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This study investigates suitable electrochemical
mediators and optimal mediator concentration for
breast cancer cells, MDA-MB-231. The optimized
mediators were 1 mM ferricyanide and 10 vt M
menadione. The specifications for the
chronoamperometric detection of ferrocyanide were a
linear range of 0.02-0.36 mM, a slope of 1.90 ©i A
mM-1, and R2 [ 0.995. The detection limit (S/N=3)
was 5.0 57 M and spike recovery was 95%-99% at a
concentration range of 0.1-0.36 mM. The oxidation
currents increased linearly with cultured cell
density. Linearity was 0.9992 (R2) at a range of 0.2-
1 x 105 cells/well and 0.9872 at a range of 0.2-4 x
105 cells/well. The detection limit was 6400
cells/well. Cell viabilities determined using
electrochemical methods confirmed those determined by
MTT assay. The chronoamperometric method can be used



as an alternative method for rapidly assessing the
viability of cells.

We also measured the cell viability by ddirectly
measuring the consumption of glucose in cell cultured
medium, the preliminary results obtained with HepG2
cells showed the method was feasible.

Cell viability, chronoamperometric detection,
double-mediator system, glucose determination
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Fig 1. Schematic diagram of the electrochemical detection cell.
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1. Introduction

Cancers are listed for the leading causes of death in high-income countries [1], but no
cure for this disease exists. Therefore, many researchers are devoted to developing
anticancer drugs. In vitro cancer cell tests are the first step for screening potential
anticancer chemicals. Researchers incubate cancer cells with the chemicals to be
tested and then assess cell viability to identify potential drugs for further study.
Current techniques for monitoring cell viability include spectrophotometric methods,
fluorescencent microscopy, and flow cytometry [2]. These methods have advantages
and disadvantages. Because fluorescencent microscopy and flow cytometry
instruments are expensive, spectrophotometric methods are most commonly used. The
colormetric reagent for assessing the viability or survival of cultured cells after drug
treatment is MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide, a

tetrazole) [3, 4]. The MTT assay measures the activity of mitochondrial succinate



dehydrogenase, which reduces MTT to purple formazan in living cells. Because MTT
reduction can only occur in metabolically active cells, MTT assay allows the
assessment of cell viability and proliferation. The quantity of formazan formed is
directly proportional to cell viability, but the formazan-forming process in living cells
is time consuming; cells must be raised with MTT for 3 to 4 h. Cells are then
solubilized with an organic solvent (usually DMSO or isopropyl alcohol). These
organic solvents are harmful to the environment. Thus, the need to improve analytical
measurement and develop rapid methods for cell viability detection is increasing.
Electrochemical measurements of respiratory chain activity are currently used to
evaluate cell viability and to study chemical cytotoxicity [3-10]. Mediated
electrochemistry based on a single- or double-mediator system has been used to study
the redox activity of bacteria [5, 6], Saccharomyces cerevisiae cells (yeasts) [7-11],
and cancer cells such as Hep G2 [12, 13] and HL-60 cells [14]. Mediators can
improve electrochemical detection by acting as an electron shuttle between
intracellular reducing centers and an external electrode [11]. Cell plasma membranes
regulate the movement of chemicals in and out of the cell with proteins embedded in
the phospholipid bilayer. The regulating proteins and suitable mediators are different
for various types of cells [11]. MDA-MB-231 is a breast cancer cell line obtained
from a patient in 1973 at the M.D. Anderson Cancer Center. Breast cancer is one of
the ten most leading causes of death in high-income countries [1]. Electrochemical
detections have not been used to assess the viability of MDA-MB-231 cells. This
study aims to develop a simple and rapid electrochemical method for assessing cell
viability for the rapid screening of anticancer drugs. This study examined the
feasibility of electrochemical assessment of MDA-MB-231 viability using a

chronoamperometric method based on the double-mediator system, which consists of



lipophilic and hydrophilic mediators. The lipophilic mediator functions as an electron
shuttle between intracellular reducing centers and external hydrophilic mediators.
Scheme 1 shows the reasonable reaction mechanism of the double-mediator system
[15]. The lipophilic mediator diffuses inside cells and is reduced by NAD(P)H. The
reduced lipophilic mediator then diffuses out of the membrane into the extracellular
matrix and reacts with ferricyanide, recovering the oxidized form of the lipophilic
mediator to complete the cycle. The amount of ferrocyanide produced in this cycle
reaction is proportional to respiratory chain activity and the number of viable cells.
This study investigates suitable electrochemical mediators, optimal mediator
concentration, and chronoamperometric potential. Electrochemically determined cell

viabilities were compared with those determined by MTT assay.

