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ABSTRACT 

            

            In this thesis, I proposed and developed a new electrochemical technique for cell 

viability assessment via monitoring of intracellular NADH with a modified double mediator 

system. 

 Developing of rapid and precise methods for cell counting and cell viability assessment 

is very important to evaluate the acute cytotoxicity of fast-acting drugs, pollutants, food 

additives, fermentation processes in the food processing industry, and in cell biology. There are 

various kinds of conventional methods have been developed for cell viability assessment. 

However, some methods such as the fluorescent dye-staining methods take a time to analysis 

and cannot assess the intracellular metabolic activity. To resolve this problem, electrical 

methods such as the impedance spectroscopy method and electro-orientation method have been 

developed. These methods are rapid but still unable to assess an intracellular metabolism as cell 

viability. On the other hand, conventional MTT or WST assays can assess the total intracellular 

NADH as a marker of cell viability though it is time-consuming. These colorimetric methods 

have some other limitations such as cytotoxicity of assay dye, several steps to get results, 

scattering effect of cells suspended in medium, and therefore cannot evaluate the toxic effect of 

fast-acting drugs or chemicals. 

 With this background, the main objective of this study was to develop a rapid, precise, 

and convenient electrochemical method to evaluate the real cell viability through the monitoring 

of intracellular NADH which is one of the most important metabolites for not only mammalian 

cells but also microorganisms.   

 In chapter 1, I highlighted the background and purpose of this study, and provided some 

important biological terms related to this study. In chapter 2, I comprehensively explained the 

required materials and methods for this study.  

 In chapter 3, I introduced the electrochemical technique with 1-methoxy-5-

methylphenazinium methyl sulfate (mPMS) and [Fe(CN)6]
3-

(FeCN) as a modified double 
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mediator system to monitor intracellular NADH on mammalian cells. A combination of 10 µM 

mPMS and 500 µM FeCN was the optimum concentration, and 10 minutes of incubation was 

enough to monitor intracellular NADH by chronoamperometry at +0.5 V applications. My this 

mPMS/FeCN system worked as useful as previously reported enzyme-dependent menadione 

(Mena)/FeCN system. I confirmed that the electron transfer from intracellular NADH to mPMS 

occurred non-enzymatically, though the cytosolic enzyme catalyzed the electron transfer from 

intracellular NADH to Mena. Next, I applied my modified double mediator system to count the 

various kinds of mammalian cells. Here the cell counting results by my method were compared 

with the results by conventional WST-1 assay. The oxidation current in chronoamperometry 

after 10 minutes of incubation showed an excellent linear relationship in two times wider cell 

concentration as compared to the cell concentration detected by conventional WST-1 assay. 

Furthermore, I applied my method to investigate the acute toxic effect of oxamic acid on 

metabolic activity in PC12 cells as a model tumor cell by blocking LDH. Recently, lactate 

dehydrogenase (LDH) inhibition by oxamic acid has taken a lot of attention for the anti-cancer 

drug. My result demonstrated that the electrochemical technique with the modified double 

mediator system might be useful for screening of fast-acting drugs to intracellular metabolism. 

 

 In chapter 4, I described the application of my method for yeast cell counting and to 

evaluate the acute cytotoxicity of two antifungal agents in yeast cells. Firstly, I paid attention to 

itaconic acid that has been especially used to make hydrogels for water decontamination and 

eco-friendly biodegradable polymer. Itaconic acid is also important as a natural metabolite that 

acts as a key regulator for the TCA cycle by an inhibitory effect on succinate dehydrogenase 

(SDH). Itaconic acid with mM concentration interferes the TCA cycle metabolism by direct 

inhibition of SDH. So, itaconic acid cytotoxicity monitoring is highly important. I succeeded to 

evaluate the metabolic inhibition effect of itaconic acid in yeast cells by electrochemical 

monitoring of intracellular NADH with my modified double mediator system. Further, I applied 

my method to evaluate the toxic effect of nystatin in yeast cells. Nystatin is widely used as an 

anti-fungal drug. It has been reported that the toxic effect of nystatin at the concentration of 

µg/mL range was evaluated by the colony counting method on the basis of cell membrane 

disruption. Here, the toxic effect of nystatin with two order lower concentration was evaluated 
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by my method. The results obtained by my method demonstrated that 0.01 µg/mL of nystatin 

induced intracellular NADH decrease to promote apoptosis without cell membrane disruption. 

 In chapter 5, I concluded this research. Result obtained in this study suggested that my 

method might be applicable to evaluate the various types of acute cytotoxicity such as inhibition 

of respiratory chain, protein and DNA synthesis, etc. I believe that my method might be useful 

as a tool for academic study, cell-based research, medical and pharmaceutical applications. 

Finally, in the future perspective, I introduced the possibility of controlling intracellular 

metabolic activity by electrochemical reduction of intracellular NAD
+
 to NADH. 
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ABBREVIATIONS 

 

OD Optical density 

AC Alternative current 

EO Electro-orientation 

NBT Nitroblue tetrazolium 

MTT 2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazolium bromide 

NADH Nicotinamide adenine dinucleotide 

XTT sodium 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-

[(phenylamino)- carbonyl]-2H-tetrazolium 

MTS 5-[3-(carboxymethoxy)phenyl]-3-(4,5-dimethyl-2-thiazolyl)-2-(4-

sulfo- phenyl)-2H-tetrazolium inner salt 

WST-1 sodium 5-(2,4-disulfophenyl)-2-(4-iodophenyl)-3-(4-nitrophenyl)-

2H- tetrazolium inner salt 

mPMS 1-methoxy-5-methylphenazinium methyl sulfate 

FeCN Ferricyanide [Fe(CN)6]
3-

 

Mena Menadione 

PC12 cell Rat pheochromocytoma cell 

RBL-2H3 cell Rat basophilic leukemia cell 

C6 cell Rat glioma cell 

 DMEM Dulbecco’s modified Eagle’s medium 
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EMEM Eagle minimal essential medium 

PBS Phosphate buffer saline powder  

HS horse serum  

FBS Fetal bovine serum  

HBSS Hanks’ balanced salts solution  

PI Propidium iodide  

SPCE Screen-printed carbon electrode  

EDTA Ethylenediaminetetraacetic acid 

K3[Fe(CN)6] Potassium ferricyanide 

DMSO Dimethylsulfoxide 

[Fe(CN)6]
4-

 Ferrocyanide 

LDH Lactate dehydrogenase 

SDH Succinate dehydrogenase 

Db.m Double mediators 
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Chapter 1 

Introduction 

1.1 Background of this study 

 Cell viability assessment is very important in cell biology research, the medical 

diagnosis, pharmaceutical-drug screening, environmental safety monitoring, and food 

processing industry.  There is a growing demand for a new cell viability assessment method that 

should be rapid, precise for the evaluating cytotoxicity and toxicological properties of a large 

number of chemicals/drugs to various kinds of cells. Cell viability refers to the percentage of 

metabolically active cells present in the whole population as compared to dead cells [1]. 

Monitoring of metabolic activity is an efficient matter to understand the real state of cell or cell 

viability.   

 In this chapter, I have highlighted the background and purpose of this study. Furthermore, 

I have provided some important biological terms related to this study. 

 There are two types of cell death-mechanisms associated with cell viability assessment; 

one is based on the death from cell membrane disruption (necrosis), and another is the death 

from metabolic disorders without cell membrane disruption (apoptosis). To identify the dead 

and alive cells on the basis of cell membrane disruption, different types of methods have been 

developed over the past decades. Traditionally, trypan blue dye exclusion method [2–5], 

resazurin base assay [6–8], and neutral red up take assay [9–11], and fluorometric method with 

double staining dyes [12–14] are used well for determining living and dead cell on the basis of 

cell membrane disruption. However, its analysis takes a time and cannot assess the metabolic 

activity to understand the cell's real health-state. 

 For yeast and bacterial cell viability assessment, various kinds of methods are available. 

For example, colony counting [15–17] and growth of inhibition zone methods [18–20] are also 

on the basis of cell membrane disruption observation. These methods take a long incubation 

time to get results and cannot assay the cell's real state. (OD)600 method is only useful for 

yeast/bacterial cell proliferation or counting but not suitable for viability assessment [21–25]. 
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Besides this, rapid and non-invasive electrical techniques have been developed using the 

polarization of cells in an AC electric field without a chemical reagent.  

 Recently, in our laboratory, Professor Minoru Suga has developed an electro-orientation 

method whether individual non-spherical cells were dead or alive from electro-orientation 

positions versus electric field direction depending on the intracellular conductivity [26]. 

However, this electrical technique is unable to assess an intracellular metabolism because this 

method based on the integrity of the cell membrane.   

 Moreover, the impedance spectroscopy method can monitor the growth of microbial 

cells due to the increase in capacitance [27,28]. This impedance spectroscopy based on the 

capacitance change is applicable to count the microbial cells in suspension and flow system. In 

this capacitance based measurement system a quick measurement is possible. But this system is 

expensive, and unable to evaluate the intracellular metabolic activity. Furthermore, the cellular 

impedance measurement technique depending on the change of biological cell-electrode surface 

resistance is applicable to the mammalian cells at adhesive condition. This method is useful for 

long-time continuous monitoring of cell proliferation assay and cytotoxicity test [29–33]. In this 

surface resistance based measurement system a rapid measurement is also possible. But this 

system expensive, and unable to evaluate the intracellular metabolic activity.  Because it takes a 

time to monitor the change of cell attachment state to the electrode surface, this method is not 

suitable for the quick evaluation of intracellular metabolic activity and acute cytotoxicity test. 

Another problem in this method is that cells are adhered to the electrode even after they die. In 

that case, the surface resistance does not decrease accordingly and this result raises the dilemma 

to evaluate the cell viability.  

 Cellular respiration measurement by O2 electrode is also an important method to 

evaluate the cell metabolism [34]. But when the toxic effect is far from the respiratory chain, 

which means at very low oxygen consumption change, the O2 monitoring around cells may be 

not applicable to evaluate the cytotoxicity. Furthermore, to monitor the cell respiration by O2 

electrode, we need very precise and closed system. 
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 On the other hand, about more than half of the century, the first generation of cell 

membrane permeable tetrazolium (positive charged) salts, NBT [35–38] and MTT [38–42] was 

used to measure the total intracellular NADH as cell viability ranging from mammalian to 

microbial origin. The net positive charge on MTT was reduced by intracellular NADH to 

produce insoluble formazan and accumulated inside of the cell. This formazan was then 

extracted by dissolving with an organic solvent such as DMSO or detergent solution and then 

measured by absorption spectroscopy to determine the intracellular NADH. This MTT dye is 

not suitable for cell viability testing because its crystalline formazan damages the cell 

membrane, and it takes a minimum 44 to 52 hours to complete this assay [43]. 

