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In this study, we established and verified a real-time cell analysis (RTCA) method for cytotoxicity measurement on Chinese hamster ovary (CHO) cell. Using this convenient and
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accurate method, we assessed the cytotoxicity of a series of binary combinations consisting

Disinfection byproducts (DBPs)

of one of the 3 inorganic DBPs (chlorite, chlorate, and bromate) and one of the 32 regulated

Real-time cell analysis (RTCA)

and emerging organic DBPs. The combination index (CI) of each combination was calcu-
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lated and evaluated by isobolographic analysis to reflect the toxic interactions. The results
confirmed the synergistic effect on cytotoxicity in the binary combinations consisting of
chlorite and one of the 5 organic DBPs (2 iodinated DBPs (I-DBPs) and 3 brominated DBPs
(Br-DBPs)), chlorate and one of the 4 organic DBPs (3 aromatic DBPs and dibromoacetonitrile), and bromate and one of the 3 organic DBPs (2 I-DBPs and dibromoacetic acid). The
possible synergism mechanism of organic DBPs on the inorganic ones may be attributed to
the influence of organic DBPs on cell membrane and cell antioxidant system. This study revealed the toxic interactions among organic and inorganic DBPs, and emphasized the latent
adverse outcomes in the combined use of different disinfectants.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Chlorine (Cl2 ) is one of the most widely used disinfectants
around the world to inactivate the pathogen microorganism
and control waterborne diseases (Pandit and Kumar, 2015;
Sun et al., 2019). However, disinfection byproducts (DBPs) are
∗