Chronoamperometric <———

[Fe(CN)sl* [Fe(CN)sl*

detection
Mediator
reduced
Extracellular
p
hili °
Plasma ﬁol c!) t{
membrane !) ap ( (L
Mediator Mediator
reduced oxidized
Intracellular

Scheme 1. The reasonable reaction mechanism of the double-mediator system.



2. Experiment

2.1. Reagents and apparatus

Dimethyl sulfoxide (DMSO), 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT), phosphate buffered saline (PBS), potassium ferricyanide [Fe(CN)g]*
(BioUltra), potassium ferrocyanide [Fe(CN)g]* (BioUltra), 2-methoxyestradiol
(2-ME), menadione, and sodium succinate dibasic hexahydrate were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA) and used without further purification.
Gibco® Dulbecco's modified Eagle's medium (DMEM), antibiotics mixture (50 ug
ml™ of penicillin, 50 pg ml™ of streptomycin, and 10 pg ml™ of neomycin), glutamine,
and non-essential amino acids (NEAA) were purchased from Invitrogen™ Life
Technologies (Carlsbad, CA, USA). Fetal bovine serum (FBS) was purchased from
Biological Industries Ltd. (Kibbutz Beit Haemek, Israel). Culture dishes and
microplates were obtained from Nunc (Roskilde, Denmark).

Electrochemical measurements were performed in screen-printed electrodes (SPE)
consisting of 3 electrodes: a carbon working electrode, a carbon counter electrode,
and a pseudo-silver reference electrode. They were purchased from Zensor R&D Co.
(Taichung, Taiwan). Chronoamperometric measurements were conducted using a
potentiostat (EmStat) and data acquisition was performed using PSTrace software
(PALM instruments BV, Houten, Netherlands). A FlexStation3 microplate reader
(Molecular Devices, Sunnyvale, CA, USA) was used for measuring MTT assay

absorbance.

2.2 Cell viability assessments by the electrochemical method



MDA-MB-231 cancer cells from ATCC™ were cultured in DMEM supplemented
with 10% FBS and 1% antibiotic mixture at 37 °C in a humidified atmosphere with
5% CO; and 95% air. Cells were incubated in 24-well culture plates at densities of
0.2-5 x 10° cells/well for 12 h. After the cells adhered overnight, the culture
supernatants were removed, and then a fresh medium was supplemented with
electrochemical mediators. After a period of time, 50 pl of the medium was
withdrawn and applied to the surface of the screen-printed electrode where the
ferrocyanide oxidation current was measured. Based on a previous study [16], the
optimal chronoamperotric potential was determined to be 0.4 V [see Figure 1 (a)]
for a pseudo-silver reference electrode, and the oxidation currents were taken during
39-40 s and averaged for optimzing mediator. A disposable SPE was used for each
cultured sample, minimizing protein adsorbtion and cross-contamination.

This study selected 2-ME as the drug to assess whether the developed
chronoamperometric method is suitable for anticancer drug screening. MDA-MB-231
cells were incubated in 24-well plates at a density of 1 x 10° cells/well for 24 h and
then treated with various concentrations of 2-ME or fresh medium for 48 h. The
cultured medium was withdrawn and the cultured cells were washed with PBS. The
cells were then incubated with a fresh medium supplemented with electrochemical
mediators.

The relative viability from electrochemical measurement was calculated using
Equation (1).

viability % = st lonc 10004 L)

Icontrol_ Iblank



where ipank 1S the oxidation current of the medium only; icontror IS the oxidation current
of the normally cultured cells (no chemical added); and i IS the oxidation current of

the cultured cells treated with the drug.

2.3 Cell viability assessments by MTT assay

After incubating with 2-ME, the cultured medium was withdrawn and the cultured
cells were washed with PBS. The cells were then incubated with a fresh medium
supplemented with MTT (0.5 mg ml™) at 37 °C for 4 h. After removing the MTT
medium, DMSO was added to dissolve the formazan crystals. The absorbance of
formazan was measured at 560 nm. The relative viability from MTT assay was

calculated using Equation (2).

viability % = A~ Poanic_ 1009 )
Acontrol_ Ablank

where Apiank IS the absorbance of the cultured well containing the medium only; Acontrol
is the absorbance of normally cultured cells; and A is the absorbance of the cells

cultured with the drug.