 Recently, a new generation cell membrane-impermeable tetrazolium dye (net negative 

charged) such as XTT, MTS and WST-1 were developed and conjugated with cell membrane-

permeable an intermediate redox mediator mPMS to monitor intracellular metabolic activity 

through the reduction of such terminal salts to soluble formazan [44–53].
 
The total amount of 

formazan produced by reducing intracellular NADH determines the cell viability as metabolic 

activity. That means the amount of formazan indirectly indicates the extent of intracellular 

metabolic activity. So, the monitoring of intracellular NADH is an excellent method to evaluate 

the cell viability or real health-state of cell. These colorimetric methods have some other 

limitations such as cytotoxicity, several steps to get results, scattering effect of cells suspended 

in medium, long incubation time (standard incubation time is 2 to 3 hours), and therefore cannot  

evaluate the toxic effect of fast-acting drugs or chemicals. Therefore, a more rapid measuring 

system is still requested.  

 More recently, bio-electrochemical methods receiving increasing attention in cell 

biology research and cell viability tests. From the literature review, some research groups 

reported the bio-electrochemical systems to monitor cell viability and intracellular enzyme 

activity [54–59]. They have been used menadione (Mena) as a lipophilic cell membrane 

permeable electron mediator and FeCN as a hydrophilic extracellular electron mediator in a 

double mediator system (Mena/FeCN). NAD(P)H: quinone acceptor oxidoreductase 1 (NQO1) 

enzyme is essential to transfer the electron from intracellular NADH to menadione. That means 

electron transfer from intracellular NADH to Mena is catalysed by cytosolic NAD(P)H 
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oxidoreductase [60].
 
The activity of the NQO1 enzyme depends on the cell cycle or cell stage. 

Therefore, monitoring of intracellular NADH with Mena/FeCN system depends on the cell cycle 

or cell state. With this background, the main objective of this study was to develop a universal 

electrochemical double mediator system to evaluate the real cell viability via monitoring of 

intracellular NADH as metabolic activity without cell membrane breaking. Intracellular NADH 

is one of the most important metabolites containing not only in mammalian cells but also in 

yeast and bacterial cells.  

 To achieve my goal, I have searched a suitable cell membrane-permeable mediator 

which can accept electrons from intracellular NADH enzymatically independent. Regarding 

this, mPMS is an efficient electron mediator. I have confirmed by my experiments that electron 

transfer from intracellular NADH to mPMS does not depend on the enzymes [61], cell cycle or 

cell state. Therefore, monitoring of intracellular NADH with the mPMS/FeCN system does not 

depend on the enzymes and cell cycle. So, mPMS/FeCN system is more universal or ubiquitous. 

I expect to measure the intracellular NADH in various kinds of cells at any time with this 

system. This is the specific advantage of my system, which has mentioned in detail in chapter 3.  

  My mPMS/FeCN system has some more advantages, such as mPMS is highly soluble in 

water [62], photochemically stable [61]. On the other hand, Mena is insoluble in water. To make 

the menadione solution, it first needed to dissolve in organic solvent and then in water. 

Furthermore, menadione is more sensitive to light than mPMS. So, one’s needs to be more 

precautions for the use and storing of it. Another important factor, since the redox potential of 

menadione is more negative than mPMS, I think that reduced form of menadione has high 

affinity than reduced form of mPMS to transfer the electron to O2 (dissolve oxygen) for the 

production of hydrogen peroxide. Hydrogen peroxide is toxic for cells, whatever it is produced 

inside or outside of the cell. Because of the lower sensitivity of mPMS to O2 (dissolve oxygen), 

mPMS is better than Mena to cycle the electron between intracellular NADH to extracellular 

region or electrode. Of course, to avoid this sensitivity, ferricyanide is used to accept the 

electron from them.  
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1.2 Purpose of this study 

 The purpose of my study was to develop a modified universal electrochemical double 

mediator system for cell viability assessment via monitoring of intracellular NADH as the 

metabolic activity without cell membrane breaking. Already, I have published this method in the 

journal of Electrochemistry [63]. 

1.3 Explanation of important biological terms  

1.3.1 Nicotinamide adenine dinucleotide 

 Nicotinamide adenine dinucleotide 

(NAD
+
/NADH) is a vital coenzyme worked in living 

cells. These metabolites are formed in glycolysis, 

pyruvate decarboxylation and the tricarboxylic acid 

cycle. They play crucial role to the basic reaction in all 

living cells that keeps the cells alive. Energy 

metabolism accompanied by conversion of NAD
+
 to 

NADH in living cell provides attractive information for 

construction of electrochemical cell viability assay and 

cell-based biosensor. The cell viability assessment is now reflected as the extent of metabolic 

activity through the measurement of intracellular NADH without cell membrane disruption. 

Now a days scientists target the intracellular NADH for cancer treatment with blocking its 

production by the inhibition of important enzyme in cancer cells.                        

1.3.2 Tricarboxylic acid cycle in living cell 

 All living cells possess the tricarboxylic acid cycle where energy metabolism is occurred 

with producing NADH. The knowledge of TCA cycle metabolism (Fig. 1.2) is most important 

to understand the cell's real health condition at any adverse environment. In this thesis, I have 

evaluated the toxic effect of oxamic acid in PC12 cell, and itaconic acid and nystatin in yeast 

cell. The chemical structure of oxamic acid, itaconic acid, nystatin and, some bio-molecule 

related to this research is shown in Figs 1.3 and 1.4 respectively.  

NADH 

https://www.google.com/search?sxsrf=AOaemvKWFGpv5jna0dWKv-D-cMxdyn7_ig:1634486948824&q=Tricarboxylic+cycle&spell=1&sa=X&ved=2ahUKEwjmx-Wv6tHzAhURx2EKHRgRDBwQkeECKAB6BAgBEDE
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Figure 1.1:  Tricarboxylic acid cycle 

1.3.3 Toxic chemicals used for cytotoxicity test  

 The following chemicals have been used to evaluate the cytotoxicity in this research. 

Oxamic acid is a well-known inhibitor of LDH. Oxamic acid affects the transformation of 

pyruvate to lactate metabolism in cancer cells, and thus used for cancer treatment. On the other 

https://www.google.com/search?sxsrf=AOaemvKWFGpv5jna0dWKv-D-cMxdyn7_ig:1634486948824&q=Tricarboxylic+cycle&spell=1&sa=X&ved=2ahUKEwjmx-Wv6tHzAhURx2EKHRgRDBwQkeECKAB6BAgBEDE
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hand, itaconic acid is an anti-fungal agent. It inhibits the activity of SDH in TCA cycle in yeast 

cell, and thus decreases the cell viability. 

O
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Figure 1.2: Chemical structure of toxic compounds; oxamic acid, itaconic acid and nystatin. 

1.3.4 Chemical structures of important biomolecules  

 The following bio-molecules are very important related to intracellular metabolism. 

Isocitrate, succinate to fumarate, malate and NADH are generated stepwise from acetyl co 

enzyme A to continue the flow of TCA (Tricarboxylic acid) cycle in the cell. 
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Pyruvic acid                            Succinic acid               Fumaric acid 

Figure 2.3: Chemical structure of important biomolecules related to this research. 

 

Nystatin 
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Chapter 2 

Materials and methods 

2.1 Chemicals and solutions 

 PC12 cell and C6 cell were obtained from the JCRB cell Bank, National Institute of 

Biomedical Innovation, Health and Nutrition (Osaka, Japan) and RBL-2H3 cell was obtained 

from the cell bank of RIKEN Bio Resource Center (Tsukuba, Japan). DMEM, EMEM, 

Phosphate buffer saline powder PBS, penicillin/streptomycin, and HS were obtained from Gibco 

(Tokyo, Japan). FBS was obtained from ICN Biomedicals (California, United States). HBS 

powder was obtained from Sigma–Aldrich (Tokyo, Japan). WST-1 salt obtained from Dojindo 

(Kumamoto, Japan). mPMS, itaconic acid, nystatin (Biochemical reagent grade), potassium 

chloride (99.5%), sodium bicarbonate was purchased from Wako Pure Chemicals Industries, Ltd. 

(Osaka, Japan). K3[Fe(CN)6] (99%) obtained from KANTO Chemical Co.INC. Oxamic acid 

(97%) obtained from Tokyo Chemical Industry Co. Ltd. PI obtained from Universal 

Benevolence Chemical Laboratory. SYTO9 was obtained from Invitrogen (Thermo Fisher 

Scientific-JP). All chemicals were of analytical reagent grade and used without further 

purification and all solutions were prepared using ultrapure water. HBSS was also prepared by 

dissolving the HBS in pure water. SPCE were obtained from Shinshin Science Co.  

In this thesis three types of mammalian cells, and yeast (Schizosaccharomyces pombe) has been 

used. 
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2.2 Cell handling procedure  

 All cells were carefully handled in clean-bench as shown in Fig. 2.1 maintaining 

continuously a sterial laminar air flow to avoid the risk of contaminations. 

 

Figure 2.1:  Clean-bench maintaining continuously a sterial laminar air flow. 

2.2.1 Mammalian cell culturing and passaging 

 All mammalian cells were cultured in 25 cm
2
 polystyrene flask. The PC12 cells were 

grown in culture DMEM medium supplemented with 10% (v/v) horse serum, 5% (v/v) fetal 

bovine serum and 1% penicillin–streptomycin. C6 cells were cultured in the same procedure as 

PC12 cells except horse serum. The RBL-2H3 cells were cultured in EMEM medium 

supplemented with 10% FBS, 1% penicillin–streptomycin. All cells were maintained at 37   in 

a humidified atmosphere and continuously supplying 5% CO2 in incubator. All culture medium 
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was prepared in the sterial clean-bench. After preparation, the culture mediums were then 

filtered with 0.22 µm porus vacuum filter and stored in refrigerator. When bottom of the surface 

of culture flask became about 70 to 80% covered, cells were washed one time with 5 mL PBS, 

and detached with 1 mL trypsin-EDTA solution and tapping if needed. 4 mL fresh medium was 

then added to the flask to stop the action of trypsin-EDTA and transferred to 15 mL centrifuge 

tube to centrifuge at 500 G for three minutes. After centrifugation, supernatant containing 

trypsin-EDTA was removed with aspirator and cells were suspended in the fresh medium. From 

this cells suspension in medium, cells were then used to grow in next flask (passaging), for 

experimental purpose, and for cryopreservation.  For experimental purpose cells were washed 

with HBSS, serial diluted to adjust the desired concentration and taken in the wells of plate (see 

in the experimental section). 

