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Abstract

An amperometric method was applied for real-time monitoring of intracellular redox enzyme activity. Baker�s yeast (Saccha-

romyces cerevisiae) cells were immobilized on platinum microband electrodes and mediated anodic currents were measured. The

currents were observed in the absence and in the presence of glucose as a source of reducing equivalents, NADH and NADPH. 2-

Methyl-1,4-naphthoquinone (menadione, vitamin K3) and water soluble 2-methyl-1,4-naphthoquinone sodium bisulfite (menadione

sodium bisulfite MSB) were compared as artificial electron acceptors for their ability to transduce internal cellular redox activity into

electrode current. It was found that hydrophobic menadione was superior to its water-soluble bisulfite derivative for probing whole

intact cells.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Within the last few decades, electrochemical tech-

niques have been used for probing a number of pro-

cesses occurring in the living cell [1–3]. Biochemical

redox equivalents and their reactions inside a cell can be

electrochemically observed by measuring, e.g., bioelect-

rocatalysis, which implies the use of electron-transfer
mediators [4]. The appropriate redox mediators or their

combinations are capable of exchanging electrons be-

tween intracellular redox enzymes and extracellular

electrodes due to their ability to permeate across the cell

membrane. The double mediator system, containing
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menadione/menadiol (2-methyl-1,4-naphtalenedione/

2-methyl-1,4-naphtalenediol), and ferricyanide/ferrocy-

anide was shown to be efficient for probing the intra-

cellular redox activity in intact (living) cells [5]. Other

recent applications of the menadione/menadiol redox

couple include probing the enzymatic redox reactions in

yeast [6,7], bacteria [8], and mammalian cells [9]. The

detection of intracellular redox reactions using mena-
dione as electron transfer mediator is based on its dif-

fusion through the cell membrane and reduction by the

cytosolic and mitochondrial enzymes catalyzing electron

transfer from NAD(P)H to quinone substrates. In

mammalian cells NAD(P)H:quinone oxidoreductase

(NQO, also called DT-diaphorase, EC 1.6.99.2) utilizes

both NADH and NADPH as electron donors to reduce

a wide range of endogeneous quinones. Yeast cells
(Saccharomyces cerevisiae), do not, according to the

present knowledge, contain NQO, and the reoxida-

tion of NAD(P)H in this microorganism is carried out
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by other enzymes. Based on biochemical studies
cytoplasmic NADPH dehydrogenase I (also known as

‘‘old yellow enzyme’’, EC 1.6.99.1) appears to be the

enzyme responsible for the reduction of menadione by

yeast cells [10]. Mitochondrial NADH dehydrogenases

(also called NADH:ubiquinone oxidoreductases, EC

1.6.5.3) are other possible candidates, which can be in-

volved in the intracellular reduction of quinone media-

tors by S. cerevisiae [11]. Since all enzymes that interact
with artificial electron acceptors in yeast cells are not

clearly identified, we refer to the general term,

NAD(P)H oxidizing enzymes (NOEs).

In mammalian cells NQO catalyses obligatory two-

electron reduction of quinones to hydroquinones, thus

protecting a cell against deleterious and carcinogenic ef-

fects caused by these compounds [12]. Disruption of

NQO activity affects the redox balance in the cell and is
associated with an emergence of cancer, atherosclerosis,

AIDS, and neurodegenerative diseases. To reveal the

potential hazards to higher organisms such as human, the

simplest eukaryotes (yeast) are often used instead. Ba-

ker�s yeast is a relevant model to be used instead for

studies of higher eukaryotes since the major metabolic

pathways in yeast and humans are highly conserved [13].

In this context, electrochemical studies of living yeast cells
can substantially contribute to the understanding of the

pathophysiological state of higher eukaryotic cells if the

origin of the measured current in the presence of cells and

electron transfer mediators could be better understood.

The aim of this work was to compare two lipophilic

mediators, sparingly soluble menadione (M), and well

water-soluble menadione sodium bisulfite (MSB) in

probing intracellular redox enzyme activity in immobi-
lised baker�s yeast (S. cerevisiae). Hodnick and Sartorelli

[14] found that MSB had significantly lower midpoint

potential (E1=2) than M, which resulted in higher mam-

malian NQO activity with this substrate. Their data

were obtained in enzyme activity assays using disrupted

cells (cell sonicates), thus excluding the diffusion of the

mediator through the cell membrane. To our knowl-

edge, the present electrochemical investigation reports
for the first time the use of MSB for probing redox re-

actions in whole intact living cells. The comparison be-

tween M and MSB indicates that the coupling efficiency

of intracellular reactions to the electrode current to a

high degree is a function of the mediator diffusion

through or partition in the plasma membrane, which in

turn depends on the mediator hydrophobicity.
2. Experimental

2.1. Chemicals

Platinum band microelectrodes, consisting of four

interconnected bands with 25 lm spacing between
bands, and width of each band of 25 lm, were fabricated
on a Si/Si3N4 substrate using a thin-film technology [15].

