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ABSTRACT: Toxicity assessment of nitration/ultrafiltration/reverse osmosis (nitration/UF/RO) project, which has recently been
widely used as an efficient process with applications in practical leachate treatment, was very limited. In the present study,
DNA damage of leachates was investigated before and after the nitration/UF/RO process by a battery of assays with human
hepatoma cells. Methyletrazolium assay showed a high cytotoxicity of 97.1% after being exposed to the highest concentration
of raw leachate for 24h, and a cytotoxicity of 26% in effluent at a concentration of 30% (v/v). Both comet assay (24h) and γH2AX
flow cytometer assay (3h) showed increased levels of DNAdamage in cells exposed to raw leachate and after nitration/UF-treated
leachate followed by a significant increase of 7-ethoxyresorufin-O-deethylase activity. However, the effluent after nitration/UF/
RO treatment showed no significant difference compared to negative control for γH2AX flow cytometer assay but slight DNA
damage at concentrations of 20% and 30% (v/v) as well as increase of 7-ethoxyresorufin-O-deethylase. Analysis showed that
nitration/UF/RO process exhibited high removal of physicochemical indexes and significant reduction of toxic and genotoxic
effects of leachate, but still demands an improvement to reduce all possible negative risks to the environment and humans.
Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction
Landfill leachate is well known as a heavily polluted liquid
characterized by four basal groups of pollutants: dissolved organic,
inorganic salts, heavy metals and xenobiotic organic compounds
(Christensen et al., 2009). In addition, pathogens in leachate can
also pose a risk to the environment (Baun et al., 2000; Svenson
et al., 2003). It has been reported that small amounts of leachate
can pollute large volumes of groundwater, which could induce
the potential risk for biota and the human path through the food
chains (Baderna et al., 2011; Gajski et al., 2012; Li et al., 2008).
Therefore, leachate must be treated before discharging into the
environment.

The treatment methods of leachate have been reported
including physical, chemical and biological processes (Abu Amr
and Aziz, 2012; Abu Amr et al., 2013; Bashir et al., 2011; Hagman
et al., 2008). Recently, membrane technology has been widely
used for wastewater treatment, which has advantages of simple
treatment process, high efficient, no secondary pollution and
economic space occupation compared with traditional methods
(Dai et al., 2015). Membrane technologies are also used for
leachate treatment, including microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), reverse osmosis (RO) and forward osmosis
(FO) (Surampalli et al., 2016). Owing to the complexity of leachate
components, single treatment technology cannot meet the
demands. Hence, the method combined multiple membrane
technologies to treat leachate has been widely come into use as
relatively advanced and useful, particularly the method that
combined UF, NF and RO. According to statistical data, nearly
100 research institutes and universities were engaged in
membrane technology in 2010. However, relevant studies on the
toxicological assessment of UF/RO-treated effluents in practice

were less reported. Although the UF/RO process had been found
to be effective concerning the basic physicochemical
characteristics of final effluent, many of the compounds, such as
halogenated aliphatic and aromatic compounds, nitrogen
containing compounds, phenols, phthalate esters and pesticides
found in the leachate, are highly toxic, estrogenic and carcinogenic
even at trace levels (Cozzarelli et al., 2011) and negative effects are
usually induced by multiple and synergistic effects (Oman and
Junestedt, 2008). Therefore, it does not guarantee that the effluent
of UF/RO treatment process can be harmless; the potential risk of
the treatment must be evaluated by using toxicological
assessments.
Landfill leachate ability to cause genotoxic and toxic effects on