2.2.2 Preparation of cell suspension 

 After reaching 70 % confluence, the harvested cells were collected by centrifugation at 

500 G for three minutes. To avoid the unwanted electrochemical oxidation of interference 

compounds such as ascorbic acid (Vitamin C) contained in the culture medium, uric acid 

released from cells etc, cells were washed with HBSS and suspended in HBSS for 

electrochemical measurement. In the final step, cells were counted with a hemocytometer and 

exactly diluted with HBSS to give various density of cell suspension, which was next used for 

making the calibration curves and other experimental purpose. The flow sheet diagrams of 

whole experimental methods are shown in Figs. 2.4 and 2.5.         

2.2.3 Cell cryopreservation 

 After 70 to 80% confluence, firstly cells were harvested by tripsin-EDTA and 

centrifuged at 500 G for 3 minutes. The supernatant was removed, keeping 300-60 µL cell pellet 

in medium. The cell mixture was then suspended in a medium containing 10% DMSO, a 

cryoprotective agent. Next, the cell mixture was inoculated into 1 mL cryovials and inserted into 

a Bio Freezing vessel (Nihon freezer Co. Ltd) filled with isopropanol. The freezing vessel was 

then placed into a - 80   freezer and allowed to cool for a minimum 24 hours. The freezing 

container and contents were then taken out from - 80   fridge and the cryovials were transferred 
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into a box labelled with cell line, passage number and date. The box was then placed inside a 

liquid nitrogen storage Dewar, to avoid liquid nitrogen from seeping into the boxes and 

cryovials. This process reduces the risk of cryovial eruption during the thawing process. 

2.2.4 Cell thawing 

 At first, minimum 15 minutes prior to thawing the cells, a 25 cm
2
 T-flask containing 4 

mL of medium was placed in an incubator at 37  maintaining 5% CO2. A cryovial was taken 

out from the liquid nitrogen storage and warmed in a 37  water bath until thawed. The cryovial 

was then thoroughly sprayed with 75% ethanol and wiped down before placing in the laminar 

safety hood. The whole content (1 mL) was then taken out carefully from the cryovials and 

taken into a 15 mL centrifuge tube containing 4 mL medium.  The centrifuge tube ultimately 

contained total 5 mL was then centrifuged 2 times for 3 minutes at 500 G following the same 

technique for removal of DMSO completely. The supernatant was discarded and 1 mL medium 

was added to resuspend the cell pellet. The centrifuge tube containing cells in medium were then 

carefully taken into the pre-warmed T-flask. The T-flask was then incubated for 24 hours at 

37  under 5% CO2 to allow the cells to adjust, after which time the passage was carried out.  

2.2.5 Yeast cell culture and preparation of cell suspension 

 Firstly, very small amount (just like a single colony) of the yeast cells (strain number: 

ATCC38399) were pick up with a sharp head of small stick and taken in 1.5 mL micro-

centrifuge tube containing 500 µL yeast extract. This tube was them incubated for 24 hours at 

30 . After incubation, from this cell suspension, about 20 µL of was then taken in a L-tube 

containing 10 mL fresh yeast extract and incubated for 17 hours shaking with 80 rpm at 30   to 

get (OD)600 = 0.8 = 1×10
7
 cells/mL. After reaching (OD)600 = 0.8, cells were washed with HBSS 

(by centrifugation at 1600×g for 5 minutes to eliminate the unwanted electrochemical oxidation 

from the interfering molecules such as ascorbic acid (Vitamin C) contained in the culture 

medium, uric acid released from cells etc). Cells were then re-suspended in 1 mL HBSS, which 

ultimately gave the final concentration 1×10
8 

cells/mL. I used this (1×10
8 

cells/mL) 

concentration as the initial concentration and serial dilution was performed to give various 

concentrations to make the calibration curve and other experimental purpose.  
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Yeast culture medium prepared by following; for 200 mL yeast medium, 2 g yeast extract power 

was supplemented with 6 g glucose, and autoclaved at 120  for 15 minutes. After that, 4 mL 

(360 mg/50 mL) leucine was added in the previously autoclaved mixture of yeast extract and 

glucose in the clean bench with continuous laminar air flow at 30 .  

2.3 Conventional WST-1 assay 

 WSTs assay is based on the measurement of mitochondrial dehydrogenase activity have 

become the most widely useful to monitor metabolic activity. This method used in cell biology 

or biochemistry to monitor metabolic activity of cells ranging from mammalian to microbial 

origin [41,60]. In this assay, oxidised mPMS goes inside of the cell, became reduced and goes 

outside to transfer the electrons to extracellular hydrophilic mediator WST-1. Hydrophilic 

mediator accepts electrons and converted into soluble formazan. This amount of formazan is 

then measured after 2 to 3 hours incubation at 450 nm by microplate reader. The principle of the 

conventional WST-1 assay is shown in Fig.2.6. 

 

 

Figure 2.2: Principle of the conventional WST-1 assay. 
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2.4 Electrochemical technique for cell viability assessment on mammalian cells 

 To count the mammalian cells various densities of cell suspensions with HBSS was 

plated in different wells of 96 well plate and FeCN (final conc.500 µM) and mPMS (final 

conc.10 µM) were added to each well. The total volume of experimental cell suspension was 

150 µL. After incubation for 10 minutes, a SPCE (Fig. 2.3) connected to computer controlled 

Potentiostate/Galvanometer (Metrohm Autolab B.V., Multi Autolab cabinet) was immersed into 

the cell’s suspension and chronoamperometric measurement was immediately performed by 

potential application at + 0.5 V vs Ag/AgCl reference electrode on the SPCE. The used SPCE 

has a carbon paste working electrode (0.055cm
2
), a carbon paste counter electrode and an 

Ag/AgCl reference electrode. Used SPCE is a custom-made product from ALPS ELECTRIC 

CO., LTD (Product name is ALADO APE-02) 

 For the evaluation of toxic effect of oxamic 

acid, PC12 cells suspension (in HBSS) was taken 

(3     cells/ well) in each well of a 96 well plate 

and 10 µL oxamic acid/HBSS was added (final 

conc. 0 to 20 mM). After 1 hour incubation, 15 µL 

FeCN (final conc. 500 µM) and 15 µL mPMS 

(final conc. 10 µM) solutions were added into each 

well. In every case, the total volume of 

experimental suspension was maintained to 150 µL 

with HBSS. Additionally, after 10 minutes 

incubation at 37   under 5% CO2, 

chronoamperometric measurement was performed 

to evaluate the cytotoxicity of the oxamic acid. The 

whole experimental procedure is shown in Fig. 2.4.                    

 

 

Figure 2.3: Illustration of a disposable 

screen-printed-carbon electrode. 
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Figure 2.4:  Flow sheet diagram of experimental procedure for mammalian cell counting and 

evaluation of toxic effect of oxamic acid on PC12 cell. 

2.5 Electrochemical technique for cell viability assessment on yeast cells 

 Various densities of yeast cell suspensions were taken in different wells of 96 well plate 

and FeCN (final conc.500 µM) and mPMS (final conc.10 µM) were added to each well. In every 

case, the total volume of experimental cell suspension was 150 µL. After incubation for 10 

minutes, a SPCE was immersed into the yeast cell suspension and chronoamperometric 

measurement was immediately performed by potential application at + 0.5 V vs Ag/AgCl 

reference electrode on the SPCE.   

 For the evaluation of cytotoxicity of itaconic acid, yeast cell suspension/HBSS (1×10
6
 

cells/well) was taken in each well of a 96 well plate, and 22.5 µL itaconic acid/HBSS was added 

(final conc; 0 to 25 mM). In case of nystatin, 10 µL nystatin was added (final conc. 0.01 to 0.16 
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µg/mL) into each well. After 1 hour incubation for itaconic acid and 45 minutes for nystatin, 15 

µL FeCN (final conc. 500 µM) and 15 µL mPMS (final conc. 10 µM) solutions were added into 

each well. In every case, the total volume of experimental suspension was maintained to 150 µL 

with HBSS. Additionally, after 10 minutes of incubation at 37   under 5% CO2, 

chronoamperometric measurement was performed to evaluate the cytotoxicity of the itaconic 

acid. The whole experimental procedure is shown in Fig. 2.5.  

 

Figure 2.5:  Flow sheet diagram of whole experimental procedure for yeast cell counting and 

evaluation of toxic effect of itaconic acid and/or nystatin on yeast cell. 
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Chapter 3 

Mammalian cell viability assessment via monitoring of intracellular 

NADH with mPMS/FeCN double mediator system 

 3.1 Introduction 

 Intracellular NADH is an active electron donor considered to play a crucial role in the 

mechanism of glycolytic pathway, TCA cycle and respiratory electron transport chain for ATP 

production making it potential bio-marker to assess the cell viability. Energy metabolism 

accompanied by conversion of NAD
+
 to NADH or NADH to NAD

+
   in living cell provides 

attractive information for the detection of cell viability. Cell viability assessment is now 

reflected as the extent of metabolic activity through the measurement of intracellular NADH.  

 Over the past decades, different types of methods are prevalent for dead and alive assay. 

Traditionally, trypan blue dye exclusion method [2–5], resazurin base assay [7], and neutral red 

up take assay [11] and fluorometric method with double staining dyes [12] are used for cell 

viability determination. These methods are based on the principle where the cell membrane is 

destroyed or not. The simplicity of these methods distinguishes only the living and dead cells in 

the entire population, cannot to measure the metabolic activity to understand the real state of 

cell. Previously, the first generation of cell membrane permeable MTT was used to evaluate the 

cell viability in which MTT was reduced by intracellular NADH to produced insoluble 

formazan. This formazan was then extracted and measured by absorption spectroscopy to 

determine the intracellular NADH [42,64] This MTT dye is not suitable for cell viability testing 

because its crystalline formazan damages the cell membrane, and it takes minimum 44 to 52 

hours to complete this assay.  

 Recently, a new generation cell membrane impermeable tetrazolium dye such as WSTs 

were developed and conjugated with cell membrane-permeable an intermediate redox mediator 

mPMS to monitor intracellular NADH through the reduction of such terminal salts to soluble 

formazan [45,46] These colorimetric assays are easy and useful to count the cell and 
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cytotoxicity test. But its standard incubation time is two hours which is time consuming [43]. 

