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E. Laqué-Rupérez, M.J. Ruiz-Gómez, L. de la Peña, L. Gil and M. Martı́nez-Morillo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81


Photoelectric effects on chlorophyll fluorescence of photosystem II in vivo. Kinetics in the absence and presence of valinomycin


W.J. Vredenberg and A. Bulychev. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87


Modeling of ionic relaxation around a biomembrane disk


L. Oroszi, O. Hasemann, E. Wolff and A. Dér . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97


Electrical energy required to form large conducting pores


J.C. Neu, K.C. Smith and W. Krassowska . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107


Imaging of enzyme activity by scanning electrochemical microscope equipped with a feedback control for substrate–probe distance


D. Oyamatsu, Y. Hirano, N. Kanaya, Y. Mase, M. Nishizawa and T. Matsue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115


Author Index to Volume 60 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123


Subject Index to Volume 60 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125


Contents of Volume 60 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127


The publisher encourages the submission of articles in electronic form thus saving time and avoiding rekeying errors. Please refer to the online


version of the Guide for Authors at http://www.elsevier.com/locate/bioelechem


Elsevier B.V.


www.elsevier.com/locate/bioelechem


Volume 60, Numbers 1 and 2, August 2003








www.elsevier.com/locate/bioelechem


Bioelectrochemistry 60 (2003) 1–10

Quantitative model of small molecules uptake after in vitro cell


electropermeabilization


Marko Puca, Tadej Kotnika,b, Lluis M. Mirb, Damijan Miklavčiča,*
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Abstract


Electropermeabilization of the cell membrane is a phenomenon caused by exposure of the cell to electric pulses. Permeabilization depends


on pulse duration, pulse amplitude, the number of pulses delivered, and also on other experimental conditions. With these parameters


properly chosen, the process of permeabilization is reversible and cells return to their normal physiological state. This article describes the


development of a model of diffusion-driven transmembrane transport of small molecules caused by electropermeabilization. The process of


permeabilization is divided into a short permeabilizing phase that takes place during the pulse, and a longer resealing phase that begins after


the end of the pulse. Because both phases of permeabilization are important for uptake of molecules into cells, most of the effort is focused on


the optimization of parameters that influence the flow between intracellular and extracellular space. The model describes well the


transmembrane transport caused by electropermeabilization, allowing to study the uptake of molecules as a function of elapsed time, voltage


and pulse duration. In addition, our results show that the shapes of the curves of cell permeabilization and survival as functions of pulse


amplitude can to a large extent be explained by cell size distribution.

D 2003 Elsevier Science B.V. All rights reserved.

Keywords: Transmembrane transport; Electroporation; Electropermeabilization; Resealing kinetics; Pharmacokinetic model

1. Introduction


Electropermeabilization of the cell plasma membrane


is a well-known phenomenon caused by exposure of cells


to high-voltage electric pulses [1,2]. Permeabilization


depends on pulse amplitude, pulse duration, number of


delivered pulses, and also on other experimental condi-


tions (temperature, osmotic pressure, etc.). With properly


chosen values of the parameters of electric pulses, the


process of electropermeabilization is reversible and cells


return into their normal physiological state. If these


parameters exceed certain values (e.g. amplitude of pulses


is too high or duration of pulses is too long), cells are


irreversibly permeabilized and lose their viability. The


part of the plasma membrane that has been permeabilized


by electric pulses provides the path for transport of

1567-5394/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv
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different nonpermeant molecules into the cell. The quan-


tity of molecules that will be introduced into the cell


depends on their size, properties, extracellular concentra-


tion of molecules and on the degree of permeabilization


(i.e. the change in diffusive permeability with respect to


the normal state of the plasma membrane).


There are three general mechanisms of transport across


a permeabilized membrane: diffusion, electrophoresis, and


electroosmosis. During the pulse, once the membrane is


permeabilized, these mechanisms can all contribute to the


transport of molecules across the membrane, and the


importance of each mechanism depends on the pulse


length and amplitude, as well as on the type of molecule


transported (see below). After the end of the pulse, until


the membrane reseals completely, transmembrane transport


of small molecules can only proceed by diffusion.


In the last decade, several studies have been published


on the importance of each of the three transport mecha-


nisms. Most of them imply that diffusion is the main


component of transmembrane transport of small molecules


[3–7], while electrophoresis can play a major role in

ed.
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transmembrane transport of macromolecules, particularly


DNA [8–12]. We have recently indisputably demonstrated


that electrophoresis is the most important mechanism of


transport of DNA [13]. One report proposed electroosmo-


sis as the dominating mechanism in transmembrane trans-


port [14], but no other study supporting this opinion is


known to the authors. The findings on importance of


diffusion for small molecules, and of electrically driven


transport for macromolecules also agree with the exper-


imentally determined optimal pulse lengths for applica-


tions: hundreds of microseconds for small molecules, in


contrast to tens of milliseconds for macromolecules. This


suggests that with pulses lasting tens of milliseconds or


longer, electrophoretic effect becomes sufficiently pro-


nounced for electrically driven transport to play a major


role. In the experiments on which our model is based (we


used 100-As pulses), the omission of electrically driven


transport seems justified, particularly because, as we show


in the results, even if Lucifer Yellow (LY) was added with


a delay of 1 min after the pulse, the uptake exceeded 60%


of that when LY was present when the pulses were


delivered.


Our aim was to construct a model of diffusion-driven


transmembrane transport on the basis of both theoretical


and experimental work. The theoretical part of our study


included the development of a dynamic model of diffu-


sion-driven transmembrane transport caused by electro-


permeabilization. Values of parameters in the model were


then estimated based on the experimentally determined


percentages of permeabilized and surviving cells, as well


as the average uptake of Lucifer Yellow per cell, each as a


function of pulse amplitude and duration. This resulted in


a quantitative model that is able to predict the quantity of


molecules introduced by diffusion into the cell using


specific pulse parameters. In addition, if the parameter


describing the fast resealing of the membrane after the


pulse is interpreted more generally, it can also incorporate


electrophoretically and electroosmotically driven transport


during the pulse.


Our experimental data also suggest that the variation of


pulse amplitudes at which individual cells within the pop-


ulation are permeabilized, as well as the variation of pulse


amplitudes at which individual cells lose their viability, can


to a large extent be explained by the distribution of cell size


within the population.

2. Experiments


2.1. Cells


DC-3F cells, a line of spontaneously transformed Chi-


nese hamster fibroblasts [15], were grown in monolayers at


37 jC and 5% CO2 in a Universal Jacketed Incubator


(Forma Scientific, Marietta, OH, USA). Flasks (150 cm2)


were used for general cultivation, and 60 mm petri dishes

were used for cloning efficiency assays (both from TPP,


Trasadingen, Switzerland). The culture medium consisted


of Eagle minimum essential medium (EMEM) 41090


supplemented with 10% fetal bovine serum (both from


Life Technologies, Rockville, MD, USA), 100 U/ml pen-


icillin and 125 mg/ml streptomycin (both from Sarbach/


Solvay Pharma, Brussels, Belgium).


2.2. Exposure to electric pulses


After trypsination with trypsin-EDTA (Life Technolo-


gies), cells were centrifuged for 5 min at 1000 rpm in a


C312 centrifuge (Jouan, Saint Herblain, France) and resus-


pended at 2� 107 cells/ml in Spinner minimum essential


medium SMEM 21385 (Life Technologies), which is a


calcium-depleted modification of EMEM. A 50-Al droplet
of the cell suspension was placed between two flat stain-


less steel electrodes 2 mm apart, and unipolar rectangular


electric pulses were then applied with an electropulsator


(GHT 1287B, Jouan). We applied a single pulse of 100 or


1000 As duration at 10 amplitudes in a range from 0 to


400 V.


2.3. Determination of cell survival


Fraction of surviving cells was determined by their


cloning efficiency. Cells were pulsed in suspension, under


the conditions described above. After pulsation, cells were


incubated for 10 min at room temperature and resuspended


in SMEM. After additional 30 min, cells were transferred


into the culture medium and grown for 5 days in 60 mm


petri dishes (TPP, Trasadingen). Cells were then fixed with


100% ethanol (Carlo Erba Reagenti, Milan, Italy) and


stained with 1% crystal violet (Sigma, St. Louis, MO,


USA). Colonies were counted under a light microscope


(Leica, Bensheim, Germany) and compared to the absolute


control (unpulsed cells) to obtain the percentage of surviv-


ing cells.


2.4. Determination of cell permeabilization


Cell permeabilization was determined by means of


bleomycin, a nonpermeant cytotoxic agent as described


previously [16]. This method can be used because bleo-


mycin at 5 nM concentration causes no statistically sig-


nificant effect on cell survival in the absence of electric


pulses. On the other hand this concentration is sufficient


for lethal toxicity in electropermeabilized cells. Before


pulsation, bleomycin (Laboratories Roger Bellon, France)


was added to the suspension in the amount leading to 5


nM final concentration. After pulsation, cells were incu-


bated for 10 min at room temperature and then diluted


with 950 Al of SMEM to prevent drying. After an addi-


tional 30 min, cells were transferred into the culture


medium and grown for 5 days in 60 mm petri dishes.


Cells were then fixed with 100% ethanol and stained with
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1% crystal violet. Colonies were counted and compared to


the absolute control (unpulsed cells) to obtain the percent-


age of cells surviving the exposure to electric pulses in


suspension with 5 nM bleomycin. By subtracting this


percentage from 100%, the percentage of permeabilized


cells was obtained.


2.5. Determination of Lucifer Yellow uptake


Average uptake per cell was determined by internal-


ization of Lucifer Yellow CH dipotassium salt (LY,


Sigma). The molecular weight (521.6 g/mol) of this


molecule and its charge of � 2 at complete dissociation


are in the range of smaller drug molecules. Before


pulsation, LY was added to the suspension to obtain 1


mM final concentration. After pulsation, cells were incu-


bated for 10 min at room temperature and resuspended in


SMEM. External LY was washed by two consecutive


centrifugations and resuspensions in PBS. Cells were then

Fig. 1. The histogram in panel A shows the experimentally determined


distribution of cell radii. The dashed curve in panel A is the hypothetical


normal distribution of cell radii with the experimentally determined mean


and standard deviation, and the dashed curve in panel B is the


permeabilization curve which would follow from this distribution. The


solid curve in panel B is the sigmoidal permeabilization curve obtained as


the best fit to the experimental data, and the solid curve in panel A is the


distribution of cell radii which would follow from this permeabilization


curve if the distribution of cell radii would be the only reason for the


dispersion of pulse amplitudes at which cells are permeabilized.

broken down by ultrasonication (Sonifier 250, Branson,


USA) and fluorescence was measured on spectrofluorom-


eter (SFM 25, BioTek Kontron, France). Excitation was


set at 418 nm wavelength and emission was detected at


525 nm. A calibration line was obtained by linear


regression to the fluorescence of calibrating cuvettes


containing 10 nM, 100 nM, and 1 AM LY. Concentra-


tions of LY in the samples were determined based on this


calibration curve.


2.6. Determination of cell size


Average cell size was determined by measurements of


cell diameter with DP 10 camera fixed on CK 40 micro-


scope (both Olympus, Hamburg, Germany) at 200� mag-


nification. Cell diameters were measured on three samples


of cells (f 15 cells in each sample) from cell suspension


not exposed to electric pulses. In 448 measurements that


we performed, we determined that cell radius varies in a


range from 4 to 15 Am. The distribution of cell radii was in


a good agreement with a normal distribution having the


mean value 8.55 Am and standard deviation 1.55 Am (see


Fig. 1).

3. Cell permeabilization and survival


Permeabilization of cell plasma membrane is achieved by


application of electric pulses. The basic quantity underlying


this process is the transmembrane potential difference


induced by the electric field. For a cell with spherical shape


(which is an acceptable approximation for most suspended


cells), the induced transmembrane potential difference is


described by [17]:


DUmðtÞ ¼ fsERcosh 1� exp � t


s


� �h i
; ð1Þ


where fs is a function reflecting the geometrical and material


properties of the cell and the surrounding medium [17], E is


the amplitude of the electric field, R is the cell radius, h is


the polar angle measured with respect to the direction of the


field, s is the time constant of the inducement of trans-


membrane potential difference, and t is time elapsed from


the onset of the electric field.


Under physiological conditions, the conductivity of the


surrounding medium is several orders of magnitude larger


than the conductivity of the cell plasma membrane, and


the function fs can be approximated by a constant, fs = 3/2,


provided that the cell suspension is not too dense [18,19].


In addition, under physiological conditions, the time con-


stant s does not exceed 1 As, while pulses typically used in


electropermeabilization last for at least tens of microsec-


onds. Thus, unless transient phenomena on the micro-


second time scale are of interest, the exponential term in


Eq. (1) can be omitted [17,20]. Most experimental con-
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ditions used for electropermeabilization in vitro, including


our experiments, are sufficiently close to physiological


conditions to justify these two simplifications. Further-


more, when using two stainless steel parallel plate electro-


des with plate sides substantially larger than the distance


between them, the electric field strength E can be approxi-


mated by the voltage-to-distance ratio, U/d, where d is the


electrode distance and U the pulse amplitude. At h = 0j,
where the induced transmembrane potential difference is


the largest, the described simplifications yield the follow-


ing approximation of the expression (1):


DUmW
3UR


2d
:


Provided that the value of the induced transmembrane


potential difference that causes electropermeabilization is


the same for all cells, and denoting this value by DUmc, it


follows that for a cell with radius R, the voltage on the


electrodes that causes permeabilization of this cell is


given by


Uc ¼
2DUmcd


3R
:


Our experiments have shown that the distribution of


cell radii is in a reasonably good agreement with a


normal distribution (see Section 2.6), for which the


probability density p of a cell having a radius R would


be given by


pðRÞ ¼ 1


r
ffiffiffiffiffiffi
2p


p exp � ðR� R̄Þ2


2r2


 !
; ð2Þ


with R̄ the average radius (experimentally determined


R̄ = 8.55 Am) and r the standard deviation (r = 1.55


Am). This probability density, shown in dashed line in


Fig. 1A, in which the experimental data are also shown in


a histogram, would correspond to the probability of a cell


having a radius larger than R0


PðRzR0Þ ¼
1


r
ffiffiffiffiffiffi
2p


p
Z l


R0


exp � ðR� R̄Þ2


2r2


 !
dR: ð3Þ


Since this would equal the probability of a cell being


permeabilized by the electrode voltage


UV
2DUmcd


3R0


;


the probability curve can also be plotted as a function of U,


as shown in dashed line in Fig. 1B. Although this proba-


bility curve differs from a sigmoidal function (Fig. 1B,


solid) which is often fitted to the experimental data, the


difference is not substantial. The distribution of cell radii


which would correspond to such a sigmoidal function is


shown in Fig. 1A (solid), and even seems to agree better

with the experimentally observed distribution of cell radii


(Fig. 1A, the histogram).


With these considerations, we performed the analysis of


cell survival and cell permeabilization fraction with respect


to the distribution of cell size. Experimental results were


fitted with two-parameter sigmoidal curves: cell permeabi-


lization fraction (PF) as a function of voltage given by


PFðUÞ ¼ 100%


1þ exp �U � U50%


bPF


	 
 ; ð4Þ


and cell survival fraction (SF) as a function of voltage


defined by


SFðUÞ ¼ 100%


1þ exp
U � U50%


bSF


	 
 : ð5Þ


In the process of curve fitting, we optimized parameters


U50%, bPF, and bSF for each experiment, respectively.


Voltages U50% were then used to calculate the curves of


cell permeabilization PFD and cell survival SFD fraction as a


function of voltage using the equations:


PFDðUÞ ¼ 100% �
0 U < U50%


1 UzU50%


;


8<
: ð6Þ


SFDðUÞ ¼ 100% �
0 UzU50%


1 U < U50%


;


8<
: ð7Þ


As an alternative to the sigmoid fits, curves of cell


permeabilization and cell survival following from a hypo-


thetical normal distribution of cell radii (henceforth


referred to as ‘‘normal distribution curves’’) were obtained


from the step functions (6) and (7) by varying the cell


radius according to this distribution, using the experimen-


tally determined values of R̄ = 8.55 Am and r = 1.55 Am.


Fig. 2 compares the experimental data of permeabilization


and survival with the best-fit sigmoidal curves and the


normal distribution curves. The calculated goodness-of-fit


between the normal distribution curves and the experi-


ments (rn
2), and between the fitted sigmoidal curve and the


experiments (rs
2) shows that both types of curves are in a


good agreement with the experimental results. It would be


difficult to decide which of the two types of curves is


better suited to the description of experimental results, but


these results nevertheless suggest that the dispersion of


pulse amplitudes at which cells are permeabilized, as well


as the dispersion of pulse amplitudes at which cells lose







Fig. 2. The experimental data and the model curves of cell survival and cell permeabilization fraction as functions of pulse amplitude U. The circles (o)


represent experimental results (meanF S.D.), the dashed curves are the curves corresponding to a normal distribution of cell radii, and the solid curves are the


best-fit sigmoidal curves. (A) Cell survival fraction for a single pulse of 100 As (U50% = 469 V), (B) cell permeabilization fraction for a single pulse of 100 As
(U50% = 258 V), (C) cell survival fraction for a single pulse of 1000 As (U50% = 387 V), and (D) cell permeabilization fraction for a single pulse of 1000 As
(U50% = 154 V).
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their viability, can to a large extent be explained by the


distribution of cell size (see Figs. 1 and 2).

Fig. 3. The two-compartment pharmacokinetic model.

4. Pharmacokinetic model of transmembrane transport


4.1. Development of the pharmacokinetic model


We performed measurements of the average uptake of


Lucifer Yellow (LY) after electropermeabilization using


single pulses of 100 and 1000 As duration, at 10 different


pulse amplitudes ranging from 0 to 400 V. In each experiment


we followed the same protocol, from which we defined the


following simulation parameters: external concentration 1


mM, resuspension time T10 = 10 min and the end of simu-


lation T20 = 20 min. End time of simulation was set according


to the previously published data by Neumann et al. [12].


We then constructed an isolated two-compartment phar-


macokinetic model (Fig. 3), which describes transmembrane


transport driven by diffusion and allowed us to calculate the


quantity of molecules inside an average-sized cell. Mass


transfer between the two compartments of the model shown

in Fig. 3 is described by the following system of equations


[21]:


dmo


dt
¼ �koimo þ kiomi


dmi


dt
¼ koimo � kiomi; ð8Þ


where mo and mi are the masses of substance in each


compartment that change with time (o stands for outside


the cell and i stands for inside the cell), koi and kio are


coefficients describing the flow between the two compart-







Fig. 4. The time course of the voltage applied to the electrodes, and the


corresponding variation of coefficient k with time due to permeabilization


and resealing of cell plasma membrane.
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ments, and t is the time. Although this type of model deals


with mass transfer, it can be easily transformed to concen-


tration, since m =CV, where C is concentration in the com-


partment and V its volume. New system of equations that


deals with concentrations thus reads:


dCo


dt
¼ �koiCo þ kio


Vo


Vi


Ci


dCi


dt
¼ koi


Vi


Vo


Co � kioCi: ð9Þ


In equilibrium, when concentration outside the cell is


equal to the concentration inside the cell, both derivatives of


concentration equal zero. This allows to define the relation


between coefficients kio and koi.


dCo


dt
¼ 0Z koi ¼ kio


Vi


Vo


ð10Þ


Thus we get:


dCo


dt
¼ kio


Vi


Vo


ðCi � CoÞ


dCi


dt
¼ kioðCo � CiÞ; ð11Þ


where Co and Ci are external and internal concentration,


respectively, kio is a coefficient describing flow between the


two compartments, Vo and Vi are volumes of compartments


and t is time. However, as described above, electropermea-


bilization of the cell plasma membrane can be split into the


permeabilizing phase that takes place during the pulse, and


the resealing phase that begins after the pulse [6,11,12,22–


24]. To simulate such behavior of the process of electro-


permeabilization, we introduced into the model (Fig. 4) a


time variation of the coefficient kio as follows:


kio ¼
M 0 < tVT


gMexpðaðT � tÞÞ T < tVT20


;


8<
: ð12Þ


in which M is the flow coefficient [s� 1], a� 1 is the time


constant of resealing, g is a parameter that characterizes fast


resealing immediately after the end of the pulse, T is the


pulse duration and t is the time elapsed from the onset of the


pulse. The values of g = 0.5 and a = 0.0038 s� 1 were


determined from previously published data by Rols and


Teissie [11] and Neumann et al. [12], while the value of M


was investigated subsequently using our model. The role of


parameter g can also be interpreted more generally, as


incorporating, besides the fraction of transport that ceases


after the fast resealing, also the electrophoretically and


electroosmotically driven transport during the pulse.


Although Eqs. (11) and (12) allowed us to proceed with


numerical optimization of parameters of the model, our aim

was an explicit theoretical model. To achieve this, we made


an additional simplification based on the experimental


protocol and results. We assumed that until resuspension,


external concentration of LY is constant (CB) despite the


uptake of molecules into the cell, and that after resuspen-


sion, Co is zero and does not change despite possible release


of molecules of LY from the cell that is still permeabilized.


With this assumption we rewrote the equations of the model:


dCi


dt
¼


kioðCB � CiÞ 0 < tVT10


�kioCi T10 < tVT20


:


8<
: ð13Þ


Solution of this differential equation, assuming coeffi-


cient kio varies with time according to Eq. (12), yields:


CiðtÞ ¼


CB½1� expð�MtÞ
 0 < tVT


CB þ ðCiðTÞ � CBÞexp �Mg


a
½1� expðaðT � tÞÞ



	 

T < tVT10


CiðT10Þexp �Mg


a
½expðaðT � T10ÞÞ � expðaðT � tÞÞ



	 

T10 < tVT20


;


8>>>>>><
>>>>>>:


ð14Þ
where Ci is the internal concentration, CB the external


concentration, T10 resuspension time, T20 duration of the


simulation, and the other parameters are the same as in Eq.


(12). Optimization of M was performed using experimental


results from which we eliminated the influence of cell


survival at different pulse amplitudes by calculating the


ratio between the measured uptake of LY and the cell


survival fraction at the same pulse amplitude. Optimization


provided us with the values of M at different pulse ampli-


tudes U, and these values were analyzed using the equation


MðUÞ ¼ SðUÞ
ST


PðUÞ; ð15Þ


where S is the permeabilization area of the plasma membrane,


ST is the total surface of the cell, and P is the degree of


permeabilization of the area that defines the flow between







Fig. 6. Results of modeling of uptake of Lucifer Yellow (LY) as a function


of pulse amplitude U. In both graphs circles (o) represent experimental


results (meanF S.D.) and solid line represents the course of uptake


obtained by the model. (A) Uptake of LY for a single pulse of 100 As, and
(B) uptake of LY for a single pulse of 1000 As.


Fig. 5. Permeabilization of cell plasma membrane caused by applied electric


field.
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intracellular and extracellular space, and thus has the same


unit as M [s� 1]. This interpretation was made because


permeabilization of cell plasma membrane that is caused by


externally applied electric field only occurs in those regions


of the plasma membrane where the transmembrane potential


difference, DUm, exceeds a threshold value DUmt (Fig. 5).


Area of the permeabilized plasma membrane, not taking into


the account the resting membrane voltage, is given by


[11,22]:


S ¼ 4pR2 �
0 DUm < DUmt


1� DUmt


DUm


DUmzDUmt


:


8><
>: ð16Þ


In our model, we used the value of DUmt = 250 mV,


according to Refs. [11,12]. The value of DUmt is consid-


erably larger than the typical values of the resting trans-


membrane potential difference (tens of mV). In addition,


due to the resting transmembrane potential difference, the


total transmembrane potential difference is slightly higher at


one pole of the cell, but lower by the same amount on the


opposite pole (see Ref. [25] for details, including the


analogue of Eq. (16) where the resting voltage is taken into


account). Therefore, the effect of the resting transmembrane


potential difference on the overall transport through the


permeabilized membrane is not a significant one.


By defining the permeabilized area S and optimized


maximal magnitudes of flow M at different pulse amplitudes


we proceeded to reveal the function that would describe the


degree of permeabilization P. In this process we fitted the


function to the known points of P that were obtained from


the ratio of optimized flow magnitudes M and size of


permeabilized area S at identical pulse amplitudes. This


function is given by:


P ¼
0 DUm < DUmt


bðTÞ
T


½expðwðDUm � DUmtÞÞ � 1
 DUmzDUmt


8><
>:


ð17Þ

where b and w are two parameters that were optimized and


depend on pulse duration T. Their optimal values were


b = 12.223, w = 1.3503 for 100 As pulse duration, and


b = 249.85, w = 1.8591 for 1000 As pulse duration.


