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With the regulation of perfluorooctanesulfonate (PFOS), 6:2 chlorinated polyfluoroalkyl ether sulfonate (6:2 ClPFESA) has been used as a potential PFOS alternative in electroplating. In this study, the uptake, translocation
and phytotoxicity of PFOS and 6:2 Cl-PFESA in mung bean (Vigna radiata (Linn.) Wilczek.) were investigated. The
uptake kinetics of PFOS and 6:2 Cl-PFESA fit the Michaelis-Menten equation well, suggesting that the uptake is a
carrier-mediated process. The root concentration factor (RCF) of 6:2 Cl-PFESA (34.55 mL g− 1 dw) was 1.27 times
that of PFOS (27.11 mL g− 1 dw), and the translocation factor (TF) of 6:2 Cl-PFESA (0.177) was 1.07 times that of
PFOS (0.165). Exposure to 6:2 Cl-PFESA and PFOS both resulted in the inhibition of mung bean seedling
development. Treatment with 6:2 Cl-PFESA and PFOS led to the concentration-dependent elevation of malon
dialdehyde (MDA), carbonyl groups, and phosphorylated histone H2AX (γ-H2AX) levels in mung bean roots. The
MDA and carbonyl group contents induced by 6:2 Cl-PFESA were 1.10–1.35 and 1.03–1.14 times, respectively,
those of PFOS. The hydroxyl free radical (⋅OH) levels in mung bean roots after exposure to PFOS and 6:2 ClPFESA were elevated significantly, and the ⋅OH levels induced by 6:2 Cl-PFESA were higher than those
induced by PFOS. Hydroxyl free radical levels were positively correlated with the MDA and carbonyl group
contents in mung bean roots (p < 0.05). The dynamic changes in some antioxidative enzyme activities in mung
bean seedlings were determined, including peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT).
The results demonstrated the phytotoxicities of 6:2 Cl-PFESA and PFOS to mung bean in the early developmental
stage. 6:2 Cl-PFESA is more harmful to mung beans than PFOS. The production of hydroxyl radical is the
mechanism that causes the toxicity of PFOS and 6:2 Cl-PFESA toward plants.

1. Introduction
Perfluorooctane sulfonate (PFOS) has been manufactured and
applied in many industrial and consumer products for more than half a
century. Since the Stockholm Convention listed PFOS as a persistent
organic pollutant in 2009, production and application of PFOS have
been restricted, which led to the introduction of PFOS replacements into
the market. PFOS is added to metal plating baths to inhibit the gener
ation of toxic chromic acid mist during the electroplating process in
order to increase safety for the workers (Briels et al., 2018). In China, 6:2
chlorinated polyfluoroalkyl ether sulfonate (6:2 Cl-PFESA, trade name

F–53 B) has been used as a chromium mist inhibitor for over forty years.
The annual application of 6:2 Cl-PFESA was about 15 tons in 2013, and
the total emission of 6:2 Cl-PFESA from 2006 to 2015 was about 125
tons (Ti et al., 2018). It was expected that 6:2 Cl-PFESA would take the
place of PFOS in the electroplating process, leading to significant in
crease in its use and discharge.
Both PFOS and 6:2 Cl-PFESA have eight carbon atoms and a sulfo
nate group, while 6:2 Cl-PFESA has an ether linkage between two parts
of the fluorinated carbon chain and one fluorine atom is replaced by a
chlorine atom (Table 1). Given the similarities in chemical structure and
properties between PFOS and 6:2 Cl-PFESA (Gomis et al., 2014), it is
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relatively higher than in other plant species (Wen et al., 2016). To
evaluate the oxidative damage caused by 6:2 Cl-PFESA and PFOS to
plant plasmalemma, protein and DNA, the contents of malondialdehyde
(MDA), carbonyl groups and phosphorylated histone H2AX (γ-H2AX) in
mung bean seedlings were measured. The dynamic changes of some
antioxidative enzymes activities, including peroxidase (POD), superox
ide dismutase (SOD), and catalase (CAT) in mung bean seedlings were
determined.

Table 1
Chemical structure and physicochemical properties of 6:2 Cl-PFESA and PFOS.
All data are based on modeling calculation by Gomis et al. (2015).
Chemicals
6:2 ClPFESA
PFOS

Chemical structure

log
Kaw

log
Kow

log
PL(Pa)

log Sw

− 1.36

7.03

1.67

− 4.36

− 1.65

6.43

0.83

− 3.92

2. Materials and methods
2.1. Chemicals

Kaw: air-water coefficients. Kow: octanol-water coefficients. PL: vapor pressure.
Sw: solubilities in water.