Therefore; a more rapid measuring system is still requested. 

 Furthermore, some research groups have previously reported the electrochemical 

systems to monitor cell viability and intracellular enzyme activity [54–59,65] They have been 

used menadione (Mena) as a lipophilic cell membrane permeable electron mediator and FeCN 

as a hydrophilic extracellular electron mediator in double mediator system (Mena/FeCN). In this 

system, electron transfer from intracellular NADH to Mena is catalysed by cytosolic NAD(P)H 

oxidoreductase [60]. On the other hand, it has also been reported that the electron transfer from 

intracellular NADH to mPMS occurred by non-enzymatically [60,61] So, I expected that the 

combination of mPMS and FeCN system might be independent on the cytosolic enzyme. That 

means, this system might be works as a universal to monitor intracellular NADH of various 

mammalian cells. The illustration of the measurement principle of mPMS/FeCN system is 

shown in Scheme 1. 

 

Scheme 1: Illustration of the speculated principle for monitoring of the intracellular NADH with 

the double mediator (mPMS/FeCN) system. Electron transfer from intracellular NADH to 

mPMS occurred by non-enzymatically. 

 Furthermore, mPMS has a few advantages as compare to Mena such as water solubility, 

lower redox potential and stability under the light. 
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 So, herein I have investigated the usefulness of this new combination of double 

mediators to monitor intracellular NADH and employed to count various kinds of mammalian 

cells. Furthermore, I have applied this double mediator system to evaluate the acute cytotoxicity 

of oxamic acid on cytoma cells (PC12 cell). 

3.2 Analytical procedure 

3.2.1 Preparation of PC12 cell lysate for WST-1 reduction 

 After cultivation, PC12 cell were washed with PBS and resuspended with 120 µL PBS 

(5.5×10
6
 cells/mL). Cells were fridged in the refrigerater at        for 30 minutes and just 

melted in water bath at     . This fridging and melting process were done more than three 

times. Cell lysate was then pipeted, and  after the centrifugation, lysate supernatant was 

collected for the use of WST-1 reduction experiment.   

 To obseve the WST-1 reduction capability, 10 µL lysate supernatant was used with 

testing compounds and maintaining the final concentrations of 70 µM (µmol L
-1

) WST-1, 5  mM 

(mmol L
-1

) NADH and either 100 µM Mena or 8.75 µM mPMS in HBSS by modified method 

of ref 20. In every cases, the total volume of 200 µL was adjusted by adding HBSS in 96 well. 

Furthermore, to confirm the NADH-dependent reducing activity for mediators of cytosolic 

NAD(P)H oxidoreductase in the lysate supernatant, lysate supernatant was heated with 90  for 

7 minutes to induce the enzyme activity loss. 

3.2.2 Cell counting by WST-1 cell counting kit (CCkit-1)   

 Firstly, 5.5 mM WST-1 salt and 2 mM mPMS solution were separately prepared using 

HBSS as a solvent.  Then WST-1 was mixed with mPMS at 9:1(v/v) ratio which contained 5 

mM WST-1 and 0.2 mM mPMS [66] to make cell counting kit (CCKit-1) solution.   

 For cell counting, 100 µL of various density of cell suspension in HBSS (by serial 

dilution) was taken into each well of a 96 well plate and CCKit-1 was then added into each well. 

After incubation at 37   under 5% CO2 for 60 minutes, the formation of corresponding 

formazan was measured by absorption at 450 nm with a micro plate reader (Promega GloMax 

Multi
+
 detection system). 
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3.2.3 Evaluation of cytotoxicity of mPMS and K3[Fe(CN)6] by PI staining method 

 100 µL of cell suspension (3     cells/ well) was plated to each well of a 96-well plate. 

15 µL of different concentration of mPMS was added to all wells. Cells without mPMS 

exposure (only DMEM or HBSS) were used as a control. After 60 minutes incubation at 37  

under 5% CO2, 20 µL PI (final conc.1.5 µM) was added and again incubated for 15 minutes. In 

every case, the total volume of experimental cell suspension was maintained to 150 µL with 

DMEM or HBSS. Finally, 10 µL cell suspensions were applied onto the hemocytometer. Taken 

a photograph of cells under the fluorescence microscopic observation and PI-stained cells (dead 

cells) were counted for determining the cell viability. The dead cell ratio was calculated as the 

ratio of number of PI-stained cells against number of total cells.  

3.2.4 Electrochemical monitoring of intracellular NADH with single or double mediator 

systems 

 All electrochemical measurements were performed at room temperature using a 

computer controlled Potentiostate/Galvanometer (Metrohm Autolab B.V., Multi Autolab 

cabinet) to which a SPCE was connected. The used SPCE has a carbon paste working electrode 

(1×1 mm
2
), a carbon paste counter electrode and an Ag/AgCl reference electrode.  

 For single mediator system, 100 µL cell suspension (3 10
5 

cells/well) with HBSS was 

taken in wells of 96 well plate and added 10 µM mPMS (final conc.). In every case, the total 

volume of experimental cells suspension was maintained to 150 µL. After incubation for 10 

minutes, a SPCE was vertically immersed into the cell suspension and chronoamperometry was 

immediately performed by the potential application at + 0.1 or + 0.5 V to oxidise reduced form 

of mPMS.  

 On the other hand, in case of double mediator system, 100 µL cell suspension (3 10
5 

cells/well) with HBSS was taken in wells of a 96 well plate and 15 µL FeCN
 
(final conc. 500 

µM) and 15 µL mPMS (final conc. 10 µM) solutions were added in a drop wise to the cell 

suspension. In every case, the total volume of experimental cell suspension was maintained to 

150 µL. After 10 minutes incubation, a SPCE was vertically immersed into the cell suspension 

and + 0.5 V was applied to sufficiently oxidise the accumulated ferrocyanide. Before starting 
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every electrochemical measurement, the potential at + 0.5 V was applied for double mediator 

system (+ 0.1 or + 0.5 V for single mediator) to the carbon working electrode in a cell 

suspension without mediators for 10 seconds to keep the electrode surface state the same. 

3.2.5 Electrochemical cell counting 

 Various densities of cell suspensions were plated in different wells, and FeCN (final 

conc. 500 µM) and mPMS (final conc. 10 µM) solutions were added to each well. The total 

volume of experimental cell suspension was 150 µL. After incubation for 10 minutes, a SPCE 

was immersed into the cell suspension and chronoamperometric measurement was immediately 

performed by potential application at + 0.5 V vs Ag/AgCl reference electrode on the SPCE.  

3.2.6 Evaluation of cytotoxicity of oxamic acid on PC12 cells by electrochemical method 

 In this study, PC12 cell suspension (in HBSS) was taken (3     cells/ well) in each 

well of a 96 well plate and 10 µL oxamic acid/HBSS was added (final concentration of oxamic 

acid; 0 to 20 mM). After 1 hour incubation, 15 µL FeCN (final conc. 500 µM) and 15 µL mPMS 

(final conc. 10 µM) solutions were added into each well. In every case, the total volume of 

experimental suspension was maintained to 150 µL with HBSS. Additionally, after 10 minutes 

incubation at 37  under 5% CO2, chronoamperometric measurement was performed to evaluate 

the cytotoxicity of the oxamic acid.  

3.3. Optimization of measurement conditions of mPMS/FeCN double mediator system 

3.3.1 Investigation of enzyme-dependency of the reduction of WST-1 by NADH through 

the mediatation of Mena or mPMS 

 To check the enzyme-dependency for electron transfer from intracellular NADH to 

Mena or mPMS, I have used the PC12 cell lysed as an enzyme source. Whole experimental 

procedure described in experimental section. 

 Here, produced formazan from WST-1 was measured by absorbance at 450 nm with 

various conditions described in the figures (LS = Lysate supernatant =10 µL, WST-1 = 70 µM, 

NADH = 5  mM Mena = 100 µM). In every cases, the total volume of 200 µL was adjusted by 
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adding HBSS in 96 well. Measurment was done from 3 to 75 minutes after  mixing of the 

compounds. Fig. 3.1 shows that absorbence of WST-1 formazan was gradually increased 

inpresence of lysed supernutant with the increased of incubation time, and after 50 minutes 

became saturation. In case of other  conditions, absorbance was not observed.  

 

Figure 3.1: Measurment of incubation time dependent absorbance of WST-1 formazan at 450 

nm in the presence of lysed supernutant with the mediation of Mena. 

 Fig. 3.2(A and B) shows a comparison of cytosolic enzyme-dependency for the 

reduction of 70 µM WST-1 by 5 mM NADH through the mediatation of 100 µM Mena or 10 

µM mPMS. In every cases, the total volume of 200 µL was adjusted by adding HBSS in 96 well.  

In case of Mena in Fig.3.2A, no absorbance increase was observed by addition of LS heated for 

30 minutes.   

 The results from Fig.3.2 (A and B) demonstrated that cytosolic enzyme was essential for 

WST-1 reduction by NADH through the mediation of Mena. On the other hand, when mPMS 

was used as the electron mediator, enough formazan was produced quickly within 3 minutes and 

kept constantly in both of the absence and the presence of LS as shown in Fig. 3.2B. Same 

amount of formazan was produced in the presence of heated LS. This data demonstrated that 

WST-1 reduction occurred by non-enzymatically through the mediation of mPMS. From these 

results, it was confirmed that the  electron transfer from NADH to Mena was dependent on 
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cytosolic enzyme and the reduction rate of Mena was slow incontrast to mPMS which takes 

electron from NADH enzyme-independenly and very fastly.  

 

Figure 3.2: Cytosolic enzyme-dependency of the reduction of WST-1 by NADH through the 

mediatation of Mena or mPMS.  Produced formazan from WST-1 was measured by absorbance 

at 450 nm with various conditions described under the bottom of the figures (EM = Electron 

mediator, e.i., Mena and mPMS. LS = Lysate supernatant). Measurment was done during 75 

minutes after mixing of the compounds. The results are expressed as the mean ± SD from three 

experiments. (A) Mena was used as the electron mediator. Produced formazan increased as time 

passed after addition of PC12 cell lysate (LS), however no absorbance increase was observed by 

addition of LS heated for 30 minutes. This data demonstrated that cytosolic enzyme was 

essential for WST-1 reduction by NADH through the mediation of Mena. (B) mPMS was used 

as the electron mediator. Enough formazan was produced quickly within 3 minutes and kept 

constantly in both of the absence and the presence of LS. Same amount of formazan was 

produced in the presence of heated LS.  

