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Abstract

There is increasing interest in the rapid and highly sensitive monitoring of cell viability in biological and toxicological research. Con-

ventional methods depend on optical assays using Water Soluble Tetrazolium-8 (WST-8) or 3-(4,5-dimethylthiazolyl-2)-2,5-diphen-

yltetrazolium bromide (MTT) assay, which requires a large volume of samples and special instruments, necessitating shipment of

clinical samples to laboratories. This paper reports on the development of a rapid and sensitive electrochemical (EC) sensor using screen

printed electrode (SPE) and surface modification using 4’-mercapto-N-phenylquinone diamine (4’-NPQD), as double electron medi-

ators, for monitoring cell viability via the measurement of nicotinamide adenine dinucleotide (NADH). We used the sensor to observe

the viability of MCF-7 and doxorubicin (Dox)-treated cells. The oxidation current of NADH was measured via chronoamperometry

(CA), and the EC results showed a good linear relationship when compared with NADH quantification using WST-8 assay. The analysis

time was only 10 s and limit of detection (LOD) of NADH was 1.78 μM. Our EC method has the potential to replace conventional

WST assays for cell viability and cytotoxicity experiments. 
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1. INTRODUCTION 

Nicotinamide adenine dinucleotide (NADH) is a well-known

coenzyme involved in mitochondrial function [1,2]. NADH is a

vitamin B3 derivative with antioxidant properties that holds

various functions in the human body. NADH deficiency causes

energy production problems and induces Parkinson’s disease due

to the lack of adenosine triphosphate (ATP) [3-5]. 

NADH acts as an enzymatic mediator in several

electrochemical (EC) mechanisms via oxidation/reduction to form

NAD+ or NADH. In cells, NADH reduces flavin adenine

dinucleotide (FAD), a component of the electron transport chain

that is essential for generating ATP [6,7]. During these metabolic

reactions, electrons and protons are transferred between NADH

and its substrate. Typically, NADH undergoes oxidation during

this process; NAD+ and its two electrons are lost, and the substrate

is reduced [9,10]. The conventional method for measuring NADH

levels involves an optical assay using Water Soluble Tetrazolium-

8 (WST-8) or 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium

bromide (MTT). These chemicals are easily reduced by NAD(P)H

to produce a formazan product, which can be determined by

monitoring the absorbance in the range of 430–550nm. The

absorbance of formazan is proportional to the NAD(P)H

concentration [11]. Although the conventional method is simple

and attractive, its applications remain limited. They require an

optical device that occupies a large space and has a high cost per

test [12]. 

The EC biosensor is an advanced analytical tool for NADH

detection because of its high sensitivity and ultralow limit of

detection (LOD) at a low cost, and it has numerous advantages

when compared to other analytical methods [13]. However, it

requires a high potential for the direct detection of NADH

oxidation as high as 1.0 V [14,15]. Additionally, NAD+ oxidized

form easily adsorbed onto the electrode, leading to reduced

sensitivity due to electrode fouling. To overcome these limitations,

diimine functional groups have been adopted because diimines

catalyze the oxidation of NADH at low potential [16]. 
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In this study, we developed an EC sensor using a surface-

modified screen-printed electrode (SPE) to quantify NADH in cell

culture medium. As an electrocatalyst, 4’-mercapto-N-

phenylquinone diimine (4’-NPQD) was immobilized on the Au

region of the SPE to decrease the redox potential of the NADH/

NAD+ couple. The EC sensor requires only 50 µL of sample per

analysis and completes amperometric measurements within 10 s.

This SPE permits simple, rapid, cheap, and fast EC analysis in

microliter volumes. We systematically performed NADH

quantification, and the sensor showed a 1.78 μM LOD and a

sensitivity of 0.00495±0.00018 μM/μA. Additionally, the EC

results were compared with those of the conventional WST-8

assay, and the results showed a good linear relationship when

compared with NADH quantification using the WST-8 assay.

Finally, their cytotoxicity was assessed using doxorubicin (Dox)-

treated MCF-7 cells. The proposed EC sensor may be applicable

in the field of toxicology and has the potential to replace

conventional WST assays. 