various organisms, including aquatic biota (Oliveira et al., 2014;
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Toufexi et al., 2013; Tsarpali and Dailianis, 2012), plants (Kalčíková
et al., 2012; Kwasniewska et al., 2012; Sang et al., 2006) and
mammalian cell line (Alimba et al., 2016; Gajski et al., 2012; Ghosh
et al., 2014a) have been assessed. However, to our knowledge,
reports on genotoxic effects of pre- and post-UF/RO technology
treated leachates were not found. Regarding in vitro tests, human
hepatoma (HepG2) cells are often used as a useful tool for
assessment of genotoxicity (Baderna et al., 2011; Ghosh and Swati,
2014b; Wang et al., 2016, 2017) due to their ability to synthesize
antioxidant and xenobiotic metabolizing enzymes cytochrome
P450 (CYP) 1A1, which can be induced or inhibited by dietary
and non-dietary agent (Chaloupka et al., 1994). Potential
genotoxicity of leachate before and after treated by UF/RO
technology was evaluated by the γH2AX flow cytometry (FCM)
assay and alkaline comet assay. In addition, 7-ethoxyresorufin-O-
deethylase (EROD) assays were carried out for comparative toxicity
evaluation of landfill leachates, pre- and post-treated. Alkaline
comet assay is a sensitive technique for measuring different types
of DNA damage such as DNA double-strand breaks (DSB),
single-strand breaks, alkali-labile sites, DNA–DNA and DNA-
protein crosslinks, and single-strand breaks associated with
incomplete excision repair (Singh et al., 1988; Žegura and Filipič,
2004). Among them, the DSB was considered as one of the most
serious types of DNA damage. The γH2AX FCM assay recently
has received extensive concern (Darzynkiewicz et al., 2011)
because of the corresponding relationship between the
formation of γH2AX and DSB (Kuo and Yang, 2008). The EROD
assay monitors the induction of P450 (CYP) 1A1 and is an
effective tool to monitor the presence of persistent organic
chemicals such as dioxins, furans, polychlorinated biphenyls
and polyaromatic hydrocarbons (Baderna et al., 2011; Ghosh
et al., 2014a; Tillitt et al., 1991) that could impair DNA integrity
and increase EROD.

The aim of the present study was to investigate the removal
efficiency of physicochemical indices and to assess the potential
DNA damaging effects and toxicity of old landfill leachate
before/after treatment using the nitration/UF/RO process.
Meanwhile, this study exploits the results of assays to provide a
theoretical foundation for the potential risk of nitration/UF/RO as
a widely used and practical leachate treatment process.

Materials and methods

Leachate collection

Samples of leachate were collected every 10days in November
2015 from the landfill leachate treatment expansion project of
Xingfeng, Guangzhou, which was started since 2002. The daily
treated leachate of the project was 1149m3day�1, and schematic
diagram of the treating project is shown in Fig. 1. Selected samples

contained raw leachate, nitration/UF-treated leachate and
nitration/UF/RO-treated leachate. All the samples were mixed
respectively in amber glass bottles presoaked with methanol and
purified water, and stored at 4°C.

Physicochemical characterization

Physical and chemical analyses of leachate were performed as
soon as possible after being transported to the laboratory.
Concentrations of the pH and color were determined by a GDYS-
201M water quality multiparameter monitor (Little Swan
Instruments Co., Ltd., Changchun Jilin University, China). Heavy
metals were measured by atomic absorption spectroscopy.
Organic component (COD), total nitrogen and ammonia nitrogen
were determined by ultraviolet and visible spectrophotometer.
Phthalic acid esters (PAEs) containing dimethyl phthalate, diethyl
phthalate, di-n-butyl phthalate, n-butyl benzyl phthalate, di-2-
ethyl hexyl phthalate, di-n-octyl phthalate were analyzed
according to the literature (Li et al., 2015).

Toxicological analysis

Cell cultures and treatments. HepG2 cells (purchased from the
biochemistry laboratory, the First Affiliated Hospital of Jinan
University) were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and 1%
penicillin–streptomycin. Cells were maintained in an incubator at
37°C in a humidified atmosphere with 95% air and 5% CO2. All
the samples for toxicity analysis were filtered with a 0.22μm sterile
Millex-GS filter (Millipore, USA).

Cell viability assay. The viability of HepG2 cells was studied using
the methyletrazolium assay according to a previous method
(Nwagbara et al., 2007). Cells were seeded at 1× 104 cells per well
into 96-well culture plates, and then treated with culture medium
(negative controls) and different concentrations (1.25, 2.5, 5, 10, 20
and 30%, v/v) of raw leachate, leachate treated by nitration/UF and
nitration/UF/RO after the cells filled with 90%. All experiments
were performed in triplicate. After 24h of treatment, medium
was removed, cells were washed with phosphate-buffered saline
(PBS) and fresh medium containing methyletrazolium at a final
concentration of 0.5mgml�1 was added into eachwell and further
incubated for 4 h. Then, the solubilization solution (DMSO) was
added into each well and incubated at room temperature on a
microtiter plate shaker for 10min. Absorbance was read using
automatic microplate reader at 490nm.