6:2 Cl-PFESA (≥95% purity) and PFOS (≥98% purity) were obtained
from Goybio Industry (Shanghai, China) and Rongxiang Chemical
Technology (Dongguan, China), respectively. Standards of 6:2 ClPFESA, PFOS, and isotope-labeled 13C3-PFOS were obtained from
Wellington Laboratories Inc. (Guelph, ON, Canada). Tetrabutylammo
nium sulfate (TBAHS) was obtained from Aladdin Chemistry (Shanghai,
China), and Methyl tert-butyl ether (MTBE), Na2CO3, NaHCO3, Methyl
gallate (MG), methanol, N-tert-Butyl-α-phenylnitrone, and ammonium
formate were obtained from Sigma Aldrich (Fisher Chemical, Fairlawn,
NJ, USA). Other reagents obtained domestically were analytical grade.
Purified water was obtained by a Milli-Q Synthesis water purification
system (Millipore, Bedford, MA, USA).

very likely that the environmental behavior of 6:2 Cl-PFESA would
resemble that of PFOS. Widespread concern has been aroused since the
first report of 6:2 Cl-PFESA in electroplating wastewater in 2013 (Wang
et al., 2013). Subsequently, detection of 6:2 Cl-PFESA in the atmosphere
(Liu et al., 2017a), water (Wang et al., 2016), sediment (Lin et al., 2017),
sewage sludge (Ruan et al., 2015), soil (Li et al., 2020), wildlife (Liu
et al., 2017b), and in human serum (Shi et al., 2016; Pan et al., 2017) has
been regularly reported. Li et al. (2020) reported that the detection
frequency and concentration of 6:2 Cl-PFESA (98.9% and 216 ± 306
pg/g dw) in 31 residential soils sampled throughout China were higher
than those of PFOS (85.4% and 193 pg/g dw), suggesting that the
consumption of 6:2 Cl-PFESA has already exceeded that of PFOS in
China. Although 6:2 Cl-PFESA is mainly manufactured in China, its
long-range transport has led to international concern. Ti et al. (2018)
predicted that 6:2 Cl-PFESA emissions could reach the Arctic via oceanic
advection. Gebbink et al. (2016) found 6:2 Cl-PFESA in marine mam
mals in Greenland, though the transportation pathways of 6:2 Cl-PFESA
into the Arctic region are not well defined. 6:2 Cl-PFESA was also
detected in river water and drinking water in the Netherlands (Gebbink
et al., 2017), the German Environmental Specimen Bank (Kotthoff et al.,
2020), Red Sea sediment and edible fish (Ali et al., 2021), and the
coastal environment of Korea (Lee et al., 2020).
Knowledge of the bioaccumulative capacity and toxic effects of 6:2
Cl-PFESA is crucial for an understanding of its potential risks. So far,
information on 6:2 Cl-PFESA bioaccumulation is quite limited, and has
mainly focused on its detection in aquatic organisms. Shi et al. (2015)
determined 6:2 Cl-PFESA and PFOS concentrations in crucian carp
collected from Tangxun lake (TL, Huibei, China) and Xiaoqing river (XR,
Shandong, China), and found that the 6:2 Cl-PFESA bioaccumulation
factors (log BAF) were 4.322 (TL) and 4.124 (XR), while those of PFOS
were 3.430 (TL) and 3.279 (XR). Wu et al. (2019) found that the log BAF
of 6:2 Cl-PFESA (about 3.56) in zebrafish larvae was similar to those of
PFOS (2.84–3.7). The log BAF of 6:2 Cl-PFESA in freshwater algae
(Scenedesmus obliquus) was 4.66 (Liu et al. (2018)). It was reported that
6:2 Cl-PFESA can pose toxicological risks to fish, such as developmental
toxicity (Shi et al., 2017; Wu et al., 2019), and endocrine disruption
(Deng et al., 2018). Sheng et al. (2018) demonstrated that 6:2 Cl-PFESA
showed greater toxic effects toward human liver cell viabilities than
PFOS. Li et al. (2018) reported that 6:2 Cl-PFESA exhibited stronger
binding potency than PFOS for peroxisome proliferator-activated re
ceptors (PPARs).
PFOS has been found in plants grown in bio-solid amended soils and
could be taken up and translocated in the above-ground part of plants
(Blaine et al., 2013, 2014; Yoo et al., 2011, Bolan et al. (2020)). High
concentrations of PFOS inhibited the growth of plants (Wen et al., 2013;
Zhao et al., 2011; Qu et al., 2010). It is hypothesized that the accumu
lation and toxicity of 6:2 Cl-PFESA in plants resemble those of PFOS due
to their similar chemical structure and properties. In this study, we
compared the accumulation and toxicity of 6:2 Cl-PFESA and PFOS to
ward plants. Mung bean (Vigna radiata (Linn.) Wilczek.) was used as a
plant model because the accumulation of PFOS in mung bean is