This completed the construction of our model. The input


parameters of the model are: pulse amplitude (U), electrode


distance (d), average radius of the cell (R), the inverse of the


time constant of resealing (a), the fast-resealing parameter


( g), the threshold value of transmembrane potential differ-


ence which leads to permeabilization (DUmt), and extrac-


ellular concentration of the substance (CB, in our case the


concentration of LY).


4.2. Results obtained with the pharmacokinetic model


The pharmacokinetic model of transmembrane transport


caused by electropermeabilization of cell plasma membrane


described above allows to predict the uptake of small


molecules as a function of electric field parameters, i.e.







Fig. 7. Time course of LY uptake at different pulse amplitudes obtained by


the model. (A) Uptake of LY for a single pulse of 100 As, and (B) uptake for
a single pulse of 1000 As. Symbols on both graphs represent uptakes at


following pulse amplitudes: (.) U= 0 V, (o) U = 75 V, (z) U= 150 V, (5)


U = 225 V, (n) U = 300 V and (5) U = 375 V.
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the amplitude and the duration of pulse (Fig. 6), as well as


the uptake as a function of time at different parameters of


electric field (Fig. 7).

5. Discussion


Electropermeabilization is widely used in different med-


ical and biological applications such as electrochemother-


apy, transdermal drug delivery, gene transfer, etc. [1,2].


Efficiency of all these applications depends on parameters


of electropermeabilization that influence transmembrane


transport and thus quantity of molecules that are intro-


duced into the cells. With respect to this, optimal param-


eters for electropermeabilization have to be found to


achieve best efficiency of the method. Optimization can


be carried out with extensive experiments or with simu-


lations with predictive model that is built on experimental


and theoretical knowledge. Each approach has its advan-

tages and disadvantages. Extensive experiments usually


demand a lot of time and experimental material, but


optimized parameters are gained on the real system [26].


On the other hand, simulations with predictive models can


be performed at any time on computer, but the results of


optimization depend on the robustness and adaptability of


the model.


Simulations with our two-compartment pharmacokinetic


model have shown that diffusion-driven transmembrane


transport of small molecules into the average-sized cell


can be quantified using this model. The model also allows


to analyze the uptake of molecules into the cell as a function


of elapsed time at different values of the pulse parameters


(i.e. pulse duration and amplitude). Since the molecular


weight and charge of LY are in the range typical for small


molecules (see Section 2.5), the experimental results


obtained with LY are likely to be rather representative for


this class of molecules.


The development of the transmembrane transport model


was based on the measurements of the uptake and cell


survival at 100 and 1000 As pulse durations. To predict the


uptake at other pulse parameters, we have used linear


interpolation and extrapolation to calculate parameters of


the model. Fig. 8 shows results of simulations with the


model at different values of the parameters of electric field


(pulse width and amplitude).


Fig. 8 shows that our model predicts a plateau of


uptake as a function of both pulse amplitude and dura-


tion, and such plateau was also observed experimentally


[25,27]. To evaluate the predictive abilities of our model


in more detail, two additional experiments were made


subsequently, in which cells were exposed to a single


pulse of 250 and 500 As duration, respectively. For a 250


As pulse with an amplitude of 320 V, the measured


concentration of LY taken up per cell was 44.46F 7.30


AM (meanF S.D.), while the prediction of the model is


42.31 AM. For a 500 As pulse with an amplitude of 320 V,


the experiment yields 62.72F 19.44 AM, and the model


gives 67.45 AM. This shows that linear interpolation is an


acceptable choice, and the predictive ability of the model is


reasonably good at least for pulse durations in the range


from 100 to 1000 As.
The two-compartment pharmacokinetic model can be


adapted to different experimental conditions. For example,


we have set the external concentration CB to 5 nM, which


corresponds to the experimental conditions where we


measured the permeabilization fraction by permeabilizing


the cell in 5 nM concentration of bleomycin. To verify the


model’s adaptability, we used it to determine the number


of molecules that are introduced into the average-sized


cell. In the analysis of cell permeabilization performed


using our model, the amount of molecules transported to


the average-sized cell at pulse amplitude equal to U50% is


practically the same at any pulse duration (e.g. 122


molecules for T= 100 As and U = 258 V; and 127 mole-


cules for T= 1000 As and U = 154 V). For bleomycin







Fig. 8. Determination of optimal parameters to achieve greatest uptake taking into account also cell survival. Contour A shows uptake of LY as a function of


pulse amplitude and pulse duration (b and w were linearly interpolated or extrapolated). The dashed line represents percentage of survived cells (in this case


78%) at different pulse parameters. Contour B shows the predicted cell survival as a function of pulse amplitude and pulse duration.
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molecules experimental results published previously con-


cluded that few hundred of molecules are sufficient to kill


the cell [28,29], which is in the same order of magnitude


as the data given by our model.


In the development of the pharmacokinetic model, the


value of parameter gwas interpreted as characterizing the fast


resealing that takes place immediately after the end of the


pulse. However, from a more general point of view, in


addition to the fast resealing this parameter can be considered


to incorporate the contribution of electrophoretically and


electroosmotically driven transport. Disregarding inertia,


these two components of transport also take place only during


the pulse, and cease with its end.


Even though the molecular mechanisms of plasma mem-


brane permeabilization are still not entirely clear, the data


reported here show that it is possible to model adequately

the transmembrane transport of small molecules through


permeabilized cell plasma membrane.
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Miklavčič, L.M. Mir, Mechanisms of in vivo DNA electrotransfer:


respective contributions of cell electropermeabilization and DNA


electrophoresis, Mol. Ther. 5 (2002) 133–140.


[14] D.S. Dimitrov, A.E. Sowers, Membrane electroporation—fast molec-

ular exchange by electroosmosis, Biochim. Biophys. Acta 1022


(1990) 381–392.


[15] J.L. Biedler, H. Riehm, Cellular resistance to actinomycin D in


Chinese hamster cells in vitro, Cancer Res. 30 (1970) 1174–1184.


[16] T. Kotnik, A. Maček-Lebar, L.M. Mir, D. Miklavčič, Evaluation of


cell membrane electro-permeabilization by means of a nonpermeant


cytotoxic agent, Biotechniques 28 (2000) 921–926.
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Abstract


The interaction of doxorubicin with Fe(III) ions and nicotinamide (NA) has been followed by square-wave voltammetry, cyclic


voltammetry and UV–VIS. spectroscopy techniques at aerobic and anaerobic conditions. Fe(III)–doxorubicin complex gives a 1-electron


reversible step at � 0.494 V and a shoulder at 580 nm. Further, the Fe(III)–doxorubicin complex was found to be more stable at aerobic


conditions. In the presence of NA, an intermediate (NA–Fe(III)–DQ) forms at � 0.462 V under aerobic conditions. Because of the


formation of this intermediate, nicotinamide may reduce the cardiotoxic effect of doxorubicin and cause to its detoxification.

D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction


Doxorubicin (also called adriamycin [1], Scheme 1) is an


anthracycline antibiotic. It is a potent antineoplastic agent


that is active against a wide range of human cancers [2].


However, its cardiotoxicity limits the clinical use.


Metal ions play an important role in altering the bio-


chemical properties of the anthracyclines, and indicate a


new direction in the pursuit of chemotherapeutic efficacy


and lowering toxicity of these drugs. The binding of metal


ions may cause a significant influence on the redox property


of these drugs [3–6]. Iron is an important metal in that it


participates in the action of drug functioning as a redox


center, which can free radicals in the presence of dioxygen


under reducing conditions and damage cell components [7].


Doxorubicin can be reduced to semiquinone form by bio-


logical reducing agents such as NADH and NADPH. Super-


oxide and hydrogen peroxide can be produced via dioxygen


receiving electron from the semiquinone. This event occurs


in the presence of transition metal [8]. It is important that the


concentration of the metal (iron and copper) ions be kept at


a minimum. Transition metals may simultaneously bound to

1567-5394/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv
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biomolecule and dioxygen and may often act as a bridge


between molecule and dioxygen [8]. Therefore, it is very


important to investigate the structure and characteristic of


the metal–doxorubicin complexes. Several papers have


described the doxorubicin–Fe(III) or Fe(II) complexes


[9,10]. Furthermore, the synthesis and physicochemical


properties of Fe(II) [11] and Fe(III) [12] complexes with


nicotinamide have been investigated. It has been reported


[11,12] that nicotinamide is coordinated to Fe(II) and Fe(III)


through the nitrogen atom of its heterocyclic ring. However,


we were not able to trace any references on spectroscopic


and electrochemical behavior of the interaction of Fe(III)/


Fe(II) with doxorubicin in the presence of nicotinamide


(Scheme 1) in the relevant literature.


In this work, the interaction of Fe(III)/Fe(II) with dox-


orubicin in the presence of nicotinamide under anaerobic


and aerobic conditions was monitored by using spectro-


scopic and electrochemical techniques.

2. Experimental


2.1. Instrumentation


Voltammograms were recorded using an EG&G PARC


Model 303A polarographic analyzer (Princeton, NJ, USA)

ed.







Scheme 1. Chemical structures of doxorubicin (a) and nicotinamide (b).
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coupled with a Houston Instrument DMP-40 plotter (Austin,


TX, USA). Electrochemical experiments were performed in


a three-electrode cell, at ambient temperature (approxi-


mately 20 jC). Potentials are referred to as AgAAgClA
KClsat. reference electrode. The working electrode is a static


mercury drop electrode (SMDE). The auxiliary electrode


was a Pt wire.


Electronic spectra were recorded on Unicam V2-100


UV–VIS spectrophotometer in the 800–200 nm range at


1-cm cell length.


2.2. Reagents and solutions


Doxorubicine hydrochloride were purchased from


Sigma. Nicotinamide was obtained from Merck. Standard


Fe(II) and Fe(III) solutions were prepared with analytical-


grade FeCl2�4H2O and FeCl3�6H2O, respectively. Stock


standard solutions were prepared fresh daily in ultrapure


triply distilled water and protected from light and air.


Solutions with lower concentrations were prepared by


dilution with deionized triply distilled water and were used


within a few hours. 0.1 M Na4P2O7 solution (pH 9) was


used as the supporting electrolyte. The pH value of


supporting electrolyte was adjusted with 0.1 M H3PO4


solution.


2.3. Procedure


2.3.1. Voltammetry


For anaerobic conditions, the solution was purged


with oxygen-free nitrogen for 10 min and during the


measurements, nitrogen was passed above the solution


in the cell. The addition of doxorubicin and/or nicoti-


namide to the cell containing metal ions were carried


out and the voltammograms were recorded under the


aerobic and anaerobic conditions. Potential scans were


recorded using the square-wave and cyclic voltammetry


modulations and the following optimum parameters (if


not stated otherwise): pulse height, 20 mV; frequency,


100 Hz; drop size medium; and equilibrium time 5, s.

Each measurement was carried out on a fresh mercury


drop.


2.3.2. Spectroscopy


The electronic spectra of mixtures with ambient mole


ratio of both metal ions and doxorubicin and/or nicotina-


mide aqueous solutions were recorded, following the


changes in absorbance at the wavelength of maximum


absorption.

3. Results and discussion


3.1. Doxorubicin in the presence and absence of Fe(III)


ions


Because doxorubicin contains both quinone and


hydroquinone, it can be electrochemically reduced or


oxidized (Scheme 1). Under anaerobic conditions, the


cyclic voltammogram of 3.44� 10� 6 M doxorubicin in


0.1 M Na4P2O7 solution (pH 9) is shown in Fig. 1. As


can be observed in Fig. 1, the voltammogram of


doxorubicin is characterized by only one peak couple


at � 0.700 V. The peak potentials for the oxidation and


reduction reactions are almost similar (Fig. 1). The peak


couple observed at � 0.700 V can be attributed to


redox process, involving the transformation of quinone


to hydroquinone [13]. Moreover, the electrode reaction


is controlled by the adsorption phenomena since the


peak current for the reduction reaction is different from


that of the oxidation reaction, in which the drug is


adsorbed. The reversible electrochemical process has


been found for doxorubicin-monolayer (Fig. 1), because


the immobilized doxorubicin molecules are fixed at the


electrode surface. Also, Oliveira-Brett et al. [14] have


reported that adriamycin adsorbs some electrode (i.e.,


glassy carbon and highly oriented pyrolytic graphite)


surfaces.


Under the same experimental conditions, square-wave


voltammogram of fresh solutions of Fe(III) exhibits current


maxima at � 0.396 (Epc) and � 1.114 V (Epc), respectively


(Fig. 2). The former maximum was assigned to Fe(III)/


Fe(II) reduction and the latter to Fe(II)/Fe(0) reduction. In


the cyclic voltammograms (Fig. 2, inset), Fe(II)/Fe(III)


oxidation (the anodic peak) was clearly seen. In cyclic


voltammograms, the difference between the anodic and


cathodic peak potentials of Fe(III)/Fe(II) redox process is


about 85 mV, which may arise from the slow electron


transfer. In relation to other peaks, the intensity of Fe(III)/


Fe(II) reduction current is small. For this observation, it may


be noted that Fe(III) aggregates, or turns mostly into Fe(II)


species.


The reproducibilities of the electrochemical signals


with time were studied by cyclic voltammetry under


anaerobic conditions (Fig. 3). As can be observed in


Fig. 3, the currents of Fe(III)/Fe(II) reduction, Fe(II)/







Fig. 1. Cyclic (A) and square-wave (B) voltammogram of 3.44� 10� 6 M doxorubicin at 0.1 M Na4P2O7 solution (pH 9). Experimental conditions: pulse


height, 20 mV; frequency, 100 Hz; drop size, medium; scan rate, 200 mV s� 1 (500 mV s� 1 for CV) and equilibrium time, 5 s.
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Fe(III) oxidation and Fe(II)/Fe(0) reduction do not con-


siderably change with time (at least up to 167 min). At


aerobic conditions, cyclic voltammograms show that both


the current maxima of Fe(II)/Fe(III) oxidation and Fe(II)/

Fig. 2. Square-wave voltammogram of 5� 10� 4 M Fe(III) solution at 0.1 M Na4
solution at aerobic (——) and anaerobic conditions (- - - -). Other conditions are

Fe(0) reduction increase with respect to the anaerobic


conditions (Fig. 2, inset).


The increment in the peak current of Fe(II)/Fe(III)


oxidation may be due to the acceleration of production of

P2O7 solution (pH 9). Inset: Cyclic voltammogram of 5� 10� 4 M Fe(III)


as in Fig. 1.







Fig. 3. The peak currents of Fe(III)/Fe(II), Fe(II)/Fe(0) and Fe(II)/Fe(III)


processes as a function of time for 5� 10� 4 M Fe(III) solution at anaerobic


conditions.


Fig. 5. Electronic spectra of 1�10� 5 M doxorubicin in the presence (——)


and absence (- - - -) of 1�10� 5 M Fe(III) at 0.1 M Na4P2O7 solution


(pH 9). Electronic spectra of doxorubicin in the presence (–.–.–.–.– )
of 1�10� 5 M Fe(II) at 0.1 M Na4P2O7 solution (pH 9).
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Fe(II) from Fe(III). The reactions involved can be repre-


sented by reactions (1) and (2).


O2 þ e� ! O��
2 ð1Þ


Fe3þ þ O��
2 ! Fe2þ þ O2 ð2Þ


When gradually increasing amounts of doxorubicin were


added to 5� 10� 4 M Fe(III) solution, the peak current of

Fig. 4. Square-wave voltammograms 5� 10� 4 M Fe(III) solution containing 0 M (a); 4.3� 10� 7 M (b); 1.29� 10� 6 M (c); 2.15� 10� 6 M (d); 3.44� 10� 6


M (e) doxorubicin at anaerobic conditions (——); Square-wave voltammogram of 1.12� 10� 5 M doxorubicin and 5� 10� 4 M Fe(III) solution, was waited


under aerobic conditions for a day (- - - -). Inset: Cyclic voltammogram of 5� 10� 4 M Fe(III) solution containing 1.12� 10� 5 M doxorubicin at anaerobic


conditions (——) and at aerobic conditions (- - - -). 1U, Fe(III)/Fe(II); 2U, Fe(III) –DQ complex; 3U, DQ; 4U, Fe(II)/Fe(0). Other conditions are as in Fig. 1.







Table 1


The electronic spectra data under aerobic conditions


Solutions kmax (exp.) [nm]


NA 260, 300(sh)


DQ 232, 255(sh), 280(sh), 391, 478(br)


DQ–NA 252(sh), 280(sh), 372, 495


Fe(II)–NA 223, 245, 280(sh), 513


Fe(III) –NA 260, 280(sh), 340(sh)


Fe(III) –DQ 232, 252, 280(sh) 482, 580(sh)


Fe(II)–DQ 232, 252, 280(sh) 494, 580(sh)


Fe(III) –DQ–NA 254, 280(sh), 482


NA: nicotinamide; DQ: doxorubicin; sh: shoulder, br: broad.
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both Fe(III) and Fe(II) decreased under anaerobic conditions


and then a little shoulder occurred at � 0.470 V (Fig. 4). The


shoulder at � 0.470 V was seen as a peak (� 0.494 V) at


the aerobic solution, was sustained for a day. Although this


peak is not well defined at anaerobic conditions, it was well


determined after the cell, including doxorubicin and Fe(III),


persisted under aerobic conditions for a day. This reversible


peak (� 0.494 V), which belongs to the complexation of


doxorubicin with Fe(III) ions, is observed (Fig. 4).

Fig. 6. Square-wave voltammogram of 3.44� 10� 6 M doxorubicin solution c


dependence of the cathodic peak current of doxorubicin with the nicotinamide conc


in Fig. 1.

According to the presented voltammetric data, it can be


said that Fe(III)–DQ complex, under aerobic conditions, is


more stable than under anaerobic conditions; furthermore,


its stability is a function of time.


The electronic spectra of doxorubicin in the presence and


absence of Fe(III) ions were recorded in 0.1 M Na4P2O7 (pH


9.0) under aerobic conditions (Fig. 5). The electronic spectra


data are given in Table 1. As can be seen in Fig. 5,


doxorubicin exhibits four absorption bands at 232, 255(sh),


280(sh), 391, 478(br) nm, respectively. In the presence of


Fe(III) ions, the overlapping bands near 478 nm of doxor-


ubicin shift to higher wavelength and lose intensity. The loss


of the 478-nm absorption was associated with the formation


of a new shoulder at 580 nm, which may be attributed to the


complexation. In addition, the absorption spectra of Fe(III)


and doxorubicin appears identical to that of aerobic solution


of Fe(II) and doxorubicin (Fig. 5). These spectroscopic


results are in good agreement with those reported for


Fe(II)–adriamycin [9] and Fe(III)–adriamycin [15] systems.


Doxorubicin is complexed and oxidized by aqueous


iron (III) [16]. Gianni et al. [15] demonstrated that the

ontaining 4� 10� 4 M nicotinamide at anaerobic conditions. Inset: The


entration at anaerobic conditions. 1U, DQ; 2U, NA. Other conditions are as







Fig. 7. Electronic spectra of 1�10� 5 M nicotinamide in the presence of


1�10� 5 M doxorubicin at 0.1 M Na4P2O7 solution (pH 9).
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Fe3 +–doxorubicin complexes cycle to reduce molecular


oxygen. As Fe3 + is reduced to Fe2 +, doxorubicin free


radical is formed, which may mediate the toxic effects of


the drug [10,15]. In addition, Fe3 +–doxorubicin chelate

Fig. 8. Square-wave voltammograms of 4� 10� 4 M nicotinamide (- - - -); 4�
anaerobic conditions. Inset: The dependence of the cathodic peak currents of nicot


2U, Fe(II)/Fe(0); 3U, NA. Other conditions are as in Fig. 1.

leads to the formation of reactive oxygen species [17]. It


has been reported that, in alkaline solutions, the hydro-


quinone moiety of doxorubicin undergoes autoxidation,


forming free radicals, leading to oxygen consumption


[17]. Doxorubicin free radical is relatively unstable in


aerobic conditions and readily reduces oxygen to super-


oxide [10,18].


According to the data presented above, the reactions can


be represented as follows:


Fe3þ þ DQ ! Fe3þ � DQ ð3Þ


Fe3þ � DQþ e�VFe2þ � DQ ð4Þ


In addition, the mechanism at aerobic conditions can


given to be the iron-catalyzed Haber–Weiss reaction [19]:


Fe3þ � DQþ O��
2 VFe2þ � DQþ O2 ð5Þ


Fe2þ � DQþ H2O2 ! Fe3þ � DQþ OH� þ OH� ð6Þ


Although the CV curve (Figs. 2 and 4, insets) at aerobic


conditions does not show any signal due to the reduction of


O2 in the range � 0.5 to � 1.2 V, this signal can be probably


hidden by the reduction peak of Fe(II)/Fe(0). According to

10� 4 M nicotinamide solution containing 2.8� 10� 3 M Fe(III) (——) at


inamide, Fe(III) and Fe(II) with the Fe(III) concentration. 1U, Fe(III)/Fe(II);







Fig. 10. Square-wave voltammograms of 5� 10� 4 M Fe(III) and


1.12� 10� 5 M doxorubicin solution, was waited under aerobic conditions


for a day in the presence of 0 M (a); 5� 10� 5 M (b) nicotinamide at aerobic


conditions. 1U, Fe(III)/Fe(II); 2U, NA–Fe(III) –DQ pre-association


intermediate; 3U, Fe(III) –DQ complex; 4U, DQ; 5U, Fe(II)/Fe(0); 6U,


NA. Other conditions are as in Fig. 1.
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the obtained results, the observation of Fe(III)–DQ complex


in the presence of O2 may indicate that iron complexes can


catalyze a reaction between O2
� � and H2O2, thereby forming


OH�. Indeed, OH� is extraordinarily reactive and can attack


all organic compounds [20]. And assuming the prevention of


reaction (6) by nicotinamide, the experiments described


below have been carried out.


3.2. Nicotinamide in the presence and absence of


doxorubicin


Usually, for nicotinamide in aqueous solution at pH 9.0


and at a mercury electrode, one irreversible peak is observed


at � 1.594 V (Fig. 6). The peak at � 1.594 V (Fig. 6) may


be attributed to an irreversible 4-electron reduction of an


amide group to an alcohol [21]. However, the electrocata-


lytic rates of the reduction is generally slow to produce


observable catalytic hydrogen current.


When nicotinamide (4.78� 10� 5–1.61�10� 3 M) was


added to the bulk solution containing doxorubicin (3.44�
10� 6 M), an obvious change of SWV was observed (Fig. 6).


The peak current of doxorubicin decreases gradually while


the peak current of nicotinamide increases (Fig. 6), and its


peak potential shifts to slightly positive values (from� 1.628


to � 1.618 V). The observed behaviour results from the


adsorption effect or intermolecular interaction on the elec-


trode surface. For final clarification of this behaviour, the


electronic spectra data were used.


The electronic spectra of the mixing solution of doxor-


ubicin with nicotinamide clearly show the changes at the


overlapping bands of doxorubicin (Fig. 7). In the presence


of nicotinamide, the overlapping bands with maximum


absorptions at 391 and 478 nm are expanded to those with


maximum absorptions at 372 and 495 nm. Doxorubicin in

Fig. 9. Electronic spectra of 1�10� 5M nicotinamide in the presence (——)


and absence (- - - -) of 1�10� 5 M Fe(III) at 0.1 M Na4P2O7 solution (pH 9).


Electronic spectra of doxorubicin in the presence (–
b
–
b
–
b
–
b
–) of


1�10� 5 M Fe(II) at 0.1 M Na4P2O7 solution (pH 9).

the conjugates of doxorubicin was given a maximum


absorption band at 495 nm [22].


3.3. Nicotinamide in the presence of Fe(III)


The interaction of nicotinamide with Fe(III) ions was


also electrochemically monitored. With increasing Fe(III)


concentration, the peak current of nicotinamide at � 1.594


V decreases while the reduction peak current of Fe(II) ions

Fig. 11. Square-wave voltammograms of 1.4� 10� 5 M doxorubicin and


5� 10� 4 M Fe(III) solution in the presence of 0 (a); 2� 10� 4 M (b);


7� 10� 4 M (c); 1.2� 10� 3 M (d); 2� 10� 3 M (e) nicotinamide at


anaerobic conditions. 1U, Fe(III)/Fe(II); 2U, DQ; 3U, Fe(II)/Fe(0); 4U, NA.


Other conditions are as in Fig. 1.







Fig. 12. Electronic spectra of 1�10� 5 M nicotinamide and 1�10� 5 M


doxorubicin in the presence of 1�10� 5 M Fe(III) at 0.1 M Na4P2O7


solution (pH 9).
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at � 1.026 V increases (Fig. 8). Moreover, the reduction


peak of Fe(III) at � 0.368 V also appears at high ferric ion


concentrations (z 1.6� 10� 3 M) (Fig. 8). The presented


results show that an equilibrium forms between the reduced


and oxidized species (reaction (7)).