2. EXPERIMENTAL 

2.1 Materials

A premixed WST-8 cell proliferation assay kit was purchased

from Takara Bio, Inc. (Kusatsu, Japan). RPMI 1640 medium and

penicillin-streptomycin were purchased from Life Technologies

(Carlsbad, CA, USA). Potassium ferricyanide [K3Fe(CN)6], 4-

aminothiophenol (4-ATP), 100 and 10 mM Dulbecco’s phosphate-

buffered saline (DPBS), Tween 20, and absolute ethanol, Dox

(D515) were purchased from Sigma-Aldrich (St. Louis, MO,

USA) and used without further purification. All the reagents used

in this study were of analytical grade. 

2.2. Apparatus and electrode

Commercial SPE (Model No: DRP C220 AT, Φ = 4 mm),

including an Au working electrode (WE) with a surface area of

12.56 mm2 was purchased from Metrohm DropSens Co. (Oviedo,

Spain). This electrode included an Au counter electrode (CE) and

silver pseudo-reference electrode (RE). Chronoamperometry

(CA), cyclic voltammetry (CV), and EC impedance spectroscopy

(EIS) were performed using a multichannel potentiostat (BioLogic

Co., Seyssinet, France). All the EC measurements were conducted

at room temperature in a Faraday cage.

2.3 Surface modification of SPE

Before surface modification, EC cleaning was performed using

H2SO4. To be more specific, 50 μL drop of a 10-mM H2SO4 was

dropped on the SPE, and CV was performed from 0 V to 1.8 V

at a scan rate of 100 mV/s to remove the dust. The SPE system

was then washed with DI water and dried with nitrogen. After

drying in a stream of nitrogen gas (N2), we prepared a self-

assembled monolayer (SAM) of 4-ATP on the SPE. This was

achieved by incubating the electrode overnight at 4 oC in a

solution of 10 mM 4-ATP dissolved in absolute ethanol, following

the method described by the Takeo group [16]. The SPE was then

washed with absolute ethanol for 1 min and again with 0.05 %

Tween 20 in 10 mM DPBS (pH 7.2) to remove the remaining

chemicals. Furthermore, 4’-NPQD layer was generated on the Au

electrode by a double step EC surface modification. 1) 50 μL of

100 mM DPBS (pH 7.2) was dropped on the SPE, and CV was

performed by applying a potential between 0.8 V and –0.4 V for

20 times. After washing the electrode with 10 mM DPBS (pH

7.2), the CV step was the same as that used in the previous step

and was performed again by changing 100-mM DPBS to 10-mM

DPBS. After the surface modification, the electrodes were washed

with 0.05 % Tween 20 in 10-mM DPBS and stored in 10-mM

DPBS.

2.4 Cell culture and WST-8 Viability assay

The MCF-7 cells were cultured and maintained according to

standard cell culture protocols. The culture medium was Dulbecco

modified eagle medium (DMEM) supplemented with 10 % fetal

bovine serum (FBS) (Welgene, S101-01) and 1 % penicillin-

streptomycin (Welgene, LS202-02). The cells were incubated in a

humidified atmosphere containing 5 % CO2 at 37 oC. Upon

reaching confluence, cells were trypsinized using 0.25 % trypsin

and 0.05 % EDTA (Welgene, LS015-10) for 3 min, followed by

centrifugation to concentrate the cells. Cells were seeded at a

density of 10,000 cells/well in a 96-well plate and treated with

Dox hydrochloride. The WST-8 cell viability assay kit (Biomax,

QM1000) was added to the medium, and the cells were incubated

at 37 oC for 30 min. Absorbance was measured at 450 nm using

a microplate reader (Biotek, Synergy HT). 

2.5 EC measurement of NADH in cell supernatants

To quantify the NADH in the cell culture supernatants, 50 μL

of the extracted supernatant, as described in the previous section,
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was added dropwise to the 4’-NPQD modified electrode. NADH

was quantified within 10 min of extraction to prevent

contamination. Three replicates were used at each concentration;

non-treated and Dox-treated cells were used as the positive control

and media (no cells) were used as the negative control. NADH

levels were quantified using CA. We applied a potential of 0.7 V

and recorded the current after 10 s, when it achieved a stable state.