2.2. Plant culture and sample preparation
Uniform mung bean seeds were soaked in 5% hydrogen peroxide for
15 min to sterilize them, then soaked in water for 8 h. Seeds were then
germinated on wet filter paper at room temperature in darkness. After a
5-day-germination period, seedlings were cultivated in beakers that
contained 1/4 strength Hoagland’s solution (supporting information
S6). During exposure, the conditions of the growth chamber were set to a
16 h/10 h day/night photoperiod, temperature 25/20 ◦ C day/night;
light intensity 250 μmol m− 2⋅s− 2; and relative humidity 70%. In all
exposure tests, 10-day-old uniform mung bean seedlings were used.
Polypropylene bottles were applied during exposure to avoid the po
tential adsorption of PFOS and 6:2 Cl-PFESA on the bottle wall. After
exposure, the seedling roots and shoots were separated, thoroughly
rinsed, and freeze-dried in a FD-1 lyophilizer for 48 h. The fresh and dry
weight of mung bean seedlings were determined by weighing before and
after freeze-drying. Dry samples were stored at − 80 ◦ C.
PFOS and 6:2 Cl-PFESA concentrations of exposure solutions were
determined by an ACQUITY ultra performance liquid chromatography
system coupled with a Xevo TQS tandem mass spectrometer (UPLC-MS/
MS). The results showed that the concentrations determined by UPLCMS/MS were in the range of the nominal concentrations ±5%. There
fore, the calculated exposure concentrations were based on the nominal
concentrations.
2.3. Time-dependent uptake and transport kinetics of PFOS and 6:2 ClPFESA
Uniform mung bean seedlings were transferred to polypropylene
bottles containing Hoagland’s nutrient solution and 1.0 mg/L 6:2 ClPFESA or PFOS. Mung bean seedlings were sampled at 2 h, 5 h, 10 h,
25 h and 50 h, and pre-treated for the determination of PFOS and 6:2 ClPFESA concentrations in mung bean roots and shoots. The procedure
was repeated 4 times per treatment.
2.4. Concentration-dependent uptake of PFOS and 6:2 Cl-PFESA
Uniform mung bean seedlings were transferred to polypropylene
bottles containing Hoagland’s nutrient solution and 0.1, 0.2, 0.5, 0.7,
1.0 mg/L PFOS or 0.1, 0.2, 0.5, 0.7, 1.0 mg/L 6:2 Cl-PFESA. Mung bean
2
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roots and shoots were sampled after 1 h exposure and pre-treated for
determination of the PFOS and 6:2 Cl-PFESA concentrations in the roots
and shoots. The procedure was repeated 4 times per treatment.

vortexed for 1 min, then filtered through 0.22 μm nylon syringe filters
for analysis.
A Waters ultra-high-performance liquid chromatography tandem
mass spectrometry system (UPLC-MS/MS) was used to determine the
PFOS and 6:2 Cl-PFESA concentrations in the extracts. Detailed infor
mation on the UPLC-MS/MS test is given in the supporting information.
MS/MS parameters are listed in table S1.

2.5. Toxic effect of 6:2 Cl-PFESA and PFOS on mung bean seedlings
Uniform mung bean seedlings were cultivated in Hoagland’s solution
with 1.0, 10.0, 50.0, 100.0 and 200.0 mg/L PFOS or 1.0, 10.0, 50.0,
100.0 and 200.0 mg/L 6:2 Cl-PFESA for 5 d under controlled conditions.
The exposure solutions were changed daily. Mung bean seedlings
cultivated in Hoagland’s solution without PFOS or 6:2 Cl-PFESA were
set as controls. Experiments were repeated 6 times per treatment. The
antioxidative enzyme activities in mung bean roots were analyzed every
day. Mung bean seedlings exposed to nutrient solutions containing 200
μmol/L sodium benzoate and 200.0 mg/L PFOS or 6:2 Cl-PFESA were set
as ROS inhibitor controls for the analysis of antioxidative enzymes. After
5 days, the length, fresh weight and dry weight of mung bean roots and
shoots were measured. Concentrations of 6:2 Cl-PFESA and PFOS in
mung bean roots were determined. MDA, carbonyl groups, and phos
phorylated histone H2AX levels in mung bean roots were measured. ROS
in mung bean roots were determined immediately.
To measure the MDA, carbonyl group, H2AX and antioxidative
enzyme levels in mung bean, fresh root (0.5 g) samples of mung bean
were frozen under liquid nitrogen, then homogenized in 3 mL phosphate
buffer (pH 7.4). The solution was centrifuged (12,000 rpm, 15 min, 4 ◦ C)
and the supernatant was collected to measure MDA, carbonyl groups,
phosphorylated histone H2AX levels and antioxidative enzyme activ
ities. The MDA (Heath and Packer, 1968), carbonyl group (Levine,
1994), SOD, POD and CAT levels (Beauchamp and Fridovich, 1971;
Lagrimini, 1991; Aebi, 1984) in mung bean roots were measured. His
tones were separated and the H2AX levels in mung bean root samples
were measured with a plant γ-H2AX enzyme-linked immunosorbent
assay (ELISA) kit (RB, USA). Detailed information is given in the Sup
porting Information.
The spin-trapping EPR method was used to determine ROS in mung
bean roots. PBN was used as scavenger. The detection of ROS followed
the procedure of Wen et al. (2012), with some modification on instru
mental parameters. Briefly, fresh mung bean roots were washed with
ice-cold Milli-Q water, cut into scraps, weighed (0.500 g), and trans
ferred into an ice-bath glass grinder. 1 mL 0.1 M PBN dissolved in DMSO
was added to the samples. The mixture was ground in the ice-bath glass
grinder for 10 min, followed by centrifuging at 12,000 rpm for 5 min at
4 ◦ C. 30 μl of the supernatant was transferred to a Bruker ESP 300
spectrometer for analysis. Detailed analysis parameters are listed in
supporting information S7. The signal strength of the central peaks was
used to determine the intensities of free radicals.