3. Results and discussion

3.1 Optimization of electrochemical mediators and potential

This study investigated 2 lipophilic mediators, menadione and succinate, which
were the most commonly used electrochemical mediators in the literature. MTT assay
was used to examine the effects of lipophilic mediators on cell viability and

chronoamperometry was used to examine the electron shuttle effect. Figure 1 (a)



shows the current response of ferrocyanide in DMEM cell culture medium. The
optimal potential was at 0.4 V versus a pseudo-silver reference electrode, which
produced higher signal than other potentials. Figure 1(b) shows cell viability
affected by lipophilic mediators measured with MTT assay. Cell viability was
unaffected by succinate at concentrations between 0.1 and 5 mM, but decreased when
menadione concentration increased. Figure 1(c) shows electrochemical sensitivity
with menadione as a mediator. There is no significant oxidation current with succinate
as a mediator. This indicates that menadione is a favorable electron shuttle between
the cell respiratory chain and ferricyanide. Menadione generates reactive oxygen
species (ROS) through redox cycling. Low levels of ROS can function as redox-active
signaling messengers, whereas high levels of ROS induce cellular damage and trigger
cell death [17]. Succinate was an unsuitable mediator for MDA-MB-231 cells,
although it was an excellent electron shuttle for rat liver cells (our another study,
manuscript in preparation). Because a high menadione concentration caused cell
apoptosis or necrosis, 10 uM of menadione was selected as the optimal lipophilic

mediator concentration.
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Fig 1. (a ) The current response of 0.1 mM ferrocyanide in DMEM cell culture
medium (b) MDA-MB-231 cell viability after incubating with a medium
supplemented with 5 mM ferricyanide and various concentrations of lipophilic
mediators. The cell viability was assessed by MTT assay and relative viability was
calculated using Equation (2). (c) ferrocyanide oxidation currents formed in the cell

respiratory cycle.

Figure 2 shows the reaction time and concentration effects of the hydrophilic
mediator, ferricyanide, on the sensitivity of electrochemical detection. The
hydrophilic mediator was assessed using 10 uM menadione and various ferricyanide
concentrations. The electrochemical signals increased as reaction time of mediator
and cells increased. The effects of ferricyanide concentration were not significantly
different when reaction time was less than 20 min. The signal limitation was cell
activity under these conditions. Studies have found that a low potassium ferricyanide
concentration (<0.03 mM) can stimulate cell growth, but a high potassium

ferricyanide concentration can injure cells [18-20]. A measurable amount of



ferrocyanide was produced when the cultured medium was supplemented with 1 mM
ferricyanide and 10 uM menadione. Therefore, based on signal sensitivity, mediator
toxicity, and experiment time considerations, later experiments used a medium
supplemented with 1 mM ferricyanide and 10 uM menadione with 20 min reaction
time. The specifications for the chronoamperometric detection of ferrocyanide were a
linear range of 0.02-0.36 mM, a slope of 1.90 pA mM™, and R? >0.995. The detection
limit (S/N=3) was 5.0 uM and spiked recovery was 95%-99% at a concentration

range of 0.1-0.36 mM.
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Fig 2. The reaction time and concentration effects of the hydrophilic mediator on
electrochemical detection
3.2 Cell counts assessed by respiratory activity

Figure 3 shows the current response versus cultured densities of MDA-MB-231 cells.

The oxidation currents increase linearly with cultured cell densities of 0.2-4 x 10°



cells/well (R?=0.9872). Linearity is more apparent (R?=0.9992) at lower densities

(0.2-1 x 10° cells/well). The detection limit is 6400 cells/well.
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Fig 3. Current response versus MDA-MB-231 cell densities. The error bar represents

a standard deviation of n=4. The in-set graph is the current response at low

MDA-MB-231 cell densities.