Total area of the electrode was approx. 100 lm2. Yeast

cells were commercially available from J€astbolaget
(Sollentuna, Sweden). All aqueous solutions were pre-

pared using deionized water (Milli-Q, Millipore Corp.).

Menadione (M), menadione sodium bisulfite (MSB),

glucose and sodium alginate were from Sigma Chem.

Co. (St. Louise, MO, USA), and potassium ferricyanide
was from Merck (Darmstadt, Germany). All other

chemicals were reagent grade.
2.2. Buffers and solutions

The buffer used for measurements contained 10 mM

Tris, 10 mM succinate (pH 5.0), 10 mM CaCl2 and 100

mM KCl. Stock solution of M (20 mM) was prepared in
95% ethanol (mediator 1). The buffer with M (100 lM)

was prepared by dissolving this compound in Tris–suc-

cinate buffer with pH 5.0 under vigorous stirring for 20 h

at room temperature (mediator 2). The buffers with

MSB (100 lM) were prepared in two different ways.

First, MSB was dissolved in 10 mM Tris (pH �10) with

10 mM CaCl2 and 100 mM KCl while stirring the so-

lution for 4 h at room temperature until the formed
precipitate was completely dissolved. After that succi-

nate was added up to 10 mM and the pH adjusted to 5

(mediator 3). Second, MSB was dissolved in a buffer

(pH 5) already containing 10 mM Tris, 10 mM succi-

nate, 10 mM CaCl2 and 100 mM KCl (mediator 4). The

stock solutions of K3Fe(CN)6 (200 mM) and glucose

(500 mM) were prepared in 10 mM Tris–succinate

buffer (pH 5.0), containing 10 mM CaCl2 and 100 mM
KCl.
2.3. Immobilization of cells

Yeast cells were immobilized on top of platinum band

electrodes in a Ca2þ–alginate gel. The gel completely

covered Si/Si3N4 surface with four platinum bands, be-

ing permeable for the electron transfer mediators due to
its high porosity. The cells (100 mg) were rinsed twice

with Milli-Q water and then re-suspended in 0.4 ml of

Milli-Q water. After that 0.5 ml of 2% (w/v) sodium

alginate was added to the suspension to give a final cell

concentration of 10% (w/v). The electrode was coated

with cells by dipping it into the resulting suspension and

then shaking to remove the excess of the cell-alginate

(the procedure is similar to spin coating). By further
immersing the coated electrode in 100 mM CaCl2, the

calcium alginate gel was formed. Immediately after the

cell immobilization, measurements were carried out in

the buffer containing 10 mM CaCl2 to maintain the in-

tegrity of the gel. A new layer of immobilized cells was

used for each measurement.
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2.4. Amperometric measurements

Amperometric measurements were carried out at a

fixed potential of +400 mV in a thermostated electro-

chemical cell (30 �C) under aerobic conditions, provided
by vigorous stirring. An LC-4A amperometric detector

(Bioanalytical Systems Inc., Lafayette, IN, USA) was

used in a combination with three-electrode system, in

which a saturated Ag/AgCl and a Pt wire served as the
reference and counter electrodes. The total signal from

all four bands of the electrode was registered. Micro-

electrode with immobilized cells was placed into the

buffer solution (10 mM Tris, 10 mM succinate (pH 5.0),

10 mM CaCl2 and 100 mM KCl) in the electrochemical

cell. Measurements were started by recording the base-

line current of the cell-modified platinum band micro-

electrode in the presence of either of the lipophilic
mediators (1–4), dissolved in 20 ml of Tris–succinate

buffer at pH 5.0 until a steady-state current was ob-

tained. Then K3Fe(CN)6 was added to a final concen-

tration of 1 mM. After the resulting response had
Fig. 1. Measurement of intracellular redox reactions using a double mediat

adione (M) diffuses inside a cell, where it is reduced to menadiol (MH2). T

covering M to complete the cycle. Oxidation of the formed Fe(CN)4�6 is mea

formation of NADH and NADPH in glycolysis and pentose phosphate path

glucose 6-phosphate dehydrogenase, 6-phosphogluconate and dehydrogenas

substrates. NOE depicts NAD(P)H oxidizing enzymes. (b) Real-time curre

presence (solid line) or absence (dash line) of cells. FC – potassium ferricyan
reached a steady state, the measurement was completed
by addition of glucose up to 5 mM.
3. Results and discussion

Specific characterization of intracellular redox reac-

tions is complicated by a large number of different redox

couples active inside a cell. In this work we studied a
mediated amperometric method for real-time monitoring

of intracellular NOE activity in yeast cells entrapped in

alginate at a platinum band electrode. Alginate gel forms

three-dimensional, honey-like structures with intercon-

nected pores. Pore size can reach 200 lm [16], what makes

the gel permeable for electron transfer mediators.