Ethoxyresorufin-O-deethylase assay. EROD activity in cells was
estimated by measuring fluorometrically the conversion of
resorufin from 7-ethoxyresorufin, which was described previously
(Ghosh et al., 2014a). Briefly, cells were seeded in six-well plates

Figure 1. Schematic diagram of the nitration/ultrafiltration/reverse osmosis progress for landfill leachate treatment. Words in red represent the selected
samples. [Colour figure can be viewed at wileyonlinelibrary.com]
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for adherent and then cells were exposed to culture medium
(negative control) and different concentrations of leachates for
24 h. After exposure, cells were harvested and resuspended in
PBS and sonicated at 100W and 45% duty cycle in SCIENTZ-IID
ultrasonic cell disruptor. The suspensions were centrifuged for
10min at 600×g, thereafter, supernatant was added to the
reaction mixture (5μM 7-ethoxyresorufin and 10μM dicumarol) in
96-well plate and incubated at 37°C for 30min. Kinetics of resorufin
production were measured instantly using a multiwall
fluorescence plate reader at 530 and 590nm excitation and
emission wavelengths, respectively, at 37°C. EROD activity was
expressed in pmol resorufin min�1mg protein�1, and the protein
concentration was determined according to the method
(Bradford, 1976) with Coomassie Brilliant Blue G-250 dye.

Alkaline single-cell gel electrophoresis (comet assay) method. DNA
damage in HepG2 cells was evaluated by the comet assay
according to the study (Danellakis et al., 2011). As references
(Ghosh et al., 2015; Toufexi et al., 2013; Wang et al., 2016)
investigated 24 and 72h exposure times, we explored 24 and
48h exposure times as pre-experiment, the lowest cell viability of
raw leachate was 9% for 48 h exposure that cannot continue
DNA damage assay, and there were no big difference between
24 and 48h treated of other two leachate samples. HepG2 cells
were seeded in six-well plates at a density of 2 × 105 cells per well
and after attachment, then treated with leachates and negative
(culture medium only) for 24 h and positive (200μM H2O2) for the
last 30min. After exposure, cells were harvested and resuspended
in PBS (1× 106 cellsml�1), then suspension wasmixedwith 75μl of
0.7% low melting agarose and added to slides pre-coated with
100μl of 0.5% normal melting agarose and 75μl 0.7% lowmelting
agarose was finally added. Slides were coveredwith coverslips and
solidified on ice for 20min and immersed in lysis buffer (2.5 M NaCl,
100mM EDTA, 10mM Tris–HCl, 1% Triton X-100, 10% DMSO, pH10)
at 4°C for 2 h in the dark with coverslips removed. Slides were
washed with cold distilled water three times, unwinded in
horizontal gel electrophoresis tray with cold electrophoresis buffer
(300mM NaOH, 1mM EDTA, pH 13) for 30min and subjected to the
same fresh electrophoresis at 25V for 30min. After
electrophoresis, cells were rinsed in neutralization buffer (0.4mM

Tris–HCl, pH7.5) for 10min at 4°C. Then slides were stained with
20μl propidium iodide and visualized with a fluorescent
microscope (×200 magnifications) at excitation settings of 515–
560nm. One hundred randomly selected cells from each slide
(three slides for each concentration) were analyzed by using
Comet Assay Software Project image analysis Software (CASP;
Computer Automated Stowage Planning from Total Soft Bank
Co., Ltd, www.tritekcorp.com). Results are expressed as the
percentage of DNA in comet tail (% DNA in tail) and olive tail
moment (OTM), which are considered the most reliable
parameters for detecting single-strand DNA breaks (Toufexi et al.,
2013). Comets were classified into five classes based on % DNA
in the tail according to a previous report (Miyamae et al., 1998),
class I, less than 1%, intact nucleus; class II, 1–20%; class III, 20–
50%; class IV, 50–75%; and class V, more than 75% . Background
levels of DNA damage in control cells showed low variability, thus
ranging with similar levels in HepG2 cells and other cellular types
previously reported (Ghosh et al., 2015; Toufexi et al., 2013; Tran
et al., 2007).