2.6. Methods in statistics

All assays were run three times to check reproducibility, and the

mean value and standard deviation were calculated for each

concentration to generate the calibration curve. Each replicate was

analyzed using a new SPE system. NADH standard sample in the

medium was prepared at each time point to maintain fresh

conditions. Nonlinear curve fitting was performed using origin

8.0.

3. RESULTS AND DISCUSSIONS

A schematic representation of NADH analysis using EC and

optical methods is shown in Fig. 1. MTT and WST assays are

widely used to assess cell viability via NADH detection. The

MCF-7 cells were seeded in 96 well plates and incubated.

Additionally, the cells were treated with Dox. After the cells were

incubated for 24 h to observe the effect of Dox treatment time, the

supernatant was collected. A collected sample was used for EC

analysis to determine whether our EC sensor could detect NADH

and monitor mitochondrial dysfunction in a cell culture system. To

monitor NADH, the substance 4’-NPQD was immobilized on the

SPE via EC functionalization due to 4’-NPQD’s good redox

behavior and rigid structure. As previously mentioned, 4’-NPQD

lowers the oxidized potential of NADH and it leads to high

reproducibility and sensitive NADH quantification.

The NPQD layer was constructed via EC functionalization of 4-

ATP, which was immobilized by covalent bonding, as first

developed by the Takeo group [16]. First, 4-ATP was immobilized

on the electrode by covalent bonding between Au material and

thiol interaction ((1)→(2)). After 4-ATP immobilization, 4’-NPQD

was generated with a similar process but a different EC

functionalization method to improve the performance ((2)→(3))

(Fig. 2(a)). Fig. 2(b) shows the impedance change obtained via

EIS during the generation of each monolayer. We employed EIS

to investigate the characteristics of bare, 4-ATP, and 4'-NPQD

modified gold (Au) surfaces in a constant concentration of redox

species Fe(CN)6
3-/4-. We observed a significant increase in charge

transfer resistance (Rct) upon forming the 4'-NPQD layer, rising

from 1.24 kΩ to 2.98 kΩ. This increase is attributed to the carbon

chain in dibenzene, which forms a denser and thicker layer,

providing greater electrical insulation. Consequently, the charge

transfer resistance (Rct) increased, leading to a decrease in current. 

As previously mentioned, 4’-NPQD layer was generated with

an EC functionalization using 4-ATP modified electrode. The EC

transformation of 4-ATP in a neutral solution forms a dimer and

a redox-activated surface as NPQD. Aminothiophenol molecules

interact with nearby aminothiophenol molecules and head-to-tail

coupling occurs. Finally, they become dimers to form NPQD [16].

Fig. 3(a) shows the CV data obtained during the EC

functionalization of 4-ATP in 100-mM DPBS at pH 7.4. The large

Fig. 1. Schematic illustration of the electrocatalytic NADH mea-

surement assay. Red: Electrocatalytic assay based on EC

method; black: conventional WST-8 or MTT assay based on

optical method.

Fig. 2. (a) EC functionalization of 4’-NPQD modified Au electrode.

(b) EIS data of each electrode; black line (bare Au), red line

(4-ATP modified), and blue line (4’-NPQD modified).
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anodic and cathodic peaks near 0.65 V smoothly decreased using

a CV cycle. This result differs slightly from previous reports

because the cathodic current at 0.55 V and anodic current at −0.2

V decreased. The reversible redox peak at 0.23 V emerged

through a repeating CV cycle. However, the redox peak at 0.23 V

was not observed, and we speculated that this was due to

differences in our proposed system. The SPE comprised Au

working, Au counter, and silver (Ag) reference electrodes; and 4-

ATP was immobilized on the working and counter electrodes. To

increase the stability of the sensor, we chose a double-step

functionalization to generate the NPQD layer. This indicated that

the same preparation step was performed using 10 mM DPBS

(Fig. 3(b)). Furthermore, 4’-NPQD layer, which is generated via

double-step, maintains rigid and stable structure after oxidizing

NADH [12].