unintentionally formed from the reactions between Cl2 and
natural organic matter and halides in water (Richardson, 2011;
Richardson et al., 2007). As an alternative disinfectant, chlorine dioxide (ClO2 ) or ozone (O3 ) is applied to reduce the
formation of halogenated DBPs (Shao et al., 2020; Yang et al.,
2012; Zhong et al., 2019). Nevertheless, chlorite and chlorate are the major DBPs formed from ClO2 disinfection and
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bromate is formed from O3 disinfection (Gan et al., 2019;
Joshi et al., 2020; Pearce et al., 2022). In the combined uses
of different disinfectants, both inorganic and organic DBPs
can be formed (Sun et al., 2020; Yang et al., 2012; Zhong et al.,
2019). Many DBPs are found to be cytotoxic, neurotoxic, mutagenic, genotoxic, and carcinogenic (Richardson et al., 2007;
Stalter et al., 2016; Wagner and Plewa, 2017). Epidemiological
research has also indicated potential association between the
consumption of drinking water containing DBPs and adverse
health effects, such as an increased risk of bladder cancer
(Bove et al., 2007; Colman et al., 2011).
In recent years, emerging DBPs have been continuously
identified in disinfected water. Nitrogenous DBPs (N-DBPs),
such as halonitromethanes (HNMs), haloacetonitriles (HANs),
and N-nitrosamines (NMs), are found to possess much
higher toxicity than carbonaceous DBPs (C-DBPs), including trihalomethanes (THMs) and haloacetic acids (HAAs)
(Muellner et al., 2007; Plewa et al., 2004; Wagner et al., 2014). For
example, the cytotoxicity of trichloroacetonitrile (TCAN) and
trichloronitromethane (TCNM) is 80 and 18 times higher than
that of trichloromethane (TCM), respectively (Wagner and
Plewa, 2017). Additionally, the brominated DBPs (Br-DBPs) and
iodinated DBPs (I-DBPs) are reported to be more toxic than
the chlorinated DBPs (Cl-DBPs) (Dong et al., 2019; Plewa et al.,
2008). For instance, the LC50 values (lethal concentration,
50%) of iodoacetic acid (IAA), bromoacetic acid (BAA), and
chloroacetic acid (CAA) are 2.9 × 10−6 mol/L, 1.0 × 10−5 mol/L,
and 8.1 × 10−4 mol/L, respectively (Plewa et al., 2010). Other
than the aliphatic DBPs, aromatic DBPs including halophenols (HPs), halobenzoquinones (HBQs), and halohydroxybenzoic acids (HBACs) have also been continuously identified and
tend to be more cytotoxic (Li et al., 2015; Liu and Zhang, 2014;
Zhang et al., 2020). Therefore, the emerging DBPs have been
attracting increasing attention to ensure drinking water quality.
A large number of studies have been focusing on the
toxicity of single DBP. However, humans are frequently exposed to a complex mixture of various DBPs (Teuschler et al.,
2000), and the combinations of DBPs may produce synergistic or antagonistic effect (Chou, 2006). Insights into the
potential synergistic effect of DBP combinations are indispensable for water safety, but only a few studies have been
reported in this field (Chen et al., 2018; Chen et al., 2019;
Liu et al., 2022; Shao et al., 2017; Zhang et al., 2011). For example, synergism in cytotoxicity has been observed in the mixtures of BAA and three emerging bromophenolic DBPs (2,4,6tribromophenol, 3,5-dibromo-4-hydroxybenzoic acid, and 3,5dibromo-4-hydroxybenzaldehyde) (Liu et al., 2022). Disinfection treatments, such as ClO2 and O3 treatments, can lead
to the formation of inorganic DBPs, and synergistic effects
on toxicity were often observed in organic and inorganic DBP
mixtures when combined disinfection treatments were used.
For example, the cytotoxicity of a wastewater effluent containing ammonia (1.6 mg N/L) treated by the mixture of ClO2
and Cl2 was found to be much higher than that by ClO2 or Cl2
alone (Zhong et al., 2019). Another investigation also indicated
that the combinations of organic and inorganic DBPs formed
in ClO2 - and O3 -disinfected water samples exhibited synergistic effects on development toxicity (Han and Zhang, 2018).
However, till now, very little is known about the roles of spe-
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cific organic and inorganic DBPs in eliciting synergistic effect
on toxicity.
To investigate the toxic interactions in DBP combinations,
toxicological tests are essential. In vitro cytotoxicity assays
have been widely used as an alternative for conventional animal tests for chemical toxicity testing (Krewski et al., 2010).
The microplate assay on Chinese hamster ovary (CHO) cells
developed by Plewa’s group has been applied for DBP cytotoxicity measurement and the LC50 values of over 100 DBPs have
been acquired (Plewa et al., 2002; Wagner and Plewa, 2017).
More recently, real-time cell analysis (RTCA) has been developed as an alternative technique for chemical cytotoxicity determination (Tian et al., 2020; Wang et al., 2014). Briefly, RTCA
is a cell-microelectronic sensing technique which measures
cell viability (i.e., IC50 (50% inhibitory concentration)) through
monitoring the impedance changes between cells and the microelectrodes (Boyd et al., 2008; Xing et al., 2005). Compared
to the microplate assay, RTCA possesses advantages including high throughout and simple operation. RTCA has been
applied for toxicity characterization of a few DBPs such as
2,6-dichloro-1,4-benzoquinone (DCBQ) and 2,6-dibromo-1,4benzoquinone (DBBQ), and comparable results were obtained
(Procházka et al., 2015; Wang et al., 2014). However, the feasibility and accuracy of RTCA for toxicity characterization of
large scale of DBPs still remain uncertain.
In this study, we used the RTCA technique to determine
the CHO cytotoxicity of individual and binary combinations
containing one of the 3 inorganic DBPs (chlorite, chlorate, and
bromate) and one of the 32 organic DBPs (10 HAAs, 6 THMs,
7 N-DBPs, and 9 aromatic DBPs). We first measured the IC50
values of single DBPs using the RTCA method, and verified
the results by comparison with the LC50 values determined by
microplate assays in literature. Next, we evaluated the toxic
interactions of the binary combinations consisting of organic
and inorganic DBPs. The combination index (CI) of each combination was calculated and assessed by isobolographic analysis to evaluate the additive, antagonistic, or synergistic effect
on CHO cytotoxicity. The results of this study help to improve
the understanding of the combined effects of organic and inorganic DBP mixtures on cytotoxicity.

1.

Materials and methods

1.1.

Chemicals and reagents

The purity and the manufacturer company of the DBP standards, including 3 inorganic DBPs (chlorite, chlorate, and bromate) and 32 organic DBPs (10 HAAs, 6 THMs, 7 N-DBPs,
and 9 aromatic DBPs) were listed in Appendix A Table S1.
CHO-K1 cells were kindly provided by Procell Life & Technology Co., Ltd. and cultured in dulbecco’s modified eagle
medium (DMEM), 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin (P/S) at 37 °C with 5% CO2 .

1.2.