Fe3þ þ NAVFe2þ þ NAþ ð7Þ


Although a weakly bonded Fe(III)–nicotinamide com-


plex can form with monodendate binding through a single


nitrogen atom of the pyridine ring, the peak of Fe(III)–


nicotinamide complex is not seen on the voltammograms.


For this situation, two comments can be given: first, the


complex is electro-inactive and second, the peak of complex


fits into that of Fe(III)/Fe(II) reduction.


On the other hand, the observation of Fe(III) under


aerobic conditions can be attributed to the reaction between


formed Fe(II) species and H2O2. As regards the presented


data, however, nicotinamide partially prevents the oxidation


reaction of Fe(II).


The UV–VIS spectrum of Fe(III)–NA solutions exhibits


a new shoulder at 340 nm, which is not present in the


Fe(II)–NA spectrum (Fig. 9). The shoulder (340 nm) may


be assigned to the charge transfer band [23,24].


3.4. Nicotinamide in the presence of Fe(III) and doxor-


ubicin


When increasing amounts of nicotinamide are added to


the cell including Fe(III)–DQ complex at aerobic condi-


tions, the peak current of Fe(III)–doxorubicin complex


increases and its peak potential (� 0.494 V) shifts to more


positive potential (� 0.462 V) while the peak current of free


doxorubicin decreases (Fig. 10). This potential value


(� 0.462 V) is different from the reduction potential


(� 0.494 V) of Fe(III)–doxorubicin complex. The peak at


� 0.462 V can be probably attributed to the formation of a

NA–Fe(III)–DQ pre-association intermediate. Under anae-


robic conditions, the disappearance of NA–Fe(III)–DQ


intermediate on the voltammogram (Fig. 11) can explain


that the intermediate is unstable under anaerobic conditions.


The UV–VIS spectrum of Fe(III)–DQ–NA mixing


solution exhibits the absorption bands at 254, 280(sh) and


482 nm (Fig. 12). As can be observed in Fig. 12, the


absorption bands at 232 and 580 nm in the Fe(III)–DQ


spectrum disappear in the presence of nicotinamide. Also,


the electronic spectra of this ternary system do not exhibit


the absorption band at 340 nm, attributed to the charge


transfer between NA and Fe(III). This case is probably due


to the formation of NA–Fe(III)–DQ intermediate.

4. Conclusions


This study demonstrates that doxorubicin generates a


cycle of iron with oxidation–reduction reactions. However,


doxorubicin binds to ferric ion, yielding a ferric–doxorubi-


cin complex. This complex is more stable in the presence of


oxygen. Furthermore, in the presence of nicotinamide, an


intermediate product (NA–Fe(III)–DQ) can form. The


formation of the NA–Fe(III)–DQ intermediate reveals that


nicotinamide may reduce the cardiotoxic effect of the drug


and induce its detoxification. It is evident that free radicals


play a role in many human diseases. The results of this study


should provide a way following the clinical progression of a


disease and for devising strategies.

References


[1] C. Yi, M. Gratzl, Continuous in situ electrochemical monitoring of


doxorubicin efflux from sensitive and drug-resistant cancer cells, Bio-


phys. J. 75 (1998) 2255–2261.


[2] B.C.L. Cheung, T.H.T. Sun, J.M. Leenhauts, P.L. Cullis, Loading of


doxorubicin into liposomas by forming Mn2 +–drug complex, Bio-


chim. Biophys. Acta 1414 (1998) 205–216.


[3] R.B. Martin, in: H. Siegel (Ed.), Metal Ions in Biological Systems,


vol. 19, Dekker, New York, 1985.


[4] T. Allman, R.E. Lenkinski, Adriamycin complexes of Pd(II) and


Pt(II), J. Inorg. Biochem. 30 (1991) 35–43.


[5] J.R. Muindi, B.K. Sinha, L. Gianni, C.E. Myers, Hydroxyl radical


production and DNA damage induced by anthracycline-iron complex,


FEBS Lett. 172 (1984) 226–230.


[6] F.T. Greenaway, J.C. Dabrowiak, The binding of copper ions to dau-


nomycin and adriamicin, J. Inorg. Biochem. 16 (1982) 91–107.


[7] H. Beralso, A. Garnier-Suillerot, L. Tosi, F. Lavelle, Iron(III) –adria-


mycin and iron(III) – daunorubicin complexes: physicochemical


characteristics, interaction with DNA, and antitumor activity, Bio-


chemistry 24 (1985) 284–289.


[8] N. Sibmooh, R. Udomsangpetch, A. Kijjao, U. Chantharaksri, S.


Mankhetkorn, Redox reaction of artemisinin with ferrous and


ferric ions in aqueous buffer, Chem. Pharm. Bull. 49 (2001)


1541–1546.


[9] M. Feng, Y. Yang, P. He, Y. Fang, Spectroscopic studies of copper(II)


and iron(II) complexes of adriamycin, Spectrochim. Acta A56 (2000)


581–587.


[10] K. Jung, R. Reszka, Mitochondria as subcellular targets for clinically


useful anthracyclines, Adv. Drug Deliv. Rev. 49 (2001) 87–105.







S. C� akı́r et al. / Bioelectrochemistry 60 (2003) 11–19 19

[11] S. C�akır, E. Bic�er, K. Aoki, E. Cos�kun, Structural features of new


[Fe(nicotinamide)2(H2O)4]�[Fe(H2O)6]�(SO4)2�2H2O complex, in


preparation.


[12] S.C. Mojumdar, I. Ondrejkovicova, L. Nevidanska, M. Melnı́k, Ther-


moanalytical and IR-spectral investigation of Fe(III) complexes with


nicotinamide, J. Anal. Appl. Pyrolysis 64 (2002) 59–69.


[13] G.M. Rao, J.W. Lown, J.A. Plambeck, Electrochemical studies of


antitumor antibiotics: III. Daunorubicine and adriamycine, J. Electro-


chem. Soc. 125 (1978) 534–539.


[14] A.M. Oliveira-Brett, J. Antonio, P. Piedade, A.-M. Chiorcea, Anodic


voltammetry and AFM imaging of picomoles of adriamycin ad-


sorbed onto carbon surfaces, J. Electroanal. Chem. 538 – 539


(2002) 267–276.


[15] L. Gianni, J.L. Zweier, A. Levy, C.E. Myers, Characterization of the


cycle of iron-mediated electron transfer from adriamycin to molecular


oxygen, J. Biol. Chem. 260 (11) (1985) 6820–6826.


[16] S.S. Massoud, R.B. Jordan, Kinetic and equilibrium studies of the


complexation of aqueous iron(III) by daunomycin, quinizarin-2-sul-


fonate, Inorg. Chem. 30 (1991) 4851–4856.


[17] K.J. Rezska, M.L. McCormick, B.E. Britigan, Peroxidase- and


nitrite-dependent metabolism of the anthracycline anticancer


agents daunorubicin and doxorubicin, Biochemistry 40 (2001)


15349–15361.

[18] H. Nohl, W. Jordan, OH�-generation by adriamycin semiquinone and


H2O2; an explanation for the cardiotoxicity of anthracycline antibi-


otics, Biochem. Biophys. Res. Commun. 114 (1983) 197–205.


[19] G.R. Buettner, Activation of oxygen by metal complexes and its


relevance to autoxidative processes in living systems, Bioelectro-


chem. Bioenerg. 18 (1987) 29–36.


[20] E.L. Smith, R.L. Hill, I.R. Lehman, R.J. Lefkowitz, P. Handler, A.


White (Eds.), Principles of Biochemistry: General Aspects, 7th Edi-


tion, McGraw-Hill, Tokyo, 1983, p. 381.
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Abstract


To elucidate the voltage gating of syringomycin E (SRE) ion channels in lipid bilayers, the effective gating charge q was measured under


different conditions. It was shown that q and its sign are dependent on membrane surface charge, dipole potential, and the outer potential


(D/). The q values were positive for charged bilayers and negative for uncharged bilayers bathed in the same 0.1 M NaCl solutions. Effects


of dipole modifying agents on the gating properties of SRE channels were measured. In uncharged bilayers, addition of phloretin resulted in


an increase of q values. For charged bilayers, the presence of RH-421 or 6-ketocholestanol leads to the reverse in the sign of q from positive


to negative. The q values were potential-dependent at higher negative voltages with charged membranes bathed in solutions with high salt


concentrations. It is concluded that lipid molecules participating in the SRE channel structure contribute to channel formation work due to


Coulomb and dipolar interactions with the electric field applied to a membrane. The potential dependence of q is explained by interactions of


charged and uncharged lipids with SRE molecules in the channels.

D 2003 Elsevier Science B.V. All rights reserved.

Keywords: Ion channels; Lipid membranes; Channel voltage gating

1. Introduction


This work is a continuation of investigations of the ion


channels formed in planar lipid membranes by the phyto-


toxin syringomycin E (SRE). Our goal is to elucidate the


role of charged and dipolar components of lipid bilayers in


the voltage gating of these channels. SRE is a cyclic


lipodepsinonapeptide produced by the phytopathogenic


bacterium Pseudomonas syringae pv. syringae. The SRE


molecule consists of the polar peptide head and a hydro-


phobic 3-hydroxydodecanoic fatty acid tail. The polar head


is a macrocyclic lactone ring containing nine amino acid


residues, three positively charged, and one negatively


charged [1–3]. SRE is toxic to many yeast and fungal

1567-5394/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv
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species [4–6]. Based on comparative studies of SRE activ-


ity and of its analogs in living cells and lipid bilayer


membranes, the cytotoxic effect has been proposed to result


from a pore-forming activity in the plasma membrane [7,8].


The channels formed by SRE in bilayer lipid membranes are


preferentially permeable to anions [9–14]. Their lumen


radius is about 1 nm [14–16], and two types of the


channels, ‘‘small’’ and ‘‘large’’, differing six to seven times


in their conductance, have been observed [13,14]. The


kinetics of channel opening (and closing) is strongly voltage


dependent, and the channel current–voltage curves are


asymmetric and nonlinear in the voltage [8,12,13,17,18].


Also, the sign of the potentials that open and close the SRE


channels depends on membrane lipid composition, the pH


and salt concentration of the bathing solution [18]. The


above findings have made it possible to consider SRE


channels as asymmetrical lipid pores stabilized by several


toxin molecules situated near the cis-mouth of the channel


(the side of SRE addition to the membrane). The inclusion


of lipids into the channel structure leads to the electrostatic


involvement of both their charges and dipoles in the channel


formation. Calculations show that the energy contribution

ed.
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from dipolar moments of lipid molecules might exceed kT


several times, i.e. the effect related to the dipole nature of


lipid molecules should be observed under experimental


conditions [18]. Indeed, this contribution was observed


when using the dipole modifying agent, phloretin [19].


The opening/closure of voltage-dependent ion channels


is usually considered in terms of an energy change, DU, at a


transition from an open to closed state of a channel. DU is


given by the equation:


DU ¼ DUch � eqD/ � aD/2; ð1Þ


where q= qc + qd and D/ is the transmembrane potential.


Here, Uch is the chemical component of DU; eqD/, the
component from displacements of charged and/or dipolar


molecules in the electric field applied to the membrane; e,


the electron charge; aD/2 is the component included in the


DU to account for possible electrostriction. The dimension-


less parameter q, reflecting a possible difference in positions


of charged and/or dipolar molecules in open and closed


states of the channel, was accepted to call an ‘‘effective


gating charge’’ or simply ‘‘gating charge’’; qc and qd are


charged and dipole components of gating charge q, corre-


spondingly. The mean number of open channels under


steady-state conditions, Nch, is related to DU by the equa-


tion:


Nch ¼ Nt=½1þ expðDU=kTÞ�; ð2Þ


where Nt is the total number of both closed and open


channels [20–22] (see also Ref. [18]). Excluding some


special cases that will be indicated further on in our experi-


ments with SRE modified bilayers, we have not seen the


saturation in Nch as a function of D/ predicted by Eqs. (1)


and (2). This means that the inequality expDU/kTH1 is


fulfilled under the conditions of our experiments, and there-


fore


Nch~expfðeqD/ þ aD/2Þ=kT g: ð3Þ


Thus, the gating charge q and the ‘‘electrostriction param-


eter’’ a can be obtained from the dependence of the steady


state number of open channels on the transmembrane


potential D/. That number was found to be exponential in


the range of F 120 mV [12,18,19], excluding special cases


mentioned below. This means that the work of channel


formation is linear in potential D/, and the electrostriction


force responsible for the aD/2 component does not signifi-


cantly affect the channel opening. This allows determina-


tions of q values by using the expression:


qidðlnNchÞ=dðeD/=kTÞ; ð4Þ


which takes into account the insignificance of the electro-


striction constituent aD/2 and, hence, independence of q on


the applied voltage. Special cases of voltage-dependent q


will be discussed in this paper.


For membranes formed from an equimolar mixture of


1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)

and 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS), the


SRE channel gating charge determined as described above


is close to unity at 0.1 M NaCl concentration. With neu-


tral lipids (1,2-diphytanoyl-sn-glycero-3-phosphocholine,


DPhPC) in 0.1 M NaCl, the gating charge is negative


[18,19]. These results show that manipulations of lipid


charge affect both the absolute value and the sign of the


gating charge. Thus, measurements of q that characterize


sensitivity of the steady state number of open SRE


channels to the applied voltage can provide important


information on channel energetics and, particularly, on the


role of different components of the channel structure in its


formation.


In this paper, we use these measurements of q to show


that lipid charges and dipoles affect the voltage gating


properties of SRE channels. It will be demonstrated that


the sign of q can be inverted not only by changes in the


membrane system composition, but also by increasing the


voltage applied to charged membranes bathed in an electro-


lyte solution of high ionic strength.

2. Materials and methods


The lipids used in this study, the synthetic 1,2-dioleoyl-


sn-glycero-3-phosphoserine (DOPS), 1,2-dioleoyl-sn-glyce-


ro-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glyce-


ro-3-phosphocholine (DOPC), and 1,2-diphytanoyl-sn-


glycero-3-phosphocholine (DPhPC), were purchased from


Avanti Polar Lipids (Pelham, AL). Poly-L-lysine hydrobro-


mide (PL) with molecular weight of 30000 (DP= 140) and


poly-L-glutamic acid sodium salt (PG) with molecular


weight of 27500 (DP= 160) were purchased from Sigma


(St. Louis, MO). All the salts used to prepare electrolyte


solutions were of reagent grade (Sigma). The solutions were


buffered with 5 mM MOPS/NaOH to pH 6.0. Water was


deionized and double distilled. Syringomycin E was purified


as described previously [23]. Phloretin (3-(4-hydroxy-


phenyl)-1-(2,4,6-trihydroxyphenyl)-1-propanone), 6-keto-


cholestanol (5a-cholestan-3h-ol-6-one) were purchased


from Sigma and RH-421 (N-(4-sulfobutyl)-4-(4-(4-(dipenty-


lamino)phenyl)butadienyl) pyridinium inner salt) from


Molecular Probes (Eugene, OR).


The solvent-free membranes were prepared as described


by Montal and Mueller [24]. The membrane-forming sol-


utions were DOPS, DPhPC, DOPC, and mixtures of DOPS,


DOPE, and 6-ketocholestanol in hexane. Two symmetrical


halves of a Teflon chamber with solution volumes of 1.5


cm3 were separated with a 15-Am-thick Teflon partition


containing a round aperture of about 100-Am diameter.


Hexadecane in n-hexane (1:10, v/v) was applied for aperture


pretreatment. A pair of Ag–AgCl electrodes was used to


maintain the membrane potential and to detect ion currents.


The term ‘positive voltage’ means that the cis-side compart-


ment (the side of SRE addition) is positive with respect to


the trans-side.







Fig. 1. Dependence of the effective gating charge of SRE channels q on the


fraction of charged lipid (DOPS) in the membrane-forming solution (n). At


0 molar% of DOPS, membranes were formed from DPhPC (o) or from


DOPC (5). Membranes were bathed by 0.1 M NaCl solution (pH 6).
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SRE was added to the aqueous phase after bilayer


formation from water stock solutions. The total SRE


concentration in the membrane-bathing solution did not


exceed 0.03 mM. Phloretin and RH-421 were added to the


aqueous phase before bilayer formation from the ethanol


stock solution. 6-Ketocholestanol was added to the mem-


brane-forming solution. PL or PG was added to the


membrane-bathing solution after bilayer formation to a


final concentration equivalent to 10 AM lysine or gluta-


mate. All the experiments were performed at room temper-


ature. The methods used for membrane preparation and


single-channel data analyses were described previously


[25].


The mean values of the current, I, through single chan-


nels were obtained from current histograms. For each


current level, a current amplitude histogram fitted a Gaus-


sian distribution, using the ‘‘Origin’’ software (Microcal


Software, Inc; Northampton, MA). Conductance–voltage


curves are presented as integral channel conductance G= I/


D/ as a function of the membrane potential, D/. The


channel gating charge was measured in voltage-jump


experiments. To determine the number of the SRE channels


opened at a given membrane potential, the recorded steady


state current was divided by the corresponding (also volt-


age-dependent) current through a single channel. This


procedure provided the total number of the open small


channels, Nch, which was then used to obtain the effective


gating charge, q (for details, see Ref. [18]).


Membrane stability during the long-term experiments


necessary for measuring q values was much better when


using DOPS and mixtures of DOPS and DOPE bilayers that


have a negative charge at pH 6. In the case of the neutral


DOPE membranes, only single channels were observed after


addition of SRE up to 100 AM in 0.1 M NaCl, pH 6 [18].


That was the reason why DOPC and DPhPC lipids were


used to obtain the multichannel current data in the case of


uncharged membranes.

3. Results and discussion


The q values obtained for different ratios of charged


(DOPS) vs. uncharged (DOPE, DPhPC, DOPC) lipids in


membranes bathed in 0.1 M NaCl are presented in Fig. 1.


The q value can be seen to strongly depend on membrane


charge. With an increase in the fraction of DOPS, q


increased from � 1 (no DOPS) to 1.5 (DOPS only), and


it was zero at approximately 20 molar% DOPS. The most


dramatic change in q occurred within the range of 10–30


molar% of DOPS. Even beyond this region, the sign of q


can be inverted by introducing agents that modify the


membrane dipole potential. Thus, RH-421 and 6-ketocho-


lestanol are known to increase the membrane dipole poten-


tial [26–28], while phloretin decreases it [28–30]. Their


effect on the gating charge of SRE channels is shown in


Figs. 2 and 3. Addition of RH-421 to the bathing solution

(0.1 M NaCl) or substitution of uncharged lipid (DOPE) in


the membrane-forming solution for 6-ketocholestanol pro-


duced negative values of q, although q was positive and


equal to 1 in the absence of these substances (Fig. 2). The


opposite effect occurred with incorporation of phloretin into


uncharged bilayers (Fig. 3). The effect of the dipole mod-


ifying agents on q values demonstrates a significant con-


tribution of dipolar molecules to the channel formation


work. At the same time, these data show that charged and


dipolar molecules included in a channel provide comparable


contributions to the gating charge q. These contributions are


opposite in sign and thus account for the observed sign


reversal in q values with the dipole modifying agents.


The resultant contribution of the charge qc and dipolar qd
constituents to gating charge q are easily shifted by chang-


ing the composition of the membrane-bathing solution. As


reported previously [18], the sign of q is negative (about


� 1) when charged bilayers of an equimolar mixture of


DOPS and DOPE are bathed in 2.5 M NaCl. However, for


the same bilayers, the q value is close to 1 in 0.1 M NaCl.


This phenomenon is due to screening of the lipid and SRE


charges on the channel wall with ions present in the aqueous


interior of a channel. In parallel to charged lipids and SRE


molecules, ions of opposite charges enter the channel


interior to partly compensate charges of the channel-forming


molecules. The charge qc resulting from displacements of all


the molecules included in a channel is lower when the


bathing electrolyte concentration is higher. If qc goes below


qd, the q value changes sign.


The q values measured at 1 M NaCl in the voltage range


of 0 to � 100 mV were equal to � 0.84F 0.30 (S.D.) re-


gardless of DOPS concentration in the membrane-forming


solution. However, unlike the case with 0.1 M NaCl, q


remained at a constant negative value only at relatively low


negative D/ and then reduced its absolute value below


� 100 mV, so that it became positive at higher negative D/
(Fig. 4). Fig. 4 insert shows dependence of Nch on D/. The







Fig. 4. Potential dependence of the q values of SRE channels in membranes


formed from DOPS (n) and from equimolar mixtures of DOPS and DOPE


(o). The membrane-bathing solution was 1 M NaCl (pH 6). Insert:


Dependence of the number of open SRE channels on the transmembrane


potential. Membranes were prepared from DOPS and bathed in 1 M NaCl


(pH 6).


 


 


 


Fig. 2. Effective gating charge of SRE channels, q, as a function of


modifying addenda concentrations. The gating charge q was measured at


absolute values of potential D/ less than 100 mV. Open squares (5) and


solid circles (.) correspond to data obtained in the presence of RH-421 in


the membrane-bathing solution and 6-ketocholestanol in the membrane-


forming solution, respectively. For the first case, abscissa f shows


concentrations of RH-421 (AM), but gives the molar content (%) of 6-


ketocholestanol, which replaced DOPE in DOPE+DOPS (30%) bilayers


for the second case. The membrane-bathing solution was 0.1 M NaCl (pH


6) for both cases.
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number of open channels was found to decrease with


increasing absolute value of D/. The qualitatively similar


behavior of q(D/) takes place for charged membranes


modified by RH-421 or 6-ketcholestanol, but the bathing


electrolyte concentration in such systems is 0.1 M. The


existence of the q(D/) dependence in the cases of RH-421


and 6-ketcholestanol is the reason for the use of the range of


potentials (D/VA100 mVA) applied for the q value deter-


minations presented in Fig. 2.


It is emphasized that the q(D/) dependence was


observed only for charged membranes bathed in solutions


of a sufficiently high ionic strength. The electrostriction


constituent proportional to D/2 (see Eq. (1)) cannot be the

  


Fig. 3. Dependence of the effective gating charge q of SRE channels on the


concentration of phloretin in the membrane-bathing solution, containing 0.1


M NaCl (pH 6). Membranes were prepared from DPhPC.

source of this dependence. This conclusion is confirmed by


the fact that electrostriction usually facilitates pore forma-


tion, i.e. electrostriction parameter a>0 [31]. If electrostric-


tion was responsible for the discussed effect, the later would


be observed for neutral bilayers. However, this is not the


case. Thus, the dependence q(D/) only resulted from a


specific effect of high negative potentials on the components


of SRE channels. Since the dependence is specific to


charged membranes at high salt concentration, one can


suggest that the phenomenon is related to the effect of the


channel interior electric field on adsorption of Na+ ions on


the channel wall.


It is relevant that the absorption constant of Na+ ions for


the surface of DOPS liposomes is about 0.6–1 M� 1 [32]—


close to the concentration at which the q dependence


described above was observed. Although negligible at low


D/, the electric field effect on this absorption should be


nonlinearly dependent on the applied voltage at high trans-


membrane potentials. Thus, a potential-dependent absorp-


tion of Na+ ions is possible, and what remains open is a


concrete explanation of how the absorption of Na+ ions


affects the channel formation.


Interactions between SRE molecules and neighboring


lipids contribute substantially to the chemical constituent


(DUch) energy change DU at opening/closure of SRE


channels. In particular, the Coulomb binding energy of


molecules of opposite charges (SRE species and charged


lipids) is an important factor in these interactions. It is


suggested that the energy of such interactions significantly


decreases with increased Na+ ion adsorption, as adsorbed


cations neutralize the membrane charge. Since the cation


adsorption is potential-dependent, the fraction of charged


lipids included in a channel will also change as a function of







Fig. 5. Current –voltage curves of single SRE channels in DPhPC


membranes in the absence of PG (5) and in the presence of PG (10 AM)


on the cis-side (.) and on the trans-side (E). Membranes were bathed by


0.1 M NaCl (pH 6) solution.
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outer voltage. Also, interactions of charged and neutralized


lipids with SRE molecules of the channel will be different,


and the number of open channels Nch might decrease with


an increase of the negative value of D/ (see Fig. 4, insert).


In other words, q might change its sign although the dipolar

Fig. 6. Conductance–voltage curves of single SRE channels in membranes of vari


(DOPS) and uncharged (DPhPC) lipids. Concentrations of DOPS in molar% wer


DOPS and DOPE in the absence (o) and the presence (.) of 10 AM of RH-421 in


and the presence (.) of 20 AM of phloretin in the membrane-bathing solution. (d)


(DOPS/DOPE/6-ketocholestanol, 1:1:1, M/M/M) (n) of 6-ketocholestanol. Result


NaCl (pH 6) solution.

constituent facilitates the channel opening at negative D/.
Thus, changes in cation adsorption, which are induced by


the applied voltage, are assumed to underlie the phenom-


enon in question. This suggestion is supported by the


observations described below.


