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GRAPHICAL ABSTRACT

A micro-biosensor based on the screen printed electrode (SPE) modified with carboxylated multi-walled carbon nanotube/rhodamine B/gold nanoparticles
(MWCNTs-COOH/RhB/AuNPs) was developed to evaluate the single and combined toxicity of BPA and its analogues on Ctenopharyngodon idella kidney (CIK) cells.
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ARTICLE INFO ABSTRACT

Editor: A. Daugulis Bisphenol analogues have been developed as alternatives to bisphenol A (BPA), a common chemical with po-
Keywords: tential adverse effects on human health. It is imperative to perform a fast and sensitive evaluation for the toxicity
Bisphenol analogues of these bisphenol analogues. This study introduces a label-free electrochemical biosensor based on a screen-
CIK cells printed electrode modified with the carboxylated multi-walled carbon nanotube/rhodamine B/gold nano-
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particle. Ctenopharyngodon idella kidney (CIK) cells were used as the biological recognition agent to detect
changes in electrochemical signals and indicate the cell viability. Only 20 uL of sample was required for de-
tection, which was much lower than that of other conventional electrochemical methods (= 1 mL). This bio-
sensor was examined for the cytotoxicity of BPA, bisphenol AF (BPAF), bisphenol B (BPB), bisphenol F (BPF),
and bisphenol S (BPS) to CIK cells. The half inhibition concentration (ICsy) values after 48 h of exposure in-
dicated that the rank order of cytotoxicities was BPAF > BPB > BPA > BPF > BPS. The morphological
changes in CIK cells after treatment with various bisphenols were investigated, and the combined toxicities of
the binary bisphenol mixtures were determined. Potentially synergistic and additive effects were observed.
These findings provide new insights into the cytotoxicity of bisphenol analogues.
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1. Introduction

As the polymerization agent for epoxy resin and polycarbonate,
bisphenol A (BPA) is an endocrine disruptor and raises the increased
concerns over its safety (Kitamura et al., 2005; Kwak et al., 2018;
Villeneuve et al., 2011; Hou et al., 2017). The use of BPA-based coating
in infant formula packaging has been prohibited in the United States of
America (U.S. Food and Drug Administration, 2013). Accordingly,
other bisphenols referred to as BPA-related compounds or bisphenol
analogues that consist of two phenolic rings joined together via a
carbon bridge or another structure, have been utilized in the manu-
facture of resins and plastics in recent years (Liao and Kannan, 2014).
These bisphenols have been normally disposed in aquatic environ-
ments, where the health impacts are documented for numerous aquatic
organisms. Bisphenols have been found in the rivers in China, Japan,
and India, even at concentrations higher than BPA (Jin and Zhu, 2016;
Liu et al., 2017; Yamazaki et al., 2015). Due to their similar chemical
structures and binding affinities for the estrogen receptor, bisphenols
are likely to have similar physiological effects on organisms (Mu et al.,
2018; Qiu et al., 2018; Zhu et al., 2018a). However, compared with the
numerous reports on BPA, studies on the cytotoxicity of bisphenols, as
well as the combined toxicity with BPA, are still limited. The safety of
bisphenols is currently debated and their toxic effects have not yet been
established. Therefore, a more sensitive and comprehensive evaluation
of their toxicity is urgently needed.

Novel electrochemical biosensor based on the nucleotide metabo-
lism of cells has received extensive attention on account of its simpli-
city, high sensitivity, low cost, and real-time measurement (Zhu et al.,
2018b). Compared with conventional methyl-thiazolyl-tetrazolium
(MTT) cell viability assays, the electrochemical cell-based biosensor is
rapid and label-free without the need of color developing agents, and
directly detects intracellular purine bases (Zhu et al., 2016, 2014). It is
a reliable tool for the cytotoxicity screening of anticancer drugs, en-
vironmental estrogens, and heavy metals (Guo et al., 2015; Zhu et al.,
2017; Wu et al., 2011). Several cancer cells, including human cervical
carcinoma HeLa cells, human breast cancer MCF-7 cells, and human
hepatoma HepG2 cells, have been used to establish models. However,
normal (non-cancerous) cells have rarely been studied. Additionally,
due to the large size of the conventional glassy carbon electrodes
(GCEs), a high number of cells are needed. It is critical to develop
miniaturized and low-cost electrodes with high sensitivity.