Cytotoxicity assessment

Cytotoxicity of individual DBP and binary DBP combination
was assessed using CHO-K1 cells with the xCELLigence RealTime Cell Analysis system (RTCA) (3 × 16, ACEA Biosciences,
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San Diego, CA) following our previous study (Fan et al., 2021).
RTCA was used for dynamic measurement of cell response to
toxicants by monitoring the changes of “cell index”, a unitless parameter to represent cell proliferation based on the
electrical impedance measured on the e-plate (Du et al., 2014;
Xing et al., 2005).
To determine the initial cell number allowing for a cell index of ∼1 within 24 ± 1 hr incubation, CHO cells of gradient numbers were seeded into the microwells and tested by
cell proliferation experiments. As shown in Appendix A Fig.
S1, an initial number of 5000 cells met the requirement and
was used for the following experiments. DBP chemicals dissolved in water or organic solvents were diluted with culture
medium before spiking into the cultures. Solvent controls (culture medium containing less than 0.1% V/V organic solvent)
and blank controls (cell culture medium) were conducted concurrently, and no discernable influence was observed. Triplicate tests were used for each experiment. Different concentrations of individual DBP or binary DBP combination were added
to the cultures when the cell index reached ∼1, and the cell index values were measured automatically by the RTCA system
at 15 min interval until the end of the experiment. The cell
assays were lasted for 72 hr since cell seeded. In order to accurately compare relative differences among the wells, all cell
index values were normalized to 1 (denoted as normalized cell
index (NCI)) at the time of DBP treatment by the RTCA software. Cell viability was represented by the NCI percentage of
treatment compared to negative control, with the NCI of negative control set as 100%. At a specific exposure time point,
the cell viabilities and log10 (DBP concentrations) were fitted
by a nonlinear regression analysis with variable slope in doseresponse curves to calculate the IC50 . The exposure time of 24
hr was selected for IC50 calculation due to the minor difference between 24 hr and 48 hr, as shown in the time-dependent
IC50 curve (Appendix A Fig. S2).

where the E(1+2) means the toxic effect of the combination of
an inorganic DBP (1) and an organic DBP (2), E1 + E2 means
the sum of the toxic effect of the two individual DBPs. When
E(1+2) > E1 + E2 , potential synergistic effect on cytotoxicity is
indicated. The combinations exhibiting potential synergistic
effect were further evaluated to confirm the synergism.

1.3.

Based on the cell proliferation results at gradient initial numbers without any treatment (Appendix A Fig. S1), the initial
number of 5000 cells was chosen for the following DBP cytotoxicity assessment. CHO cells seeded in the wells were exposed to individual DBP or DBP binary combinations, and the
cell index was monitored during the whole experimental period every 15 min. Appendix A Fig. S3 shows the dynamic response curves of CHO cells corresponding to the treatment
of single DBP at different concentrations. The control group
refers to the normal cell index without DBP treatment. When
CHO cells were treated with the DBPs, the reduction degree on
cell index positively correlated with the toxic effects of DBPs
on cells. The continuous RTCA monitoring can also provide a
time-dependent IC50 curve over the exposure period, as shown
in Appendix A Fig. S2. Only minor difference was observed between the IC50 values at 24 hr and 48 hr exposure, therefore
the IC50 values at 24 hr exposure were chosen for cytotoxicity
assessment in the following experiments.
The IC50 values of the individual DBP derived from RTCA
assays are presented in Table 1. For the tested DBPs, the IC50
values obtained in current study were in consistent trend with
the microplate-based LC50 values reported in previous studies, demonstrating the feasibility of the RTCA method for cytotoxicity assessment (Du et al., 2014; Wagner and Plewa, 2017).

Prioritization of synergistic DBP combinations

For preliminary screening of synergism in binary combinations of the DBPs, equivalent volumes of an inorganic DBP and
an organic DBP were mixed at 1/2 IC50 dose for cytotoxicity
assessment. The toxic effect of DBPs was presented by the inhibition rate, which can be calculated by the following equation:
Ex =

(NC I0 − NCIx )
× 100%
NCI0

(1)

where Ex means the inhibition rate in the treated sample, NCI0
and NCIx are the NCI values of negative control and treated
sample at the time of 24 hr exposure, respectively. Preliminary evaluation of the joint action of the DBP combinations
was performed using the method developed by Bürgi (1938).
The principle of this method is based on the comparison of
adverse effect between toxicant mixture and sum of each individual at the same concentration. According to this principle,
the following formula was used for the preliminary evaluation
in this study:
⎧
⎪
addition
⎨= 1
E(1+2 )
= q > 1 synergism
(2)
⎪
E1 + E2
⎩
< 1 antagonsm

1.4.