2.7. Accumulation models
One-compartment first-order kinetics was used to describe the timedependent accumulation of 6:2 Cl-PFESA and PFOS in mung bean roots
and shoots (Wen et al., 2013):
/ (
)
Qt = Q0 + α ke 1 − e− ket
(1)
Qt is the 6:2 Cl-PFESA or PFOS concentration (mg kg− 1) in mung
bean tissues. t is the time (h), α is a constant that equals kuC0, where ku is
the uptake rate constant (L kg− 1 h− 1), C0 is the exposure concentration
of 6:2 Cl-PFESA or PFOS (mg L− 1). ke is the elimination rate constant
(h− 1). Q0 is the initial concentration of PFOS and 6:2 Cl-PFESA in mung
bean tissues.
The steady-state tissue PFOS and 6:2 Cl-PFESA concentrations in
plant roots and shoots (Css) and were calculated according to Eq. (2):
(2)

Css , = α/ke

The root concentration factor (RCF) is the ratio of the PFOS or 6:2 ClPFESA concentration in mung bean roots to that in the exposure solution
under equilibrium status. The translocation factor (TF) is the ratio of
PFOS or P–53 B concentrations in shoots to those in roots under equi
librium status.
Data from the concentration-dependent short-term (1 h) uptake were
fitted with the Michaelis-Menten equation (Wen et al. (2018)):
(3)

V = Vmax C / (Km + C)
− 1

− 1

V is the uptake rate (mg kg h ), C is the concentration of PFOS or
6:2 Cl-PFESA in the exposure solution (mg L− 1); Vmax is maximum up
take rate constant (mg kg− 1 h− 1). Km (mg L− 1) is the maximum
Michaelis-Menten rate constant.
2.8. Quality control and quality assurance
Due to the lack of commercially available isotope-labeled 6:2 ClPFESA, treatments were spiked with isotope-labeled 13C4-PFOS for re
covery experiments to assess the accuracy of 6:2 Cl-PFESA and PFOS
determination. The linearity of PFOS and 6:2 Cl-PFESA detection was
defined at ten concentrations with correlation coefficients (R2) > 0.990.
The linearity of PFOS and 6:2 Cl-PFESA ranged from 0.02 μg/mL to 300
μg/mL. Recoveries of 13C4-PFOS ranged from 82.4 to 108.5% for plant
roots and shoots, and from 80.6 to 107.3% for solution. During the
freeze-drying process, the loss of 6:2 Cl-PFESA and PFOS in mung bean
was negligible (Fig. S1). The limits of detection (LODs) and limits of
quantification (LOQs) were defined as the concentrations at which the
signal-to-noise ratios are 3 and 10, respectively. Detailed data are listed
in Table S2.

2.6. Determination of 6:2 Cl-PFESA and PFOS in mung bean tissues
The extraction and cleanup procedures for plant samples were
similar to those applied for determination of perfluoroalkyl acids
(PFAAs) in plant tissues in our previous work (Wen et al., 2014). This
method was also applied by Shi et al. (2015) for 6:2 Cl-PFESA in bio
logical samples. Briefly, a 0.2 g freeze-dried plant sample was put into a
polypropylene tube, and 2 ng 13C4− PFOS was added to the sample as an
internal standard. 2 mL 0.5 mol/L TBAHS and 4 mL 0.25 M buffer
(Na2CO3, NaHCO3) were added for extraction. The solution was
completely mixed, followed by addition of 5 mL MTBE, then shaken
vigorously for 15 min. After centrifuging for 20 min at 4000 rpm, the
solution was transferred to another polypropylene tube. The aqueous
layer of the solution was extracted twice with 5 mL of MTBE. Super
natants were collected, combined, and evaporated under nitrogen, then
dissolved in 1.0 mL methanol. The solution was diluted with 9 mL water
and purified by an Oasis® WAX cartridge. Target analytes were eluted
by 4 mL methanol and 4 mL 0.1% ammonium hydroxide in methanol.
The eluate was evaporated to 1 mL under nitrogen. The solution was

2.9. Statistical analysis
Origin 2016 and SPSS 22.0 (SPSS Inc, 2013) were used for statistical
analysis. The results are the average of five repeated experiments,
expressed as mean ± standard deviation (SD). Data were tested by the
Shapiro-Wilk test and were normally distributed. Comparisons between
the control and treatments were evaluated by one-way ANOVA using the
least-significant difference. The data showed homogeneity of variances
according to the results of Levene’s test. Statements of significant dif
ferences was based on P < 0.05. EC10 and EC50 (concentrations causing
3