γH2AX flow cytometry assay. The γH2AX analysis was performed
according to previously described assay (Li et al., 2006). Briefly,
HepG2 cells were seeded in six-well plates at 5 × 105 cells ml�1

and incubated at 37°C for 24h and then treated with DNA DSB
inducer (1: 200 dilution of 20mM etoposide and culture medium),
culture medium only (negative control) and different
concentrations for 3 h. After centrifugation (10min, 600×g and
aspiration of supernatants, cells were fixed in 3.7%
formaldehyde/PBS at 4°C for 15min and postfixed in ice-cold
methanol (90%) for 10min at 4°C. Cells were centrifuged, washed
with PBS and incubated in blocking buffer (1% bovine serum
albumin/PBS) at room temperature for 30min. After another
centrifugation, cells were resuspended in 100μl antiphospho-
histon H2AX (diluted 1: 100; Millipore) and incubated at 37°C for
1 h. Then the pellet was washed with PBS/Tween 20, centrifuged
and resuspended in 100μl fluorescein isothiocyanate conjugated
secondary antibody (diluted 1: 100; Millipore) for 1 h under
subdued light. Subsequently, samples were rinsed with
PBS/Tween 20, centrifuged and resuspended with 200μl PBS and
measured with an FCM (Backman Coulter, USA). At minimum,
10 000 cells were counted per sample.

Statistical analysis

All the data obtained were expressed as mean± standard
deviation of replicates and tested for normality and homogeneity
of variance. Statistical differences in all cases were examined by
one-way analysis of variance and Newman–Keuls test. P< 0.05
was determined statistically significant in all analyses.

Results

Physicochemical analysis

Values of physicochemical characteristics of collected leachate
samples are presented in Table 1. Results showed that the raw
leachate was characterized with slightly alkaline properties, dark
brown color, unpleasant odor, high concentration of COD (10
320±145mg l�1) and nitrogen species. After the nitration/UF/RO
process, all the examined indexes decreased significantly
compared to raw leachate except the heavy metal of total Pb with
slight decrease, resulting in a clear, colorless and odorless effluent.

Cytotoxic effects of treated and untreated old landfill
leachates

The cell viability of cells exposed to leachate samples were
presented in Fig. 2. A significant inhibition of cellular viability was
observed between untreated and treated cells after 24 h of
exposure at a dose of 2.5–30%. Specifically, HepG2 cells treated
with raw leachate at concentrations of 20% and 30% showed high
reductions of 78.5% and 90.4%, respectively. Previous studies
reported that cell viability was almost 80%, which is considered
appropriate for DNA damage analysis (Tice et al., 2000). However,
in the present study, the cell viability was higher than 50%, which
was in accordance with reported studies (Ghosh et al., 2014a;
Toufexi et al., 2013; Wang et al., 2016). As a result, the rest of the
tested parameters treated with raw leachate in HepG2 were
investigated at concentrations of 1.25, 2.5, 5 and 10%, eliminating
the interference of cell death.

7-Ethoxyresorufin-O-deethylase activity of leachate samples

The results of EROD activity detected in cells exposed to leachate
samples are shown in Fig. 3. According to the results, cells showed
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increased EROD activity after exposure to different samples with
increasing concentration. The raw leachate elicited high EROD
activity compared to negative control. Significant reduction of
EROD activity was found in HepG2 cells exposed to all leachate
concentrations accompanied with the treatment of UF and RO.
There was no significant difference between control and effluent
after treatment with nitration/UF/RO. Effluent showed a minimal
EROD induction of 1.2± 0.3 pmol mg�1min�1 at a concentration
of 1.25% and the highest EROD activity was observed as 2.9
± 1.1 pmol mg�1min�1 at 30% concentration.