Confirmation of synergistic DBP combinations

The IC50 values of the binary DBP combinations were obtained
by diluting the mixtures containing an inorganic DBP and an
organic DBP at their IC50 doses. The combination effect was
indicated by the combination index (CI50 ) calculated using the
following equation (Chou, 2006):
CI50 =

(IC50 )C1 (IC50 )C2
+
(IC50 )1
(IC50 )2

(3)

Where (IC50 )1 and (IC50 )2 are the IC50 values of the inorganic
DBP and the organic DBP, respectively; (IC50 )C1 and (IC50 )C2 are
the doses of the two DBPs at the IC50 dose of the combination. Dose-normalized isobolographic analysis was applied to
assess the synergism, additive effect, and antagonism of the
binary DBP combinations against CHO cells (Gessner, 1995). A
diagonal line indicating additive effect can be obtained by designating CI50 = 1. For assessment of the prioritized combinations, when CI50 > 1, the data point locates in the upper right
area of the diagonal line and antagonism is indicated; when
CI50 < 1, the data point locates in the lower left area of the
diagonal line and synergism is indicated (Chou, 2006).

2.

Results and discussion

2.1.

Cytotoxicity of individual DBP
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Table 1 – The RTCA-derived IC50 values and microplate-based LC50 values of the 3 inorganic and 32 organic DBPs.
Disinfection by-product
Haloacetic acids
Chloroacetic acid
Dichloroacetic acid
Trichloroacetic acid
Bromochloroacetic acid
Bromoacetic acid
Dibromoacetic acid
Tribromoacetic acid
Chlorodibromoacetic acid
Bromodichloroacetic acid
Iodoacetic acid
Trihalomethanes
Bromodichloromethane
Bromochloroiodomethane
Dibromoiodomethane
Dichloroiodomethane
Tribromomethane
Triiodomethane
Nitrogenous DBPs
Iodoacetonitrile
Dichloroacetonitrile
Dibromoacetonitrile
Bromochloroacetonitrile
Bromodichloronitromethane
Dibromochloronitromethane
Tribromonitromethane
Aromatic DBPs
4-Chlorophenol
2,4-Dichlorophenol
2,4,6-Trichlorophenol
2-Chloro-1,4-benzoquinone
2,6-Dichloro-1,4-benzoquinone
4-Bromophenol
2,4-Dibromophenol
2,4,6-Tribromophenol
3,5-Dibromo-2-hydroxybenzoic acid
Inorganic DBPs
Chlorite
Chlorate
Bromate

Abbreviation

LC50 (mol/L)‡

IC50 (mol/L) †

CAA
DCAA
TCAA
BCAA
BAA
DBAA
TBAA
CDBAA
BDCAA
IAA

8.10 × 10−4
7.30 × 10−3
2.40 × 10−3
7.78 × 10−4
9.60 × 10−6
5.90 × 10−4
8.50 × 10−5
2.02 × 10−4
6.85 × 10−4
2.95 × 10−6

a

4.22 × 10−4
4.14 × 10−3
3.58 × 10−3
3.28 × 10−4
1.90 × 10−5
1.14 × 10−3
1.41 × 10−5
1.17 × 10−3
2.45 × 10−3
9.30 × 10−6

BDCM
BCIM
DBIM
DCIM
TBM
TIM

1.15 × 10−2
2.42 × 10−3
1.91 × 10−3
4.13 × 10−3
3.96 × 10−3
6.60 × 10−5

a

IAN
DCAN
DBAN
BCAN
BDCNM
DBCNM
TBNM

3.30 × 10−6
5.73 × 10−5
2.85 × 10−6
8.46 × 10−6
1.32 × 10−5
6.88 × 10−6
8.57 × 10−6