Changes of salt concentrations on the trans-side of the


membrane (from 0.1 to 1 M NaCl) after its modification by


SRE in symmetrical 0.1 M NaCl solutions lead to more than


a 100-fold decrease in the number of open SRE channels.


This decrease cannot be ascribed to the intramembrane jump


of potentials, which arise in such asymmetrical systems.


This jump would not exceed � 40 mV (tClc 0.7 under


these conditions [13]) and, hence, its effect would only lead


to a five-fold decrease ( qi1). No decrease in number of


open channels was observed when 1 M NaCl was added to


the cis-side of the membrane.


The asymmetric addition of positively charged PL (10


AM) to the trans-compartment of the charged membrane


system (equimolar mixture of DOPS and DOPE) and 0.1 M


NaCl bathing solution decreased the conductance in ways


that resemble a salt gradient, i.e. the number of open chan-


nels, Nch, decreased about 50-fold. The number Nch, as well


as the current–voltage characteristics of SRE channels, did

ous composition(s). (a) Membranes contained different fractions of charged


e 0 (o), 20 (E) and 100 (.). (b) Membranes from equimolar mixture of


the membrane-bathing solution. (c) DPhPC membranes in the absence (o)


Membranes in the absence (DOPS/DOPE, 1:2, M/M) (5) and the presence


s presented in these figures were obtained for membranes bathed by 0.1 M
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not change after PL addition to the cis-compartment. The


simplest explanation for these results, as well as of the salt


gradient effect, is that specific interactions occurring between


trans-side DOPS and SRE molecules significantly decrease


due to neutralization of the DOPS charge with increased salt


concentration or addition of PL.


Within the scope of the above explanation, the voltage


dependence of q should increase, as the part of the outer


potential D/ on the trans-side of the channel increases.


Particularly, if this part is negligible, the q(D/) dependence
will be absent. Hence, an estimate of the electric potential


distribution along the channel length is needed to check the


validity of the explanation in question. This problem was


partly solved by studying the effect of PG anions on the SRE


channel properties. Typical current–voltage curves obtained


for single SRE channels in the absence and presence of these


anions (10 AM, cis-side addition to DPhPC membranes


bathed in 0.1 M NaCl) are presented in Fig. 5. These curves


diverged only at high negative voltages. Addition of PG


anions to the trans-compartment did not change the channel


conductance at all studied potentials (� 200–200 mV). This


is not surprising since the size of a PG anion is too large to


penetrate the channel on the trans-side. These findings show,


first, that the PG anions interact with the cis-mouths of the


channels and, second, that their binding is insignificant for


anion transport through the channels at low potentials, but


hinders it at high negative D/. Regardless of the mechanisms


of this inhibiting effect, it indicates the existence of the


electric potential drop near the cis-mouths of SRE channels


and a significant variation of that drop with change of the


outer potential. It is reasonable to think that, in addition to the


potential drop within the cis-mouth of the channels, a


significant part of the total applied D/ is distributed within


the trans-side of the channels. If so, the phenomenon of


potential-dependent q(D/) must be real.


Pronounced changes in the single-channel conductance


accompanied the above variations in the chemical compo-


sition of the membrane system. As seen from Fig. 6a, the


asymmetry of the conductance–voltage curves changed


markedly with variation of the charged lipid fraction. The


G(D/) curves were asymmetric within the limits of com-


pletely charged or uncharged membranes, but became


symmetric at about 20 molar% of DOPS. Consistent with


the effects of RH-421 or phloretin addition on q, changes in


the single-channel conductance were observed with these


agents. RH-421 increased the channel conductance, while


phloretin decreased it (Fig. 6b,c). At the same time, no SRE


channel conductance changes were observed when 6-keto-


cholestanol was substituted for the uncharged (DOPE)


component of the bilayer (Fig. 6d). It is suggested that the


observed sensitivity of the channel conductance to the


presence of dipole modifying agents is mainly due to the


changes in the electric field within the channel interior,


which accompany variations of the membrane chemical


composition. Also, structural changes in the channel lumen


or of the channel shape cannot be ruled out.

4. Conclusions


1. The effective gating charge of the SRE channels is highly


sensitive to charge and dipolar components of the mem-


brane in support of the participation of membrane con-


stituents in the structure and function of these channels.


2. The contributions of the charged and dipolar constituents


to the effective gating charge of SRE channels are


comparable in absolute values but opposite in sign.


3. The potential dependent channel gating charge values


result from specific interactions between charged lipids


and SRE molecules in the channel structure as well as


adsorption of Na+ ions on the channel wall.
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Abstract


The bioaccumulation of heavy metals (cadmium, nickel, cobalt and zinc) and the effect of these metals on the production of metallothionein


and metallothionein-like proteins (MT) in Yarrowia lipolytica was studied by electrochemical methods. The concentrations of heavy metals


were determined by differential pulse voltammetry (DPV). A combination of the constant current chronopotentiometric stripping analysis


(CPSA) and adsorptive transfer stripping technique (AdTS) was used to determine the content ofMT in cells. Both the bioaccumulation of heavy


metals and the production ofMT in different cell compartments of Y. lipolytica exposed to heavymetals were monitored. The LD50 of eachmetal


was determined from the number of viable cells in yeast cultures: LD50Cd (37.5 AM), LD50Ni (570 AM), LD50Co (700 AM), and LD50Zn (1800


AM). The highest concentrations of heavymetals were found in the cell wall andmembrane debris while the lowest concentrations were detected


in the cytoplasm. Cadmium and nickel showed the most significant effect on the production of MT. This study provides new insights into the


ecophysiology of microorganisms and demonstrates the potential use of these electrochemical methods in biotechnology.

D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction


Among a number of biotechnological applications, Yarro-


wia lipolytica is used in the bioremediation of soils contami-


nated by petroleum products. Industrialization and domestic


activities have accelerated biogeochemical cycles of a large


number of elements, including heavy metals. This has con-


tributed to the increasing deposition of heavy metals in


natural ecosystems. Moreover, heavy metals occur in petro-


leum products and therefore represent a serious problem for


the environment and living organisms [1,2]. If the environ-


ment is severally polluted by petroleum products, it is


necessary to prevent pollution spreading and to restore the


contaminated environment to previous conditions as soon as


possible. The possible approach to tackle this problem con-


sists of the microbiological degradation of petroleum prod-


ucts. For bioremediation of contaminated soils and waters,


the yeast Y. lipolytica can be used [3]. Yeast cells defend
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themselves against heavy metals [1,4] by production of


specific proteins [5], which bind metals in cytoplasm or


transport them into vacuoles [6]. For example, metallothio-


neins (MTs) are proteins binding heavy metals [7–9].


We attempted to find the resistance of Y. lipolytica CCM


4510 to heavy metals. The aim of this paper is to study the


impact of cadmium, nickel, cobalt and zinc on yeast growth,


the bioaccumulation of heavy metals in different cell com-


partments, and the level of metallothionein-like proteins


(especially metallothionein) in cytoplasm. The results of this


paper will contribute to the potential application of electro-


chemistry in the study of the effects of heavy metals on MT


production.

2. Materials and methods


2.1. Organisms and their growth conditions


The strain CCM 4510 of Y. lipolytica was isolated from


soil which had been exposed to crude petroleum for long

ed.
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time (Czech Collection of Microorganisms, Faculty of


Science, Masaryk University, in Brno Czech Republic).


Malt Extract Agar (MEA) and Malt Extract Broth (MEB,


Hi-Media, India) were used for storing and cultivation of


yeast cells [10] and contained (in g/l deionized water): malt


extract (17), peptone (5), MEA contained yet agar (20), pH


5.4. Yeast cells were taken from slant MEA at 4 jC and


cultivated in MEB. The starter culture was transferred from


the MEA medium into 20 ml of the MEB medium and


cultivated for 24 h at 25 jC under intensive shaking. The


yeast was grown in 100 ml of MEB in a conical bottle


inoculated with 0.5 ml of the starter culture. For possible


experiments with bacteria, we tested universal medium


Nutrient Broth (NB, Hi-Media) contained (in g/l deionized


water): peptone from animal tissue (5.0), sodium chloride


(5.0), beef extract (1.5), yeast extract (1.5), pH 7.4. The


media components were mixed in boiling water and auto-


claved 121 jC for 15 min. The pH value of the media were


adjusted using a pH meter Praecitronic MV870 (Germany)


at room temperature.


Salts of heavy metals (CdCl2, NiCl2, ZnCl2, CoCl2; ACS


Reagent, Sigma Aldrich, Chemical, St. Louis, MO, USA)


were added to the MEB medium containing yeast cells.


Concentration ranges (Amol/l) of Cd 0–37.5, Ni 0–1000,


Co 0–1200 and Zn 0–2400 were chosen. During cultiva-


tion, the solution was shaken intensively: 150 rpm, ampli-


tude 3.5 cm, at 25 jC for 16 h using water bath shaker


(Elpan 357, Poland). The growth of yeast cells was followed


by means of optical density (OD620) of solutions carried out


using a diode array spectrometer (Hewlett Packard, Model


8452A, USA) with temperature-controlled cells and by an


amount of viable cells which were determined by plate


colony count method on the MEA. The amount of total


soluble proteins were determined by Bradford’s method


[11].


Samples of yeast cells were prepared using previously


used procedures adopted from the literature [12,13]:


(a) After cultivation (16 h), the cells were centrifuged for 10


min, at 4 jC at 10,000� g (Hettich RF 32, Germany).


The measurement of amount of heavy metals in MEB


medium was made in the supernatant. The amount of


adsorbed heavy metals on the surfaces of cultivation


bottles was monitored in used bottles without cells.


(b) The amount of heavy metals on the cell surface was


determined as follows: the cells were washed twice with


0.2 M acetic buffer (pH 4.8) containing 0.5 M EDTA,


then stirred (Scientific Industries, Vortex-2 Genie, USA)


for 5 min at room temperature. Then the suspension of


cell was centrifuged for 10 min at 10,000� g. The


possible leaking of the cytoplasm was determined by


measuring the activity of lactate dehydrogenase (cyto-


plasmic marker). The method was described by Appleby


and Morton [14].


(c) The yeast cells were mixed with 0.2 M acetic buffer (pH


4.8) and disintegrated by ultrasonic waves at 4 jC

(Bandelin 200 W, Germany) for 10 min. Prior to and


after the sonication, the portion of the intact cells was


determined microscopically. The sonicated cells were


centrifuged at 4 jC for 30 min at 16,000� g (Beckman,


Avanti 30I, USA). The resultant pellet consisted of


isolated particles of cell walls and membranes, while the


supernatant contained cytoplasm. The supernatant was


analysed for heavy metals and metallothionein-like


proteins (MT). The samples for the determination of


the MT were prepared according the procedure reported


by Kizek et al. [15]. The sample was kept at 99 jC in a


thermomixer compact (Eppendorf 5430, USA) for 15


min with occasional stirring, and then cooled to 4 jC.
The denatured homogenates were centrifuged at 4 jC
and at 15,000� g for 30 min (Eppendorf 5402). The


heat treatment and the solvent precipitation effectively


removed the high molecular weight proteins from the


samples [16].


(d) The samples were subjected to microwave mineraliza-


tion in 0.5 ml H2O2 (31%) + 2.5 ml HNO3 (65%) for 16


min and 280 W (MLS-1200 PYRO Rapid Microwave


Ashing System, USA) and amount of heavy metals


bonded to the cell wall and membrane debris were


measured. The mineralizate was neutralized with NaOH


(13 M) and measured by differential pulse voltammetry


(DPV).


2.2. Electrochemical measurements


Electrochemical measurements were performed with


AUTOLAB Analyser (EcoChemie, Netherlands) connected


to VA-Stand 663 (Metrohm, Switzerland), using a standard


cell with three electrodes. The working electrode was a


hanging mercury drop electrode (HMDE) with a drop area


of 0.4 mm2. The reference electrode was an Ag/AgCl/3 M


KCl electrode and the auxiliary electrode was a graphite


electrode. The supporting electrolyte was prepared by mix-


ing buffer components and its pH value was measured (pH


meter Praecitronic MV870).


2.2.1. Differential pulse voltammetry


The amount of the heavy metal was measured using


DPV. The components of the supporting electrolyte (acetate


buffer: 0.1 M CH3COOH+ 0.1 M CH3COONa, pH 5) from


Sigma Aldrich in ACS purity were purchased. DPV param-


eters were as follows: an initial potential of � 0.1 V, an end


potential � 1.4 V, a scan rate of 10 mV/s, a step potential of


5 mV/s, a pulse amplitude of 50 mV. All experiments were


carried out at room temperature. For smoothing and baseline


correction, the software GPES 4.4 supplied by EcoChemie


was employed [17–19].


2.2.2. Adsorptive transfer stripping technique and chro-


nopotentiometric stripping analysis


Rabbit liver MT, containing 5.9% Cd and 0.5% Zn, was


purchased from Sigma Aldrich (MW 7143). Standard sol-







Fig. 1. Differential pulse voltammograms of heavy metals (500 nM) in 0.1 M acetate buffer (pH 5). Row data treated by baseline correction. Step potential 5


mV/s, scan rate 10 mV/s, pulse amplitude 50 mV, initial potential � 0.1 V, end potential � 1.4 V.
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utions of MTwere prepared by diluting a stock solution (1.0


mg MT/ml) with water (Sigma Aldrich, ACS). For the


determination of the MT content, an adsorptive transfer


stripping technique (AdTS) [20] in connection with chro-

Fig. 2. (A) Relative peak heights of heavy metals in different growth media (MEB


acetate buffer was taken as 100%. (B) Differential pulse voltammograms of Cd, N

nopotentiometric stripping analysis (CPSA) were used [15]


to record the inverted time derivation of potential (dE/dt)� 1


as a function potential E [20,21]. CPSA parameters were as


follows: time of accumulation of 120 s, Istr of � 1 AA. After

, NB; see Organisms and their growth conditions). Peak height obtained in


i, Zn, Co (5 AM) in medium (left) and calibration curves in MEB (right).
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adsorption of MT, the HMDE was washed and transferred in


an electrolytic cell with 0.1 M H3BO3 + 0.05 M Na2B4O7


(Sigma Aldrich, ACS) where the CPSA was performed (see


Fig. 3A).

3. Results and discussion


3.1. Detection of heavy metals and MT


The reduction signals of cadmium, nickel, cobalt and


zinc in the acetate buffer (without MEB) recorded by means


of DPV are shown in Fig. 1. The peak potentials (Ep) of


individual metals are as follows: � 0.6 V for cadmium,


� 0.9 V for nickel, � 1.0 V for zinc, and � 1.2 V for cobalt


vs. Ag/AgCl/3 M KCl reference electrode. Electrochemical


methods for monitoring metal ion concentrations in cultures


of living bacteria and cells without separation of biomass


and medium were described recently using mercury [22]


and solid electrodes [23]. The effect of the medium on the

Fig. 3. (A) Scheme of adsorptive transfer technique used for the detection of


MT; (1) adsorbing of MT in a drop solution onto HMDE; (2) washing


electrode in borate buffer (pH 8); (3) measurement of MT by AdTS CPSA.


(B) Dependence of the peak height on the content of MT using AdTS


CPSA. Inset: signal of 1 ng MT/ml borate buffer adsorbed in 5 Al drop
solution. Time of accumulation 120 s of MT at HMDE, Istr—1 AA. The
HMDE was washed and transferred into the 0.1 M H3BO3 + 0.05 M


Na2B4O7 in a common electrolytic cell where the CPSA was performed.


Fig. 4. Effect of (5) cadmium, (o) nickel, (E) cobalt and (5) zinc dosage


on the growth of Y. lipolytica during 16 h cultivation. (A) The dependence


of the number of viable cells on the concentration of heavy metal; (B)


spectrophotometrical dependence (OD620) of the cell growth on cultivation


time (y control without metals). Solutions of 30 AM Cd and 600 AM Ni,


Co, Zn were added to the MEB at the start of cultivation. Total growth CFU


obtained in the absence of heavy metals was taken as 100%. Number of


measurements n= 5. Other details are provided in Materials and methods.

DPV heavy metal signals is shown for MEB and NB media


in Fig. 2A. Peak heights are presented in relative values, and


peak height, obtained in the acetate buffer without medium,


was taken as 100%. It is obvious that the media affect the


values of the detection limits for heavy metals and the


visible decrease of peak heights were observed in all cases.


Therefore, a calibration graph should be measured for every


medium. Fig. 2B shows the signals of metals at a concen-


tration of 5 AM in MEB. Linear calibration curves were


measured for micromolar concentrations of Cd, Ni, Co and


Zn (Fig. 2B). The detection limit of heavy metals in MEB


was 1 AM (relative standard deviation 5%; n = 5).


After the adsorptive transfer procedure, the catalytic


signal of MT [15,24] was measured by CPSA. The individ-


ual steps of the procedure are illustrated in Fig. 3A. This


procedure is based on immobilization of MT at the HMDE


surface (Fig. 3A(1)) from the drop of solution (f 5 Al),
which is followed by washing (Fig. 3A(2)).


Electrochemical measurements were carried out in a cell


containing buffer solution (Fig. 3A(3)). The calibration


curve of MT in borate buffer (the dependence of peak


height on the content of MT Fig. 3B) was obtained with


the period of accumulation tA of 120 s. The AdTS CPSA


signal of MT at a concentration of 1 ng/ml (200 pM) is


shown in the inset of Fig. 3B.
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3.2. Effect of heavy metals on the growth of the yeast


We studied the growth of the yeast at different concen-


trations of cadmium, nickel, cobalt and zinc. The half


inhibition concentrations of metal (LD50—50% dosis


lethalis), i.e. the metal concentrations killing the yeast cells


at 50%, were determined from the number of viable cells


(CFU—colony forming units) of yeast cultures. The highest


inhibition effect of all applied metals was observed for


cadmium. Nickel and cobalt provided similar inhibition


effects, while zinc showed the lowest inhibition activity. Y.


lipolytica CCM 4510 was able to grow in a medium


containing cadmium (0–75 AM), nickel (0–2400 AM),


cobalt (0–2400 AM) and zinc (0–9600 AM), see Fig. 4A.


This means that the sensitivity of the yeast to heavy metals


can be classified as follows: the first class—zinc, exhibited a


weak effect on living cells; the second class—nickel and


cobalt, showed a medium effect on yeast cells; the third


class—cadmium, is very toxic for cells. Therefore, the


tolerance of the yeast to heavy metals decreases as follows:


Zn>CofNiHCd. A similar inhibition effect on the growth


was observed for filamentous fungus Bispora sp. [25].


The growth of the yeast culture can be detected by


measurement of optical density (OD) at 620 nm. The


dependence of the yeast growth (OD620) on time in MEB


with and without metals (30 AM Cd, 600 AM Ni, Co, and

Fig. 5. Uptake of cadmium, nickel, cobalt and zinc to (A) cell surface, wall and me


metals in (B) MEB and on the surface of cultivation bottles after finishing of cul


taken as 100%; (n= 5). Other details in Fig. 4 and Materials and methods.

Zn) is shown in Fig. 4B. These experimental conditions


were used as the starting experimental conditions for mon-


itoring of the MT production.


3.3. Bioaccumulation of cadmium, nickel, cobalt and zinc in


cell compartments


We suppose that the mechanism of metal ion binding to


the cell wall in bacteria [26] is similar to the one in yeast.


Metals were accumulated in cell compartments at different


rates. For the study of bioaccumulation of heavy metals in


cell compartments, we applied concentrations of Cd: 4.8,


9.3, 18.7, and 37.5; Ni and Co: 75, 150, 600, 1200; Zn: 300,


600, 1200, 2400 Amol/l. Accumulation of cadmium and


nickel in Y. lipolytica CCM 4510 was higher than that of


cobalt and zinc, i.e. cobalt and zinc were less bonded on


yeast biomass in comparison with cadmium or nickel.


Moreover, cadmium and nickel were not detected on the


surface of the cell wall, but mainly they interacted with the


cell wall and membrane debris (Fig. 5A). The high level of


cadmium and nickel in the cell wall and membrane debris is


probably due to the interaction of heavy metals with


carboxylic groups, which are dominant functional groups


in the cell wall. These carboxylic groups descended from


peptides would be the potential sides for binding of heavy


metals, while the binding process is not exactly described

mbrane debris and cytoplasm of Y. lipolytica and the concentration of heavy


tivation. The concentration of metal added to the cultivation medium were







Fig. 6. Content of MT in Y. lipolytica at different concentrations of heavy


metals. (1) Without metals—physiological content of MT was 1 ng/g


protein, (2) 9 AMCd, (3) 30 AM Cd, (4) 300 AMNi, (5) 600 AMNi, (6) 600


AM Zn, (7) 1200 AM Zn, (8) 300 AM Co, (9) 600 AM Co; (n= 3). Other


conditions in Fig. 3.


M. Strouhal et al. / Bioelectrochemistry 60 (2003) 29–3634

[26]. Only a small amount of cadmium (1.6%) passed


through the cell wall and membrane into the cytoplasm


(see the first column in Fig. 5A). The quantity of nickel in


the cytoplasm and on the surface of the cell wall was below


1 AM in MEB (Fig. 5A). Interestingly, cobalt was largely


adsorbed on the cell surface (36%) and on the cell wall and


membrane debris (16%). Cobalt and zinc passed through the


plasma membrane into the cell. In the cytoplasm, 5% of


cobalt and 5% of zinc of the total applied metals were


found. On the contrary, zinc (37%) was adsorbed on the cell


wall and membrane debris and 5% of zinc was detected on


the cell surface (Fig. 5A). The remainder of the used metal


(a complement to 100%) was in the medium or on the


surface of the cultivation bottle in the adsorbed state (Fig.


5B).


The sorption of heavy metals by microbial biomass has


been observed to varying extents. Yeast biosorption largely


depends on parameters such as pH, metal ion and biomass


concentration, physical or chemical pre-treatment of bio-


mass, presence of various ligands in solution, and to a


limited extent on temperature (in Ref. [27]). Muter et al.


[28] published the metal uptake by yeast Candida utilis:


Zn>Cd>Pb>Cu>Cr. In our study, the incorporation of heavy


metals into individual cell compartments of Y. lipolytica


decreased in the following order: by (a) cell surface,


Co>ZnHCd, Ni; (b) cell wall and membrane debris, Cd,


NiHZn>Co; and (c) cytoplasm of yeast cell, Zn,


Co>CdHNi (Fig. 5A). Furthermore, not only yeasts, but


also prokaryotic organisms have been used to study micro-


organism biosorption. In comparison, the metal sorption of


cations by the bacteria Citrobacter MCM B-181 biomass


exhibited the following order of metal sorption as:


Zn>Cu>Cd>Ni>Co [29] has been recently published.


According to references, metal uptake by microbial cells


probably depends on various processes [30]; in fact, for


Pseudomonas cepacia, the metal sorption sequence was


different: Cu>Ni>Cd>Zn [22].


3.4. Effect of heavy metals on the production of yeast


metallothionein


Recently, the CUP1 locus in Saccharomyces cerevisiae


was determined. The CUP1 locus has an open reading frame


capable of encoding a 61-amino acid polypeptide that


resembles mammalian metallothionein in its high proportion


of cysteine residues [7]. This yeast metallothionein thus


exhibits two distinct binding configurations for Cu and Cd,


as does the mammalian MT [7]. This screen led to the


identification of the CRS5 (copper-resistant suppressor)


gene. By sequence analyses, CRS5 encodes the small


molecular weight cysteine-rich protein with an amino acid


sequence bearing all the features of an eukaryotic metal-


lothionein. Cysteines represent nearly 30% of the total


CRS5 polypeptide, and many are present in the Cys–X–


Cys, Cys–X–X–Cys, and Cys–Cys in S. cerevisiae [31]


and Y. lipolytica [32]. Therefore, we studied the MT

production in Y. lipolytica at different concentrations of


applied heavy metals using AdTS CPSA (Fig. 6). Since


electrochemical quantitation of MT is not a specific proce-


dure as RIA [33], it is crucial to eliminate the contribution of


other interfering cysteine-containing proteins from complex


samples before making determinations. In most cases, the


interfering compound is eliminated by heat denaturation,


leaving the heat-stable MT in solution [16,34,35]. Prior to


each CPSA measurement, MT in cytoplasm samples was


adsorbed on the electrode surface for an accumulation time


of 120 s. The physiological content of MT (1 ng MT/g


protein) in Y. lipolytica was that produced by yeast in the


absence of heavy metals (Fig. 6, column 1). From the results


obtained on the effect of heavy metals on the growth of


yeast (Fig. 4), several heavy metal concentrations were


chosen for monitoring MT production. When cadmium


was present at a concentration of 9 or 30 AM (CdCl2) the


amount of MT increased from physiological levels to 260


and 660 ng MT/g protein, respectively (Fig. 6 columns 2


and 3). It is interesting that the strong effect of nickel (300


and 600 AM) on MT production was observed (Fig. 6,


columns 4 and 5), where the concentration of MT was 530







Fig. 7. Incorporation of cadmium, nickel, cobalt and zinc in the cell surface, wall and cytoplasm of yeast Y. lipolytica and effect of metallothionein-like proteins.