3.3 Anti-cancer efficacy of 2-Methoxyestradiol (2-ME) assessed by

electrochemical detection and MTT assay

The chronoamperometric method and MTT assay were used to evaluate the anticancer

efficacy of 2-ME based on the viability changes of MDA-MB-231 cells. Figure 4a



shows the chronoamperograms of blank, control and test for reference. Figure 4b
shows the viability of cells cultured with 2-ME at a concentration between 0 and 4 ug
ml™. Chronoamperometry and MTT assay were used to determine cell viabilities. The
results were compared using a paired t test on Microsoft Excel®. The statistical results

showed no significant difference between the 2 methods.
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Fig 4. (a) The chronoamperograms of blank, control and test (b) The anticancer

efficacy of 2-ME based on the viability changes of MDA-MB-231 cells.



3.4 Respiratory effect of Fe;0,@SiO, magnetic nanoparticles on MDA-MB-231

cells

To confirm the feasibility of the method developed in this study, the respiratory effect
of Fe;0,@SiO, magnetic nanoparticles (10/20 nm) on MDA-MB-231 cells was
evaluated. The preliminary results, as shown in Figure 5, indicate that magnetic
nanoparticles slightly inhibit cell respiration. The mechanism of the biological effect
of Fe30,@SiO, magnetic nanoparticles is beyond the scope of this study. The
results of the paired t test analysis indicate that chronoamperometric method

assessments are comparable to those of the MTT viability assay.

100
80
i 60 r B MTT A
= chronoamperometry
S 40 |
S
> 20
O 1 1 1 J
0 50 100 150 200

Concentration of MNP (ug/ ml)

Fig. 5. The respiratory effect of FesO,@SiO, magnetic nanoparticles (MNP) on

MDA-MB-231 cells.



4. Conclusion

The chronoamperometric method based on the double-mediator system can be used as
an alternative method to assess respiratory activity of MDA-MB-231 cells. The
optimized mediators were 1 mM ferricyanide and 10 uM menadione. We compared
the viability of cells treated with the same amounts of 2-ME or nanoparticles
measured by chronoamperometry and MTT assay. The statistic results showed no
significant difference between the 2 methods. Chronoamperometric detection using
screen-printed electrodes requires less reagent for measurement, using less
cell-culture medium and reducing experiment costs. This method is suitable for
assessing chemical toxicity and respiratory effect of magnetic nanoparticles in

MDA-MB-231 cell cultures. These results were obtained within 30 min.
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Assessment of hepatocyte viability via chronoamperometric method based on screen-printed
electrodes

Hweiyan Tsai*, Shang-heng Tsai, Wei J. Ting

Department of Applied Chemistry, Chung Shan Medical University, No.110, sec.1, Jianguo N. Rd.,
South Dist. Taichung 402, Taiwan
Email: annetsai@csmu.edu.tw

Cell-based assay is currently an important method used for toxicological research. Since all
drugs are, in the end, metabolized in the liver, drug-induced liver injury has been the biggest single
cause of safety-related drug-marketing withdrawals in the last 50 years®. Liver-cell models are
increasingly used to evaluate chemical hepatotoxicity, and these now play an important role in the
drug-development process. The MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide, a tetrazole) assay is one of most commonly used methods for the assessment of cell
viability. MTT is reduced to purple formazan in living cells®. Forming formazan in living cells is a
time-consuming process, however, since cells must be raised with MTT for 3 to 4 h. Formazan is a
water-insoluble chemical, and is generally solubilized using DMSO or isopropyl alcohol. These
organic solvents are not environmental friendly.

The purpose of this study is to develop a chronoamperometric method with a double-mediator
system based on screen-printed electrodes (SPE) for rapidly assessing hepatocyte viability. The
chronoamperometric method based on SPE shows that the oxidation currents were proportional to
the concentrations of ferrocyanide that were prepared in culture medium. The linearity was at a
range of 0.02 ~ 0.36 mM (R?= 0.9935), and the detection limit (S/N = 3) was 8 uM. A disposable
SPE was used for each cultured sample, so protein-adsorbing and cross contamination problems
were minimized. The oxidation currents were linearly increased with the cultured cell density at a
range of 0 ~ 10° cells/well (Slope = 3.4 nA/10* cells » R? = 0.9944). The viability assessment can be
done in 20 min. The cytotoxic effect of lipopolysaccharides was determined via both
chronoamperometric method and MTT assay. There was no significant difference between the

results measured by the two methods.



Chronoamperometry with double electrochemical mediators, succinate and ferricyanide, can be
used as an alternative avenue for rapidly assessing hepatocyte viability. The chronoamperometric
detection based on screen-printed electrodes required less reagent for measurement, and thus less

culture medium and fewer cells were needed, and the experimental cost was reduced.
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