a

MCP
DCP
TCP
MCBQ
DCBQ
MBP
DBP
TBP
DBHBA

1.49 × 10−3
2.16 × 10−3
2.44 × 10−4
N/A
1.12 × 10−5
2.22 × 10−4
7.01 × 10−5
9.99 × 10−5
2.21 × 10−4

b

/
/
/

N/A
N/A
9.63 × 10−4

a
a
a
a
a
a
a
a
a

a
a
a
a
a

a
a
a
a
a
a

b
c

a
d
d
c
c

a

1.64 × 10−2
3.29 × 10−3
1.14 × 10−3
1.4 × 10−2
2.84 × 10−4
3.96 × 10−4
6.31 × 10−6
2.24 × 10−5
1.06 × 10−5
1.91 × 10−6
3.92 × 10−5
1.53 × 10−5
1.14 × 10−5
2.27 × 10−3
2.75 × 10−3
8.15 × 10−4
1.13 × 10−4
1.44 × 10−4
1.23 × 10−3
2.12 × 10−4
2.15 × 10−4
3.41 × 10−4
2.46 × 10−4
0.170
1.21 × 10−3

N/A: not available.
‡
Microplate-based LC50 values from literatures;
†
RTCA-derived 24 hr IC50 values from this study;r
a
(Wagner and Plewa, 2017)
b
(Liu et al., 2020)
c
(Zhang et al., 2020)
d
(Chen et al., 2019)

In general, the iodo-DBPs are more toxic than their bromoand chloro- analogues, and the N-DBPs possess 1-2 orders of
magnitude higher IC50 and LC50 values than the C-DBPs. To
verify the consistency, linear correlation was used to statistically evaluate the correlation between the IC50 values and the
LC50 values. As shown in Fig. 1, a good linear correlation (k=1,
R2 =0.8, Y-intercept=0.12 ± 0.09) was obtained between the
IC50 values and the LC50 values, with 40.6% and 96.9% of the
points in the 95% confidence band and 95% prediction band,
respectively. Additionally, 65.6% and 87.5% of the points were
in the 1/3-3 range and the 1/5-5 range of y=x standard identical line. The well statistical correlation further confirmed the

accuracy of the IC50 values obtained by the RTCA method with
increased convenience for cytotoxicity assessment. However,
minor discrepancy was observed for a few of the DBPs, which
can be ascribed to the difference in testing method and exposure time. For instance, in this study the IC50 value of tribromomethane (TBM) was measured as 2.84 × 10−4 mol/L, which
is lower than the microplate-based LC50 value (3.96 × 10−3
mol/L) reported by Wagner and Plewa (2017). The difference
of testing method can be described as following: in the RTCA
bioassay, cells were seeded and cultured for 24 hr to reach logarithmic growth stage before DBP exposure and the incubation time was 24 hr; while in the microplate assay, cells were
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Fig. 1 – Correlations between the RTCA-derived IC50 values
and the microplate-based LC50 values. Note that LC50 values
for chlorite and chlorate are not available in literature.

exposed to DBP as soon as seeded and the incubation time
was 72 hr. The LC50 values of some DBPs used for comparison
were obtain with other types of cells, which can also lead to
different cytotoxicity outcomes. For example, the IC50 value of
4-bromophenol (MBP) (1.23 × 10−3 mol/L) tested on CHO cells
in current study is higher that the previously reported LC50
value (2.22 × 10−4 mol/L) tested on V. qinghaiensis sp.-Q67, a
luminescent freshwater bacterial (Chen et al., 2019). In short
conclusion, the RTCA method developed in this study are convenient and feasible for DBP cytotoxicity assessment, and the
RTCA-based IC50 values are reliable.

2.2.
Prioritization of possible synergistic binary
combinations
Due to the large number of DBPs to be tested, preliminary
screening tests were conducted to prioritize the binary combinations containing an inorganic DBP and an organic DBP that
might exhibit synergistic effect on CHO cytotoxicity. According to Eq. (2), the toxic effect of a combination (E(1+2) ) and the
sum of toxic effect of each individual (E1 +E2 ) were compared
to assess additivity, and a E(1+2) /(E1 +E2 ) value larger than 1
indicates potential synergism. As shown in Fig. 2, 18 out of
the 32 tested organic DBPs elicit possible synergistic effect on
cytotoxicity when combined with chlorite, including 7 HAAs,
6 N-DBPs, 2 THMs, and 3 aromatic DBPs. Br-DBPs and I-DBPs
inclined to induce synergism, as 13 and 3 of the 18 organic
DBPs contain Br atom and I atom, respectively. Compared to
chlorite, possible synergistic effect on cytotoxicity was observed for 10 organic DBPs with chlorate. Although chlorate
seemed less available in the synergism with organic DBPs,
half of the organic DBPs showing synergistic effect with chlorate were aromatic, indicating chlorate might favor the interactions with aromatic compounds. Meanwhile, bromate potentially induced synergistic effect on cytotoxicity with 12 organic DBPs, including 5 N-DBPs, 5 HAAs, and 2 THMs. It is