After characterization of the surface-modified electrode, we

observed the electrocatalytic performance of the NPQD-modified

SPE in a cell culture medium. As previously mentioned,

quantifying NADH in the cell is important because NADH is a

cofactor for investigating mitochondrial dysfunction. The current

is caused by the oxidation of NADH to NAD+, which regenerates

the diamine, as shown Fig. 1. The current remains unchanged with

an increasing NADH concentration from −100 to 400 mV.

However, the current increases as the NADH concentration

increases from 500 to 800 mV (Fig. 4(a)). This implies that to

oxidize NADH to NAD+, a potential of over 400 mV is required

as the driving force. We fixed the potential at 700 mV because the

current changed considerably with respect to NADH

concentration (Fig. 4(b)). The CA curve at 700 mV was used to

construct a calibration plot of NADH because of the short and

fixed potential analysis time (10 s) when compared to that of the

CV measurement. 

As previously mentioned, one of the disadvantages of the EC

NADH sensor is the electrode fouling effect because it requires a

high potential to oxidize NADH. However, 4'-NPQD layers

produced using our double-step method resulted in a lower

NADH oxidation potential. Consequently, this approach yields

Fig. 3. (a) CV data during EC functionalization of the 4-ATP mod-

ified electrode in 100-mM DPBS (pH 7.4) and (b) in 10-mM

DPBS (pH 7.4).

Fig. 4. (a) EC results for NADH in cell culture medium: (a) CV data

and (b) CA data.
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higher reproducibility and sensitivity when compared to other EC

sensors. SEM images were acquired to examine the electrode

surfaces. As depicted in Fig. 5, the working, counter, and

reference regions of the electrode post-NADH measurement

exhibited similarities to their state prior to the NADH

measurement.

Finally, the concentration of NADH in the medium was

determined according to equation (1), exhibiting a linear range of

16–10,000 μM and a LOD of 1.64 μM, as shown in Fig. 6(a).

Standard NADH samples were prepared by spiking NADH into

DMEM medium in concentrations ranging from 1 μM to 10,000

μM. To validate the effectiveness of NADH monitoring, the

oxidized current of NADH was measured via amperometry. This

measurement was then correlated with the O.D. value to establish

a standard curve, as illustrated in Fig. 6(b). The correlation

between current and O.D. value was estimated to be 2.71 O.D./

μA, with a linearity constant of 0.992 (n=3). The LOD in terms of

O.D. unit was calculated to be 0.21.

(R2=0.989) (1)

To test the feasibility of the EC monitoring of NADH, we

performed a cell viability assay after exposure to 100, 20, 4, 0.80,

0.16 μM Dox. Specifically, Dox is involved in the induction of

DNA damage, inhibition of cell proliferation, mitochondrial

impairment, and cell death (Fig. 7(a)). As shown in Fig. 7(b), the

obtained EC value was similar to that obtained by the WST-8

assay, even though the two assays, used to quantify NADH, were

different. As expected, cell viability decreased with increasing

Dox concentration. Our results show that the EC sensor for

I A  4.95 10
2–

NADH  1.39+=

Fig. 5. SEM images of RE, WE, and CE regions of the electrode

before and after NADH oxidation. 

Fig. 6. (a) Calibration plot of EC NADH measurements (n=3). (b)

Correlation curve for NADH in medium samples. An amper-

ometric signal was obtained at a potential of 700 mV versus

Ag/AgCl, and Optical density (O.D.) was measured at a

wavelength of 450 nm with a reference wavelength of 650

nm (n=3).

Fig. 7. (a) Chemical structure of Dox. (b) EC and optical (WST-8)

measurements of DOX-treated cells for monitoring cell via-

bility (n=3). 
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monitoring NADH has the potential to replace the conventional

cell viability assay with high sensitivity and short analysis time.

4. CONCLUSIONS

In this study, we demonstrated that the 4’-NPQD modified SPE

enables detection of NADH at low concentrations in cell culture

medium and can be applied to cell viability. This sensor exhibits

many advantages over conventional methods of detection: it does

not require chemicals; analysis time is short; it does not require

costly equipment, such as a plate reader; and it requires only a

minimal sample (50 µL). These findings underscore the potential

of EC sensors as powerful tools for the monitoring and

quantification of NADH.
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