Other details in Figs. 3 and 6.
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and 1120 ng MT/g protein, respectively. For zinc (600 and


1200 AM ZnCl2) and cobalt (300 and 600 AM CoCl2), the


effect on MT production was similar (Fig. 6, columns 6 and


7; 8 and 9, respectively).


The differences in MT levels in the yeast cell treated with


heavy metals may arise due to the variety of physiological–


biochemical changes that take place during the growth


process and the ageing of cells. Though the toxic metals


(Cd, Ni) induce biosynthesis of MT more significantly than


essential metals (Co, Zn). Our results, obtained by using


electrochemical methods, support the hypothesis that the


intracellular concentrations of heavy metals and the contents


of MT are possibly mutually dependent. The production of


MT is induced by increasing intracellular concentrations of


heavy metals.


A comprehensive scheme of heavy metal incorporation


into yeast cell compartments and their effect on the MT


production was formed in order to explain these processes.


This scheme (Fig. 7) is based on experimental data presented


in Figs. 5 and 6. For the assessment of the metal effect on the


yeast cells, we chose the same concentrations of nickel,


cobalt and zinc (600 AM). With respect to the toxicity of


cadmium to yeast, the concentration of cadmium was 30 AM.


Metal ions were probably transported into the cytoplasm

through ion channels in plasma membrane [36]. Low con-


centrations of toxic metals (cadmium and nickel) and the


relatively high content of MT were detected in the cyto-


plasm. On the contrary, cytoplasmic concentrations of essen-


tial metals (zinc and cobalt) were higher and the amount of


MTwas lower than that for toxic metals. On the basis of our


results, we suppose that the cell wall is the first protective


barrier to prevent penetration of heavy metals into the cell.

4. Conclusion


The yeast Yarrowia can be used for remediation of the


environment contaminated by various pollutants, including


heavy metals [37–39], and can grow in the presence of


hydrocarbons [10]. The yeast strain CCM 4510 was grown


in the medium containing various carbohydrates and


showed considerable resistance to applied heavy metals as


demonstrated by our results. The Y. lipolytica cells can bind


large amounts of heavy metals and produce specific protein


metallothionein as protective agent. This approach offers the


possibility to apply the yeast in bioremediation of soil and


water contaminated by petroleum products in the connection


with heavy metals.
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Abstract


The keto-enol tautomerization of p-hydroxyphenylpyruvic acid ( pHPP) in aqueous solutions and the complexation reaction between


enolic pHPP and boric acid have been studied by electrochemical techniques including linear sweep voltammetry (LSV), pulse voltammetry,


and cyclic voltammetry (CV), combining with UV spectrometry. Electrochemical techniques reveal that in aqueous solution, there are two


tautomers of pHPP: enolic form and ketonic form; the former exists mainly in freshly prepared pHPP solution, and the latter exists mainly in


equilibrium solution. Both enolic and ketonic pHPP are electroactive. The electrochemical oxidation of enolic pHPP gives rise to two anodic


waves, Ia and IIa, while the electrochemical oxidation of ketonic pHPP only results in the observation of the second wave IIa. The oxidation


process Ia is revealed to be associated with the quasi-reversible, two-electron two-proton oxidation of ‘‘CMC’’group at the side chain of


enolic pHPP, and the oxidation process IIa is proposed to result from the irreversible oxidation of phenolic hydroxyl group. It is observed that


in aqueous solution, enolic pHPP can quickly complex with boric acid to yield enol-borate complex that can also oxidize at a glassy carbon


electrode to yield an anodic wave.

D 2003 Elsevier Science B.V. All rights reserved.

Keywords: Keto-enol tautomerization of p-hydroxyphenylpyruvic acid; Electrochemistry

1. Introduction


p-Hydroxyphenylpyruvic acid ( pHPP) is an important


intermediate in the metabolism of tyrosine. Under normal


circumstances, pHPP is readily converted to 2,5-dihydrox-


yphenylacetic acid by p-hydroxyphenylpyruvate oxidase


and the levels of pHPP encountered in blood and urine


are extremely low. However, in a few individuals suffering


from a congenital metabolic defect known as tyrosinemia,


the oxidase is not available which leads to dramatic eleva-


tion of pHPP levels in blood and urine [1]. Because of its


biological and clinical significance, chemical reactions of


pHPP have been studied quite extensively. Among these


reactions, the most interesting is the tautomerization of


pHPP from enolic (I) to ketonic (II) form (Scheme 1) in


aqueous solutions. This kind of reaction has been recog-


nized and studied by following the increased solubility,

1567-5394/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv
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decreased ultraviolet absorption, and increased reaction with


phenylhydrazine. Although the electrochemical behavior of


tyrosine and its metabolites has been studied widely[2–5],


no attention has been paid to the electrochemical behavior


of pHPP. Therefore, this paper will focus the study on the


electrochemical behaviors of enolic pHPP, ketonic pHPP


and enol-borate complex, and on the enol–keto tautomeri-


zation and complexation between enolic pHPP and boric


acid using electrochemical methods.

2. Experimental


2.1. Chemicals


p-Hydroxyphenylpyruvic acid ( pHPP) was obtained


from Sigma (USA). Other chemicals were of analytical


grade and used as supplied by the manufacturer.


Stock solutions of pHPP (1�10� 2 mol/l) were prepared


by dissolving the required amount of sample in methanol


and stored under refrigeration in an amber bottle. Normally

ed.







Scheme 1.
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the aqueous solution contains more dissolved oxygen than


methanol, so pHPP, which is easily oxidized by oxygen, is


stable in methanol but unstable in aqueous solution. There-


fore, aqueous solutions of pHPP for testing were prepared


by injecting an accurate volume of concentrated pHPP


solution into the electrochemical cell containing the appro-


priate buffer (pH 2–12), which had been degassed for 10


min with high purity nitrogen to remove oxygen. The


solution was examined immediately, during which a con-


tinuous stream of nitrogen was passed over the solution.


The buffer system was a phosphate buffer (pH 2–12.0)


prepared by titrating a stock solution containing 0.1 mol/l


phosphate acid with sodium hydroxide to the desired pH


value.


2.2. Apparatus


A Microcomputer-based Electrochemical Analyzer


(Tianjin Lanlike, China) was employed for linear voltam-


metric and cyclic voltammetric measurements with a glassy


carbon electrode (GCE, Princeton Applied Research,


Princeton, NJ) having an approximate area of 7 mm2. A


BAS-100A Electrochemical Analyzer (Bioanalytical Sys-


tems, Purdue, IN, USA) was used for double-step chrono-


coulometric, pulse voltammetric measurements with a GCE.


All potentials were measured against an Ag/AgCl (3 mol/l


KCl) reference electrode. The parameters used for the


measurements were as the follows:


(a) Linear sweep and cyclic voltammetry (CV): scan rate


200 mV/s.


(b) Differential pulse voltammetry (DPV): pulse period 1 s,


pulse amplitude 50 mV, pulse width 20 ms.


Ultraviolet absorption spectra were recorded on a


Lambda 9 spectrophotometer (Perkin-Elmer).

Fig. 1. The variation of UV spectrum of pHPP (1�10� 4 mol l� 1 in double


distilled water) with time: (a) 0, (b) 1, (c) 2, (d) 3, (e) 4, (f) 5, (g) 6, (h) 7, (i)


8, (j) 9, (k)10, (l) 11, (m) 24 h.

3. Results and discussion


3.1. Keto-enol tautomerization of pHPP in aqueous solution


It was found that enolic form of pHPP remained very


stable in methanol medium, i.e. its UV spectrum (kmax = 219


nm, e219 nm = 22,000) would not change in 1 month after the

pHPP crystal (existing in enolic form) has been dissolved.


However, the enolic form of pHPP would be converted to


the ketonic form in aqueous solution, which is so-called


tautomerization. This tautomerization reaction is recognized


to be spontaneous and can be followed by UV spectroscopy.


Fig. 1 shows clearly the UV spectrum of pHPP (1�10� 4


mol l� 1) change with time after the stock enolic pHPP


methanol solution (1�10� 2 mol l� 1) has been diluted with


double-distilled water. Curve a in Fig. 1 is the UV spectrum


recorded as soon as the enolic pHPP was diluted with water.


This UV spectrum is the same as that of enolic pHPP in


methanol medium with the characteristic bands (kmax = 219


nm, e219 nm = 22,000), which indicates that almost all pHPP


molecules still exist in enolic form shortly after the pHPP


aqueous solution has been prepared. Then, the spectropho-


tometric adsorption at kmax 291 nm was observed to


decrease slowly with time (Curves b–m in Fig. 1). In the


meantime, a new spectrophotometric adsorption associated


with ketonic pHPP appears at kmax 280 nm. It is also evident


from Fig. 1 that the molar absorptivity value of ketonic


pHPP at kmax 280 nm (e238 nm = 3500) is much smaller than


that of enolic pHPP at kmax 291 nm (e291 nm = 22,000).


Furthermore, their absorption peaks are very closely spaced


(Dkmax = 11 nm). Thus, the absorption peak of ketonic pHPP


is completely merged with that of enolic pHPP and cannot


be observed until the solution of pHPP on 7 h standing (see


Curve h in Fig. 1). Finally, the keto-enol tautomerization


equilibrium is reached after 24 h (see Curve m in Fig. 1). It


is apparent that most pHPP molecules exist in ketonic form


whereas only a few pHPP molecules exist in enolic form in


the equilibrium solution.
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3.2. Electrochemical behavior of tautomers of pHPP in the


absence of boric acid


Although the mutual influence was not found between


enolic and ketonic forms of pHPP when they coexist in


the solution, to avoid the mutual influence during the


investigation of electrochemical behavior of tautomers of


pHPP, we can study the electrochemical behaviors of


enolic and ketonic forms of pHPP independently by


controlling some experimental conditions. On one hand,


in order to investigate the electrochemical behavior of the


enolic form of pHPP without the interference of the


ketonic form, the stock solution of pHPP was injected


into desired buffer solution (not containing boric acid),


which had been degassed for 10 min, then the test


solution was stirred and measured as quickly as possible.


On the other hand, to investigate the electrochemical


behavior of ketonic form of pHPP with the minimum


interference of enolic form of pHPP, the electrochemical


measurements were carried out after the tautomerization


equilibria were reached (after 24 h.).


3.2.1. Linear sweep voltammetry (LSV)


The linear sweep voltammograms of freshly prepared


solution of pHPP (largely in enolic form) and equlibrium


solution of pHPP (largely in ketonic form) at the GCE


over a range of pH values are shown in Fig. 2A and B,


respectively. These LSV curves show clearly that the


electrochemical behaviors of enolic and ketonic pHPP


are quite different.

Fig. 2. Linear sweep voltammograms obtained at the GCE for freshly prepared pHP


buffer at pH: (a) 2.0, (b) 3.0, (c) 4.0, (d) 5.0, (e) 6.0, (f) 7.0, (g) 8.0, (h) 9.0, (i)

3.2.1.1. Enolic pHPP. Fig. 2A shows that oxidation of


enolic pHPP gives rise to two anodic waves. The first


oxidation wave (Ia) occurs at relatively low potential and


exists in the phosphate buffer solution over the pH range 2


to 10.0 (see Curve a–i in Fig. 2A). In strongly acidic media


(pH 2.0–4.0), Ia is much higher and sharper than in other


media. This indicates that Ia has the characteristics of


reactant adsorption in strongly acidic media. The peak


current of Ia of enolic pHPP does not change over the pH


range 2.0 to 4.0 (Fig. 2A, a–c). However, Ia decreases


sharply with increasing pH over the pH range 4.0 to 5.0


(Fig. 2A, c–d). Then, Ia decreases slowly with increasing


pH over the pH range 5.0 to 10.0 (Fig. 2A, d–i). Finally, Ia
disappears when pH is higher than 10.0. The second


oxidation wave (IIa) of enolic pHPP is found at a more


positive potential and exists in the buffer over the pH range


2 to 12.0 (see Curves a–k in Fig. 2A). Unlike Ia, the peak


current of IIa decreases slowly over the whole pH range


examined. The variations of peak potentials of Ia and IIa
with pH are shown in Table 1. Both the peak potentials of Ia
and IIa shift to more negative potential as the pH is


increased, which indicates that one or more protons are


possibly involved in these two oxidation processes of enolic


pHPP. In terms of molecular structure of enolic pHPP, the


anodic waves Ia and IIa can be considered to be associated


with oxidation of ‘‘CMC’’ group at the side chain and


phenolic hydroxyl group, respectively. Actually, it is found


that electrochemical behavior of the second oxidation proc-


ess (IIa) of enolic pHPP is very similar to that of its


metabolic precursor tyrosine [6] by comparing their LSV

P solution (A) and equilibrium pHPP solution (B) in 0.1 mol l� 1 phosphate


10.0, (j) 11.0, (k) 12.0.







Table 2


LSV peak potentials of enolic pHPP at various scan rates


m (mVs� 1) 5 10 20 50 100 200 400 600 800 1000


EIa (mV) 392 392 396 399 400 402 409 408 412 414


EIIa (mV) 927 930 932 950 950 959 961 971 972


Table 1


Dependence of LSV peak potentials of pHPP (vs. Ag/AgCl) on pH


Process Enolic pHPP Ketonic pHPP


Ia EIa (pH2.0 – 10.0)=


(0.430–0.054 pH) V


IIa EIIa (pH2.0 – 11.0)=


(0.965–0.048 pH) V


EIIa (pH2.0 – 11.0)=


(1.026–0.048 pH) V


EIIa (pH>11.0) = 0.450 V EIIa (pH>11.0) = 0.498 V
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curves. This suggests that IIa is associated with the electro-


chemical oxidation of phenolic hydroxyl group, which is


known to be an irreversible one-electron process. Unlike the


oxidation of phenolic hydroxyl group, the oxidation of side


chain ‘‘CMC’’ group has very low oxidation potentials in


alkaline media, e.g. the EIa at pH 10 is about � 0.110 mV


(vs. Ag/AgCl). This suggests that the side chain of enolic


pHPP be very easily oxidized by dissolved oxygen in the


alkaline solution. Actually, this kind of chemical oxidation


of pHPP in alkaline solution has been investigated and


suggested to produce p-hydroxybenzaldehyde and oxalate.


Because Ia, as described previously, has a better define peak


shape and relative high oxidation potential in strongly acidic


solution (pH 2.0–4.0) than in the other buffer solution, pH


2.0 phosphate buffer is selected for the subsequence experi-


ments.


At various scan rates, LSV measurements were carried


out for enolic pHPP in pH 2.0 phosphate buffer solution.


The effect of scan rate on the oxidation peak potential is


shown in Table 2. It can be known from Table 2 that both


EIa and EIIa shift to more positive potentials with increasing


scan rate, indicating that both Ia and IIa oxidation processes


are irreversible or quasi-reversible. The effect of scan rate


on the oxidation peak currents is shown in Fig. 3. For


oxidation process Ia, the peak current (iIa) is proportional to


scan rate, m, over the range of 5–200 mVs� 1 (see Fig. 3A),


indicating that the electrode process is adsorption-controlled


at low scan rate. However, iIa becomes proportional to m1/2


over the scan rate range of 200–1000 mVs� 1 (see Fig. 3B),


which indicates that the electrode process is diffusion-


controlled at fast scan rates. For the oxidation process IIa,


the peak current (iIIa) increases linearly with m1/2 over the


range of 5–800 mVs� 1 (see Fig. 3B), indicating that at the


peak potentials the electrode process is diffusion-controlled


at the examined scan rates[7].


3.2.1.2. Ketonic pHPP. The LSV curves of equilibrium


solutions of pHPP at various pH are shown in Fig. 2B. In


equilibrium solution, process Ia, corresponding to the oxida-


tion of ‘‘CMC’’ group at the side chain of enolic pHPP, tends


to disappear by comparing with the case of freshly prepared


solution (Fig. 2A). Ia can be seen with quite small peak


current in acidic solutions (Fig. 2B, Curves a–e), but almost


disappears in neutral and alkaline media (Fig. 2B, Curves f–


k). The change of current of Ia indicates that enolic pHPPwith


electroactive side chain (–CHMC(OH)COOH) converts to

ketonic pHPP without electroactive side chain (–CH2–


COCOOH) during the spontaneous tautomerization. How-


ever, unlike the remarkable change of Ia taking place


during the tautomerization, IIa of ketonic pHPP can be


clearly observed at all examined pH range (Fig. 2B,


Curves a–k); the variation of peak potential of IIa of


ketonic pHPP with pH is also shown in Table 1. The very


similar LSV responses of IIa suggest that IIa processes of


ketonic and enolic pHPP involve the same oxidation


mechanism, i.e. IIa processes are associated with the


oxidation of phenolic hydroxyl group. As has been


described above, at pH 7.0 or higher, enolic pHPP is


basically changed to ketonic pHPP, but it is found that if


pH is too high (>10.0), ketonic pHPP becomes unstable in


aqueous solution. So pH 7.0 is selected for further electro-


chemical study of ketonic pHPP.


At various scan rates, LSV measurements were carried


out for ketonic pHPP in pH 7.0 phosphate buffer solution.


The effect of scan rate on the oxidation peak potential of IIa
is shown in Table 3. It can be known from Table 3 that the


oxidation peak potential of IIa shifts to more positive


potential with increasing scan rate, which indicates that


the oxidation process of ketonic pHPP is irreversible. The


effect of scan rate on the oxidation peak current is shown in


Fig. 4. It can be found that the peak current of IIa for


ketonic pHPP is not proportional to scan rate m (see Fig.


4A), but proportional to m1/2 (see Fig. 4B) over the range of
5–1000 mVs� 1. This suggests that the electrode process


IIa for ketonic pHPP is diffusion-controlled at the examined


scan rates [7].


3.2.2. Differential pulse voltammetry (DPV)


By comparing the LSV peak currents of Ia of enolic


pHPP shown in Fig. 2A with those of equilibrium solution


shown in Fig. 2B, the apparent distribution coefficients of


enolic pHPP and ketonic pHPP might have been calculated.


However, in order to obtain more precise results, DPV was


employed. The apparent distribution coefficients of enolic


and ketonic pHPP obtained from the DPV measurement are


shown in Fig. 5. It clearly indicates that in strongly acidic


media, there are still quite a few pHPP molecules that exist


in enolic form; for example, the apparent distribution


coefficient of enolic form is about 0.28 at pH 2.0. But


almost all of pHPP molecules exist in ketonic form when pH


value is higher than 6; for example, at pH 7, the apparent


distribution coefficient of ketonic form is larger than 0.99.


Thus, pH 7.0 sodium phosphate was adopted for further


investigation of ketonic pHPP.







Fig. 3. Influence of scan rate on the LSV peak current for oxidation of 1�10� 4 mol l� 1 enolic pHPP at a GCE for processes Ia (n) and IIa (4) in pH 2.0


phosphate buffer. (A) Plot of peak current (ip) vs. scan rate (m). (B) Plot of peak current (ip) vs. square root of scan rate (m1/2).
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3.2.3. Cyclic voltammetry (CV)


3.2.3.1. Enolic pHPP. In order to further reveal the mech-


anism of electrochemical oxidation of enolic pHPP at the


GCE, the CV measurements were carried out for freshly


prepared solutions of enolic pHPP in pH 2.0 phosphate


buffer. Fig. 6A shows the cyclic voltammogram of enolic


pHPP at a GCE over the potential range � 500 to + 1500


mV. On the first sweep to positive potentials appear two


oxidation peaks (Ia and IIa) corresponding to oxidation


processes Ia and IIa, respectively. On the reverse sweep, a


reduction peak Ic appears at the potential about 30 mV more


negative than the potential of Ia. Peaks Ic and Ia seem to form


a quasi-reversible couple because the peak current of Ia is


much higher than that of Ic. Unlike the case with Ia, there is


no reduction peak coupled to oxidation peak IIa in the reverse


potential scan. These indicate that oxidation process Ia is


quasi-reversible whereas oxidation process IIa is totally


irreversible. On the subsequent sweeps, the peak currents


of both Ia and IIa are decreased rapidly, suggesting that these


oxidation processes produce some strongly adsorbed species


and result in deactivation of the electrode surface. Simulta-


neously, a new quasi-reversible redox couple (IaV and IcV)
appears and increases with increasing sweep cycles. It is


interesting that when the tested electrode is subsequently


washed and placed in buffer again, peaks Ia, IIa, and Ic
disappear whereas peak heights of the new redox couple (IaV
and IcV) keep unchanged for several hours (figure not shown


here). This indicates that oxidation proceeds via an ECE


mechanism, i.e. the oxidation of pHPP is followed by a rapid


chemical step, resulting in the generation of a strongly


adsorbed and electroactive species at the surface of GCE.


In order to reveal the relationship between the subsequently


formed redox couple (IaV/IcV) and the two original oxidation


peaks Ia and IIa, the CVexperiment was undertaken over the

Table 3


LSV peak potentials of ketonic pHPP at various scan rates


m (mVs� 1) 5 10 20 50 100 200 400 600 800 1000


EIIa (mV) 685 691 697 708 714 723 730 737 746 757

potential range � 500 to + 700 mV, where only the oxida-


tion of side chain of enolic pHPP (process Ia) occurs but no


reaction associated with the oxidation of phenol group (IIa)


of enolic pHPP can happen. Under the above potential


condition, the cyclic voltammogram obtained for enolic


pHPP (Fig. 6B) shows that the subsequently formed redox


couple (IaV/IcV) described above (see Fig. 6A) cannot be


observed in the absence of second oxidation process IIa. It


means that this new redox couple is due to the oxidation of


phenol group (process IIa) followed by a rapid chemical


reaction and formation of a strongly adsorbed electroactive


species. These kinds of ECE oxidation reactions have also


been reported for phenol derivatives such as methoxyphe-


nols and tyrosine [3], and the oxidation mechanism has been


suggested as that the one-electron process yields dimers that


react to form dimeric quinones and polymers. Thus, it can


follow that the redox couple (IaV/IcV) observed in the oxida-


tion of pHPP is due to the subsequent formation of dimeric


quinones. This conclusion is also supported by the fact that


electrochemical behaviors of the redox couple (IaV/IcV) are


very similar to that of benzoquinone except that the former is


strongly adsorbed at the surface of the GCE, whereas the


latter is not at all adsorbed at the electrode. Additionally, Fig.


5B shows more clearly compared with Fig. 5A that peak Ia
and Ic indeed form a quasi-reversible redox couple. The redox


couple is centered at + 400 mV with a DEpeak of 30 mV.


3.2.3.2. Ketonic pHPP. The cyclic voltammetric meas-


urement was carried out for ketonic pHPP(1.0� 10� 4


mol l� 1) in pH 7.0 phosphate medium. Except that Ia/Ic
redox couple is not observed for ketonic pHPP, the cyclic


voltammogram of ketonic pHPP shown in Fig. 7 is very


similar to that of enolic pHPP shown in Fig. 6A. This


indicates that an ECE mechanism is also involved in the


oxidation of ketonic pHPP as the case of enolic pHPP


described above, i.e. an irreversible oxidation of phenol


group of ketonic pHPP (IIa) is followed by a rapid


chemical step, resulting in the generation of a strongly


adsorbed and electroactive species; then these species can


be further oxidized giving rise to a quasi-reversible


oxidation process (IaV).







Fig. 4. Influence of scan rate on the LSV peak current for oxidation of 1�10� 4 mol l� 1 ketonic pHPP at a GCE for process IIa in pH 7.0 phosphate buffer. (A)


Plot of peak current (ip) vs. scan rate (m). (B) Plot of peak current (ip) vs. square root of scan rate (m1/2).
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3.3. The electrochemical behaviors of pHPP in the presence


of boric acid


It was found that the electrochemical behavior of enolic


pHPP in the presence of boric acid differed from that in the


absence of boric acid. In phosphate buffer (not containing


boric acid), as described above, the oxidation of the ‘‘CMC’’


group at the side chain of enolic pHPP gave rise to a single


oxidation wave, Ia, over a wide pH range (pH2.0–10.0).