noteworthy that none of the 12 organic DBPs are aromatic,
suggesting that bromate might be less reactive to aromatic
compounds.
To further verify the synergistic effects, IC50 values of the
DBP combinations were measured using the RTCA method
with gradient concentrations. Appendix A Fig. S4 shows the
dynamic response curves of CHO cells corresponding to the
treatment of the binary DBP combinations at different concentrations. Fig. 3 shows the dose-response cell index curves
of three prioritized combinations containing chlorite, chlorate,
and bromate, respectively. Compared to individual chlorite,
the curve of the combination consisting chlorite and iodoacetonitrile (IAN) shifted left significantly (Fig. 3a), which indicated that a lower concentration range of chlorite could induce the same toxic effect in the combination compared to
chlorite alone. On the meantime, the IC50 value of chlorite
(2.46 × 10−4 mol/L) decreased to 1.36 × 10−4 mol/L (decreased
by 44.7%) when combined with IAN, further indicating the enhancement on cytotoxicity of chlorite by IAN. Similar left-shift
was observed for the curve of the combination containing
chlorate and 2-chloro-1,4-benzoquinone (MCBQ), and the IC50
value of chlorate (1.71 × 10−1 mol/L) was found to decrease
to 3.89 × 10−2 mol/L (decreased by 77.3%) (Fig. 3b). The combination of bromate and IAN also exhibited left-shift of the
curve and decrease of the IC50 value from 1.21 × 10−3 mol/L to
2.31 × 10−4 mol/L (decreased by 80.9%) (Fig. 3c).
The left-shift of the dose-response cell index curves corresponds to the decreased IC50 values of the combinations compared to those of the individual inorganic DBPs, which results
in (IC50 )C1 /(IC50 )1 <1 (Table 2). Briefly, for the 18 prioritized organic DBPs potentially synergized with chlorite, 14 were found
to cause the decrease of IC50 values in the combinations, including 6 HAAs, 3 N-DBPs, 2 THMs, and 3 aromatic DBPs. BrDBPs and I-DBPs inclined to increase the cytotoxicity of chlorite, as 10 and 3 of the 14 organic DBPs contain Br atom and I
atom, respectively. As for chlorate, the IC50 values of 6 of the
10 combinations decreased, including 4 aromatic DBPs, 1 HAA,
and 1 N-DBP. On the contrary, no aromatic DBPs was found to
decrease the IC50 values of the combinations containing bromate. Instead, 7 of the 12 prioritized organic DBPs, including 3
HAAs, 3 N-DBPs, and 1 THM, resulted in decreased IC50 values when combined with bromate, and all of the 7 organic
DBPs contain Br atom or I atom. The dose-response cell index
measurement for the prioritized DBP combinations further indicated the potential synergistic effect on cytotoxicity in the
dynamic toxic concentration range.

2.3.

Confirmation of synergistic effect on cytotoxicity

To confirm the synergistic effect of the combinations showing
left-shifted dose-response curves and decreased IC50 values,
the combination index was calculated (Eq. (3)) and then evaluated by isobolographic analysis. Based on the semiquantitative method for describing the degrees of synergism or antagonism proposed by Chou (2006), the toxic interactions can be
classified according to the CI50 ranges. As listed in Appendix A
Table S2, synergism is divided into near additive, slight synergism, moderate synergism, synergism, strong synergism, and
very strong synergism in the CI50 ranges of 0.9–1.10, 0.85–0.9,
0.7–0.85, 0.3–0.7, 0.1–0.3, and <0.1, respectively. Similarly, an-
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Fig. 2 – The cytotoxicity comparison between the binary combinations containing an inorganic DBP (1) and an organic DBP
(2) (E(1+2) ) and the sum of the individual inorganic and organic DBPs (E1 + E2 ). If E(1+2) /( E1 + E2 )>1 (i.e., E(1+2) > (E1 + E2 )),
possible synergism is suggested.