Screen printed electrodes (SPE), which have several advantages
over conventional electrodes, have received high attention (Johari-
Ahar et al., 2018; Salgado-Figueroa et al., 2015). The advantages of
large-scale production, cost-effectiveness, disposability, and feasibility
make SPE a favorable candidate for on-the-spot and real-time detection
(Li et al., 2012). SPE is constructed from commercial conductive carbon
ink and is commonly used as the substrate electrode. However, its poor
electrochemical activity has limited its application. Thus, other nano-
materials such as carbon nanotubes, grapheme, and nanoparticles, have
been used to modify the SPE surface to improve its electrochemical
performance (Ochiai et al., 2017; Jirasirichote et al., 2017;
Charoenkitamorn et al., 2018).

Gold nanoparticles (AuNPs) have attracted considerable attention
due to their large surface area, excellent catalytic ability, fast electron
transfer rate, enhanced electrical conductivity, and surpassing ability to
immobilize biomolecules (Hassani et al., 2018). AuNPs have been ap-
plied in the detection of various analytes, such as insulin, BPA, and
chloramphenicol (Wang et al., 2015; Li et al., 2016; Bagheri Hashkavayi
et al., 2015). The size, shape, and structure of AuNPs are directly re-
lated with their electrochemical properties (Saxena and Goswami,
2012). Therefore, the matrix used to prepare highly dispersed AuNPs is
important. Multi-walled carbon nanotubes (MWCNTs) are good carrier
materials with low electrical resistance, high electrical conductivity,
and excellent mechanical strength (Wang, 2005). Furthermore, the
combined use of AuNPs and MWCNTs can produce synergistic effects
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on their electrocatalytic properties. Compared with conventional che-
mical and thermal methods, the electrochemical reduction method has
the advantages of being rapid and cost-effective, and can prepare
composites by reducing Au®* rapidly under cathodic conditions (Alim
et al., 2018; Magar et al., 2017; Yue et al., 2015). As an oxadiazole
organic dye, rhodamine B (RhB) can increase the potential window,
surface area, and stability of the modified electrode (Thomas et al.,
2012). Electropolymerization of RhB is primarily carried out by tertiary
amine cations, and positive charges may be preferred for binding to
negatively charged surfaces (Zhu et al., 2018c). Functionalized
MWCNTs can be negatively charged due to the presence of —COOH,
C—OH, and C—O—C groups. Thus, RhB can be used to non-covalently
modify functionalized MWCNTs to form the polymeric film with high
performance.

Herein, we developed a facile approach to synthesize MWCNTs-
COOH/RhB/AuNPs to enhance the sensitivity and selectivity of SPE.
The amount of cells required was reduced to one-fiftieth of the con-
ventional amount. The sensitive and stable Ctenopharyngodon idella
kidney (CIK) cells were used as the ideal substrate for toxicity testing
(Tan et al., 2008, 2014). There were three objectives in this study. First,
MWCNTs/RhB/AuNPs/SPE was developed and characterized. Second,
the electrochemical behavior of CIK cells was investigated. Third, the
micro-biosensor was used in evaluating the single and combined toxi-
city of BPA and its analogues, including bisphenol S (BPS), bisphenol
AF (BPAF), bisphenol B (BPB), and bisphenol F (BPF) (Fig. 1).