DNA damage effects of leachates pre- and post-treatment
with nitration/UF/RO process

The typical comet images of leachate samples are shown in Fig. 4.
Results of the comet assay parameters are shown in Table 2 and
Figs 5 and 6. According to the results, HepG2 cells exposed in raw
leachate for 24h showed a statistical difference of % DNA in the tail
and OTM, the lowest concentration sample caused a significant
increase of 12.98% (% DNA in tail) and 4.50 (OTM), the highest
reached 66.84% (% DNA in tail) and 31.36 (OTM), compared to

Table 1. Physicochemical characteristics of leachates prior and after nitration/UF/RO process

Characteristics Raw leachate Ni/UF treated leachate Ni/UF/RO effluent

pH 7.97± 0.21 8.66± 0.33 6.51± 0.25
Color (PCU) 3660±340 1000±134 5±1
COD (mg l�1) 10 320±145 1170±32 28±4
Fe (mg l�1) 0.93± 0.11 0.42± 0.05 0.29± 0.05
Mn (mg l�1) 6.20± 0.31 4.75± 0.15 0.44± 0.02
Ni (mg l�1) 1.72± 0.29 0.10± 0.02 0.01± 0.01
Cr(VI) (mg l�1) 0.40± 0.11 0.26± 0.07 0.02± 0.01
NH3-N (mg l�1) 5672.6± 930.1 28.4± 6.8 2.5± 1
N-tot (mg l�1) 10 418.7± 1324.5 125.4± 23.7 43.1± 5.9
Cd-tot (μg l�1) 3.64± 0.72 1.82± 0.38 0.09± 0.02
Cr-tot (mg l�1) 2.32± 0.51 0.39± 0.03 0.04± 0.01
Pb-tot (mg l�1) 0.49± 0.12 0.38± 0.04 0.35± 0.02
PAEs (mg l�1) 12.78± 2.07 10.34± 1.58 0.15± 0.01

Cd-tot, total cadmium; Cr-tot, total chromium; NH3-N, ammonia nitrogen; Ni/UF, nitration/ultrafiltration; Ni/UF/RO, nitration/
ultrafiltration/reverse osmosis; N-tot, total nitrogen; Pb-tot, total lead.
Values are expressed as mean± standard deviation.

Figure 2. HepG2 cell viability after 24 h exposure to leachate samples: (a) raw leachate, (b) nitration/ultrafiltration treated, (c) nitration/ultrafiltration/
reverse osmosis treated. Values represent the mean± SD, n= 3. Significantly different from control: *P< 0.05.
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the control cells (1.72% of DNA in tail, OTM 0.43). Cells exposed to
raw leachate showed a significant dose–response increase in DNA
damage compared to control cells (Figs 5a and 6a). The treated
leachate exhibited a significant decrease in % DNA in the tail and
OTM compared to raw leachate. However, samples after UF
treatment still showed a significant difference in contrast with
negative controls for % DNA in the tail and OTM (Figs 5b and 6b).
There was no significant difference between negative control and
effluent exposure from 1.25% to 5% for both parameters (Figs 5c
and 6c) and 18.95% of DNA in the tail and 7.28% of the OTM was
examined in the highest concentration of nitration/UF/RO treated
leachate. As a whole, cells showed almost a dose-dependent
decrease in DNA damage with the progressive treatment.

Double strand break damage effects of leachates treated with
the nitration/ultrafiltration/reverse osmosis process

The γH2AX levels and corresponding DSB damage determined by
FCM in HepG2 cells after treatment with tested samples for 3 h are
shown in Fig. 7. Marked concentration-dependent increases in
mean intensity of γH2AX were found in cells treated with raw

leachate compared to control (mean intensity: 1.01; 14.34 per
million of DNA damage rate). In addition, the highest mean
intensity reached 2.24 at 10% corresponding to 17.75 per million
of theDNAdamage rate. In contrast, HepG2 cells showed a general
concentration-dependent increase in γH2AX mean intensity at all
concentrations of UF-treated leachate, and there were no
significant differences between samples and controls except for
treatment of 30%. However, exposure to 10, 20 and 30% effluent
for 3 h also induced the formation of γH2AX, but no significant
differences were obtained in all cells.