Fig. 3 – The dose-response cell index curves of individual inorganic DBPs and corresponding binary combinations
containing an organic DBP. The error bars represent standard deviations of triplicates.

tagonism is divided into slight antagonism, moderate antagonism, antagonism, strong antagonism, and very strong antagonism in the CI50 ranges of 1.10–1.20, 1.20–1.45, 1.45–3.3,
3.3–10, and >10, respectively. The CI50 values of the 27 prioritized combinations, 14 containing chlorite, 6 containing chlorate, and 7 containing bromate, were calculated and the combinations were classified accordingly. Briefly, 12, 7, and 8 combinations exhibited synergism, additive, and antagonism, respectively (Table 2).
Among the 27 combinations, 26 combinations possessing
CI50 values less than 1.45 (moderate antagonism) were shown

in the isobologram (Fig. 4). For chlorite, 5 organic DBPs, including 3 Br-DBPs (BDCAA, BDCNM, and TBAA) and 2 I-DBPs (TIM
and IAN), were confirmed to elicit synergistic effect on cytotoxicity. On the contrary, three aromatic DBPs (MCBQ, DCBQ,
and MBP) and one N-DBP (DBAN) showed synergistic effect
on cytotoxicity with chlorate. For bromate, synergistic effect
was observed in the combinations containing two I-DBPs (TIM
and IAN) and one HAA (DBAA), which testified that bromate
inclined to interact with I-DBPs and Br-DBPs rather than ClDBPs. The interaction effects also varied according to the characteristics of the organic DBPs. For example, synergistic effect
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Table 2 – The CI50 values and the description of toxic interactions.
Inorganic DBP (1)

Organic DBP (2)

(IC50 )C1 /(IC50 )1

CI50

Description

Chlorite

TIM
BDCAA
BDCNM
IAN
TBAA
TBM
TBNM
CDBAA
TBP
BCAA
MBP
IAA
CAA
DBP
BAA
DCAN
DBAN
BCAN
MCBQ
DCBQ
MBP
DBAN
DBP
DCAA
TBP
BCAN
BDCAA
DCAN
TIM
IAN
DBAA
BCAA
DBAN
BDCAA
TBNM
DCAN
BCAN
CAA
CDBAA
TBM

0.169
0.232
0.639
0.555
0.630
0.476
0.518
0.524
0.533
0.543
0.515
0.902
0.610
0.902
1.398
1.242
1.300
2.435
0.228
0.246
0.319
0.334
0.470
0.879
1.046
1.326
1.328
1.617
0.099
0.193
0.326
0.548
0.596
0.626
0.712
1.038
1.062
1.140
1.232
1.793

0.337
0.471
0.707
0.728
0.851
0.950
0.970
1.059
1.062
1.094
1.105
1.224
1.239
1.792
1.958
2.614
2.689
5.131
0.450
0.492
0.638
0.682
0.953
1.324
2.012
2.639
2.661
3.233
0.191
0.384
0.652
1.062
1.232
1.292
1.422
2.088
2.125
2.209
2.463
4.107

synergism
synergism
moderate synergism
moderate synergism
slight synergism
nearly additive
nearly additive
nearly additive
nearly additive
nearly additive
slight antagonism
moderate antagonism
moderate antagonism
antagonism
antagonism
antagonism
antagonism
strong antagonism
synergism
synergism
synergism
synergism
nearly additive
antagonism
antagonism
antagonism
antagonism
antagonism
strong synergism
synergism
synergism
nearly additive
moderate antagonism
moderate antagonism
moderate antagonism
antagonism
antagonism
antagonism
antagonism
strong antagonism

Chlorate

Bromate

was observed when one of the two I-DBPs (TIM and IAN) was
combined with chlorite as well as bromate, but no synergism
was observed when they were combined with chlorate. DBAN,
eliciting synergistic effect with chlorate, was found to induce
antagonistic effect when combined with chlorite or bromate.
Similar results were obtained for MBP and MCBQ. Furthermore, synergistic effect only occurred in combination containing BDCAA and chlorite, instead of chlorate or bromate. It is
worth noting that no synergistic effect was finally verified in
the combinations containing one of the three inorganic DBPs
and chlorinated acetic acids or chlorinated acetonitriles.
Although the combinations were prioritized on the basis
of possible synergistic effect, additive or antagonistic effect
was ultimately identified in some of the combinations according to the isobolographic analysis (Table 2). For chlorite,
5 organic Br-DBPs, including 2 HAAs (CBDAA and BCAA), TIM,
TBNM and TBP, were confirmed to elicit additive effect on cytotoxicity; while 8 organic DBPs, including 3 HAAs (IAA, BAA