2. Experimental
2.1. Reagents and solutions

Carboxylated multi-walled carbon nanotubes (MWCNTs-COOH,
purity > 95%, diameter 30-50 nm, length 0.5-2.0 ym) were purchased
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Fig. 1. Chemical structures of the five bisphenols tested in this study.
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Fig. 3. SEM images of MWCNTs-COOH (A), MWCNTs-COOH/RhB (B), and the MWCNTs-COOH/RhB/AuNPs composite (C); TEM images of MWCNTs-COOH (D),

MWCNTs-COOH/RhB (E), and the MWCNTs-COOH/RhB/AuNPs composite (F).

from XFNANO Materials TECH Co., Ltd. (Nanjing, China). A screen-
printed carbon electrode (SPE) was purchased from Mxense Bio-Tech
Co., Ltd. (Ningbo, China). Sulfuric acid (H»SO,4), hydrochloric acid
(HCD), N-methyl pyrrolidone (NMP), and other analytical reagents were
purchased from J & K. Trypsin was purchased from Sigma (St. Louis,
MO, USA). BPA, BPAF, BPB, BPF, BPS, RhB, and gold chloride trihy-
drate (HAuClysH>0) were obtained from Aladdin Reagent Co., Ltd.
(Shanghai, China). Phosphate buffered saline (PBS, 0.1 M Na,HPO, and
0.1 M KH,PO,4, pH 7.4) was prepared. All other chemicals were of
analytical grade and used as received.

2.2. Apparatus

All electrochemical measurements were performed with a CHI 760E
electrochemical workstation (Shanghai CH Instruments, China). The
SPE was used as the disposable all-solid-state sensor. The carbon was
insulated, with the exposure of a diameter of 2.5 mm for the working
electrode. Pure carbon was used as the counter electrode, and Ag/AgCl
was used as the reference electrode. Scanning electron microscopy
(SEM) images were obtained with a XL-30 ESEM electron microscope
(FEI Co.). Transmission electron microscopy (TEM) images were

recorded in a JEM-2010 high resolution transmission electron micro-
scope (Japan). Energy dispersive X-ray spectroscopy (EDS) was carried
out with an Oxford Instrument. Raman spectra were recorded with a
confocal microprobe Raman system (HR 800, Jobin Yvon) using a
488nm Ar™ laser. The morphologies of CIK cells were recorded by an
inverted microscope (BDS-400, Chongqing Optec Instrument Co.,
China). The pH was measured with a pH meter (Sartorius PB-10,
Germany).

2.3. Cell culture

CIK cells (Shanghai BioLeaf Biotech Co., Ltd, China) were cultured
in minimum essential medium (Corning, NY, USA) supplemented with
10% fetal bovine serum (Gibco, USA), 1% penicillin (100 U mL™ '), and
streptomycin (100 uygmL~ ') at 28°C in 5% CO, in a humidified at-
mosphere.

2.4. Preparation of MWCNTs-COOH/RhB/AuNPs/SPE

Ten milligrams of MWCNTs-COOH was dispersed in 10.0 mL of
NMP and sonicated for 3 h. Three microliters of the mixed solution was
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Fig. 4. Typical EDS spectrum (A) and EDS layered mapping (B) of the MWCNTs-COOH/RhB/AuNPs/ITO.
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Fig. 5. (A) Raman spectra of MWCNTs-COOH, MWCNTs-COOH/RhB, and the MWCNTs-COOH/RhB/AuNPs composite; (B) Cyclic voltammograms of 5.0 mM K3[Fe
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Fig. 6. Cyclic voltammograms of CIK cells on SPE, MWCNTs-COOH/SPE,
MWCNTs-COOH/RhB/SPE, MWCNTs-COOH/AuNPs/SPE, and MWCNTs-
COOH/RhB/AuNPs/SPE. Inset: Cyclic voltammograms of CIK cells on
MWCNTs-COOH/RhB/AuNPs/SPE at the first and second scan. Cell con-
centration: 1.0 x 10° cells mL ™.

dropped onto the SPE working electrode and dried. The RhB film was
electrochemically deposited in 0.1 M PBS pH 7.0 containing 25 uM RhB
and 0.3 mM KNOj by applying the potential from -1.3V to +1.1 V with
a scan rate of 100 mV s~ for ten cycles. The MWCNTs-COOH/RhB/SPE
was immersed in the solution containing 1.0 mM HAuCly, 0.01 M
Na,SO,4, and 0.01 M H,SO,, and repetitively scanned for three cycles
between +1.5V and -0.5V by cyclic voltammetry. The MWCNTs-
COOH/RhB/AuNPs/SPE was rinsed with distilled water. The general
protocol for the fabrication of the electrochemical sensor is illustrated
in Fig. 2.