However, in Britton–Robinson buffer, which contains 0.04


mol l� 1 boric acid, when pH was 3.0 or higher (3.0–10.0),


the single oxidation wave cleaved into two waves, the


original wave Ia and a new wave IIIa. Evidently, the former


is associated with oxidation of enolic pHPP itself, the latter is


associated with oxidation of a new compound resulted from


the reaction of enolic pHPP with boric acid. It has been


confirmed with UV spectroscopy that boric acid could react


with the enolic pHPP to form an enol-borate. This reaction


shown in Scheme 2 is very analogous to the well-known


reaction of boric acid with ethylene glycol, i.e. two mole-


cules of enolic pHPP react with one molecule of boric acid to


form a new complex (III). In strongly acidic media (pH 3.0),


IIIa was rather small, but IIIa was increased and reached to a


constant value when pH was higher than 4.0. It is evident that


the dependence of peak current of IIIa on pH results from that


the complexation reaction of enolic pHPP with boric acid


involving splitting off one proton. So, at a certain pH range

Fig. 5. The distribution curves of ketonic pHPP (a) enolic pHPP (b) in


various pH equilibrium solutions obtained by differential pulse voltamme-


try.

(pH 2.0–5.0), the higher is the pH, the more complex are the


molecules produced. Similar to the case for Ia, the peak


potential of IIIa also shifts to more negative potential with


increasing pH, which indicates that the oxidation of enol-


borate complex involves proton transfer. Paralleling with


variation of peak current of IIIa with pH, peak current of Ia
decreased with pH and reached a constant value; however,


the total oxidation current of Ia and IIIa was equal to the


oxidation current of Ia for the case where no boric acid


existed in the buffer. In order to reveal the mechanism of the


complexation reaction of enolic pHPP with boric acid, the


effect of the concentration of boric acid on the complexation


equilibrium was investigated. In this experiment, acetate


buffer (pH 4.5) was selected and various amounts of boric


acid (form 0 to 0.2 mol l� 1) were added to enolic pHPP

Fig. 6. Cyclic voltammograms obtain at the GCE for 1�10� 4 mol l� 1


enolic pHPP in pH 2.0 phosphate buffer with sweep segments: 20, scan


rate: 200 mV s� 1, initial potential: � 0.500 V, and final potentials: (A)


1.500 V, (B) 0.700 V vs. Ag/AgCl.







Fig. 7. Cyclic voltammograms obtain at the GCE for 1�10� 4 mol l� 1


ketonic pHPP in pH 2.0 phosphate buffer with sweep segments: 20, scan


rate: 200 mV s� 1.


Fig. 8. Linear sweep voltammograms obtained at GCE for 1�10� 4 mol


l� 1 enolic pHPP in pH 4.5 acetate buffer in the presence of boric acid of


various concentrations: (a) 0, (b) 1�10� 4 , (c) 1�10� 3 , (d) 1�10� 2 ,


(e) 0.1, and (f) 0.2 mol l� 1.
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solution. The results are shown in Fig. 7. When the concen-


tration of boric acid is at the range of 0–1.0� 10� 4 mol l� 1,


only Ia corresponding to enolic pHPP is observed (Fig. 8,


Curves a–b), which means that the formation of complex


compound, enol-borate, may be neglected at low concen-


tration of boric acid. But as the concentration of boric acid


increases, IIIa corresponding to enol-borate begins to appear


(Fig. 8, Curve c) and increases until a constant value is


reached (Fig. 8, Curves d–f). Simultaneously, Ia correspond-


ing to the oxidation of enolic pHPP decreases (Fig. 8, Curves


d–e) and disappears completely when the concentration of


boric acid reaches to 0.2 mol l� 1. This means that enolic


pHPP is almost completely present as the borate complex at


high concentration of boric acid. Fig. 8 also shows clearly


that although the peak currents of Ia and IIIa are both

Scheme

dependent on the concentration of boric acid, their total peak


currents do not vary with the concentration of boric acid at


all. This indicates that the oxidation of complex (IIIa) occurs


at enolic pHPP rather than at boric acid. The fact that the


peak current of Ia at low concentration of boric acid is equal


to the peak current of IIIa at high concentration of boric acid


indicates that both molecules of enolic pHPP in enol-borate


complex are oxidized during the oxidation of enol-borate


complex. According to the tautomerization equilibrium


shown in Scheme 2, the equilibrium constant, K, can be


easily calculated by the data obtained from Fig. 8. For


example, Curve d in Fig. 8 shows that peak height of


oxidation of enolic pHPP (Ia) is equal to that of enol-borate


complex (IIIa) when the boric acid concentration is 0.01


mol l� 1, which means the molecule number of free pHPP is

2.







Fig. 9. The variation of UV spectrum of ketonic pHPP (1�10� 4 mol l� 1


in pH 7.0 phosphate buffer ) with time: (a) 1 min, (b) 30 min, (c) 60 min, (d)


90 min, (e) 120 min, (f) 150 min, and (g) 14 h on addition of 0.4 mol l� 1


boric acid to the ketonic solution.
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equal to the molecule number of pHPP in enol-borate, so


concentrations of enol-borate, free pHPP, and free boric acid


are 5.0� 10� 5, 5.0� 10� 5, and 1.0� 10� 2 mol l� 1,

 


Scheme

respectively. Therefore, the tautomerization equilibrium con-


stant K is calculated to be 1.0� 10� 6 L2 mol� 2, which is


close to the value obtained by using UV spectrophotometry.


Additionally, from Fig. 8, it follows that the complex-


ation of enolic pHPP with boric acid is far faster than the


keto-enol tautomerization because these LSV curves of


enolic pHPP (Curve a, b), enol-borate complex (Curve f),


or their mixture (Curves c–e) could be obtained imme-


diately after the solutions have been prepared. Therefore,


based on this conclusion, the reversibility of the tautome-


rization reaction between enolic and ketonic pHPP can be


investigated by adding boric acid to the buffer solution.


As noted above, the tautomerization reaction from enolic


pHPP to ketonic pHPP is spontaneous in aqueous sol-


ution; however, in the presence of boric acid, the reverse


process, from ketonic pHPP to enolic pHPP, has been


observed by spectrophotometry. As shown in Fig. 9,


upon addition of boric acid, the UV spectra of equili-


brium solution (largely ketonic pHPP) change with time


slowly, i.e. a new absorption at kmax = 308 nm corre-


sponding to enol-borate complex [6] appears and


increases with time (Fig. 9, Curves a–g), and finally


reaches a constant value after 14 h (Fig. 9, Curve g).


This means, upon addition of boric acid, ketonic pHPP


changes to enolic pHPP slowly, the latter reacts with


boric acid quickly giving rise to enol-borate complex;


thus, the original tautomerization equilibrium is broken


and a new equilibrium involving tautomerization and


complexation reaction is established.

3.
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3.4. Electrochemical oxidation mechanism of tautomers of


pHPP in aqueous solution


In summary, according to the above studies and discus-


sions, Scheme 3 is proposed for the possible tautomeriza-


tion reaction mechanism of pHPP and electrochemical


oxidation mechanism of tautomers of pHPP at GCE.


pHPP has two tautomers, enolic form (I) and ketonic


form (II). In crystal or noaqueous solution, pHPP exists


largely as enolic pHPP, but in aqueous solution, enolic


pHPP changes spontaneously to ketonic pHPP, and exists


largely as ketonic pHPP in equilibrium solution. The elec-


trochemical oxidation of ketonic pHPP gives rise to one


single anodic wave IIa, which results from the oxidation of


phenolic hydroxyl group via an ECE mechanism. The ECE


reaction pathway involves a one- or two-electron transfer


followed by a rapid formation of dimer or polymer (VII) by


coupling free radicals, and subsequent reversible oxidation


of VII to strongly adsorbed species (VIII). The electro-


chemical oxidation of enolic pHPP (I) gives rise to two


anodic waves. Ia results from the quasi-reversible oxidation


of side-chain ‘‘CMC’’ group with two-electron two-proton


transfer to yield compound IV. IIa is associated with the


oxidation of phenolic hydroxyl group of IV, which may


follow the same ECE pathways involved in the oxidation of


ketonic pHPP and also yield strongly adsorbed species (V


and VI). In aqueous solution, enolic pHPP (I) can react


reversibly with boric acid to yield enol-borate complex


(III), which can be irreversibly oxidized to yield the


possible product IX.
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Acknowledgements


This project was financially supported by the National


Nature Sciences Funding of China (20175005) and The


Science Foundation of State Education Department, China.


Yuwu Chi thanks the Science and Technical Development


Foundation of Fuzhou University, China (no. XKJ(QD)-


0103).

References


[1] C.Y. Zhang, Chinese Medical Encyclopedia, Biochemistry, Shanghai


Science and Technology Press, Shanghai, 1987, pp. 245–247.


[2] M.R. Defelippis, C.P. Murthy, F. Broitman, D. Weinraub, M. Faraggi,


M.H. Klapper, Gelation of xanthan by trivalent chromic ions monitored


by 1H NMR relaxation: a preliminary study, J. Phys. Chem. 95 (1991)


341–344.


[3] S.K. Wheeler, L.A. Coury Jr., W.R. Heineman, Fouling-resistant,


polymer-modified graphite electrodes, Anal. Chim. Acta 237 (1990)


141–148.


[4] L.C. Portis, J.T. Klug, C.K. Mann, Electrochemical oxidation of some


phenethylamines, J. Org. Chem. 39 (1974) 3488.


[5] D.M. Anjo, K.K. Corkery, E. Gonzalez, K.A. Marantos, K.E. Estrada,


Diffusion coefficients of phenolic aromatics by chronocoulometry at


the glassy carbon electrode, J. Chem. Eng. Data 39 (1994) 813–816.


[6] A. Hariman, Further comments on the redox potentials of tryptophan


and tyrosine, J. Phys. Chem. 91 (1987) 6102–6104.


[7] G.G. Pu, Z.B. Yuan, S.G. Wu, The Electroanalytical Chemistry, Press of


Science and TechnologyUniversity of China, Hefei, 1993, pp. 116–119.





		Electrochemical study on the keto-enol tautomerization of p-hydroxyphenylpyruvic acid in aqueous solution

		Introduction

		Experimental

		Chemicals

		Apparatus



		Results and discussion

		Keto-enol tautomerization of pHPP in aqueous solution

		Electrochemical behavior of tautomers of pHPP in the absence of boric acid

		Linear sweep voltammetry (LSV)

		Enolic pHPP

		Ketonic pHPP



		Differential pulse voltammetry (DPV)

		Cyclic voltammetry (CV)

		Enolic pHPP

		Ketonic pHPP





		The electrochemical behaviors of pHPP in the presence of boric acid

		Electrochemical oxidation mechanism of tautomers of pHPP in aqueous solution



		Acknowledgements

		References








www.elsevier.com/locate/bioelechem


Bioelectrochemistry 60 (2003) 47–55

A short-term NaCl exposure increases the Na+ conductance of


outward-rectified cation currents in the pith cells of sweet pepper


Margaretha Blom-Zandstra*, Sake A. Vogelzang


Plant Research International, PO Box 16, 6700 AA Wageningen, The Netherlands

Received 25 September 2002; received in revised form 28 February 2003; accepted 26 March 2003

Abstract


The regulatory role of pith cells in the stem in Na+ recirculation in sweet pepper was investigated by evaluating the transport


characteristics of the plasma membrane of this cell type and comparison with those of root cells. Ion conductivity and Na+ permeability of the


plasma membranes of protoplasts of both cell types were studied with the patch-clamp technique in the whole-cell configuration, before and


after addition of NaCl to the bath medium. Protoplasts of both pith and root cells showed outward rectifying currents with a reversal potential


(Vr) near to the equilibrium potential of K+ (EK). Addition of NaCl to the bath medium caused a stronger shift of the reversal potential, Vr, in


pith protoplasts than in root protoplasts, indicating that the outward rectified currents are permeable to Na+, especially in the pith cells.


After plant exposure to exogenous NaCl via the nutrient solution for 1 week, Vr in the root cells was closer to EK than in the control plants


and hardly shifted upon addition of Na+. This indicated that the net permeability of the OR channel complement in the plasma membrane to


Na+ was lower following exposure to Na+. Vr in the pith protoplasts, on the other hand, shifted significantly more than in the control plants,


suggesting an increase of the permeability to Na+. Moreover, the Na+ channel blocker amiloride blocked the currents in this cell type. It is


concluded that pith cells have appropriate features of outward rectified currents to enable Na+ accumulation or release when NaCl is present


in or removed from the nutrient medium. Probably, exogenous NaCl even induced expression and formation of Na+-permeable channels in


pith cells.

D 2003 Elsevier Science B.V. All rights reserved.

Keywords: Patch clamp; Conductance; Capsicum annuum L.; Plasma membrane; ORC; Na+

1. Introduction


The use of sustainable plant growth systems in green-


houses is developing. In hydroponic systems where


nutrients recirculate for several weeks, emission of nutrients


to surface water is reduced but NaCl concentrations in the


nutrient solution may rise considerably during cultivation,


which may cause salinity stress. Many plant species are


tolerant to such sodium stress. Sweet pepper, an important


and representative horticultural crop grown in hydroponic


systems, can avoid high Na+ concentrations in the leaves by


preferential accumulation in the pith cells of the stem [1].


Sodium uptake by sweet pepper appears to be a well-


regulated process: when plants are exposed to NaCl in the


nutrient solution, the Na+ concentration in the plants rea-


ches a steady state after 1 week. Moreover, the Na+

1567-5394/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv


doi:10.1016/S1567-5394(03)00045-8
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concentration in the xylem sap always closely correlates


with the amount of Na+ accumulated in the pith cells


leading to an exponential decrease in Na+ concentration


toward the tip of the stem. This suggests that the efficacy of


Na+ transfer from the xylem to the pith depends on the


concentration gradient.


Pith cells are very suitable for accumulation of Na+ for


several reasons: (1) Pith cells have large vacuoles and


therefore a high accumulation capacity, (2) the number of


pith cells increases proportional to plant growth, and (3)


their strategic location within the stele offers the special


opportunity to regulate influx into and efflux from the shoot


[2,3]. Indeed, pith cells of sweet pepper have been shown to


play a decisive role in Na+ transfer from xylem to phloem


and release from the roots, probably resulting from down-


ward phloem transport [1]. In this way, the plant effectively


prevents Na+ accumulation in the leaves and minimises the


adverse effects on photosynthetic activity. Probably, pith


cells play a crucial role in the regulation of Na+ levels by


controlling uptake, storage and transfer through the plant.

ed.
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This raises the question whether the membrane character-


istics of pith cells may reveal how these cells preferentially


accumulate Na+ and how a sharp gradient between pith cells


and xylem can be maintained.


As a fundamental mechanism in salt tolerance in plants,


an active antiport would function to sequester Na+ into the


vacuole, resulting in avoidance of cytoplasmic Na+ toxicity


and maintenance of a high cytoplasmic K+/Na+ ratio [4].


The presence of a tonoplast Na+/H+ antiporter involved in


vacuolar Na+ sequestration has been well documented for


cell suspensions from sugar beet and root cells from several


plant species [4]. For sugar beet cell suspensions and


barley roots, it was shown that although Na+/H+ antiport


activity was not detected in plants grown in the absence of


NaCl, antiport activity was rapidly induced upon NaCl


exposure.


Although the route for Na+ uptake into the root symplast


has not been established in much detail [5], several classes


of cation channels seem to be involved [6]. Concerning Na+


transport through the plasma membrane into the cytoplasm,


the Na+ electrochemical gradient dictates that at physiolog-


ical steady-state values of the membrane potential DW
(inside negative, i.e. � 120 to � 200 mV [7]), the influx


is passive [8]. Sodium acts as a competitor for K+ uptake


[9,10], suggesting that both cations use a similar transport


system and it has been assumed that non-selective (K+) ion


channels allow Na+ entry into the cells [11–13]. Evidence is


now accumulating that non-selective cation channels might


even be the major pathway for Na+ influx into root cells


[14–18]. Plasma membrane depolarisation and exposure to


high external NaCl increases the open probability of out-


ward rectifying cation channels in tobacco cells [19],


thereby allowing Na+ influx following the steep electro-


chemical gradient.


To gain more insight into a possible regulatory role of


pith cells of sweet pepper in Na+ recirculation at the


protoplast level, we compared cation transport character-


istics of plasma membranes of pith cells with those of the


root cells. For this purpose, isolated protoplasts of both cell


types were studied using the patch-clamp technique in the


whole-cell mode before and after addition of Na+ to the bath


medium, which represents the extracellular medium. In


addition, we investigated whether these transport character-


istics change after plant exposure to 15 mM NaCl in the


nutrient medium.

2. Experimental procedures


2.1. Plant growth conditions


Seeds of Capsicum annuum L., cv Mazurka, were sown


in perlite. After 9 days at 30 jC in the dark, the emerged


seedlings were transferred to a hydroponics system with a


nutrient solution containing 3.73 mM Ca(NO3)2, 4.40 mM


KNO3, 0.97 mM KH2PO4, 1.92 mM MgSO4, 0.89 mM

K2SO4, Fe–EDTA and trace elements [20]. The plants


were grown in a growth chamber at 20 jC with a photo-


period of 12 h (150 Amol m� 2 s� 1) at a relative humidity


of 70%.


Sweet pepper shows dichotomic branching [21]. Follow-


ing the procedure used in commercial practice, the largest of


each dichotomic branch was retained, while the other was


pruned just above its first leaf. Some of the 9-week-old


plants were transferred to pots containing a nutrient solution


supplemented with 15 mM NaCl for 1 week for later


comparison with control plants.


2.2. Protoplast isolation


Protoplasts were isolated from root tissue and stem


tissue from which cortex and cambium layer were peeled


off. This isolation procedure was performed without an


osmotic shock and centrifugation step [22]. Briefly: up to


0.5 g plant material was placed in the enzyme medium


(1% cellulase (R10 Onozuka), 0.2% macerozyme (R10


Onozuka), 10 mM MES–KOH (pH 5.5), 10 mM sucrose,


500 mM mannitol, 2 mM MgCl2, 2 mM CaCl2) for 16 h at


12 jC. For adult plants, a 16-h period of enzymic digestion


was essential to release the protoplasts. After the incuba-


tion period, pieces of slimy tissue were picked up with a


pair of tweezers and transferred to a 2-ml petri dish with


wash medium (10 mM MES–KOH (pH 5.5), 10 mM


sucrose, 500 mM mannitol, 2 mM MgCl2, 2 mM CaCl2).


Protoplasts were released from the tissue by movement


through the solution. Small spots were visible on the


bottom of the petri dish. These spots contained 5–100


protoplasts and could easily be identified and transferred to


the patch-clamp cuvette using a Pasteur pipette. The root


material still contained protoplasts after this treatment and


was subsequently transferred to the patch-clamp cuvette.


Mechanical pressure was applied to this tissue with a pair


of tweezers to release root protoplasts. The protoplasts


took 2 min to adhere to the bottom of the cuvette. For


experiments, protoplasts were selected with a diameter of


f 25 m for root cells and a diameter of f 40 m for pith


cells.


2.3. Electrophysiological measurements


Protoplasts were used in patch-clamp experiments in the


whole-cell (WC) configuration. Outward-rectified cation


currents (ORCs) were measured as their conductance for


K+ and Na+. Electrodes were prepared from borosilicate


glass (GC150-15, Clark Electromedical Instruments, Read-


ing, UK). Pipettes were made with a two-stage puller (List-


medical 3P-A, Darmstadt, Germany), fire-polished (Zeiss


ID03 and List-medical CP-Z101) and coated with Sylgard


(Dow-Corning, Midland, MI).


Dishes with protoplasts were mounted on an inverted


microscope (Nikon-TMD). A piezo manipulator (Luigs and


Neumann GmbH, Ratingen, Germany) was used to move







Fig. 1. Whole-cell recordings of a sweet pepper plant, grown in the absence


of NaCl. (A) Outward rectifying currents of a pith protoplast in


asymmetrical solutions were activated upon depolarising pipette potentials.


Pulses were applied ranging from � 80 to 40 mV with 10-mV steps. (B)


Inward and outward rectifying of a root protoplast in asymmetrical solution


currents were activated upon polarising pipette potentials. Pulses for inward


activation were applied ranging from � 60 to � 150 mV with 10-mV steps


and for outward activation ranging from � 80 to 40 mV. Insets: I–V


relationship corresponding to the whole-cell recordings measured at the end


of each applied pulse (for A: 7.5 s and for B: 5.0 s) when the currents had


reached steady state.
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pipettes in the micrometer range. Conventional patch-clamp


techniques were applied according to Ref. [23] in whole-cell


configurations, performed by suction and monitored by an


Axopatch 200 patch-clamp amplifier (Axon Instruments,


USA). The sealing process was monitored on a digital


storage oscilloscope (Hewlett Packard 54501A 100 MHz).


Pipette resistance ranged from 5 to 10 M, depending on the


geometry and experimental solutions. Voltage and current


data were transferred via a CED1401 A/D-converter, which


was controlled by CED patch-clamp software (Cambridge,


UK). Data were sampled at 2–10 kHz and analysed using


(Turbo-Pascal) CED compatible software (ECOPATCH


[24]).


2.4. Media used


2.4.1. Pipette solution


One millimolar HEPES–BTP (pH 7.2), 150 mM KCl


(concentration depended on the desired equilibrium poten-


tial), 2 mM MgCl2, 5 mM MgATP, 2 mM K4BAPTA, 0.1


mM CaCl2 (free Ca concentration: 0.009 AM) replenished


with mannitol to an osmolarity of 485 mOsM kg� 1. In


experiments in which the effect of addition of NaCl to the


medium was studied, 1 mM NaCl was present in the pipette


solution from the start of the experiment.


2.4.2. Bath solution


Ten millimolars MES–Tris (pH 5.5), 10 mM KCl (con-


centration depended on the desired equilibrium potential), 2


mM MgCl2, 2 mM CaCl2, replenished with mannitol to an


osmolarity of 510 mOsM kg� 1. Where mentioned in the


text, 12.5 mM (final concentration) NaCl was added in


accordance with the apoplastic Na+ concentrations found in


sweet pepper in an earlier study [1].


2.4.3. Addition of blockers


Where indicated in the text, 10 M verapamil (a Ca2 +


channel blocker that has been shown to block K+ channels


in plant cells also [25–28] while it conducts Na+ [28]) and


100 M amiloride (a Na+ channel blocker [29]) were added to


the bath solution.


2.5. Tail current analyses


2.5.1. Determination of reversal potentials (Vr)


Experiments for determination of Vr were performed in


the different protoplast species at different times before


and after addition of NaCl to the bath medium (2 and 45


min, real time). In these experiments, an activating depo-


larizing pre-pulse (about 0 mV for 4 s) was followed by a


series of depolarizing potentials which increased stepwise


with 10-mV increments. Vr is calculated by fitting the


deactivation currents (i.e. tail currents) beyond the


capacity peak until 0 mV and by measuring the slope


(D) of these tail currents over a period of about 200 ms


and relating it to the corresponding potentials. Thus, Vr

can be obtained from the DV relationship and is defined as


the potential at which the polarity of the tail currents


reverses (i.e. D = 0).


2.5.2. Calculation of the equilibrium potentials for K+ (EK),


Cl� (ECl) and Na+ (ENa)


The ionic concentrations before and after addition of


NaCl to the medium are expressed in ionic strengths in


conformance with the Debye–Hückel theory and used in the


Nernst equation at T= 22 jC [29].


2.5.3. Calculation of the permeability ratios


To ascertain an optimal mixing of NaCl in the solution,


the values of Vr were determined 45 min after addition of







Fig. 2. Deactivation tail currents in a pith protoplast of sweet pepper grown


in the absence of NaCl, appearing when after a pulse of 0 mV the voltage


was returned to values ranging from � 80 to � 40 mV. The holding


potential was � 80 mV.
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NaCl to the medium. These values were compared with


the calculated equilibrium potentials for K+, Cl� and Na+


according to the Hodgkin–Huxley model, using the


equally weighed mean of the Nernst potentials of three


ions [29].


2.6. Statistical analyses


Data were submitted to analysis of variance (ANOVA)


by means of the statistical package GENSTAT 5. For each


whole-cell patch clamp experiment, fresh protoplasts were


isolated from a new, unused plant. Analysis of variance


was based on completely randomized design. Data were


considered to show a normal distribution. The significance


of differences (P < 0.05) was determined by Student’s t-


test.

Table 1


Whole-cell channel characteristics, standard errors (s.e.) and statistical analyses (AN


grown without or with NaCl in the nutrient solution


Cell type Percentage decrease I (s.e.)


Addition NaCl


2 min 45 min


Plants grown in the pith cells 0 (5.3) 34.2 (10.6)


absence of NaCl root cells 20.4 (6.8) 58.4 (13.0)


Plants grown in the pith cells 16.9 (9.6) 65.5 (18.4)


presence of NaCl root cells 14.5 (9.6) 44.3 (18.4)


Amount of cells tested


in ANOVA (n)


22 21


Significance plant treatment n.s. n.s.


cell type 0.05 n.s.


treatment� cell type n.s. n.s.