and CAA), 3 N-DBPs (DCAN, DBAN and BCAN), and 2 HPs (MBP
and DBP) exhibited antagonistic effect. For chlorate, only 2,4dibromophenol (DBP) showed additive effect on cytotoxicity,
while antagonistic effect was confirmed in combinations of
chlorate with 5 organic DBPs, including 2 HAAs (BDCAA and
DCAA), 2 N-DBPs (DCAN and BCAN), and TBP. For bromate,
only BCAA was found to induce additive effect on cytotoxicity; while 8 organic DBPs, including 3 HAAs (BDCAA, CBDAA
and CAA), 4 N-DBPs (DCAN, DBAN, BCAN, and TBNM), and TBM
exhibited antagonistic effect.

2.4.

Possible synergistic mechanism

The DBP-induced cytotoxicity takes effect by the increased
oxidative stress associated with the reactive organic species
(ROS) in cell (Ali et al., 2017b; Ali and Mahmood, 2017; Du et al.,
2013; Pals et al., 2011; Zhang et al., 2010). A previous study has
observed that inorganic DBPs, such as chlorate, were reduced
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Fig. 4 – The dose-normalized IC50 isobologram of the binary combinations consisting of an inorganic DBP and an organic
DBP. The area I, II, III, IV, V, and VI refer to strong synergism, synergism, moderate synergism, slight synergism, nearly
additive, and slightly/moderate antagonism, respectively. Note that CI50 >1.45 is not shown in the figure.

Fig. 5 – Schematic of the possible synergistic mechanism of
organic and inroganic DBPs in cytotoxicity.

to chloride in cell after passing through the cell membrane,
which lead to the increase of ROS. Subsequently, the increased
ROS impaired the cell antioxidant system and resulted in adverse cell effects, i.e., the cytotoxicity (Ali et al., 2017a). Similar mechanisms can be deduced for chlorite and bromate, in
which chlorite is reduced to chloride and bromate is reduced
to bromide. As shown in the schematic in Fig. 5, the synergistic effect of organic and inorganic DBPs on cytotoxicity might
be plausibly attributed to the influence of organic DBPs on cell
membrane and cell antioxidant system. Organic DBPs, such as
TIM and DBAN, can damage cell membrane and thus facilitate

the transport of inorganic DBPs into cell (Lipscomb et al., 2009;
Sell and Reynolds, 1969). The synergistic effect on cytotoxicity in the combinations containing, e.g., chlorite and TIM, bromate and TIM, and chlorate and DBAN, could support this hypothesis. Moreover, organic DBPs, such IAN and MBP, can impose deleterious effects on the cell antioxidant system, which
might enhance the oxidative stress damage induced by inorganic DBPs (Du et al., 2013; Komaki et al., 2014; Shi et al., 2013).
Therefore, we observed synergistic effect on cytotoxicity in
the combinations consisting of, e.g., chlorite and IAN, bromate
and IAN, and chlorate and MBP. Although we hypothesized the
general routes of the synergism of organic and inorganic DBPs
in cytotoxicity, detailed mechanisms may vary drastically according to the cell and DBP species. To benefit drinking water
quality improvement, further investigations are in great need
to clarify the synergism mechanisms.

3.

Conclusions

In this study, we used the RTCA technique to determine the
CHO cytotoxicity of individual and binary combinations containing one of the 3 inorganic DBPs and one of the 32 organic
DBPs. The feasibility and accuracy of the RTCA method was
verified by comparison with the microplate assays used in previous studies. The synergistic effect on CHO cytotoxicity was
evaluated by isobolographic analysis. In result, synergism was
observed and confirmed in the binary combinations consist-
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ing of chlorite and one of the 5 organic DBPs (2 I-DBPs and
3 Br-DBPs), chlorate and one of the 4 organic DBPs (MCBQ,
DCBQ, MBP, and DBAN), and bromate and one of the 3 organic
DBPs (TIM, IAN, and DBAA). The possible synergetic mechanism might be ascribed to the influence of organic DBPs on cell
membrane and cell antioxidant system. Future investigations
are needed to provide insights into the detailed mechanisms
for specific cell and DBP species.
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