Y. Pan et al.

Environmental Pollution 287 (2021) 117332

10% and 50% effect, respectively) values were calculated from the
effect-concentration curve.

accumulation kinetics of PFOS and 6:2 Cl-PFESA in mung bean roots and
shoots could be described well with first order kinetics (R2 > 0.95, Fig. 1
and Table S3). In mung bean roots, the uptake and elimination rates of
6:2 Cl-PFESA were 1.63 and 1.28 times those of PFOS, respectively. The
calculated Css values of PFOS and 6:2 Cl-PFESA in mung bean roots were
within the range of the observed C50 values, indicating that absorption
saturation was reached within 50 h. The RCF of 6:2 Cl-PFESA (34.55 mL
g− 1 dw) was 1.27 times that of PFOS (27.11 mL g− 1 dw). No significant
difference was found between calculated and determined PFOS or 6:2
Cl-PFESA concentrations in mung bean shoots at the 50th hour (C50).
The TF of 6:2 Cl-PFESA (0.177) was higher than that of PFOS (0.165).
Bolan et al. (2020) reviewed the mechanisms of plant uptake and
translocation of poly- and perfluoroalkyl substances (PFASs). They
suggested that unlike nonpolar contaminants, which tend to accumulate
on plant root surfaces via lipid partitioning, polar contaminants
including PFASs may enter the transpiration stream of plants and move
across the whole system. Results obtained by Felizeter et al. (2014)
showed that root uptake of PFASs may be determined by the hydro
phobicity of the PFASs, though it is not related to hydrophobicity alone.
The PFASs in the above-ground part of plants depend on the amount of
PFASs being delivered by the transpiration stream from the roots, and
the interactions between PFASs and the binding sites in the
above-ground plant part. Wen et al. (2016) found that the RCF of PFOS
correlated positively with root protein contents (P < 0.05), and the TF
correlated positively with the ratios between protein contents in shoots
and those in roots (P < 0.05), which indicated that protein is the main
binding site of PFOS in plants. In this study, though the uptake and
translocation mechanism of 6:2 Cl-PFESA is still not known, the higher
RCF and TF values of 6:2 Cl-PFESA may result from the relatively higher
hydrophobicity of 6:2 Cl-PFESA (Table 1).

3. Results and discussions
3.1. Time-dependent uptake and translocation kinetics of PFOS and 6:2
Cl-PFESA
Time-dependent uptake and translocation of PFOS and 6:2 Cl-PFESA
in mung bean tissues are shown in Fig. 1. PFOS and 6:2 Cl-PFESA have
been found in mung bean tissues, suggesting that they could be absorbed
by mung bean roots and translocated to mung bean shoots. No PFOS or
6:2 Cl-PFESA was detected in the tissues of control plants grown in the
same chamber, indicating negligible uptake of PFOS and 6:2 Cl-PFESA
from air. At each sampling time, the concentration of 6:2 Cl-PFESA in
mung bean roots (10.09–35.63 μg/g dw) and shoots (1.41–6.38 μg/g
dw) was higher than that of PFOS (4.48–28.93 μg/g dw in roots,
0.64–4.68 μg/g dw in shoots). During a 50-h exposure, PFOS and 6:2 ClPFESA in mung bean roots and shoots had similar accumulation ten
dencies, increasing fast initially and then increasing slowly. The

3.2. Concentration-dependent short-term uptake of PFOS and 6:2 ClPFESA
The uptake process of organic ions by plants can be by a simple
passive mechanism (Su and Zhu, 2006), or via a transporter (Denis and
Delrot, 1993). Wen et al. (2013) suggested that uptake of PFOS is a
carrier-mediated passive process, which may occur via aquaporins and
the anion channel in root cell membranes. In order to explore the ab
sorption mechanism of 6:2 Cl-PFESA, the short-term (1 h)
concentration-dependent uptake kinetics was investigated to study the
uptake of PFOS and 6:2 Cl-PFESA, while minimizing their possible efflux
back to the solution. The Michaelis-Menten equation (3) is used for
characterizing the relationship between the initial reaction rate of an
enzymatic reaction and the substrate concentration. A good fit for the
Michaelis-Menten equation could indicate that the process of uptake is
carrier-mediated (Wen et al., 2013; Zhan et al., 2010). Lower Km in
dicates stronger affinity between the carrier and the substrate (Zhan
et al., 2010). In this study, the relationship between the exposure con
centration and the short-term concentration of 6:2 Cl-PFESA and PFOS
taken up by mung bean roots could be fitted well by the
Michaelis-Menten equation, with correlation ecoefficiency values (R2)
higher than 0.980 (Fig. 2). The parameters derived from the
Michaelis-Menten equation showed that Vmax of 6:2 Cl-PFESA (6.16 ±
0.67 mg kg − 1 h − 1) was higher than that of PFOS (4.56 ± 0.46 mg kg − 1
h − 1), while Km of 6:2 Cl-PFESA (1.10 ± 0.13 mg/L) was lower than that
of PFOS (1.32 ± 0.12 mg/L). These data suggested that the uptake of
PFOS and 6:2 Cl-PFESA in plants may be regulated by carrier proteins,
and that 6:2 Cl-PFESA has a greater affinity with the carrier protein than
PFOS.
3.3. Effects of PFOS and 6:2 Cl-PFESA on the growth of mung bean
seedlings
Fig. 1. Uptake (a) and transport (b) kinetics of 6:2 Cl-PFESA and PFOS in mung
bean seedlings following a 50-h exposure to 1.0 mg/L 6:2 Cl-PFESA or PFOS.
Lines represent the fits to Eq. (1).