Current decrease determined at + 50 mV (Ip50), and expressed as percentage dec

3. Results


3.1. Whole-cell patch-clamp studies on pith and root


protoplasts from sweet pepper plants grown in the absence


of NaCl in the nutrient solution


The protoplasts isolated from root and stem tissue varied


in size between 35 and 45 Am for pith protoplasts and


between 23 and 30 Am for root protoplasts. In general, pith


protoplasts contained much larger vacuoles (15–20 Am)


than root protoplasts (7–12 Am).


Approximately 50 % of the successfully sealed pith and


root protoplasts (n = 58) showed no channel activity under


our conditions (data not shown). Irrespective of cell type,


all protoplasts with channel activity showed recordings


typical of ORCs at depolarising pulse potentials ranging


from � 80 to + 40 mV (Fig. 1A). In 8% of these proto-


plasts, inward rectifying currents (IRCs) were observed as


well (Fig. 1B).


Activation of ORCs occurred at ca. � 50 mV and


showed sigmoidal time courses. Half-time values of these


currents were voltage dependent and decreased from 4 to


0.4 s when pulse potentials increased from � 80 to + 40


mV (Fig. 1A). When the currents had reached a steady-state


value (i.e. no more change of net flow of charge with time),


steady-state currents were measured. Steady-state currents


were clearly voltage dependent, while we had no indications


for the presence of instantaneous currents. So, currents were


calculated from steady-state currents after leak subtraction


[30] for both ORCs and IRCs and plotted as functions of the


pulse potentials (insets in Fig. 1A and B).


Deactivation of the currents could be seen in the tail


currents (Fig. 2) upon stepping back to the holding potential


(� 80 mV). The tail currents reversed between � 60 and


� 50 mV for both pith and root protoplasts (Vr values before


addition NaCl, see Table 1). Differences between both cell


types were not significant. The single exponential deactiva-


tion currents were also voltage dependent but slower than

OVA) of the plasma membrane of pith and root cells of sweet pepper plants


Reversal potential (s.e.)


Amiloride Verapamil No NaCl Addition NaCl


2 min 45 min


16.4 (4.8) 63.0 (25.9) � 52 (2) � 48 (3) � 44 (3)


5.1 (5.5) 18.5 (31.8) � 50 (2) � 48 (3) � 48 (4)


82.4 (9.6) 66.6 (34.0) � 55 (3) � 38 (6) � 32 (4)


0 (6.8) 76.2 (31.8) � 58 (4) � 51 (5) � 52 (4)


9 7 24 21 15


0.05 n.s. n.s. n.s. n.s.


< 0.01 n.s. n.s. n.s. 0.013


< 0.01 n.s. n.s. n.s. 0.045


rease compared to Ip50 before addition of NaCl. n.s. = not significant.







Fig. 3. Whole-cell recordings in a pith cell protoplast of sweet pepper,


grown in the absence of NaCl before addition of NaCl (A), 38 min after


addition of 12.5 mM NaCl (B) and after addition of 12.5 mM NaCl (90


min), 100 M amiloride (40 min) and 10 M verapamil (2 min) (C). Insets: I–


V relationship corresponding to the whole-cell recordings measured at the


end of each applied pulse (7.5 s) when the currents had reached steady state.
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the activation currents. Their half-time values varied from 2


to 4 s for pulse potentials from � 80 to � 20 mV.


Both the steady-state I/V relationships (insets Fig. 1) and


reversal potential near to the equilibrium potential of K+


(EK; i.e. � 65 mV; Fig. 2) show that the ORCs appeared to


resemble the K+-selective channels, although several other


OR cation channels might also contribute to the ORCs


found in this study.


3.1.1. Effect of Na+ in pipette and bath solution


To evaluate the selectivity of the ORCs for Na+, NaCl


was added to the bath medium (final concentration 12.5


mM; 1 mM NaCl was already present in the pipette solution


from the start of the experiment). The effect of Na+ on


membrane characteristics differed between pith and root


protoplasts. Addition of NaCl resulted in an effect within 2


min (real time) on the current for root protoplasts, which


manifested itself as a decrease of the current at + 50 mV


(Ip50, Table 1), whereas it did not change the Ip50 of the pith


protoplasts shortly after addition. The difference in response


between cell types was significant. Approximately 45 min


after addition of NaCl to the bath medium (i.e. complete


bath exchange), Ip50 was decreased for both pith and root


protoplasts (Table 1) but did no longer significantly differ


between both cell types.


Values of the reversal potential (Vr, Table 1) of the ORCs


shifted slightly upon addition of NaCl to the bath medium,


for pith cells more than for root cells, especially after 45


min. This shift indicates that the ORCs may be permeable to


Na+ to some extent, especially for the pith cells.


Addition of amiloride (Table 1), assumed to block Na+


channels [29] and proven to have no effect on ORCs under


control conditions (i.e. without Na+ in the bath medium,


data not shown), hardly decreased Ip50 further for root cells,


while it had a small effect in pith cells. Addition of


verapamil, a Ca2 + channel blocker that has also been shown


to block Na+-permeable K+ channels also [25–28] while it


conducts Na+ [28], blocked the channel substantially in the


pith protoplasts. This is shown in Fig. 3, in which channel


activities are shown before (A) and after addition of NaCl


(B) and after addition of verapamil (C).


3.2. Pith and root protoplasts from plants grown in the


presence of NaCl in the nutrient solution


Patch-clamp measurements in the whole-cell configura-


tion showed that recordings of activation of ORCs for plants


grown in the presence of NaCl in the nutrient solution for 1


week were similar to those of the control plants (see Fig. 1A


for control plants). For pith cells, addition of NaCl to the


bath medium decreased Ip50 more than in the control plants


(Table 1). However, differences in plant treatment (grown in


the absence or presence of NaCl) were not significant.


Addition of NaCl to the bath medium caused a substan-


tial shift of Vr in the pith protoplasts (Table 1). This again


indicates permeability to Na+ in the pith cells. Vr, however,

was closer to EK and only slightly shifted upon NaCl


addition in the root protoplasts (Table 1). In these cells,


NaCl treatment of the plants had no effect on Na+ con-


ductivity Statistical analyses showed a clear, significant


(P < 0.05) difference between root and pith cells in Vr
response upon addition of NaCl.


Addition of verapamil (Table 1) changed Ip50 further for


both root and pith cells. Addition of amiloride blocked the


channel activity of pith protoplasts almost completely, while


it had no effect in root cells. Statistical analyses showed


clear significant differences in the effects of amiloride







M. Blom-Zandstra, S.A. Vogelzang / Bioelectrochemistry 60 (2003) 47–5552

between the two cell types and also between the two


different growing conditions. The blockage pattern in pith


cells is presented in Fig. 4, in which channel activities are


shown before (A) and after addition of NaCl (B) and after


addition of amiloride (C). Blockage of the ORC activity in


pith cells by amiloride indicates that Na+ transfer may also


be involved in the ORC activity.


3.2.1. Change of conductance


The substantial shift of Vr upon addition of NaCl to pith


protoplasts of plants grown in the presence of NaCl in the

Fig. 5. Conductance ratios (G/Gmax) of pith protoplasts of sweet pepper


plants grown in the absence (A) or in the presence (B) of NaCl in the


nutrient solution, measured before (y) and after (5) addition of NaCl to the


bath medium at different membrane potentials. Gmax established at a


membrane potential of 40 mV when currents had reached steady state.


s.e. = standard error.


Fig. 4. Whole-cell recordings in a pith cell protoplast of sweet pepper


grown in the presence of NaCl before addition of NaCl (A), 24 min after


addition of 12.5 mM NaCl (B) and 40 min after addition of 12.5 mM NaCl


and 2 min after addition of 100 AM amiloride (C). Insets: I–V relationship


corresponding to the whole-cell recordings measured at the end of each


applied pulse (6.5 s) when the currents had reached steady state.

nutrient solution, indicates that growing plants on NaCl may


change the characteristics of the ORCs. To study this


phenomenon, voltage dependence of pith cells from plants


grown with NaCl was compared with those of plants grown


without NaCl, for which the conductance’s G (calculated as


G = I/V�EK and normalised to Gmax, 40 mV) were related to


the membrane potentials. Fig. 5 shows that growing plants


in the presence of NaCl in the nutrient solution has a distinct


effect on the channel characteristics: whereas addition of


NaCl to the bath medium does not substantially change the


relative conductance’s of the ORC in Fig. 5A, it does


significantly change the characteristics in Fig. 5B. Appa-


rently, growing plants with NaCl in the nutrient solution


induces an adaptation of the Na+ transport characteristics in


pith cells. Root cells did not show these striking changes in


conductance (data not shown).


3.2.2. Permeability ratios


The permeability ratios for K+, Cl� and Na+ after


addition of NaCl to the bath medium are shown in Table







Table 2


Permeability ratios for K+, Cl� and Na+ in the plasma membrane of pith


and root cells of sweet pepper grown without (control) or with NaCl in the


nutrient solution


Control NaCl in nutrient solution


pK:pNa:pCl pK:pNa:pCl


Pith cells 1:1.12:0.11 1:2.30:0.23


Root cells 1:0.84:0.08 1:0.60:0.06


Calculations are based on shift of the reversal potential 45 min after


addition of NaCl to the bath medium.
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2. In control plants, both pith and root protoplasts showed a


permeability to Na+ of the same magnitude as to K+,


whereas the permeability to Cl� was low. The permeability


to both Na+ and Cl� in pith cells was doubled when plants


were exposed to NaCl for 1 week, whereas the permeability


in the root protoplasts showed a decrease.

4. Discussion


The objective of this study was to evaluate whether, and


if so which, channel activity is involved in Na+ transport in


root and pith protoplasts of sweet pepper. It can be con-


cluded that:


1. Sweet pepper plants show ORC activity in both root and


pith protoplasts.


2. The ORCs show conductivity for Na+ especially in pith


protoplasts.


3. Exposure of plants to NaCl in the nutrient solution for 1


week increases the conductivity for Na+ in pith proto-


plasts, whereas it decreases in root protoplasts.


4. Exposure of plants to NaCl in the nutrient solution


probably induces expression and formation of Na+-


permeable transporters in pith cells.


The channel activity found in this study mainly refers to


voltage-dependent outward fluxes, whereas hardly any


inward rectifiers are identified in the plasma membrane. In


media with low Na+, the reversal potential (Vr) was close to


the equilibrium potential of the K+ channel (EK), which


indicates involvement of K+-permeable channel activity.


The shift of Vr upon NaCl addition in root and pith


protoplasts suggests that for sweet pepper, the ORC is also


permeable to Na+ as already reported for cortical cells of


plant roots of wheat [31]. In xylem parenchyma of barley


roots, ORCs are also shown to be responsible for the release


of cations, like Na+, into the xylem vessels of the roots [32].


These authors showed a Na+-permeability similar to that for


K+ which is in agreement with the observations in our study


(Table 2).


The results show that the ORC characteristics of plants


grown in the absence of NaCl differ between pith and root


cells. For both cell types, addition of NaCl to the bath


medium caused a decrease of Ip50, which may result from an

inward current of Na+ or a partial inactivation of the channel


by Na+. However, (1) the effect on Ip50 was immediate in


root protoplasts, whereas pith protoplasts responded much


slower; (2) the shift of Vr in root protoplasts was smaller


than in pith protoplasts; and (3) verapamil (a Ca2 + channel


blocker that has been shown to block K+ channels in plant


cells as well [25–28]) had no effect on ORC activity of root


protoplasts, whereas it completely blocked channel activity


in pith protoplasts (Fig. 3). These results suggest that a


voltage-dependent ORC is responsible for Na+ transport in


pith cells, whereas in root cells, the decrease of Ip50 may


rather be caused by blockage of the K+ current than by an


inward Na+ current. Na+ is mainly transported into root cells


via non-selective cation channels [15,18,33]. These chan-


nels are voltage independent and instantaneous and not


sensitive to amiloride. However, the ORC in pith cells,


which may be responsible for Na+ transport, is voltage


dependent and sensitive to amiloride and verapamil. This


indicates that the channel described in this study, especially


for pith cells, clearly differs from the above-mentioned non-


selective cation channels. For root cells, however, influx of


Na+ by non-selective cation channels as main pathway for


transport cannot be ruled out, but the results of this study


give no indications for this.


It is unlikely that the decrease of Ip50 and shift of Vr upon


addition of NaCl to the bath medium resulted from an affect


of Cl�, as this ion was already present in the bath and


pipette solutions before NaCl addition. The ORC did show


some conductivity for Cl� which even increased for pith


protoplasts when plants were grown on NaCl in nutrient


solution (Table 2). The fact that the selectivity was much


lower than for Na+, however, means that the ORC will play


a minor role for Cl� transfer, especially in root protoplasts.


It is striking that only half of the successfully sealed


protoplasts showed channel activity. This may be explained


by several reasons; the most plausible are: damage during


isolation and heterogeneity of protoplasts. However, the


isolation procedure used shows a high success rate


(>75%) in patch-clamp studies on channel activity [22].


Therefore, the absence of channel activity in putatively


intact protoplasts is most likely caused by heterogeneity,


in the form of sub-populations with different permeability


characteristics.


4.1. Possibilities for adaptation


The results show that pith cells in sweet pepper plants


change in reaction to the presence of NaCl in the nutrient


solution. After plant exposure for 1 week, outward rectify-


ing currents in these protoplasts showed a greater shift of Vr
upon addition of NaCl to the bath medium. This suggests an


increase of the permeability to Na+. Moreover, the Na+


channel blocker amiloride [29,34] blocked this channel


activity significantly (Table 1). The appearance of channel


activity that can be blocked by amiloride may result from de


novo synthesis of Na+-permeable channels. Moreover, the
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changes of conductance upon addition of NaCl to the


medium (Fig. 5B) are striking and also indicate a funda-


mental change of the plasma membrane characteristics. It


has been shown very clearly that cells may respond to


exposure to saline conditions by expression of a very large


number of genes, regulating many cellular aspects [8].


However, the results from this study do not provide enough


information to substantiate the assumption of de novo syn-


thesis of voltage-dependent Na+ permeable channels. This


requires more research and alternative approaches, for


example, microarray DNA studies.


Contrary to pith protoplasts, root cells do not change


their channel characteristics following exposure to NaCl. As


the shift of Vr is comparable to or smaller than the shift in


the control plants, it may be concluded that the permeability


of the voltage-dependent ORC for Na+ does not change in


these cells by exogenous NaCl exposure.


4.2. Selectivity under physiological circumstances


The question arises how Na+ is preferentially accumu-


lated in pith cells under physiological conditions and how it


can suddenly be released from plants when growers renew


their nutrient solutions as demonstrated with labelled Na+ in


one of our former studies [1]. As hardly any inward


rectifiers are identified in the plasma membrane, it is unclear


whether this channel type will play an important role in Na+


uptake by cells. On the other hand, the ORCs show perme-


ability to Na+ and they may be suitable for inward-directed


Na+ currents [12]. As xylem vessels in intact sweet pepper


plants contain ca. 10–20 mM Na+ [1] and the Na+ concen-


tration in the cytoplasm of pith cells is considered to be


much lower (i.e. 1 mM), the equilibrium potential for Na+


(ENa) will have a value of ca. + 70 mV. This will result in


an inward Na+ transport at a membrane potential < + 70 mV.


The K + concentrations within the cytoplasm for the in


planta situation may vary between the different cell types.


For leaf cells, concentrations up to 125 mM (mesophyll) or


250 mM (epidermis) have been described [35]. It seems


plausible to consider a cytoplasmic K+ concentration in the


order of magnitude of the concentration used in the pipette


solution in our patch-clamp experiments (i.e. 158 mM) for


the pith cells of the in planta situation as well. Assuming a


K+ concentration in the xylem of 10 mM (in order of


magnitude of the K+ concentration in the nutrient solution),


EK for the plasma membrane of the pith cells will then


approximate to � 55 mV. Then, the ORC will activate at


membrane potentials >� 55 mV. At physiological steady-


state values of the membrane potential DW (inside negative,


i.e. � 120 to � 200 mV [7]), outward rectifiers will be


closed and no inward Na+ flux into the pith cells will occur.


Then, accumulation of Na+ in and release from the pith cells


can only occur when either the membrane potential will


depolarise upon a change of the environmental conditions as


shown for xylem-parenchyma cells of barley roots [36] or


when Na+ is transported by voltage-independent channels as

described for roots of maize [15], wheat [18], rye [37] and


Arabidopsis [33]. Modelling of the Na+ permeability of


these voltage-independent channels [38,39] even showed


that these channels contributed most to the Na+ influx into


rye root cells.


When growers renew their nutrient solutions, the exog-


enous Na+ concentration in the root zone becomes lower


than in the cytoplasm and ENa will shift to negative values.


Consequently, Na+ fluxes may become outward, supporting


our findings that sweet pepper plants loaded with Na+ in


their pith cells will release all Na+ upon transfer to a NaCl-


free nutrient solution [1]. Again, an immediate depolarisa-


tion of the membrane potential upon renewal of the nutrient


solution is a prerequisite for release of Na+ from the pith


cells. The results from this study are not sufficient to


elucidate this aspect for in planta situations and needs


further research.


It can be concluded that due to the electrophysiological


characteristics of the plasma membranes, pith cells in sweet


pepper show appropriate features of the voltage-dependent


ORCs to enable accumulation or release of Na+ by pith cells


when the plants grow under saline conditions. The capacity


to adapt to saline conditions may play an important regu-


latory role in Na+ recirculation and thus in prevention of


damage to the photosynthetic and other systems.
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Abstract


Awater-soluble polyxylylviologen (PXV2 +) was characterized with a view to making use of it as a redox electron-transfer (ET) mediator.


Cyclic voltammetric and spectropotentiometric studies showed (i) that PXV2 + gives two redox waves centering at � 0.40 and � 0.83 V (vs.


Ag/AgCl (3.3 mol dm� 3 KCl)) and (ii) that the lifetime of its monocation radical (PXV+�) is two orders of magnitude greater than that of the


well-utilized dimethyl viologen monocation radical. Subsequently, the reaction of the PXV2+/ +� couple with NAD+ was evaluated in the


similar manners as above. On the basis of this evaluation and the bioluminescence assay using bacterial NADH/FMN oxidoreductase and


luciferase, it was shown (i) that the PXV2+/ +� couple functions as a useful electron-transfer mediator and (ii) that PXV+� reacts with NAD+,


leading to generation of the enzymatically active NADH, in the absence of any reductases.

D 2003 Elsevier Science B.V. All rights reserved.

Keywords: Viologen; Electron transfer; Mediator; NAD+; NADH; Bacterial bioluminescence

1. Introduction


The redox couple of viologen (V2 +) and its monocation


radical (V+�), represented by the N,NV-dimethyl-4,4V-bipyr-
idinium (dimethyl viologen, MV2 +) redox couple, has been


extensively studied from a viewpoint of the electron-transfer


(ET) mediator aiming at application to sensors [1–3],


photosensitizing systems [4–7], characterization of micro-


organism [8] and syntheses of a variety of useful com-


pounds [7,9–16].


Since V+� can readily be electrogenerated from its parent


dication, the V2+/ +� couple has been successfully utilized in


combination with the electrode. However, in terms of the


electron-transfer capability, there seems to be a drawback


that the V+� species are generally labile at the solution–


electrode interface because of being amenable to the radical


annihilation and/or the deposition onto the electrode [17–


20]. Coating either the polymeric viologen or the viologen-

1567-5394/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv
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containing polymer onto the electrode seems to be a profit-


able approach for overcoming the drawback [1,3,5,6,13].


The chemical modification of viologen derivatives onto the


electrode based on the self-assembling technique would also


be promising to utilize the V2+/ +� couple [21,22]. In relation


to these approaches, encapsulation of the MV2 + mediator


system within porous graphite electrode in the presence of


an ion-exchange resin is noteworthy [14]. Thus, to make full


use of the viologen mediator system, its immobilization or


fixing onto the electrode has often been necessary.


The reducing power of V+� is not always potent enough


to transfer its electron to the acceptor of interest. For


example, in the regeneration of nicotinamide adenine dinu-


cleotide in reduced form (NADH) from its oxidized form


(NAD+), having attracted much attentions in terms of the


cofactor regeneration [7,23], an adequate MV-dependent


NAD reductase is usually required to complete the reduc-


tion of NAD+ with the aid of the viologen mediator [11,


15,16].


In this study, with focus on the stability and the reducing


ability of the V2+/ +� couple, we characterized a water-


soluble viologen polymer, polyxylylviologen (herein abbre-

ed.
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viated to PXV2 +), with a view to using it as an electron-


transfer mediator. This is not only because the PXV2 +


polymer matrix is anticipated to be favorable for protecting


its radical species from annihilation but also because the


PXV2 + molecule seems to provide a suitable hydrophobic


microenvironment to facilitate the ET reaction. First, we


studied the redox properties of PXV2 +. Subsequently, on a


trial basis, we evaluated a possibility that the PXV2 +


mediator system can be available for the enzyme-free


regeneration of NADH from NAD+.

Fig. 1. Cyclic voltammograms of 0.1 mol dm� 3 KCl solution containing


either 2.0 mmol dm� 3 MV2 + or 60 Amol dm� 3 PXV2 +. Potential scan


started negatively from 0.0 V at scan rate of 2 V s� 1. O2 was eliminated by


bubbling with Ar. Inset, the plot of the potential for the cathodic wave


maxima vs. the potential scan rate (v) (in logarithmic scale). Closed circle,


1st peak for PXV2 +; open circle, 2nd peak for PXV2 +; closed square, 1st


peak for MV2 +; open square, 2nd peak for MV2 +.

2. Experimental details


2.1. Materials


PXV2 + was synthesized as a bromide salt according to


the literature method [24]. The equimolar mixture of 4,4V-
bipyridyl and a,aV-dibromoxylene in acetonitrile (5 wt.%)


was stirred for 18 h at room temperature. The resulting


yellowish deposits were collected on a NucleoporeR filter


(pore size, 0.2 Am) and then washed with acetonitrile,


methanol and diethylether in this order. The molar mass


was estimated at about 11,000 by a gel filtration chroma-


tography on a Pack Diol-120 (500� 8.0 mm i.d., YMC,


Kyoto, Japan). PXV2 + was estimated to carry about 3.3-


viologen unit per molecule on the basis of the potentiospec-


troscopic measurement. MV2 + chloride salt was obtained


from Wako (Osaka, Japan) and was comparatively charac-


terized as a typical viologen. KCl, used as a supporting


electrolyte, was Merck’s SuprapurR grade (Darmstadt, Ger-


many). NAD+ was purchased from Oriental Yeast (Osaka,


Japan). Riboflavin 5V-phosphate (FMN) was received from


Sigma-Aldrich (St. Louis, MO, USA). Poly(2-acrylamido-2-


methyl-1-propanesufonic acid) (10 wt.% in water) (abbre-


viated to PAASO3
�) was purchased from Kanto Chemicals


(Tokyo, Japan). Both luciferase and NADH/FMN oxidor-


eductase were isolated from the cells of Photobacterium


phosphoreum strain bmFP according to the protocol re-


ported previously [25]. All other chemicals were of the


highest commercial grade available. Water was deionized


and distilled in glass.


2.2. Cyclic stationary-electrode voltammetry


The cyclic voltammetric measurement was carried out by


using a Model HSV-100 automatic polarization system


(Hokuto Denko, Tokyo, Japan). An Au electrode (1.0 mm


i.d., BAS, Tokyo Japan) was used as the working electrode.


The auxiliary electrode was a Pt wire and the potential was


monitored with respect to an Ag/AgCl (3.3 mol dm� 3 KCl)


reference electrode, unless otherwise specified. The working


electrode was pretreated with a potential scan between � 1.1


and 0.9 V at 50 mV s� 1 for 5 min in 0.1 mol dm� 3 KCl


prior to each individual measurement. Each sample solution


(8.0 ml) was bubbled with Ar for 10 min.

2.3. Spectropotentiometric measurement


To fabricate an optically transparent thin layer electro-


chemical (OTTLE) cell, a 100-mesh Au gauze was inserted


between two quartz plates (9� 30 mm; 1 mm in thickness).


The OTTLE cell was placed at a right angle to the spectro-


photometer’s light beam in a sample cup (sample volume,


400 Al). An Ag wire insulated with a TeflonR tubing, further


sheathed inside a Pt pipe, was used as the quasi-reference


electrode and the exterior Pt pipe was used as the auxiliary


electrode [26]. The potential of the Ag-quasi-reference elec-


trode was determined to be ca. + 0.34 V vs. Ag/AgCl (3.3


mol dm� 3 KCl). The light-path length of the OTTLE cell was


determined to be ca. 0.9 mm on the basis of the absorbance


measurement of FMN. Absorption spectra were taken by a


Model MultiSpec-1500 spectrophotometer equipped with a


photodiode array detector (Shimadzu, Kyoto, Japan). The


blank for the spectral measurement was the OTTLE cell filled


with water.