To optimize the conditions for probing the intracel-

lular redox enzyme activity in S. cerevisiae a double
mediator system was employed, containing lipophilic

(M or MSB) and hydrophilic (ferricyanide) mediators

that transduce intracellular redox reactions into an

electrode current, as depicted in Fig. 1. The lipophilic
or system: (a) putative mechanism of menadione reaction cycle. Men-

he latter diffuses to the outside the cell and reacts with Fe(CN)3�6 , re-

sured amperometrically at +400 mV. Addition of glucose results in the

way. ‘‘Enzymes’’ depicts glyceraldehydes 3-phosphate dehydrogenase,

e; Sred and Sox – reduced and oxidized forms of their corresponding

nt response measured after addition of mediators and glucose in the

ide, M – menadione, Gl – glucose.
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Fig. 2. Chemical reactions of M and MSB: (a) two-electron reduction of M to MH2. (b) Conversion of M into MSB at alkaline pH.
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mediator M can cross the cell membrane and enter the

cytoplasm where it is reduced to menadiol (MH2),

Fig. 2(a) by cytoplasmic and mitochondrial NOEs. The

reduced mediator MH2 can then diffuse outside the cell

and deliver electrons to ferricyanide (Fe(CN)3�6 ), which

results in the formation of ferrocyanide Fe(CN)4�6 and

re-formation of M followed by electrochemical oxida-

tion of Fe(CN)4�6 that produces an anodic current, thus
linking intra- and extracellular redox pairs with an

electrode. Direct electrochemical oxidation of MH2 at

the electrode is a competing process, occurring however

with lower rate than electrocatalytical oxidation via

(Fe(CN)3�6 ). It should be noted that Fe(CN)3�6 does not

cross the cell membrane due to its ionic nature, and thus

can not be used without a lipophilic mediator for

probing redox activity in eukaryotic cells. In prokaryotic
cells, where electron transport chain enzymes are located

on the cell membrane and are accessible from the peri-

plasm, Fe(CN)3�6 can be used as a single mediator [17].
G6PDH

2 NAD+

2 NADH

NADP+ NADPH

glucose

glucose-6P 6P-gluconolactone

HK

2 glyceraldehyde-3P

~~

G3PDH

~~

2 pyruvate

6

Fig. 3. Scheme of glycolysis and the pentose phosphate pathway: HK – hexok

glucose 6-phosphate dehydrogenase, 6PGL – 6-phosphogluconolactonase, 6

production of NAD(P)H are filled with grey color. Symbol indicates
In this work the double mediator system was applied

for detection of cellular metabolism in real time during

glycolysis and the pentose phosphate pathway, which

produce NADH and NADPH, respectively (Fig. 3), and

thus supply substrates for NOEs. A typical current

response recorded with the yeast-modified electrodes

upon sequential addition of mediators and glu-

cose in the presence and absence of cells is shown in
Fig. 1(b).

Both oxidized and reduced forms of menadione (M

and MH2 are neutral and can cross the cell membrane,

however M has limited solubility in water. To overcome

the problem of M solubility in aqueous media and thus

in the cytoplasm, we also investigated its ionic derivative

MSB.

To evaluate the behavior of M and MSB, the medi-
ator solutions were prepared in different ways: (1) M in

95% ethanol, (2) M in Tris–succinate buffer at pH 5.0,

(3) MSB in Tris buffer at pH 10, and (4) MSB in Tris–
6PGDH6P-gluconate

NADP+ NADPH

ribose-5P

~ ~

PGL

inase, G3PDH – glyceraldehyde 3-phosphate dehydrogenase, G6PDH –

PGDH – 6-phosphogluconate dehydrogenase. Enzymes catalyzing the

that one or several enzymatic steps in the pathway are omitted.