The effects of 6:2 Cl-PFESA and PFOS on mung bean growth are
shown in Fig. 3. Treatment with 1.0 mg/L PFOS showed no toxic effects
4

Y. Pan et al.

Environmental Pollution 287 (2021) 117332

shoot length and biomass of mung bean. Under treatment with 200 mg/
L, the dry weights of mung bean were 20.5% (root) and 25.3% (shoot)
those of the control for 6:2 Cl-PFESA, while they were 29.1% (root) and
43.4% (shoot) of the control for PFOS (Table S5). The ratio of root dry
weight to shoot dry weight of mung bean exposed to 6:2 Cl-PFESA was
1.2 times that of control, while the ratio was 1.5 for mung bean exposed
to PFOS. The logarithm of 6:2 Cl-PFESA or PFOS concentrations in so
lutions correlated negatively with the root and shoot dry weights or
lengths, with all R2 values higher than 0.95 (Table S4). The EC10 (the
concentration at which the substance can cause 10% of its maximum
response) and EC50 (the concentration at which the substance can cause
50% of its maximum response) values of 6:2 Cl-PFESA were lower than
those of PFOS, which suggested the toxic effect of 6:2 Cl-PFESA on the
growth of mung bean seedlings is higher than that of PFOS. Similar
results were obtained by Lin et al. (2020), who reported that plant
biomass and pigment content under the treatment of Cl-PFAESs were
lower than those of PFOS. The EC10 and EC50 values of root dry weight
were much lower than other parameters, indicating that root dry weight
was the best 6:2 Cl-PFESA and PFOS toxicity indicator. Plant roots were
the first tissues to contact 6:2 Cl-PFESA and PFOS in the culture medium.
When the roots were contaminated, the absorption of nutrients was
inhibited, and the growth of the plant was constrained. Qu et al. (2010)
also reported that the toxic effect of PFOS on wheat seedlings growth
was generally greater for root dry weights than for leaf dry weights.

Fig. 2. Concentration-dependent uptake of 6:2 Cl-PFESA and PFOS by mung
bean roots. Lines represent the fits to Eq. (2). The uptake time was 1 h.

on the mung bean seedling growth. However, treatment with 1.0 mg/L
6:2 Cl-PFESA reduced the lengths of mung bean roots and shoots
significantly (P < 0.05). Increases in the 6:2 Cl-PFESA and PFOS con
centrations in solution led to a more pronounced decrease in root length,

