase, catalase, peroxidase, and others. In this study, the treatments
with different levels of [C14mim]Br remarkably increased ryegrass root and leaf MDA contents. MDA is a
decomposition product of hydroperoxides of membrane and a reliable indicator of abiotic oxidative
stress in plants. The imidazolium ring and longer alkyl chain demonstrated the penetration into the lipid
bilayer more easily and more deeply due to the strong interaction with lipid head and tail groups, and
caused morphological defect of cell membrane and likely led to subsequent production of lipid
hydroperoxides (Egorova et al. 2017, Ranke et al. 2007, Stolte et al. 2007). Furthermore, ILs could induce
ROS accumulation in plant cells, and subsequently exacerbate the membrane lipid peroxidation process
and cause serious damage to cell membrane structure and function (Liu et al. 2017, Riaz et al. 2017). In
accordance with increase of MDA contents, SOD, CAT and POD activities also showed increases in
ryegrass roots and leaves. According to results, increasing the concentration of [C14mim]Br resulted in a
systematic increase in SOD, CAT and POD activities, and the increases of SOD and CAT activities were
notable higher than that of POD. Since SOD activity as the �rst line of defense against ROS in plant cells,
SOD catalyzed the reduction process from highly reactive and potentially toxic superoxide radicals to
H2O2 (Rico et al. 2013). SOD activity also leads to production of H2O2, which is also harmful to plant cell,
and the plants simultaneously provoked CAT activity to e�ciently clear the excess H2O2 and slightly
increase POD activity. The antioxidative enzymes in plant cells were also pointed out in previously
studies, which indicate that antioxidant enzymes such as SOD, CAT, POD, ascorbate peroxidase and
guaiacol peroxidase play a crucial role to eliminate ROS in plants to protect the cells as a response to
oxidative stress (Chen et al. 2018, Liu et al. 2015c, Xu et al. 2018).

5 Conclusion
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This study demonstrated that ryegrass could effectively assimilate long-chain ILs ([C14mim]Br) from
aquatic environment, and the removal e�ciency was related to the treatment concentration. The toxicity
results indicate that the concentration of [C14mim]Br strongly affected the toxicity, and the toxic
mechanisms of [C14mim]Br in plants involved in inducing oxidative stress, causing damage of
antioxidative enzymes, and consequently inhibiting photosynthesis and plant growth. Our results showed
that ryegrass may be useful for phytoremediation of trace ILs in surface water or constructed wetland.
Combined with shorter chain length imidazolium based ILs accumulation in ryegrass as we reported
previously, the information regarding [C14mim]Br phytoaccumulation behavior in ryegrass will be helpful
for future development of mechanistic models representing the environmental fate and risk assessment
for imidazolium based IL contamination of concern.
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Figure 1
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Removal of [C14mim]Br from ryegrass at different concentrations

Figure 2

Accumulation of [C14mim]Br in ryegrass roots and leaves
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Figure 3

Images of ryegrass growth after a 15-day exposure to [C14mim]Br and growth inhibition rate of ryegrass



Page 16/16

Figure 4

Effect of ionic [C14mim]Br different concentration on chlorophyll (A) andMDA content in ryegrass (B).

Figure 5

Effect of [C14mim]Br different concentration on antioxidant enzyme activities in ryegrass: SOD (A)
POD(B) CAT (C).
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