Fig. 4. Time-dependent responses fromS. cerevisiae cell-modified electrode after additionof lipopilicmediator (100lM, time0min),K3Fe(CN)6 (1mM,

time 9min) and glucose (5 mM, time 23min). Lipophilic mediators were prepared as follows: 1 –M in 95% ethanol, 2 –M in Tris–succinate buffer at pH

5.0, 3 – MSB in Tris at pH 10, 4 – MSB in Tris–succinate buffer at pH 5.0. The current was measured at 400 mV in Tris–succinate buffer, pH 5.0.
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succinate buffer at pH 5. The steady-state currents

produced by the yeast-modified electrodes after addition

of the mediator solutions (1–4), K3Fe(CN)6 and glucose

are shown in Fig. 4. The first two steady state currents

are recorded in the absence of an external energy source
(i.e., glucose) and thus the currents reflect the mediator-

assisted oxidation of the intracellular energy depot, in-

cluding NADH and NADPH. From this it can be seen

that the steady-state current is dependent on the type of

mediator and of the way the mediator solution is pre-

pared. There is a distinct correlation between the me-

diator hydrophobicity and observed current response.

Higher currents and faster responses were produced
after addition of K3Fe(CN)6 for M- (Fig. 4, curves 1 and

2) compared to MSB-based solutions (curves 3 and 4).

The comparison suggests that the transport of the li-

pophilic mediator (M or MSB) into a cell is a limiting

step in its reduction by S. cerevisiae. M is an uncharged

molecule capable of more efficient diffusion through the

cell membrane compared to MSB.

Another important observation is that MSB prepared
in Tris buffer at pH 10 produces higher current response

from this mediator (Fig. 4, curve 3) compared to MSB

prepared in a buffer at pH 5 (Fig. 4, curve 4). This dif-

ference can be assigned to the degradation of MSB to M

under alkaline pH as shown in Fig. 2(b) [18]. Due to

such MSB degradation one may expect that the MSB

solution prepared at pH 10 will contain some amount of

M. Previously it was shown that midpoint potentials
(E1=2) for M and MSB vs. saturated calomel electrode

were )45 and )175 mV, respectively [14], meaning that

MSB may be easier to reduce by biological reducing

equivalents compared to M. Contrary to these electro-

chemical data, our results suggest that M is the preferred

substrate for NQO in whole intact cells, when the me-

diator should first permeate across the cell membrane.

This is most probably due to a higher diffusion rate of
uncharged hydrophobic M molecule across the lipid

bilayer. Thus the major contribution in NOE mediated
reduction of M in intact cells comes from the bioavail-

ability of the mediator, which is a function of its hy-

drophobicity.

When glucose is added (third steady state current in

Fig. 4), the yeast cell-modified electrode shows an in-
crease in catalytic current due to production of NADH

and NADPH in glycolysis and pentose phosphate

pathway, respectively (Fig. 3). In glycolysis, intracellular

NADH is produced by glyceraldehyde 3-phosphate de-

hydrogenase, which catalyses the electron transfer from

glyceraldehyde 3-phosphate to NADþ. In the pentose

phosphate pathway, NADPH is produced by glucose

6-phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase. The magnitude of the observed steady-

state current after addition of glucose also correlates

with the hydrophobicity of the lipophilic mediator,

where the lower responses were obtained for MSB

(Fig. 4, curves 3 and 4). When M in ethanol (curve 1)

was used as a mediator, addition of glucose resulted in a

lower current than for the aqueous M solution (curve 2).

The ethanol concentration in the final measured solution
was approx. 0.5% (v/v), thus it is probable that the lower

glucose response for M in ethanol was observed due to

the effect of ethanol on the glucose metabolism, e.g., by

a change in lipid environment in the plasma membrane

and thus inhibiting the rate of glucose transport inside a

cell [19]. Based on this study, aqueous M can be rec-

ommended as the most suitable mediator for investiga-

tion of intracellular redox reactions.
4. Conclusions

In this work we have applied an amperometric

method for probing intracellular redox activity of S.

cerevisiae in by making use of artificial electron accep-

tors. M and MSB were compared for their ability to link
intracellular redox reactions with an extracellular plati-

num microband working electrode. M was found to be
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superior in carrying out this function and thus have a
potential for development of electrochemical methods to

measure NOE activity (such as NQO, NAD(P)H oxi-

doreductase, NADH dehydrogenase) in living cells.

NOEs play an important role in protecting cells against

oxidative stress, cytotoxicity, mutagenicity, and carcin-

ogenicity caused by quinones and other electrophiles.

From this perspective the proposed technique can be

useful for a better understanding of the effects of phys-
icochemical stimuli on the redox state and emergence of

pathophysiological states of the cell.
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