 Next, I have also examined the enzyme-concentration dependency for the reduction of 

NADH by Mena. Fig. 3.3 shows that absorption of produced formazan decreases with 

decreasing enzyme-concentration in cell lysed. So, the reduction of NADH by Mena was not 

only dependented on the enzyme but also its concentration also. 
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Figure 3.3: Enzyme concentration dependent absorbance of WST-1 formazan at 450 nm. 

NADH was incubated for 50 minutes  with WST-1,  Mena, different concentration of LS. The 

results are expressed as the mean ± SD from three experiments.  

3.3.2 Electrochemical monitoring of the intracellular NADH with a single mediator and 

double mediators 

 mPMS crosses the cell membrane, takes electron from intracellular NADH non-

enzymatically   and the reduced form of mPMS goes outside of the cell [60]. In this study, I 

have confirmed by my results that mPMS takes electron from NADH non-enzymatically as 

shown in Fig. 3.2.  So, firstly I have tried to use mPMS as a single mediator. After 10 minutes 

incubation of PC12 cells (3 10
5 

cells/well) with 10 µM mPMS, + 0.1 V was applied to oxidise 

the reduced form of accumulated mPMS. Since redox potential of mPMS was -0.16 V, + 0.1 V 

might be enough to oxidise reduce form of mPMS. But the measured oxidation current did not 

increase as compared to the control (10 µM mPMS, in the absence of cells) as shown in 

Fig.3.4A. I considered that dissolved O2 easily took electron from the reduced mPMS to produce 

H2O2 and this was the reason why the oxidation current did not increase even though cells 

existed. 
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 Next, I tried to apply +0.5 V to check H2O2 production in this single mediator system. In 

this case, the oxidation current increased a little as compared to control as shown in Fig.3.4B. 

So, these data suggested that dissolve oxygen interfered effective sensing of intracellular NADH 

in the single mediator system.  

 As a way to circumvent this problem, I considered the addition of second mediator FeCN 

which was useful as same as Mena/FeCN double mediator system [54–57] Enough 

concentration of FeCN
 
takes electron non-enzymatically from reduced form of mPMS before 

accepting the electron by dissolved oxygen and as a result, [Fe(CN)6]
4- 

was accumulated outside 

of cells as time goes on. I therefore measured the accumulated [Fe(CN)6]
4- 

by cyclic 

voltammetry in my double mediator system in the presence of cells and observed the oxidation 

current increase as compared to control as shown in Fig. 3.5 which supported that the Scheme 1 

might be suitable to detect the cell viability.   

 I considered to use chronoamperometry for more effective measurement of the 

accumulated [Fe(CN)6]
4-

.
 
 From the voltammogram, the redox potential of FeCN was +0.12 V 

vs Ag/AgCl on SPCE in HBSS. So, I considered more than +0.32 V was necessary to oxidise 

the accumulated [Fe(CN)6]
4-

. On the other hand, HBSS does not include electrochemical active 

interfering compounds except O2. Therefore, I chose +0.5 V to sufficiently oxidise the 

accumulated [Fe(CN)6]
4-

 in HBSS by chronoamperometry. Actually, as shown in Fig. 3.4C, the 

significant increase of oxidation current at +0.5 V was observed in this double mediator system 

in the presence of cells. 

 This measured oxidation current only from accumulated [Fe(CN)6]
4-

indirectly reflects 

the intracellular NADH concentration and therefore cell viability. After all, the double mediator 

system was better than the single mediator system and hence using the double mediator system, 

following all electrochemical measurements were done by chronoamperometric method to 

monitor the intracellular NADH.   
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Figure 3.4: Chronoamperograms for monitoring the intracellular NADH in PC12 cells. (A) and 

(B) Single mediator system; PC12 cells (3×10
5
 cells/ well) were incubated for 10 minutes in 10 

µM mPMS/HBSS and + 0.1 or + 0.5 V was applied respectively to oxidise reduced form of 

mPMS. (C) Double mediator system; PC12 cells (3×10
5
 cells/ well) were incubated for 10 

minutes in 10 µM mPMS and 500 µM FeCN/HBSS and +0.5 V was applied to oxidise 

accumulated [Fe(CN)6]
3-

. In both A, B and C, red line is the oxidation current in the presence of 

cells and black line is the oxidation current in the absence of cells.  
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Figure 3.5: Cyclic voltammograms of double mediators in the presence and absence of PC12 

cells. The PC12 cells (3     cells/ well) were incubated with 10 µM mPMS and 500 µM 

FeCN
 
for 10 minutes under 5% CO2 at 37  . After incubation, accumulated ferrocyanide was 

measured by cyclic voltammetry. Cells with 10 µM mPMS and 500 µM FeCN, the oxidation 

current was significantly increased as compared to control (without cells). The voltammograms 

supported that Scheme1 might be suitable to detect the cell viability.   

 

3.3.3. Cytotoxicity assay of mPMS and K3[Fe(CN)6] 

 In order to establish the new double mediator system, I examined the cytotoxicity of 

mediators on PC12 cells by using propidium iodide (PI). The result demonstrated that more than 

50 µM mPMS was toxic for cells (Fig. 3.6A). I also checked that up to 1000 µM FeCN was not 

toxic for cells (data is not shown). Besides this, the cytotoxicity of mixed solution of 500 µM 

FeCN
 
with 10 or 20 µM mPMS was not toxic for PC12 cell (Fig. 3.6B).   
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Figure 3.6: Determination of cytotoxicity of mPMS (A) and the mixture of mPMS and 

K3[Fe(CN)6] (B) on PC12 cells. Cells were incubated with mPMS or the mixture of mPMS and 

500 µM K3[Fe(CN)6] for 60 minutes at 37  under 5% CO2. 20 µL PI (final conc.1.5 µM) was 

added and again incubated for 15 minutes. Every case, total volume of experimental cell 

suspension was maintained to 150 µL with DMEM or HBSS. It was observed that more than 50 

µM mPMS was toxic on PC12 cells. On the other hand, 10 or 20 µM mPMS coexisting 500 µM 

K3[Fe(CN)6] (or only 500 µM K3[Fe(CN)6]) was not toxic on PC12 cells. The results were 

expressed as the mean ± SD from four experiments. 

3.3.4. Optimization of mediator’s concentration   

  I optimized the concentration of mPMS to obtain the maximum current based on the 

effective oxidation of intracellular NADH. The PC12 cells (3     cells/ well) were incubated 

in 500 µM (final conc.) FeCN/HBSS solution including various concentrations (final conc. was 

0, 10, 20, 50, 100 µM) of mPMS. After 10 minutes of incubation, the oxidation current was 

measured by the application of + 0.5 V vs Ag/AgCl. All cases, the read point of oxidation 

current was 5 second. It was observed that in case of 10 and 20 µM mPMS combined with 500 

µM FeCN, the oxidation current response was maximum and almost similar (Fig. 3.7) because 

the mixed solution of 10 or 20 µM mPMS with 500 µM FeCN was not toxic for cell. This larger 

amount of emerging oxidation current with double mediator system compared with control 

FeCN single mediator system confirmed the mediation of electron by mPMS between 

intracellular NADH and extracellular FeCN. At higher concentration (50 µM and 100 µM) of 
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mPMS, the produced oxidation current decreased because of its cytotoxicity. From these data, I 

assumed that 10 µM mPMS and 500µM FeCN was sufficient to monitor the intracellular NADH 

for this method. Further I optimized the FeCN concentration. After incubation of PC12 cells 

(3     cells/ well) with 10 µM mPMS and various concentrations of FeCN at 37  under 5% 

CO2 for 10 minutes, the chronoamperometric current was measured. The oxidation current 

with10 µM mPMS and 500 µM FeCN was maximum (Fig. 3.8) and therefore, I decided these 

concentrations of the double mediators were best combination for the electrochemical 

measurement of intracellular NADH. 
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Figure 3.7: Optimization of mPMS concentration for the electrochemical monitoring of 

intracellular NADH in PC12 cells. (A) Oxidation current profiles of double mediator solutions 

containing various concentrations of mPMS and 500 µM K3[Fe(CN)6] for monitoring 

intracellular NADH. (B) mPMS concentration dependent oxidation current in the 

chronoamperogram. The PC12 cells (3     cells/ well) were incubated in the mixed solutions 

with various concentration of mPMS and 500 µM K3[Fe(CN)6]. The oxidation current was 

measured at 5 second after +0.5 V application in chronoamperometry after 10 minutes 

incubation at 37  under 5% CO2. It assumed that the coupling of 10 µM mPMS and 500 µM 

K3[Fe(CN)6] was most suitable to monitor the intracellular NADH for this assay. The results are 

expressed as the mean ± SD from four experiments.  

 

 

 

 

 

 

 

 

 



 

 

Md. Abdul Alim. University of Toyama, Japan  Page 31 
 

 

 

 

Figure 3.8: (A) K3[Fe(CN)6] concentration-dependent chronoamperogram in PC12 cell 

suspension including the double mediators, (B) K3[Fe(CN)6] concentration-dependent oxidation 

current. PC12 cells (3     cells/ well) were incubated for 10 minutes at 37  under 5% CO2 in 

the mixed solutions with 10 µM mPMS and various concentrations of K3[Fe(CN)6]. Oxidation 

current in the chronoamperogram was read at 5 second after potential application at + 0.5 V. In 

case of 10 µM mPMS and 500 µM K3[Fe(CN)6], the oxidation current reached maximum and 

therefore these conditions were used for following all electrochemical measurements.    
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3.3.5. Optimization of incubation time for cells with the double mediators 

 The PC12 cells (3     cells/ well) were taken in wells of a 96 well plate and the double 

mediators (500 µM FeCN and 10 µM mPMS was the final conc.) were added sequentially from 

first to last well with 300 seconds intervals.  To each well followed by ultimately incubation 

with different periods (10, 300, 600, 900, 1200 s), the oxidation current was measured by 

chronoamperometry. The oxidation current was read at 5 second after + 0.5 V potential 

application. The oxidation current obtained after various seconds of incubation increased as 

increasing incubation time and became saturation by 600 seconds incubation (Fig. 3.9). This 

data demonstrated that 600s incubation is enough to facilitate mPMS mediated intra and extra-

cellular reactions. 10 minutes was therefore chosen as the optimized incubation time and further 

all electrochemical measurements were done after 10 minutes incubation of cells with the 

double mediators.  
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Figure 3.9: Optimization of incubation time before electrochemical measurement. (A) 