Fig. 3. Effects of PFOS and 6:2 Cl-PFESA on mung bean root and shoot biomass (A, B) and length (C, D). Different letters indicate significant differences at p < 0.05.
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3.4. Effects of PFOS and 6:2 Cl-PFESA on lipid, protein and DNA damage
in mung bean roots
Changes in the MDA contents of mung bean roots exposed to the 6:2
Cl-PFESA and PFOS treatments are shown in Fig. 4A. The MDA content
increased with increasing PFOS and 6:2 Cl-PFESA concentrations. Sig
nificant accumulation of MDA was found when 6:2 Cl-PFESA and PFOS
concentrations were higher than 1 and 10 mg/L, respectively. When the
mung bean was exposed to more than 10 mg/L PFOS or 6:2 Cl-PFESA,
the MDA contents induced by 6:2 Cl-PFESA were 1.1–1.8 times that
induced by PFOS. MDA content is an important index of lipid peroxi
dation and can also indirectly reflect peroxidation damage in cells
(Yaacoub et al., 2008). These findings provide evidence that 6:2
Cl-PFESA and PFOS induced lipid peroxidation in mung bean seedlings,
and 6:2 Cl-PFESA had a greater effect than PFOS.
The generation of carbonyl groups is a marker of protein oxidative
modification (Møller et al., 2004). In this study, the level of carbonyl
groups in mung bean roots increased with increasing PFOS and 6:2
Cl-PFESA concentrations (Fig. 4B). Treatment with 6:2 Cl-PFESA and
PFOS increased carbonyl group levels by 80.5–304% and 69.7–290.7%,
respectively. The generation of carbonyl groups is due to the oxidation
of amino acid side chains, which is a striking sign of protein modification
resulting from ROS excess (Romero-Puertas et al., 2002). The elevation
of protein-bound carbonyls suggested the presence of pronounced pro
tein oxidative damage in mung bean induced by 6:2 Cl-PFESA and PFOS
exposure.
DNA double-strand break (DSB) is one of the most serious forms of
DNA damage (Jackson et al., 2002). γ-H2AX is a reliable marker of DSB
in plants (Lang et al., 2012). In this study, the γ-H2AX contents in mung
bean roots were determined to estimate DNA damage induced by 6:2
Cl-PFESA and PFOS. The results showed a significant increase of γ-H2AX
production in mung bean roots exposed to 6:2 Cl-PFESA and PFOS
treatments when compared with the control groups (Fig. 4C). The
γ-H2AX contents increased with increasing exposure concentrations of
6:2 Cl-PFESA and PFOS in the range of 0–50 mg/L, then decreased when
the exposure concentration was higher. The elevation of γ-H2AX con
tents demonstrated that exposure to 6:2 Cl-PFESA and PFOS resulted in
DNA damage. The decreases in γ-H2AX contents at treatment concen
trations higher than 50 mg/L may be due to the self-repair of DNA
damage (Macphail et al., 2003). The content of γ-H2AX after 6:2
Cl-PFESA treatment was 1.04–1.26 times that of PFOS, which indicated
that 6:2 Cl-PFESA can cause more severe DNA damage than PFOS.
3.5. Free radical generation in mung bean roots
Qu et al. (2010) reported that high concentration PFOS treatment led
to changes in some antioxidant enzymes, such as SOD and POD activities
in plants. Tang et al. (2020) found that the gene expression of some
antioxidant enzymes was enhanced under 6:2 Cl-PFESA treatment. The
above findings indicated that PFOS and/or 6:2 Cl-PFESA treatment
would cause oxidative stress in plants. However, no direct evidence of
ROS generation was provided. EPR-spin trapping is an available tool to
characterize and quantify free radicals in biological samples (Wen et al.,
2012). In this study, the free radicals in mung bean roots induced by 6:2
Cl-PFESA and PFOS were identified using EPR spectroscopy, with PBN
as scavenger. The EPR signal showed three coupled lines (Fig. 5). The
EPR hyperfine coupling constants were: αN = 14.9 G, αH = 2.9 G, and g
= 2.0059, suggesting that the PBN adduct was PBN/methoxy radical
(⋅OCH3) (Shi et al., 2005). DMSO reacts with hydroxyl radical (⋅OH) and
produces methyl radical (⋅CH3), which is then oxidized to ⋅OCH3 under
aerobic conditions (Takeshita et al., 2004). Methyl gallate is an effective
⋅OH scavenger. It can scavenge ⋅OH but cannot scavenge ⋅CH3 or ⋅OCH3.
In the presence of 100 mM methyl gallate, the ROS signal was
completely inhibited (Fig. 5, Lines 13 and 14). This evidence demon
strated that the ROS in mung bean roots induced by 6:2 Cl-PFESA or
PFOS was ⋅OH.

Fig. 4. Changes of MDA (A), carbonyl group (B) and γ-H2AX (C) levels in mung
bean roots after a 5-day exposure to 6:2 Cl-PFESA and PFOS. Different letters
indicate significant differences at p < 0.05.
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Fig. 5. EPR spectra of PBN adduct in mung bean roots treated with 6:2 Cl-PFESA or PFOS. Two groups were treated with MG (methyl gallate), 0.2 mL of 100 mmol/L
methyl gallate was added before the addition of PBN.

The intensity of ⋅OH radicals was determined by the height of the
second set of coupled peaks in the PBN-adduct EPR signal. There was a
weak signal in the control (Fig. 5, line 12), suggesting that ⋅OH could be
generated by regular cellular functions (Yin et al., 2007). The ⋅OH levels
and 6:2 Cl-PFESA and PFOS concentrations in roots increased with the
increase in 6:2 Cl-PFESA and PFOS exposure concentrations (Fig. 5 and
Fig. S2a). When the exposure concentrations were 200 mg/L, the in
tensities of ⋅OH in mung bean roots treated with 6:2 Cl-PFESA and PFOS
were 4.23 and 3.66 times that of the control, respectively. Significant
positive correlations were found between ⋅OH intensities and 6:2
Cl-PFESA and/or PFOS concentrations in mung bean roots (P < 0.05,
Fig. S2b), which suggested that accumulation of 6:2 Cl-PFESA or PFOS
stimulated the production of ⋅OH in the mung bean roots, and the ⋅OH
levels induced by 6:2 Cl-PFESA were higher than those of PFOS. Hy
droxyl radicals are the most reactive ROS species, and react with sur
rounding biological molecules rapidly (Treml and Smejkal, 2016). MDA
and carbonyl group levels in mung bean roots correlated significantly
with the ⋅OH radical levels in roots (P < 0.05, Fig. S3), demonstrating
that hydroxyl radicals probably participated in lipid peroxidation and
protein oxidative modification. γ-H2AX contents did not correlate with
⋅OH radical levels in roots. This may result from the self-repair of DNA
damage (Macphail et al., 2003; Xu et al., 2015).