2.5. Single and combined cytotoxicity evaluation of bisphenols

The growth medium was replaced with the fresh medium containing
BPAF, BPB, BPA, BPF, or BPS at concentrations of 2.1, 4.7, 10.3, 22.3,
48.6, 105.6, 230.0, or 500.0 uM, respectively. The same culture con-
ditions were provided for both the control and experimental groups.
After 48 h of cultivation, the medium was aspirated and sterile PBS was
added. The CIK cell suspension was prepared by heating the solution in
a water bath set at 50 °C for 30 min (Wu et al., 2011). One drop (720 puL)
of the cell suspension was dropped onto the SPE for the electrochemical
determination. The accumulation process was carried out using am-
perometric detection with the following parameters: init E, 0 V; sample
interval, 0.05 s; quite time, 1 s; and run time, 360 s. Cyclic voltammetry
was performed in the range of 0 = 0.8 V with a scan rate of 50 mV s~ *.
The cytotoxicity was calculated using the following formula:

Cytotoxicity = (I, 1 — I,2)/I,1 X 100%,

where I, ; and I, ; are the peak currents of the control and experimental
groups, respectively.

The combined toxicity evaluation was based on the toxic unit (TU)
concept (TU = C/ICso, where C is the toxicant exposure concentration
in the mixture) (Broderius et al., 1995). The total TU of the mixture was
obtained by summing the ratios of the concentrations of each bisphenol
in the mixture and then dividing by its ICs, when present alone. The
combined effect is described as follows: if a mixture having a sum
TU =1 = 0.2 caused 50% growth inhibition, the combined toxicity is
simply additive (concentration addition), whereas TU < 0.8 indicates
potential synergism (more than additive) and TU > 1.2 represents
potential antagonism (less than additive). The concentrations of the
binary mixtures were diluted on the equitoxic basis to obtain five
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concentrations (sum TU at 0.2, 0.4, 0.8, 1.6, and 3.2).
2.6. Statistical analyses

All data analyses were performed with SPSS 19.0 (SPSS Inc., USA)
and Origin 8.0. Each data point represents a mean of three independent
sample replicates with error bars indicating the standard deviation.
One-way ANOVA was used to analyze the values. P-values < 0.05 were
considered significant.

3. Results and discussion
3.1. Characterization of MWCNTs-COOH/RhB/AuNPs/SPE

The morphologies of MWCNTs-COOH, MWCNTs-COOH/RhB and
MWCNTs-COOH/RhB/AuNPs were observed using SEM and TEM.
MWCNTs-COOH exhibited self-assembly and tubular structures (Fig. 3
A and Fig. 3 D), which are characteristic of carbon nanotubes
(Subramanian et al., 2016). After the electrochemical deposition of
RhB, a thin and homogeneous film was observed on MWCNTs-COOH/
RhB (Fig. 3 B and Fig. 3 E), suggesting that RhB was effectively com-
bined with MWCNTs-COOH via st-it conjugation. For MWCNTs-COOH/
RhB/AuNPs (Fig. 3 C and Fig. 3 F), the AuNPs were uniformly attached
to MWCNTs-COOH/RhB, indicating that the electrochemical reduction
method can be used to prepare AuNPs with good dispersibility. The
above results demonstrated that the composite was successfully pre-
pared by electrochemical methods. The AuNPs could promote the
electron transfer of the MWCNTs-COOH/RhB/AuNPs complex. Ad-
ditionally, the composite was highly conjugated and exhibited a larger
specific surface area, thus enhancing the capture of the intracellular
molecules.