Oxidation current profiles with same double mediator system and different incubation time for 

monitoring intracellular NADH. (B) Incubation time dependent oxidation current in the 

chronoamperograms. The oxidation current was read at 5 second after potential application at + 

0.5 V. The oxidation current gradually increased by increasing incubation time up to 1200 s and 

600 s was enough to facilitate mPMS-mediated intracellular NADH monitoring. These data 

indicated that 600 s was the optimized incubation time and further all electrochemical 

measurements were done by 600 s incubation of cells in double mediator solutions.  
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3.3.6. Comparison of the mPMS/FeCN double mediator system with the Mena/FeCN 

double mediator system  

 I have compared my mPMS/FeCN double mediator system with Mena/FeCN double 

mediator system for monitoring intracellular NADH through the oxidation of accumulated 

[Fe(CN)6]
4-

. From Fig 3.10, it was observed that the oxidation current response from 

accumulated [Fe(CN)6]
4-

 of both systems were almost similar. So, I would like to say my 

mPMS/FeCN system also works well as same as Mena/FeCN system to monitor intracellular 

NADH. 
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Figure 3.10: Comparison of my double mediator (mPMS/FeCN) system and Mena/FeCN 

system. (A) Chronoamperograms for monitoring the intracellular NADH in PC12 cells with 

both double mediator systems. PC12 cells (3×10
5
 cells/ well) were incubated in 10 µM mPMS + 

500 µM FeCN/HBSS or PC12 cells (3×10
5
 cells/ well) were incubated in 10 µM Mena + 500 

µM FeCN/HBSS.  For both systems, after 10 minutes incubation the chronoamperometric 

measurement was done by the potential application at +0.5 V. (B) Comparison of the oxidation 

current at 5 second with mPMS/FeCN system and Mena/FeCN system. The oxidation current 

value of my double system was almost similar to Mena/FeCN system in the presence and 

absence of cells. These data demonstrated that my mPMS/FeCN system works well as same as 

Mena/FeCN system to monitor the intracellular NADH. 
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3.4 Cell counting by electrochemical method using my double mediator system 

  At first, cell counting of PC12 cells was performed by electrochemical measurement 

using 10 µM mPMS and 500 µM FeCN system.  Fig.3.2.1A shows the chronoamperometric 

profiles to various density of cell suspension. The oxidation current increased proportionally as 

increasing number of PC12 cells ranging from 9000 to 600000 cells/well as shown in Fig. 

3.2.1B. 
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Figure 3.2.1: (A) PC12 cell number-dependent oxidation current profiles of my double 

mediator system for monitoring intracellular NADH. Inset: Oxidation current profile to lower 

concentration of cells. (B) Calibration curve for PC12 cell counting. The oxidation current was 

read at 5 second. Red line is the data of the electrochemical method and black line is the data of 

the WST-1 assay. The results are expressed as the mean ± SD from four experiments, R
2 

= 

0.996. 

 On the other hand, in the case of WST-1 assay, it was clearly seen that PC12 cell number 

ranging from 9000 to 300000 cells/well showed the linear relationship with absorbance at 450 

nm but more than 300000 cells/well, the curve became saturation. Therefore, I concluded that as 

compared to the WST-1 assay, larger number of the metabolically active PC12 cells could be 

quickly quantified by the electrochemical measurement with my double mediator system.  

 To examine the applicability of this double mediator system, I have further applied this 

method to count the C6 cells and RBL-2H3 cells under same conditions.  Figs. 3.2.2 and 3.2.3 

showed the cell counting calibration curves for C6 and RBL-2H3 cells.  These figures also 

revealed an excellent correlation between the measured oxidation current and number of 

metabolically active cells ranging from 9000 to 600000 cells/ well. From these results, my 

electrochemical method was considered to be useful as an alternative to the WST-1 assay to 
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count rapidly various kinds of mammalian cells and therefore to evaluate the cell viability very 

quickly.  

 

 

 

Figure 3.2.2: (A) C6 cell number-dependent oxidation current profiles of double mediator 

system for monitoring intracellular NADH. Inset: Oxidation current profile to lower 

concentration of cells. (B) Calibration curve for C6 cell counting.  The results are expressed as 

the mean ± SD from three experiments, R
2 

= 0.998. 
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Figure 3.2.3: (A) RBL-2H3 cell number-dependent oxidation current profiles of double 

mediator system for monitoring intracellular NADH. Inset: Oxidation current profile to lower 

concentration of cells. (B) Calibration curve for RBL-2H3 cell counting.  The results are 

expressed as the mean ± SD from three experiments, R
2 
= 0.997. 
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3.5 Evaluation of acute inhibition of metabolic activity of PC12 cell by oxamic acid with 

my double mediator system 

 Oxamic acid is a well-known inhibitor of LDH and thus significantly affects the 

pyruvate to lactate metabolism [67–70]. LDH is a principal enzyme which catalyses the 

transformation of pyruvate to lactate linked to redox reaction of dinucleotide coenzyme found in 

human and all eukaryotic cell. Recently, LDH inhibition by oxamic acid has further taken a lot 

of attention for anti-cancer drug [69–72]. So, in this study, I applied my electrochemical method 

to monitor the rapid decrease of intracellular NADH in PC12 cells by LDH inhibition. Fig. 3.2.4 

shows the oxamic acid concentration-dependent oxidation current profiles. The decrease of 

oxidation current after the treatment of PC12 cells was clearly dependent on the concentration of 

oxamic acid. It indicated that intracellular NADH level corresponding to the cell viability 

decreased within 1 hour by oxamic acid treatment. This result corresponded with the report by 

Zhai et al.[70]. They found that oxamic acid with high concentration (20 to 100 mM) 

significantly decreased the nasopharyngeal carcinoma cells proliferation or cell viability by 

blocking the LDH activity. 

 Here I have just investigated the acute toxic effect of oxamic acid on metabolic activity 

in PC12 cell for one hour by blocking LDH. In near future, I will investigate the incubation-time 

dependent cytotoxicity of oxamic acid on cytoma cells. Furthermore, I would like to evaluate 

the various types of acute cytotoxicity such as inhibition of respiratory chain, protein and DNA 

synthesis etc., by my electrochemical method. 
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Figure 3.2.4: Acute cytotoxicity test of oxamic acid on PC12 cells. (A) Chronoamperograms of 

double mediator system for monitoring intracellular NADH after treatment of various 

concentration of oxamic acid for 1 hour. (B) Decrease  of oxidation current  depending on the 

oxamic acid concentration. The oxidation current was read at 5 second after potential application 

at + 0.5 V. The results are expressed as the mean ± SD from four experiments. Db.m means the 

double mediator solution in the absence of cells and oxamic acid. 
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3.6 Conclusion   

 In this study, I have successfully developed a rapid and highly sensitive double mediator 

(mPMS/FeCN) system for electrochemical monitoring of intracellular NADH in various 

mammalian cells. I have optimized the mediator’s concentration, incubation time and applied 

potential for monitoring the intracellular NADH by chronoamperometry. I also confirmed my 

mPMS/FeCN system worked as well as previously used Mena/FeCN system and my double 

mediator system was universal for various kinds of mammalian cells due to the cytosolic 

enzyme-independent electron transfer between NADH and mPMS. As compared to WST-1 

assay, my electrochemical method was able to count the mammalian cells with wider range 

within 10 minutes. It was further demonstrated that my electrochemical method is useful to 

evaluate the acute cytotoxicity of oxamic acid on cytoma cells. 

 In near future, this method will be applied to evaluate the cell viability of 

microorganisms and acute cytotoxicity of anti-fungal and anti-bacterial agents.  Furthermore, if I 

can fabricate multi-plate electrode array system, my method may be alternate to WST assay for 

rapid and high-throughput cell viability and acute cytotoxicity test.  
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Chapter 4 

Electrochemical monitoring of the viability of yeast cells by using a 

mPMS/FeCN double mediator system  

4.1 Introduction 

 Yeast cell counting and viability assessment are crucial for industrial processing where 

yeast cells are used. Yeast is an essential microorganism; it has great importance in food 

(bakeries, wine, and beers) [73–76], pharmaceutical, and biofuel production industry. On the 

other hand, human diseases caused by pathogenic yeast have a significant morbidity and 

mortality rate. So, rapid and early assessment of yeast cell viability is strongly needed for 

controlling fermentation for the production of the products mentioned above and for evaluating 

the antimicrobial effect of drugs.  

 There are various kinds of conventional methods available for the evaluation of yeast 

cell viability. For example; the most traditional colony counting method [16,77], (OD)600 

method (useful only for cell counting but not suitable for cell viability test) [24,25], growth of 

inhibition zone method [19], fluorescent dye stained-based method [78]. Although these 

methods easily identify living and dead cells in the whole population, it takes a long time to get 

results and cannot assess the metabolic activity. Besides this, rapid and non-invasive electrical 

techniques have been developed using the polarization of cells in an AC electric field without a 

chemical reagent. The impedance spectroscopy method can online-monitor the growth of 

microbial cells due to the increase in capacitance [28]. Recently, I have developed an electro-

orientation method whether individual non-spherical cells were dead or alive from EO positions 

versus electric field direction depending on the intracellular conductivity [26]. However, these 

electrical techniques were unable to assess an intracellular metabolism as the viability assays 

were based on the integrity of the cell membrane. 

 On the other hand, Bio-electrochemical technique is most reliable and convenient for cell 

viability test via monitoring the intracellular NADH compared to colorimetric WSTs assay, 

which is time consuming [46]. Heiskanen et al. pioneeringly reported a bio-electrochemical 
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double mediator system with Mena and FeCN to monitor intracellular enzyme activity and cell 

viability [54,55]. In this system, electron transfer from intracellular NADH to Mena is catalyzed 

by an enzyme such as NADH oxidase (enzymatically dependent, as I discussed in chapter3) 

[60]. By far, this system has not yet been reported for cell counting and acute cytotoxicity test 

on yeast cells. On the other hand, my developed electrochemical double mediator system 

(mPMS / [Fe(CN)6]
3-

) is not dependent on the intracellular NADH. This is why; I applied my 

ubiquitous double mediator system for the first time to count the yeast cell and acute 

cytotoxicity test of itaconic acid and nystatin through the measurement of intracellular NADH.  