Discussion
Owing to a huge number of harmful contaminants and the
potential risk to environmental receptors and humans, treatment
of landfill leachate was one of the most essential issues in current
environment technology. According to Table 1, concentrations of
heavy metals such as Ni, Pb, Cr, Cd, Mn and Fe and general
characterization of raw leachate were observed to be consistent
with previous research (Christensen et al., 2001; Kjeldsen et al.,
2002), and all of the examined results were found to be higher
than the maximum allowed values for wastewater suitable for
discharge into the environment (Gajski et al., 2012) in raw leachate,
indicating a serious threat to the environment. After treatment of
the nitration/UF/RO process, though the total nitrogen
concentration of effluent was slightly higher than the discharge
limits (GB 18918–2002), the present study showed a high removal
of more than 99% COD, ammonia nitrogen and total nitrogen, and
98% removal of PAEs. The selected parameters were under the
discharge limits in effluent, but still cannot be neglected as their
known toxicity even at trace levels (Caicedo et al., 2008; Flora
et al., 2012). It appears that the nitration/UF/RO process could
effectively reduce the general characterization of leachate.
Although the process showed satisfactory results related to

physicochemical parameters of effluent, the toxic assays still
revealed the potential genotoxicity. The present study showed
leachate ability to disturb DNA integrity, which indicated by the
increased levels of DNA damage (% DNA in the tail and OTM),
exposed both in raw leachate and effluent at concentrations of
20% and 30%. In addition, the enhanced γH2AX focus formation
(mean intensity of γH2AX), in combination with the increased
EROD and cell proliferation inhibition, clearly revealed leachate
DNA damage and cytotoxic potency. Leachate dose-dependent

Figure 3. Activities of EROD in cells exposed for 24 h to different
concentrations of leachates. Values are presented as mean± SD, n= 3.
CTR, control; EROD, 7-ethoxyresorufin-O-deetilase; RL, raw leachate; ROL,
nitration/ultrafiltration/reverse osmosis-treated leachate; UFL, nitration/
ultrafiltration-treated leachate.

Figure 4. Representative images of different classes of comets. A and B represents negative control and positive control (200μM H2O2), respectively. I–VI
represent different sample concentrations of 1.25, 2.5, 5, 10, 20 and 30% (v/v). RL, raw leachate; ROL, nitration/ultrafiltration/reverse osmosis-treated leachate;
UFL, nitration/ultrafiltration-treated leachate.
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genotoxicity could be induced by the relatively high
concentrations of heavy metals (Ni, Pb, Cr, Cd, Mn), high
concentration of organic biorefractory compounds (COD, color)
and/or nitrogen species (Adamsson et al., 1998; Gajski et al.,
2012; Rodrigues et al., 2007). Some studies have reported that
the presence of dioxins, polychlorinated biphenyls, polyaromatic
hydrocarbons (not measured in the present study) and PAEs could
also impair DNA integrity (Ernst et al., 1994; Kleinsasser et al., 2000;
Toufexi et al., 2013), and the possible mechanism of leachate-
induced DNA damage might be related with its ability to enhance
oxidative stress caused by several xenobiotics (Bertoldi et al., 2012;
Eckers et al., 2009; Patlolla et al., 2009; Shim et al., 2017). On the

other hand, leachate absorption into HepG2 cells could change
the pH outside andwithin cells, whichmight change the structures
of DNA (Li et al., 2010).

The combined nitration/UF/RO treatment process significantly
decreased leachate DNA damage proved by significantly less
formation of γH2AX focus, lower % DNA in tail and OTM in HepG2
cells exposed to treated leachate compared to raw leachate. It
reported that different treatment technology exhibited different
removal efficiencies of leachate genotoxicity. Morozesk et al.
(2016) reported that the electrocoagulation process has high
removal efficiency of genotoxic effects of landfill leachate. Wang
et al. (2016) reported that the Fenton reagent and ultraviolet-

Figure 5. Percentages of DNA in tail after exposure to different concentrations of untreated and treated leachates for 24 h. (a) Raw leachate, (b) nitration/
ultrafiltration treated, and (c) nitration/ultrafiltration/reverse osmosis treated. Results are mean± SD of median from three independent measurements.
Significantly different from control: *P< 0.05.