control when the PFOS exposure concentration was ≥50 mg/L from day
1 to day 3 (Fig. 6C). On the last two exposure days, SOD activities
significantly decreased when the PFOS concentration was ≥10 mg/L.
Similar phenomena were found for SOD activities in mung bean roots
exposed to 6:2 Cl-PFESA (Fig. 6D), except that on the 3rd exposure day,
SOD activities decreased markedly when the 6:2 Cl-PFESA concentra
tion was 10 mg/L.
Under the treatments containing 6:2 Cl-PFESA and PFOS, the activ
ities of CAT in mung bean roots decreased with increasing 6:2 Cl-PFESA
and PFOS concentration. During 5-day-exposure, CAT activities were
significantly lower than control when PFOS concentrations were higher
than 50 mg/L. Similar significant decreases in CAT activities were found
when 6:2 Cl-PFESA concentrations were higher than 10 mg/L. The de
creases in CAT activities in plant roots treated with 6:2 Cl-PFESA were
more severe than those exposed to PFOS. For instance, at day 5, when
treated with 200 mg/L 6:2 Cl-PFESA or PFOS, CAT activities were 48.8
and 58.6% of the control for 6:2 Cl-PFESA and PFOS treatments,
respectively. In the presence of the ⋅OH scavenger SB, the levels of POD,
SOD and CAT activities increased significantly (p < 0.05) for both 6:2 ClPFESA and PFOS treatments. The change in the antioxidation enzyme
activities indicated that the oxidative stress in mung bean resulted from
6:2 Cl-PFESA and PFOS exposure. The above findings indicated that the
oxidative stress in mung bean resulted from 6:2 Cl-PFESA and PFOS. The
oxidative stress caused by 6:2 Cl-PFESA was greater than that by PFOS.
Plants have evolved antioxidant defense systems for tolerating
oxidation stresses. Antioxidant defense systems including POD, SOD,
and CAT play important roles in scavenging ROS generated under
oxidative stress (Alscher and Hess, 1993). POD, SOD and CAT can
effectively remove different kinds of reactive oxygen species. The in
creases and decreases in the antioxidant enzyme activities are signs of
oxidative stress caused by overproduction of ROS (Hirata et al., 2000;
Salin, 1988; Farkas et al., 2007). In this study, the changes in the anti
oxidation enzyme activities indicated that the oxidative stress in mung
bean resulted from 6:2 Cl-PFESA and PFOS exposure. The oxidative
stress caused by 6:2 Cl-PFESA was greater than that by PFOS.

3.6. Dynamic changes of antioxidative enzyme activities in mung bean
roots
Fig. 6 shows the dynamic POD, SOD, and CAT activities in mung
bean roots treated with 6:2 Cl-PFESA and PFOS. The variations in
enzyme activities in mung bean roots were concentration- and exposure
time-dependent. Compared with the control, the POD activities in mung
bean roots increased when the PFOS exposure concentration was 50 mg/
L on the first two exposure days (Fig. 6A). On the 3rd and 4th exposure
days, the POD activities in mung bean roots were enhanced significantly
when PFOS concentrations were 10 and 50 mg/L. When PFOS concen
trations were 100 and 200 mg/L, the POD activities were significantly
lower than control during 5-day-exposure. For mung bean seedlings
treated with 6:2 Cl-PFESA, the POD activities in plant roots decreased in
a concentration-dependent manner (Fig. 6B). The change pattern under
treatment with 6:2 Cl-PFESA was different from those treated with
PFOS.
SOD activities in mung bean roots were significantly lower than

4. Conclusions
In this study, we found that the uptake of PFOS and 6:2 Cl-PFESA in
plants may be regulated by carrier proteins, and that 6:2 Cl-PFESA has a
greater affinity for carrier proteins than PFOS. The mung bean RCF and
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Fig. 6. Dynamic changes of POD (A, B), SOD (C, D) and CAT (E, F) activities in mung bean roots exposed to PFOS (A, C, E) and 6:2 Cl-PFESA (B, D, F), different lowercase letters indicate significant differences (p < 0.05) for different treatments in the same day, different capital letters indicate significant differences (p < 0.05) for
the same treatment in different days.

TF values of 6:2 Cl-PFESA were higher than those of PFOS. Absorption of
6:2 Cl-PFESA and PFOS in mung bean resulted in lipid peroxidation,
protein carbonylation and DNA damage. We also provided solid evi
dence that overproduction of hydroxyl radicals in mung bean is the key
mechanism of 6:2 Cl-PFESA and PFOS phytotoxicity. The results
revealed that 6:2 Cl-PFESA, as a substitute for PFOS, is even more
accumulative and toxic to plants than PFOS. The conclusions are

consistent with previous studies on the toxicity of 6:2 Cl-PFESA on other
organisms. It should be mentioned that the above results were obtained
from a controlled hydroponic experiment. Interaction between con
taminants and soil may change the bioavailability of contaminants, thus
changing their accumulation and toxicity toward plants. More in situ
field studies are necessary to further develop our understanding of PFOS
and 6:2 Cl-PFESA transfer and toxicity in the soil-plant system.
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