The chemical composition of MWCNTs-COOH/RhB/AuNPs was
analyzed using EDS (Fig. 4). The bright spots distributed on MWCNTs-
COOH were AuNPs. The composite was mainly composed of C, O, N, Al,
and Au. Si was derived from the ITO conductive glass substrate.

Raman spectroscopy is a powerful method for characterization of
the carbon structure. The D band at 1350 cm ™! was caused by the
disorder induced phonon mode of the sp> carbon atoms vibrations,
which represented defects and disordered structures. The G band at
"1580 cm ™! corresponded to the zone center mode, specifically to the
ordered spz-bonded carbon atoms (Zanganeh et al., 2014). The ratio of
the intensity of the D band to that of the G band (Ip/Ig) represented the
degree of disorder and the average size of the sp? domains (Dinh et al.,
2015). The crystallinities and structures of MWCNTs-COOH, MWCNTs-
COOH/RhB, and MWCNTs-COOH/RhB/AuNPs were studied using the
Raman spectroscopy (Fig. 5 A). MWCNTs-COOH showed prominent
peaks at 1362 cm~! (D band) and 1589 cm ™! (G band). MWCNTs-
COOH/RhB exhibited the D band at 1358cm™ ' and G band at
1583 cm ™%, and corresponding peaks for MWCNTs-COOH/RhB/AuNPs
were observed at 1357 cm ™! and 1581 cm ™. The D band shifted to a
smaller wave number, indicating a higher level of disorder and a
greater number of defects during the synthesis of the composite.
Compared with MWCNTs-COOH, the I,/Ig value of the composite de-
creased, which was caused by the successful introduction of RhB and
AuNPs into the carbon network of MWCNTs-COOH.

The cyclic voltammogram of different electrodes in [Fe(CN)g]® =74~
was used to analyzed the surface status and the barriers to electron
transfer (Fig. 5 B) (Lin et al., 2014). The peak potential separation (AE,)
at the bare SPE was "237 mV, indicating a relatively slow electron
transfer. The MWCNTs-COOH/SPE exhibited a pair of distinct current
peaks with a AE;, of 175mV, indicating that the presence of MWCNTs-
COOH accelerated the electron transfer kinetics as a result of the ex-
cellent conductivity and large specific surface area. The peak current at
MWCNTs-COOH/RhB/SPE further increased with a AE, of 189mV,
implying that the electropolymerization of RhB enhanced the electron
transfer process. The peak current was enhanced with a AE;, of 166 mV
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Fig. 7. Cytotoxicity of BPAF (A), BPB (B), BPA (C), BPF (D), and BPS (E) on CIK cells detected by the micro-biosensor. Inset: linear regression curve of the logarithmic

concentration of the bisphenol and its cytotoxicity on CIK cells.

at MWCNTs-COOH/AuNPs/SPE, which was attributed to the good
electrical conductivity and large surface-to-volume ratio of AuNPs. The
best peak shape with the smallest AE, of 142mV was observed at
MWCNTs-COOH/RhB/AuNPs/SPE, demonstrating that the composite
greatly facilitated the reversible redox reaction.

The electrochemically active surface area (A) of electrodes can be
calculated using the following formula (Guo et al., 2011):

= (2.99 x 10%)rACDY*/?,

where n, C, D, and v are the number of electrons in the redox process,
the reactant concentration of Fe(CN)¢>”#, the diffusion coefficient

(6.30 x 10°cm? s), and the scan rate, respectively. The electroactive
surface areas were calculated as 0.033cm?, 0.042cm?, 0.053 cm?,
0.061 cm?, and 0.073 cm? for SPE, MWCNTs-COOH/GCE, MWCNTs-
COOH/RhB/GCE, MWCNTs-COOH/AuNPs/SPE, and MWCNTs-COOH/
RhB/AuNPs/SPE, respectively, which revealed a synergistic effect
among MWCNTs-COOH, AuNPs, and RhB.