 Here, I have firstly chosen the itaconic acid for its cytotoxicity test because itaconic acid 

has many industrial applications, such as in the production of acrylic acid, paints, varnishes, and 

different organic compounds [79]. Recently, itaconic acid has been specially used to make 

hydrogels for water decontamination and eco-friendly biodegradable polymer [79]. Due to the 

numerous steps and low production rate in chemical method [80], many industrial companies 

now paying more attention to produce itaconic acid with the biotechnological method in yeast 

cell such as Aspergillus terreus [81–85], Ustilago maydis [86,87] strains and Saccharomyces 

cerevisiae [88]. I know that itaconic acid is a natural metabolite that acts as a key regulator to 

continue the TCA cycle by an inhibitory effect on SDH [89–91]. If itaconic acid is produced in 

high concentration interferes/prevents the TCA metabolism by direct inhibition of SDH. As a 

result, TCA cycle metabolism stops along with dramatically decrease in NADH, as I expected. 

So, itaconic acid cytotoxicity monitoring is important. In this study, I extracellularly added 0 to 

25 mM itaconic acid in the yeast cell suspension, which inhibited the TCA cycle metabolism in 

the yeast cell.  

 Further, I have used applied to evaluate the toxic effect of nystatin in yeast cell. Nystatin 

is a polyene an anti-fungal.  By far, toxic effect of nystatin with higher concentrations on yeast 

cell was evaluated by conventional colony counting method which takes 2 to 3 days [16][77], 

which is laborious and time consuming. Here I have applied my method to check the 

cytotoxicity with lower concentration of nystatin. 
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4.2 Analytical procedures  

4.2.1 Evaluation of cytotoxicity of mPMS and K3[Fe(CN)6] by a mixture of SYTO9 and PI 

double staining method 

 100 µL of cell suspension was taken to each well of a 96-well plate. 15 µL of different 

concentration of mPMS or 30 µL of (different conc. mPMS + 500, 1000, 2000 µM FeCN) was 

added to all wells. Cells with fresh HBSS (without mPMS or mPMS + FeCN) were used as a 

control. After 60 minutes of incubation at 37  under 5% CO2, 0.5 µL PI (final conc. 10 µM) 

and 3 µL SYTO9 (final conc. 12 µM) as added and again incubated for 15 minutes. In every 

case, the total volume of experimental cell suspension was maintained at about 150 µL with 

HBSS. Finally, 3 µL cell suspensions were applied onto the glass, taken a photograph of PI and 

SYTO9 stained cells under the microscopic fluorescence observation for all cases. It was 

evaluated that 10 or 20 µM mPMS and the mixture of 10 or 20 µM mPMS and 500, 1000, or 

2000 µM FeCN was not toxic for yeast cells (data is not shown).  

4.2.2 Electrochemical yeast cell counting with mPMS/FeCN double mediator system 

 Various densities of yeast cell suspension were plated in different wells and, FeCN (final 

conc. 500 µM) and mPMS (final conc. 10 µM) were added to each well. The total volume of 

experimental cell suspension was 150 µL. After incubation for 10 minutes, an SPCE was 

vertically immersed into the yeast cell suspension, and chronoamperometric measurement was 

immediately performed by a potential application at + 0.5 V vs Ag/AgCl reference electrode on 

the SPCE to sufficiently oxidise the accumulated ferrocyanide ([Fe(CN)6]
4-

)
 
outside of the cell. 

This [Fe(CN)6]
4- 

was produced from the reduction of FeCN by intracellular NADH with the 

mediation of mPMS [63]. 

4.2.3 Yeast cell counting by WST-1 assay 

 Various densities of yeast cell suspension were plated in different wells and, cell 

counting Kit-1 (WST-1) was added to each well. Cell counting Kit-1 was prepared by following 

this article [66]. The total volume of experimental cell suspension was 150 µL. After 2 h 

incubation, absorption of generated WST-1 formazan was measured by 450 nm.  
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4.2.4 Evaluation of cytotoxicity of itaconic acid and nystatin on yeast cells by 

electrochemical method 

 In this study, yeast cell suspension/HBSS (1×10
6
 cells/well) was taken in each well of a 

96 well plate, and 22.5 µL itaconic acid/HBSS was added (final conc; 0 to 25 mM). In case of 

nystatin, 10 µL nystatin was added (final conc. 0.01 to 0.16 µg/mL) into each well. After 1 hour 

incubation for itaconic acid and 45 minutes for nystatin, 15 µL FeCN (final conc. 500 µM) and 

15 µL mPMS (final conc. 10 µM) solutions were added into each well. In every case, the total 

volume of experimental suspension was maintained to 150 µL with HBSS. Additionally, after 

10 minutes of incubation at 37  under 5% CO2, chronoamperometric measurement was 

performed to evaluate the cytotoxicity of the itaconic acid.  

 

4.3 Electrochemical yeast cell counting with the mPMS/[Fe(CN)6]
3- 

double mediator system 

 Chronoamperometric profile (Fig. 4.1A) demonstrated that the larger and smaller 

oxidation current was originated from the larger and smaller number of yeast cells. The current 

was produced from the oxidation of formed [Fe(CN)6]
4-

 that was generated from intracellular 

NADH with redox mediation of mPMS. Fig. 4.1B represents produced oxidation current 

showed an excellent linear relationship with the number of viable yeast cells. On the other hand, 

conventional (OD)600 is not suitable for cell counting in high density because of the scattering 

effect. In Fig. 4.1C for WST-1 method, the calibration curve for yeast cell counting is not 

entirely linear may be due to the scattering effect arising from the high concentration of yeast 

cells when radiation at 450 nm was absorbed by WST-1 formazan. Although yeast cell counting 

range (from 4×10
4
 to 1×10

7
 cells/well) was same in both of methods, the linear range in my 

method was wider than that of WST-1 assay. That means a wider range in quantity of yeast cell 

could be counted more precisely by my method. 

 So, my modified double mediator system was not affected by scattering effect, turbidity 

of cell suspended medium, which might be better than the conventional (OD)600 and WST-1 

method for yeast cell counting within short time as I expected. Furthermore, I have applied this 

system to evaluate the acute cytotoxicity of itaconic acid in yeast cells by monitoring 

intracellular NADH.   
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Figure 4.1: (A) Yeast cell number-dependent oxidation current profiles with a new double 

mediator system for monitoring intracellular NADH. Inset: Oxidation current profiles to lower 

concentration of cells. (B) Calibration curve for yeast cell counting. The oxidation current was 

read at 5 second in each chronoamperogram. The results are expressed as the mean ± SD from 

three experiments, R
2 

= 0.997. (C) Calibration curve for yeast cell counting by WST-1 cell 

counting kit-1. 

4.4 Evaluation of cytotoxic effect of antifungal drugs in yeast cell 

4.4.1: Evaluation of the cytotoxic effect of itaconic acid in yeast cells by mPMS/[Fe(CN)6]
3- 

double mediator system and comparison with WST-1 assay 

 Itaconic acid produced from cis-aconitate by cis-aconitic acid decarboxylase (CAD) or 

immune response gene-1 via decarboxylation reaction in TCA cycle [91,92]. This endogenously 

synthesized itaconic acid regulates succinate level and whole metabolism in eukaryotic cell by 

the inhibitory activity on SDH [89–91]. Jha et al. reported that itaconic acid produced at the first 

break-point, and this produced itaconic acid directly regulates the SDH in second break-point 

[90,93].  

 Although itaconic acid is a metabolite, the naturally produced high concentration of 

itaconic acid inhibits the SDH; as a result, succinate cannot oxidise to fumarate. On the other 
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hand, exogenous addition of itaconic acid inhibits isocitrate lyase, a key enzyme of glyoxylate 

shunt metabolism in bacteria [92,94,95]. However, extra administration of itaconic acid triggers 

direct inhibition of SDH to cause succinate accumulation in eukaryotic mitochondria 

[89,90,96,97]. As a result, succinate cannot convert to fumarate, accumulates in the 

mitochondria, and the TCA cycle stops. As a consequence of this whole interference 

phenomenon, I expect intracellular NADH also quickly to decreases. Fig. 4.2 shows that the 

oxidation current was decreased with increasing itaconic acid concentration after 1 hour 

exposure. This decrease of oxidation current is due to the inhibition of succinate dehydrogenase, 

which also quickly decreased the mitochondrial NADH as we expected. My result was similar to 

the result obtained by T. Cordes et al. They have used 0 to 25 mM itaconic acid on RAW 264.7 

macrophages and Bone-marrow-derived macrophages (BMDMs) and reported that a few mM of 

itaconic acid inhibited SDH along with succinate accumulation [90]. 
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Figure 4.2: Acute cytotoxicity test of itaconic acid on yeast cells. (A) itaconic acid 

concentration dependent chronoamperograms of double mediator system for monitoring 

intracellular NADH after 1 hour treatment with various concentrations of itaconic acid. (B) 

Decrease of oxidation current depending on the itaconic acid concentration. The oxidation 

current was read at 5 second after potential application at + 0.5 V. The results are expressed as 

the mean ± SD from three experiments. Db.m means the double mediator including HBSS in the 

absence of cells and itaconic acid. 

 Fig. 4.3 shows that the absorption of produced formazan at 450 nm was decreased with 

increasing itaconic acid concentrations after 1 h exposure and additionally, after 2.5 h of 

incubation at 30 . This result was similar to the result obtained from our electrochemical 

double mediator system. But, at the high concentration of itaconic acid (such as at 12.5 and 25 

mM) in Fig.4.3, the absorption of produced formazan did not so decrease like as the oxidation 

current in Fig.4.2. This somewhat different result in WST-1 assay from our electrochemical 

method might be due to the long incubation time in WST-1 assay. It is now difficult for us to tell 

what happened in intracellular function at long incubation time in WST-1 assay. It should be 

further elucidated.   

 So, from these above two results, it was confirmed that the extracellular administration 

of itaconic acid in the yeast cells decreased the intracellular NADH which was precisely 
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evaluated by our electrochemical double mediator system as compared to conventional WST-1 

assay.  

 

Figure 4.3: Evaluation of cytotoxicity of itaconic acid in yeast cells by WST-1 assay. Yeast 

cells (1×10
6
 cells/well) was incubated for 1 h with different concentration of itaconic acid (final 

conc; 0 to 25 mM), and after that 10 µL CCK-1 was added into each well. Additionally, after 2.5 

h of incubation at 30 , the absorption of produced formazan was measured at 450 nm by a 

micro plate reader. The results were expressed as the mean ± SD from three experiments. 