Table 2. Parameters of comet assay exposed in leachate samples on HepG2 cells

Leachate (% v/v)

0 1.25 2.5 5 10 20 30 H2O2

RL 1.72± 0.27 12.98± 0.86
11.03± 0.56

24.46± 2.5 41.54± 2.31 66.84± 2.94
%DNA
in tail

UFL 15.39± 0.83 22.37± 1.69 32.27± 1.60 41.56± 1.98 51.61± 3.05 69.84± 4.04

ROL 2.24± 0.14 3.57± 0.33 4.58± 0.37 7.28± 0.66 12.71± 0.91 18.95± 1.02
RL 4.50± 0.39 8.84± 1.02 17.91± 1.23 31.36± 3.97

OTM UFL 0.43± 0.1 3.93± 0.29 5.51± 0.78 9.25± 0.84 14.86± 1.73 23.92± 2.06 34.76± 3.5 61.35± 4.53
ROL 0.55± 0.08 0.97± 0.19 1.24± 0.26 1.93± 0.23 3.42± 0.44 7.28± 0.65

RL, raw leachate; ROL, nitration/ultrafiltration/reverse osmosis-treated leachate; UFL, nitration/ultrafiltration-treated leachate.
Results are mean±SD of median from three independent measurements.
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Figure 6. Comet OTM values after 24 h exposure to different concentrations of untreated and treated leachates. (a) Raw leachate; (b) nitration/
ultrafiltration treated; and (c) nitration/ultrafiltration/reverse osmosis treated. Results are mean± SD of median from three independent measurements.
Significantly different from control: *P< 0.05. OTM, olive tail moment.

Figure 7. Dose–response of H2AX phosphorylation and DSB damage in HepG2 cells treated with different concentrations. (a) Raw leachate; (b) nitration/
ultrafiltration treated; and (c) nitration/ultrafiltration/reverse osmosis treated. (C1) Mean intensity, (C2) DSB damage. Results are mean ± SD, n= 3.
Significantly different from control: *P< 0.05. DSB, DNA double-strand breaks.
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Fenton reagent were efficient in reducing genotoxic effects of
leachate concentrates. Gajski et al. (2011) reported that genotoxic
effects of sludge leachate after treatment with calcium oxide-
based solidification reduced significantly. In comparison, the
nitration/UF/RO process was efficient in reducing DNA damage
of leachate, but the effluent still exhibited slight DNA damage at
concentrations of 20% and 30% as Ghosh et al. (2014a) reported
that despite less toxic samples treated with Pseudomonas sp.
ISTDF1 still showed genotoxicity to some extent; this might be
indirectly shown by the increased EROD, which was related to
potential toxic components. However, the effluent showed no
DSB damage, which was considered as the most serious DNA
damage. As leachate contained high concentrations of refractory
organic pollutants and inorganic salts, RO has been extensively
used for treatment of landfill leachate due to removal efficiency
of organic matter, ammoniacal nitrogen and metals (Kurniawan
et al., 2006; Renou et al., 2008), as well as in the desalination
process (Madaeni and Eslamifard, 2010), and UF is often used
as a pretreatment process for RO to remove further the
suspended substances (Huang et al., 2011). Furthermore, the
slight DNA damage showed in effluent after nitration/UF/RO
treatment might be related to membrane fouling caused by
pollutants, which could decline the flux and therefore reduce
treatment efficiency.

Conclusions
The present study showed clear DNA strand breaks and cytotoxic
effects after exposure to relevant concentrations of leachates by
comet assay and γH2AX FCM assay in HepG2 cells. The process
of the UF/ROmembrane combining nitration pretreatment proved
to be effective due to its high removal efficiency of all measured
parameters. The comet assay and γH2AX FCM assay indexes
revealed that the process has a capacity to induce DNA damage,
but HepG2 cells exposed to effluent still showed slight DNA
damage to some extent, which was not reflected by
physicochemical analysis. Thus, the individual, synergistic or
antagonistic effect on DNA damage of leachate contaminants
should be applied in parallel with various toxicity tests to evaluate
more potential threats even at trace. Moreover, the investigated
nitration/UF/RO process was suitable and efficient for treating
old landfill leachate, but demands an improvement to reduce all
possible negative risks to the environment and humans.
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