3.2. Voltammetric behavior of CIK cells

The cyclic voltammetric behaviors of CIK cells on different elec-
trodes revealed that there were no peak on the bare SPE (Fig. 6, curve
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Table 1
Linear equations and correlation coefficients between the concentration and
cytotoxicity of the five bisphenols on CIK cells.

Toxicant Equation r 1Cso (M)
BPAF Y = 39.61 X - 3.10 0.921 21.33
BPB Y =70.51 X - 81.35 0.948 72.44
BPA Y =30.77 X - 13.11 0.905 112.20
BPF Y =66.18 X - 95.85 0.953 158.49
BPS Y = 66.55 X - 99.04 0.963 173.78

X represents the logarithm of the concentration of bisphenols and Y represents
the cytotoxicity (percent inhibition).

a). An oxidation peak with a peak current of 3.8 A appeared at
+0.65V for MWCNTs-COOH/SPE (Fig. 6, curve b), which was attrib-
uted to guanine/xanthine (Zhu et al., 2018b; Wu et al., 2011). No re-
duction peak was obtained during the reverse scan, suggesting an ir-
reversible electron-transfer process. The peak current reached 7.8 pA

Journal of Hazardous Materials 381 (2020) 120908

Table 2
Combined toxicities of the binary mixtures of bisphenols on CIK cells.

Binary mixturesa 1Cso (sum TU)* Mixture effects”

Group 1 BPAF + BPA 0.84 Additive
Group 2 BPB + BPA 1.15 Additive
Group 3 BPF + BPA 0.72 Synergistic
Group 4 BPS + BPA 0.76 Synergistic

@ TU = toxicity unit.

> Mixture effects definition (Broderius et al., 1995): ICso (TU) < 0.8 = sy-
nergistic; 0.8 < ICso (TU) £ 1.2 = simple additive; ICso (TU) > 1.2 = antag-
onistic.

for MWCNTs-COOH/RhB/SPE (Fig. 6, curve c). In the case of MWCNTs-
COOH/AuNPs/SPE, a well-defined anodic peak with a peak current of
8.1 pA appeared (Fig. 6, curve d). The largest peak current (10.9 pA)
was obtained at +0.67 V for MWCNTs-COOH/RhB/AuNPs/SPE (Fig. 6,
curve e). Its linear detection ranges for CIK cells were 2.5 x 10° to

Fig. 8. Morphologies of CIK cells before (A) and after treatment with 230.0 uM BPS (B), BPF (C), BPA (D), BPB (E), and BPAF (F) for 48 h.
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6.0 x 10° cells mL.~'. The aforementioned results indicated that the
MWCNTs-COOH/RhB/AuNPs film had an excellent catalytic perfor-
mance for the oxidation of intracellular electrochemical substances,
which might be attributed to the following aspects. First, MWCNTs-
COOH can be used as a wire to promote charge transfer during the
electrochemical reaction (Le et al., 2017). The hybrid can prevent the
AuNPs from re-stacking, and it has a larger surface area, which helps to
enhance the oxidation rate. Second, the synergistic effect among
MWCNTs-COOH, RhB, and AuNPs is beneficial to accelerate the elec-
tron transfer. Third, the -t bonds and functional groups contributed to
the binding of intracellular electroactive substances onto the electrode
surface. The peak current decreased obviously from the second cycle
due to the blocking effect of the oxidation product (inset figure in
Fig. 6). Therefore, the first cycle was chosen to study the electro-
chemical behavior of the CIK cells.

3.3. Optimization of accumulate time for the electrochemical determination

The influence of the accumulation time on the peak current of CIK
cells was investigated (Fig. S1). The peak current continuously in-
creased during the accumulation time from 0 to 360 s, suggesting that
the CIK cells on MWCNTs-COOH/RhB/AuNPs/SPE reached saturation
gradually. Thus, 360 s was chosen as the optimal accumulation time.