4.4.2 Evaluation of toxic effect of nystatin in yeast cells 

 Nystatin is an anti-fungal polyene, target the cell wall and plasma membrane. Anti-

fungal polyene primarily binds to the cytoplasmic ergosterol [98] and inserts into the plasma 

membrane to form a pore-like structure results the destruction of membrane integrity and 

leakage of intracellular ion [16,99–103]. It has been reported that the toxic effect of nystatin at 

the concentration of µg/mL range was evaluated by the colony counting method on the basis of 

cell membrane disruption [16,77,99,104]. Here, I have used two order lower concentration was 

evaluated of nystatin to evaluate its cytotoxicity.  
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 To check the membrane was destroyed or not, I have used the mixture of SYTO9 and PI 

as a double-fluorescent dye. Firstly, yeast cells were incubated for 1 hour with different 

concentration of nystatin, and additionally incubated with (SYTO9 + PI) for 15 minutes. Finally, 

a photograph of yeast cells stained with SYTO9 + PI were taken by fluorescence microscope. 

Fig. 4.3 shows that at low concentration (0.32 µg/mL) of nystatin, cell membrane disruption was 

not occurred and PI could not permit inside the cell. From this result, it was confirmed that 

without cell membrane disruption, nystatin penetrated inside of the yeast cell.  

 

Figure 4.4: Microscopic image of yeast cells after 1 hour incubation with different 

concentration of nystatin. (A) Control condition; yeast cells without nystatin. (B) Yeast cells 

with 0.32 µg/mL nystatin.  

 Next, to evaluate the viability, I have measured the oxidation current at +0.5 V by my 

double mediator system with same concentrations of nystatin after 60 minutes incubation and 

additionally 10 minutes for double mediators. Fig. 4.4A shows that the oxidation current 

decreases with increasing the nystatin concentration ranging from 0.01 to 0.16 µg/mL. I 

considered that nystatin at this concentration range induced intracellular NADH decrease to 

promote apoptosis without cell membrane disruption.  It has been reported that the pore 

formation in the membrane by polyene (amphotericin B) is not the sufficient mechanism to 

induce the cell death [100,105]. Since cell membrane disruption was not occurred, I 

hypothesised the apoptosis caused by nystatin which should be elucidated. Because, the cell 

cycle (G2/M) arrest, abnormal morphology of mitochondria, oxidative damage is the reasons for 

apoptosis caused by polyene [101,105–108]. 
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Figure 4.5: Acute cytotoxicity of nystatin in yeast cell. (A) Oxidation current profiles for 

monitoring the inhibition effect of nystatin on yeast cells.  (B) Nystatin concentration dependent 

oxidation current of double mediator system for monitoring intracellular NADH after 1 hour 

treatment with various concentrations of nystatin. The decrease of oxidation current depending 

on the nystatin concentration. The oxidation current was read at 5 second after potential 

application at + 0.5 V. The results are expressed as the mean ± SD from three experiments. 

Db.m means the double mediator including HBSS in the absence of cells and nystatin.  
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4.5 Conclusion 

 According to the results, a wider range in quantity of yeast cells was precisely counted 

within 10 minutes by using a double mediator (mPMS)/[Fe(CN)6]
3-

) system. Furthermore, this 

method was applicable for the evaluation of acute cytotoxicity caused by fast-acting chemical 

compounds including drugs and pollutants in yeast cells. Next, I sought to apply this system to 

bacterial cell counting and viability test.    
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Chapter 5 

Conclusion and future perspective 

5.1 Conclusion 

 In this study, I have successfully developed a rapid and highly sensitive electrochemical 

modified double mediator (mPMS/FeCN) system for real cell viability assessment through the 

monitoring of intracellular NADH in various kinds of cells without cell membrane disruption. I 

have optimized the mediator’s concentration, incubation time and applied potential for 

monitoring the intracellular NADH by chronoamperometry. I have also confirmed my 

mPMS/FeCN system worked as well as previously used enzyme-dependent Mena/FeCN system 

and my double mediator system was universal for various kinds of cells due to the cytosolic 

enzyme-independent electron transfer between NADH and mPMS. As compared to 

conventional WST-1 assay, my electrochemical method was able to count the mammalian cells 

with wider range within 10 minutes. It was further demonstrated that my electrochemical 

method is useful to evaluate the acute cytotoxicity of fast-acting drugs such as anti-cancer effect 

of oxamic acid in PC12 cell, toxic effect of anti-fungal agent such as itaconic acid and nystatin 

in yeast cell. However, my electrochemical method overcomes most of the limitations of other 

optical methods, such as cytotoxicity of assay dye, the scattering effect, turbidity of cells 

suspended in medium and long incubation time. Results suggested that my method might be 

applicable to evaluate the various types of acute cytotoxicity such as inhibition of respiratory 

chain, protein and DNA synthesis etc.  

 I believe that my method might be useful as a tool not only for academic study but also 

for the cell-based research, medical and pharmaceutical applications as I expected. 

 Near future I would like to continue my research to develop a system for cell viability 

assessment at cell-adhered state with my mPMS/FeCN double mediators.  
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5.2 Future perspective  

 My next goal is to develop an electrochemical method to control the intracellular 

metabolic activity by reduction of intracellular NAD
+
 to NADH with redox mediator. It will 

open a new concept of bio-reactors which can synthesize useful bio-chemical compounds 

including important drugs by using NADH-dependent enzymatic reactions. I believe this 

research will be useful for development of green and sustainable society and industry. The 

principle of the electrochemical reduction for the promotion of cell metabolism is shown in 

Fig.5.1 schematically. 

 

Figure 5.1: Expected principle of the electrochemical reduction for the promotion of cell 

metabolism. 
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Appendix 

 

Cell viability 

 Prior to every experimental treatment, everybody should know the cell’s health condition. 

In this case, viability, proliferation and vitality are closely related term. Viability refers to the 

percentage of metabolic active cells presents in the whole population as compared to death cell 

whereas proliferation is a measure of cell division. On the other hand, vitality is the 

physiological capabilities of cells. Monitoring of the intracellular NADH/metabolic activity is 

the indication of cell viability.  

Electrochemical technique for cell viability assessment 

 Electrochemical techniques have been used in various fields such as biofuel cell, 

biosensors, electrochemical analysis and synthesis. In case of biological oxygen demand (BOD) 

estimation, blood glucose measurement and contaminant determination, the electrochemical 

technique has been mostly employed. By the definition; electrochemical technique is a process 

in which the charge transfer takes place between electrode and a redox species in solution. 

Electrochemical techniques made it possible to rapid monitor the chemical processes inside 

living cells using electron transfer mediators. Three types of electrodes; reference, working and 

counter (auxiliary) electrodes are immersed in an analyte solution containing supporting 

electrolyte. Typically, alkali metal’s salt is used as supporting electrolyte but doesn’t react with 

the electrodes. Generally, oxidation or reduction reactions occurred at the working electrode 

surface and current flows between the working and counter electrode, this current is 

continuously measured. Potentiostate maintains the constant potential difference between 

working and reference electrode with changing the applied potential between the working and 

auxiliary electrodes.   

 In any electrochemical cell, it involves electrode which is a source of electrons. 

Considering reduced cofactor, NADH as a source of electrons and the above characteristic 

reactions, it could be possible to monitor cell viability by the measurement of oxidation current 

from intracellular NADH with cell membrane permeable mediator. The mediator will accept and 
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release the electrons between those coenzymes and extracellular region such as FeCN or suitable 

electrodes. 

 Using double mediators, chronoamperometry and cyclic voltammetry are most useful 

method to observe the intracellular reaction inside the cell.  In this thesis, I have employed 

cyclic voltammetric and chronoamperometric technique to measure the accumulated 

ferrocyanide in extracellular cell suspension for monitoring intracellular NADH with 

mPMS/FeCN double mediators. The electrochemical measurement of accumulated ferrocyanide 

is an indication of metabolic activity inside of the cell. 

Cyclic voltammetry 

 In cyclic voltammetry, current is measured as a function of applied potential.  The 

current produced from the reaction on the working electrode is plotted versus the applied 

potential. As time being passing, the potential applied on the working electrode is started to 

ramp in forward direction until it reaches in maximum value which was previously set as 

applied potential. After reaching this potential-value, the potential is ramped in the opposite 

direction to the initial potential. In this way, varying the applied potential at the working 

electrode a cyclic voltammogram is generated and repeated one or more times to analysis the 

electrochemical properties of analyte in the solution. In this thesis, I have measured the 

accumulated [Fe(CN)6]
4- 

by cyclic voltammetry in double mediator system in the presence of 

cells and observed the oxidation current increase as compared to control as shown in Fig. 3.4, 

which supported that the Scheme 1 might be suitable to detect the cell viability.  

Chronoamperometry 

 In chronoamperometry, a fixed potential is applied on the working electrode with respect 

to the reference electrode and produced current from the oxidation or reduction reaction on the 

working electrode is recorded as a function of time. Chronoamperometry is very useful to 

monitor the continuous electron transfer. Here, I have measured the accumulated [Fe(CN)6]
4- 

by 

chronoamperometry in my double mediator system in the presence of cells and observed the 

oxidation current increase as compared to control.   
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Electron mediators 

  The electron mediators are those agents which transfer the electrons from the active 

redox canter of the enzyme in the living cell to extracellular region contains terminal electron 

acceptor or vice versa. Generally, some redox chemical compounds and electrode surface are 

used as a terminal electron acceptor.  

 There are two types of redox mediators; hydrophilic and lipophilic mediators. 

Hydrophilic mediators such as potassium ferricyanide, ruthenium hexamine and 

carboxymethylferrocenium are water-soluble cannot permit inside of the cell. On the other hand, 

lipophilic mediators such as phenazine methosulphate, phenazine ethosulphate, 

dichloroindophenol and neutral red, benzoquinones such as 2-methyl-1,4-naphthoquinone 

(menadione), benzoquinone, 1,2- naphthoquinone, and benzoamines such as 2,3,5,6-tetramethyl 

1,4-phenylenediamine (TMPD) and N, N-dimethyl-p-phenylenediamine are lipid soluble, can 

cross the cell membrane and access cytoplasm and mitochondria [109,110]. The reduced 

molecules (nicotinamide adenine dinucleotide NADH /nicotinamide adenine dinucleotide 

phosphate NADPH) are located in the mitochondrial electron transport chain in the eukaryotic 

cells and in the plasma membrane of prokaryotic cells gives electron to the oxidized mediator. 

Oxidised mediator became reduced and goes outside to transfer the electrons to extracellular 

hydrophilic mediator. Hydrophilic mediator accepts electrons and this hydrophilic mediator is 

then measured by optical method (WSTs method) or electrochemical methods such as 

amperometry, voltammetry or coulommetry. The redox reaction of the mediators on the working 

electrode indirectly provides the intracellular important information producing electrochemical 

or optical signal.  
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