3.4. Cytotoxicity evaluation of bisphenols on CIK cells

The effects of BPA, BPB, BPF, BPF, and BPAF at various con-
centrations on CIK cells was studied (Fig. 7). At low concentrations, the
bisphenols appeared to stimulate the growth of CIK cells, due to their
estrogenic activities. However, all the bisphenols showed significant
cytotoxicity in a concentration-dependent manner at higher con-
centrations. The cytotoxicity was linear to the logarithmic concentra-
tion of the bisphenols (insets of Fig. 7). The linear regression equations
and correlation coefficients (r) were determined (Table 1). The ICsq at
48 h was 21.33, 72.44, 112.20, 158.49, and 173.78 for BPAF, BPB, BPA,
BPF, and BPS, respectively. The cytotoxicity ranking order was
BPAF > BPB > BPA > BPF > BPS. BPAF and BPB exhibited higher
toxicity, whereas BPF and BPS exhibited lower toxicity. The difference
in cytotoxicity of the five bisphenols might be attributed to the different
substitution patterns on the skeleton structure. BPAF with large hy-
drophobic radicals (-CF3) showed the highest toxicity with the lowest
ICso, which was consistent with previous findings (Moreman et al.,
2017). BPAF was more toxic than BPA to aquatic organisms Danio rerio
and Daphnia magna, as well as Zebrafish. The difference in cytotoxicity
of bisphenols on CIK cells might be related to metabolic mechanisms.
Specifically, BPAF tends to bind to estrogen receptors (ER) more
strongly, and could cause adverse reproductive and developmental ef-
fects in several different organisms (Ullah et al., 2018; Russo et al.,
2018). BPAF exhibited neurotoxicity by disrupting microglial activation
and inducing cell death. Therefore, the oxidation peak current related
to the nucleotide metabolism declined faster due to the decrease in cell
viability. Recent studies have found that BPAF has a slower microbial
degradation and a higher adsorption affinity compared with other bi-
sphenols (Choi and Lee, 2017). Therefore, the increasing input of BPAF
may result in increased environmental risks, that is, if it continues to
replace BPA.

Meanwhile, changes in cell morphology before and after bisphenol
treatment for 48 h were investigated (Fig. 8). In the control group
(Fig. 8 A), the cell morphology showed a fusiform shape in high-density
cells. After treatment with bisphenols, the morphology of CIK cells
changed. The cells became round-like and shrank in size and underwent
abscission. The number of cells was reduced. The most obvious example
of this phenomenon was in BPAF-treated group (Fig. 8 F), indicating
that this bisphenol exhibited the strongest toxic effects.

Moreover, considering that organisms are usually exposed to mul-
tiple bisphenols rather than a single bisphenol, the combined effects of
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BPA and its analogues were determined using the sum TU method
(Table 2). An additive effect was observed for the binary mixtures of
BPAF/BPA and BPB/BPA. Potential synergistic effects were found for
the binary mixtures of BPS/BPA and BPF/BPA. However, the toxic site
and mode of action of the mixed contaminants are complex and related
to their concentrations (Broderius et al., 2010). Therefore, the in-
vestigation of the combined toxicity of the binary bisphenols in this
study was preliminary, and further research is needed to better un-
derstand the interactions and toxicities of bisphenols, especially at en-
vironmentally-relevant concentrations.

4. Conclusion

An innovative cell-based biosensor using the sensitive MWCNTs-
COOH/RhB/AuNPs composite was developed in this study. The single
toxicity and combined toxicities of the binary mixtures of the five bi-
sphenol analogues were evaluated via the changes of the electro-
chemical signal derived from the nucleotide catabolism of CIK cells.
Toxicity data of these bisphenol analogues demonstrated that as com-
pared to BPA, BPAF and BPB are more toxic, implying that the use of
these bisphenol analogues to surrogate BPA should be considered
carefully. Furthermore, synergistic and additive effects were observed
between the binary mixtures of bisphenols. This electrochemical cell-
based biosensor could be used for toxicity assessment of dangerous
bisphenols. This study provides a miniaturized platform for the toxicity
evaluation of bisphenols and enhances our knowledge on the cyto-
toxicity of BPA alternatives.
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