Prior to the in situ spectral measurement, the potential


was held at 0.0 V (vs. Ag-quasi-reference electrode) for 20


s. Subsequently, the potential was stepped up to a given


potential and held at this value for 120 s. The absorption


spectra were recorded at 5-s intervals during the potential


application and in the period of 280 s after the potential


application was stopped. The absorbance at given wave-


lengths at any time was extracted from the accumulated


digital data of each individual time-resolved absorption


spectrum and plotted against the time.


emistry 60 (2003) 57–64







ctrochemistry 60 (2003) 57–64 59

2.4. Bioluminescence assay


The assay, based on the following reactions [27], was


conducted to see whether the enzymatically active NADH is


formed in the reaction with the PXV2 + mediator system.


NADHþFMNþHþ����������������!NADH=FMN oxidoreductase
NADþþFMNH2


ð1Þ


FMNH2 þ O2 þ RCHO�����!luciferase
FMNþ H2Oþ RCOOH


þ hv ðf490 nmÞ ð2Þ


where RCHO is a long-chain aliphatic aldehyde and


RCOOH is the corresponding fatty acid. To carry out the


assay, the mixture of NAD+ and PXV2 + in 0.1 mol dm� 3


KCl was first electrolyzed at a fixed potential (� 0.7, � 0.9


and � 1.1 V) at the Au electrode for 10 min with agitation.


A sample solution volume was 8.0 ml and the initial


concentrations of NAD+ and PXV2 + were 4.0 mmol


dm� 3 and 50 Amol dm� 3. After cessation of the potential


application, a 500-Al aliquot of the resulting mixture was


withdrawn using a microsyringe at the regular time inter-


vals. To the mixture withdrawn, 25 Al of 1.0 wt.% PAASO3
�,


diluted with water from its 10 wt.% solution, was added to


H. Karatani et al. / Bioele

Fig. 2. In situ absorption spectra for 0.1 mol dm� 3 KCl solutions containing 2.0 m


Potential applied, � 1.1 V vs. Ag-quasi-reference electrode (corresponding to ca.


the initial 2 min and then stopped. (A) During the potential application; (B) after ce


the given wavelengths.

precipitate PXV2 + as the polyion complex with PAASO3
�


and then the precipitates were removed by centrifugation at


4000 rpm for 5 min because PXV2 + made the bacterial


luciferase inactive by complexation with luciferase. A 470-


Al supernatant was then manually injected into a 500-Al
mixture containing NADH/FMN oxidoreductase, luciferase,


FMN and tetradecanal in the air-equilibrated 0.1 mol dm� 3


Na/K phosphate buffer solution (pH 7.2). The concentra-


tions of luciferase, FMN and tetradecanal in the mixture


were 8, 28 and 160 Amol dm� 3, respectively. The activity of


NADH/FMN oxidoreductase used was 5.5 Amol min� 1,


determined by the literature method [28], and this activity


was high enough to occur the peak light emission by


injecting the pretreated mixture mentioned above. The light


emission was recorded as a function of time by a homemade


computer-controlled photon detecting system [26].

3. Results


3.1. Voltammetric properties


Fig. 1 shows the representative cyclic voltammograms of


0.1 mol dm� 3 KCl solution containing either 2.0 mmol

mol dm� 3 MV2 + (upper panel) and 60 Amol dm� 3 PXV2 + (lower panel).


� 0.76 V vs. Ag/AgCl (3.3 mol dm� 3 KCl)). The potential was applied for


ssation of the potential application. Inset, time courses for the absorbance at







Fig. 3. Representative cyclic voltammograms of the mixture of NAD+ with either MV2 + (2.0 mmol dm� 3) or PXV2 + (60 Amol dm� 3) in 0.1 mol dm� 3 KCl,


monitored with 50 mV s� 1 of the scan rate. Prior to the positively potential scan, the potential was held at � 0.9 V for 60 s. Solid curve, MV2 + or PXV2 +


alone; dashed curve, with 2.0 mmol dm� 3 NAD+; dotted curve, with 8.0 mmol dm� 3 NAD+. O2 was eliminated by bubbling with Ar.


Fig. 4. Changes in the anodic current at the anodic wave peak, observed


during the forward positive scan in the absence of NAD+, vs. the


concentrations of NAD+ added. Cyclic voltammetric conditions were the


same as in Fig. 3.
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dm� 3 MV2 + as a representative viologen or 60 Amol dm� 3


PXV2 + (viologen moiety concentrationc 0.2 mmol dm� 3).


For PXV2 +, two redox waves centering at � 0.40 and


� 0.83 V appeared during the potential scan in the range


of 0.0 to � 1.1 V, while two redox waves centering at


� 0.64 and � 0.96 V were formed in the system with


MV2 +. The potential difference between the two peak


potentials (DEp) were 133 and 262 mV for 1st and 2nd


waves in the system with PXV2 +. The corresponding DEp


values for the MV2 + system were 78 and 107 mV. The peak


potentials for first and second cathodic waves are plotted


against the potential scan rate in Fig. 1 (inset).


3.2. Spectropotentiometric properties


As seen in the in situ absorption spectra (Fig. 2), the


broad visible band with a maximum at 603 nm and the


narrow bands peaking at 367, 384 and 394 nm arose


during application of � 1.1 V (vs. Ag-quasi-reference


electrode) to the OTTLE cell filled with 0.1 mol dm� 3


KCl solution containing 2.0 mmol dm� 3 MV2 +. By


stopping the potential application, all bands were decreased


in a similar fashion and each time course could be


analyzed on the basis of the quasi-first-order kinetics,


exhibiting the apparent decay rate constants (kapp) of about


2.3� 10� 2 s� 1.


For the system with PXV2 +, two bands peaking at 367


and 550 nm occurred during application of � 1.1 V (vs.


Ag-quasi-reference electrode) and rose faster as compared


with the case of the reduction of MV2 +. Noticeably, the


time course for the absorbance decay in the system with


PXV2 + significantly differed from that in the system with


MV2 +. As indicated in Fig. 2 (inset), the decrease in


absorbance apparently stopped for about 10 s before cutting


off the potential application and then began to slowly


decrease in a similar fashion with kapp of about 4.9�
10� 4 s� 1.

3.3. Electrode process for the NAD+-viologen mixture


Subsequently, the cyclic stationary-electrode voltamme-


try was carried out in the NAD+ system with either MV2 + or


PXV2 +. Fig. 3 shows the representative cyclic voltammo-


gram of the mixture of NAD+ with either MV2 + or PXV2 +


in 0.1 mol dm� 3 KCl. Prior to the potential scan, the


electrode potential was maintained at � 0.9 V for 60 s to


produce V+� for the subsequent mediated reaction with


NAD+ and/or NAD�. This pretreatment process was impor-


tant to initiate the V+� mediated reaction. An important


observation was that the peak anodic currents at � 0.33 V
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for the mixture with PXV2 + and at � 0.62 V for the mixture


with MV2 + during the forward positive scan were both


lowered in the presence of the added NAD+. The decrease in


the anodic current was particularly observed in the NAD+–


PXV2 + mixture. The NAD+ concentration dependence of


the anodic current decrease is exhibited in Fig. 4.


Fig. 5 shows the in situ absorption spectra, recorded in


the period of applying � 1.1 V (vs. Ag-quasi-reference


electrode) to the OTTLE cell filled with the 4.0 mmol


dm� 3 NAD+ solution in the presence and absence of


viologen and in the following period of 280 s with no

Fig. 5. In situ absorption spectra for 0.1 mol dm� 3 KCl solutions containing NA


mmol dm� 3) mixture (B), and NAD+ (10.0 mmol dm� 3)–PXV 2 + (50 Amol dm�


The potential was applied for the initial 2 min and then stopped. Inset, time cour

potential application. Fig. 5 (inset) shows the time courses


for the change in absorbance of interest. The change in the


absorbance at 340 nm (A340) was particularly given attention


in connection with the formation of NADH. In the reaction


with no viologens (Fig. 5A), the absorption band around


340 nm occurred by applying � 1.1 V (vs. Ag-quasi-


reference electrode) and it began to simply drop soon after


stopping it.


In the case of the NAD+–MV2 + mixture (Fig. 5B), the


spectral change pattern resembled that for the system with


no NAD+. It is noted, however, that the peaks at 394 and

D+ (10.0 mmol dm� 3) alone (A), NAD+ (10.0 mmol dm� 3)–MV2 + (2.0
3) mixture (C). Potential applied, � 1.1 V vs. Ag-quasi-reference electrode.


ses for the absorbance at the given wavelengths.







Table 1


Relative light emission intensity relating to the amounts of the enzymati-


cally active NADH formed at the time elapsed after the electrolysis at the


given potentiala


Time (min)b � 0.70 V � 0.90 V � 1.10 V


0 0.57 0.53 0.43


10 0.81 0.95 0.86


20 0.81 1.00c 0.95


50 0.57 0.94 0.76


a Electrolysis at given potentials was carried out in the air-equilibrated


0.1 mol dm� 3 KCl solution containing 4.0 mmol dm� 3 NAD+ and 50 Amol


dm� 3 PXV2 + for 10 min (see also Section 2.4).
b Time elapsed after the electrolysis at the given potential.
c Relative light emission intensity was normalized to the intensity at


� 0.9 V and at 20 min ( = 1.00).
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603 nm decreased steeply by stopping the potential appli-


cation. By contrast, the decrease in A340 was slow.


As seen in Fig. 5C, both bands peaking at 367 and 550


nm, caused by the electroreduction of PXV2 +, rapidly


decreased soon after they reached maximum. Importantly,


the A340 alone exhibited an upward curvature in the latter half


of the time course, although the increase in A340 was slight.


3.4. Evaluation for enzymatically active NADH


Relative intensity of the light emission arising from the


NADH/FMN oxidoreductase coupled luciferase reaction


with the NAD+–PXV2 + mixture, electrolyzed at the fixed


potentials and then treated with PAASO3
�, are summarized


in Table 1. It is worthy to note that the light emission from


the luciferase reaction with the mixture, which was with-


drawn at about 10–20 min after the electrolysis and treated


with PAASO3
�, was about two times stronger than that with


the mixture, withdrawn just after the electrolysis and sim-


ilarly treated. No light emission was observed in the similar


reaction using a mixture with no electrolysis. Regarding the


NAD+–MV2 + mixture after being electrolyzed, it gave rise


to only a faint light emission in the luciferase reaction,


carried out in a similar manner.

4. Discussion


As well studied, MV2 + is subject to the two-step


electroreduction to yield the neutral MV via the formation


of MV+� [18,19,29], being indicated in Fig. 1. Taking into


this consideration, the two defined redox waves for PXV2 +


indicate that PXV2 + likewise undergoes the two-step elec-


troreduction via the formation of PXV+�. Furthermore, on


the basis of the finding that the two cathodic waves for


PXV2 + are present at potentials more positive than those


for MV2 +, PXV2 + is conceivable to be much more


susceptible to the electroreduction than MV2 +. The redox


site of PXV2 + seems to be present in the vicinity of the


surface of the PXV2 + molecule, which is supposed to be a


linear macromolecule consisting of 4,4V-bipyridyl and a,aV-

dibromo-p-xylene and to take a folded structure in aqueous


solution because of the hydrophobic interaction among


xylene units.


The fact that the peak cathodic current for 1e� reduction


of PXV2 + is about 5 times greater than that of MV2 + even


when the concentration of the viologen moiety of PXV2 + is


about one order lower than that of MV2 + (Fig. 1) may


suggest that the cathodic wave is mainly due to the


reduction of PXV2 + adsorbed on the electrode. Relating


to this, the observation that the maximal potential for the


first cathodic wave of PXV2 + slightly shifts, depending on


the potential scan rate (Fig. 1, inset), may suggest that the


first step reduction of PXV2 + is somewhat affected by its


conformational change in the adsorption interaction between


PXV2 + and the electrode. By contrast, the scan-rate depend-


ency of the second cathodic wave of PXV2 + is absent,


possibly suggesting that further 1e� reduction of PXV+� is


free from the plausible conformational change at the elec-


trode. The fact that the electroreduction of MV2 + exhibits


the scan rate dependency opposite to that of PXV2 + might


be due to that the second step is prone to be deviate from the


redox behaviors as compared to the first step 1e� reduction.


As judged by the first cathodic wave (Fig. 1), the applied


potential of � 1.1 V (vs. Ag-quasi-reference electrode;


corresponding to ca. � 0.76 V vs. Ag/AgCl) chosen for


the spectropotentiometric measurement is expected primar-


ily to cause the first step reduction in both systems. As


indicated in Fig. 2, the absorption bands arose during the


electroreduction of MV2 + is attributed to the generation of


MV+� [30]. Similarly, it is probable that PXV+� is respon-


sible for the absorption band with maxima at 367 and 550


nm. Contrary to the case of MV+�, the absence of the fine


structures might be due to the vibration relaxation in the


polymer matrix.


A noticeable feature that the kapp value for the absorbance


drop of PXV+� is about 200 times smaller than that of MV+�


may indicate that PXV+� stably persists in the microenviron-


ment of the polymer. This may be explained by the idea that


the reoxidation of PXV+� with the dissolved O2 is much


slower than that of MV+�, being supported by the fact that the


redox potential of PXV2 +/PXV+� (ca. � 0.20 V vs. Ag/AgCl


(3.3 mol dm� 3 KCl)) is more positive than that of MV2 +/


MV +� (ca. � 0.64 V). Moreover, it is postulated that the


polymer microenvironment is favorable to retard the radical


annihilation between the viologen radical sites. Likewise, the


fact that the rise in the absorption bands characteristic of


PXV+� are rather faster than those of MV+� might be due to


the difference in the reoxidation and/or annihilation proper-


ties between PXV+� and MV+�, i.e., PXV+� is supposed to be


much more tolerant toward reoxidation and radical annihi-


lation than MV+�. The anticipated high stability of PXV+�


would be favorable for utilizing the PXV2+/ +� couple as a


redox electron-transfer mediator.


The observation that the peak anodic current at � 0.33 V


in the cyclic voltammogram of the mixture of NAD+ with


PXV2 + is markedly lowered with increasing the concentra-
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tion of the added NAD+ (Figs. 3 and 4) suggests that the


electrogenerated PXV+� transfers its electron to NAD+ and/


or to its 1e� reduced form, NAD�, possibly leading to the


formation of NADH as expressed by Eqs. (3) and (4), both of


which seem to also be applicable to the system with MV2 +.


NADþ þ 2PXVþ� þ Hþ ! NADHþ 2PXV2þ ð3Þ


NAD� þ PXVþ� þ Hþ ! NADHþ PXV2þ ð4Þ


From the cyclic voltammetric observation that a cathodic


wave maximum for NAD+ in 0.1 mol dm� 3 KCl is present


at about � 0.71 V (data not shown), probably due to the


generation of NAD� [31], both NAD+ and NAD� seem


possible to be fed with electron by PXV+�. Such ET


reactions will regenerate PXV2 + at the solution–electrode


interface, resulting in depletion of PXV+�. Assuming that the


PXV+� mediated reaction proceeds favorably, much larger


cathodic peak due to the reduction of the regenerated


PXV2 + should be observed during the scan back, but no


large cathodic wave is present (Fig. 3). Although the reason


why the cathodic wave is absence is not clear at present,


there could be a possibility that the adsorption interaction


between PXV2 + and the electrode surface is prone to be


suppressed in the presence of excess NAD+.


By applying sufficiently negative potentials to the elec-


trode, PXV+� is resultingly produced to react possibly with


both NAD+ and NAD�. As a result of the mediated reaction,


PXV+� is converted to PXV2 +, being supported by the fact


that the anodic wave for PXV+� becomes much smaller. It is


also noted that there is no significant difference in the


cathodic current at the end of the cyclic potential scan


(� 0.9 V) due to the reduction of NAD+, being overlapped


with the current due to the reduction of PXV2 +, between two


systems with 2 mmol dm� 3 NAD+ and with 8 m mol dm� 3


NAD+ (Fig. 3). This might also suggest that that NAD+ and/


or NAD� are consumed in the mediated reaction with PXV+�.


By contrast, the findings that (i) the MV2 +–NAD+ system


exhibits the relatively large anodic wave during the positive


potential scan carried out after the pretreatment and that (ii)


the cathodic current at the end of the potential scan consid-


erably increases with an increase in the NAD+ concentration


would suggest that the MV+� mediated reaction is less


efficient than that of the mediated reaction with PXV+�.


The in situ absorption spectra for the NAD+ solution with


and with no viologens provided significant information on


the reaction between viologens and NAD+. With no viol-


ogens, the absorption band peaking around 340 nm, arisen


by applying � 1.1 V (vs. Ag-quasi-reference electrode),


may be associated mainly with the dimer, (NAD)2, formed


via coupling of NAD� [31,32]. Besides the dimer, the 2e�


reduced product, NADH, is supposed to be partly respon-


sible for the increase in A340. The decrease in A340, begun


soon after cessation of the potential application, might be


due to the oxidative breakdown of (NAD)2 with O2 [32].

For the system with MV2 + or PXV2 +, the reaction of V+�


not only with NAD+ but also with NAD�, leading to


formation of NADH (Eqs. (3) and (4)), is conceivable to


cause the steep decrease observed immediately after cessa-


tion of the potential application.


As seen in Fig. 5B and C (insets), the decrease in A340 is


slower than that in the A values at the maximal wavelengths.


This is observed particularly in the system with PXV2 +,


which also exhibited the faint increase in A340 in the latter


half of the time course, where no electrogeneration of NAD�


proceeds. This may indicate that the chemical reaction


between NAD+ and PXV+� with relatively long lifetime as


mentioned above is primarily responsible for the formation


of NADH. This anticipation is sustained by the biolumines-


cence assay results (i) that the light emission with the


reaction mixture, withdrawn at 10–20 min after cessation


of the electrolysis and treated with PAASO3
�, is enhanced


about twofold as compared to that with the similarly treated


reaction mixture sampled immediately after the electrolysis,


and (ii) that the reaction mixtures via the electrolysis at


� 0.9 V, of which potential is supposed to be the most


efficient for the electrogeneration of PXV+� of the three


tested potentials (Fig. 1), give rise to the most intense light


except the conditions at � 0.7 Vand at 0 min (Table 1). The


exceptional case might be explained by assuming that the


concentration of NAD+, being available in the reaction


expressed by Eq. (3), just after stopping the electrolysis at


� 0.7 V is greater than that at � 0.9 V.

5. Conclusions


Based on the results mentioned above, we conclude (i)


that PXV2 + is an attractive ET mediator candidate, being


able to function in the solution phase, and (ii) that the ET


reaction between PXV+� and NAD+ permits the generation


of the enzymatically active NADH. From these results, it


also seems that the water-soluble viologen polymer has a


possibility to become a useful ET mediator. We are currently


studying the detailed mechanism for the ET reaction, while


taking into consideration of its efficiency, with the aid of the


MNDO-PM3 molecular orbital method.
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Abstract


The properties of reagentless amperometric biosensors are mainly governed by the interaction of the used redox enzyme and the redox


mediators used to facilitate the electron-transfer reaction. Both the used redox mediators and the redox enzymes differ concerning their


hydrophilicity and their properties within the matrix of a carbon-paste electrode. Since there is no general procedure which is applicable for


any enzyme in combination with any redox mediator, optimisation is necessary for each possible combination.


Three approaches for the development of biosensors were investigated using carbon-paste electrodes enriched with redox mediator as a


base in all sensor architectures. A class of redox mediators with the common formula Ru(LL)2(X)2 (where LL are 1,10-phenantroline or 2,2V-
bipyridine type ligands, and X is an acido ligand) was investigated. In the first approach, enzymes were integrated into the carbon paste; in


the second, the enzymes were adsorbed on the surface of the mediator-containing carbon-paste electrode and held in place by a Nafion film;


and in the third approach, enzymes were entrapped in polymer films, which were electrochemically deposited onto the electrode’s surface.


The properties of the obtained biosensors strongly depend on the sensor architecture and the specific features of the used enzyme. Thus,


our investigation using three different sensor architectures can provide valuable information about the possible interaction between a specific


enzyme and a redox mediators with specific properties.

D 2003 Elsevier Science B.V. All rights reserved.

Keywords: Ru-complex; Biosensor; Electron transfer; Carbon-paste electrode; Redox mediator

1. Introduction


Electron-transfer processes between the active site of an


(immobilized) enzyme and the electrode surface play an


important role in determining how an amperometric bio-


sensor effectively carries out its function of measuring


substrate-dependent currents [1,2]. Due to the often encoun-


tered insulation of the enzyme-integrated active site by


protein shell, direct electron transfer becomes difficult.


Thus, alternative electron-transfer pathways, e.g. via free-


diffusing low-molecular weight redox-active molecules,


have been demonstrated [3].


Consequently, a vast amount of different artificial redox


mediators was described in the last two decades and

1567-5394/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv


doi:10.1016/S1567-5394(03)00046-X


* Corresponding author. Tel.: +49-234-322-6200; fax: +49-234-321-


4683.


E-mail address: wolfgang.schuhmann@ruhr-uni-bochum.de


(W. Schuhmann).

combined with a variety of different redox enzymes in


biosensors. The most important features which are essential


for the function of redox mediators are (i) a fast electron-


transfer rate (KET) with both the active site of the enzyme


and the electrode surface, (ii) a low redox potential in order


to avoid co-oxidation or co-reduction of interfering com-


pounds, (iii) sufficient chemical stability of the oxidized and


the reduced form, and (iv) a low reorganization energy [4] to


allow fast electron transfer even over significant electron-


transfer distances.


Usually, the possibility of an interaction between a


specific enzyme and a redox mediator is investigated by


means of voltammetry of the dissolved enzyme in the


presence of the mediator and saturation concentrations of


the enzyme’s substrate. In the absence of the substrate, only


the redox wave of the mediator is observed, while in the


presence of the substrate a typical electrocatalytic cyclic


voltammogram is recorded from which the electron-transfer


rate between enzyme and redox mediator can be deduced

ed.
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[5]. However, even if small electrochemical cells are used,


the loss of the often valuable mediator compounds and,


concomitantly, the loss of the enzyme do not allow a


thorough investigation of a specific redox mediator with a


number of enzymes, using a variety of different electrolyte


solutions, pH value, etc. [6].


Carbon-paste electrodes are frequently applied in am-


perometric biosensors [7–10]. Usually, a suitable redox


mediator is mixed in the carbon paste and the enzyme is


either also integrated in the carbon paste or it is immobilized


at the surface of the carbon-paste electrode. Although the


overall sensing mechanism is still under discussion, it can be


assumed that the carbon-paste integrated redox mediator is


partially solubilized in the interface between carbon paste


and electrolyte where it may freely diffuse between con-


ducting carbon particles and the active site of the enzyme.


Most of the presently applied redox mediators suffer from


low stability, slow electron-transfer rate especially with


some enzymes, or poor solubility in aqueous electrolyte


which is indispensable for the preservation of enzymatic


activity. Transition-metal complexes have been proved to be


suitable redox mediators with a variety of enzymes. They


offer a certain adaptability due to the possibility of varying


the ligand shell of the central metal [11] and hence modu-


lating the redox potential, the charge, and the interaction


potential with a specific enzyme [12].


Recently, Os- and Ru-complexes have been evaluated


with respect to their ability to act as redox mediators with


different oxidoreductases. Ru-complexes of the type


[Ru(LL)2X2], where LL is 1,2-bypiridine or 1,10-phenantro-


line and X is an acido ligand, were found to undergo rapid


interaction with some oxidoreductases, such as FAD-


dependent glucose oxidase (GOx), and horseradish perox-


idase (HRP) [13]. In addition, these mediators could be


bound to the surface of redox proteins by means of a ligand


exchange reaction with the protein-bound histidine residues


[14,15]. The obtained mediator-modified enzymes showed


improved electron-transfer rates compared with the native


enzyme [16,17].


In this communication, a variety of [Ru(LL)2X2] com-


plexes, where LL equals 1,10-phenantroline or 4,4V-substi-
tuted-2,2V-bipyridine ligands and X is an acido ligand, were


investigated with respect to their properties in amperometric


biosensors using different enzymes and three different types


of carbon-paste electrode architecture. Besides the redox


potential, the mediators significantly differ concerning their


solubility in aqueous solution and within the matrix of the


carbon paste. Since also the investigated enzymes differ


with respect of their hydrophilicity, stability within the


carbon paste, and the possible interaction between the


enzyme and the redox mediator, no general procedure is


applicable for the optimisation of combinations of redox


mediators and enzymes. Thus, our investigation using three


different sensor architectures can provide valuable informa-


tion about the possible interaction between a specific


enzyme and redox mediators with specific properties. In

this respect, the proposed sensor architectures allow for a


rapid screening of mediator properties in combination with


different types of enzymes.

2. Experimental


2.1. Chemical and enzymes


Quinohemoprotein alcohol dehydrogenase (QH-ADH)


from Gluconobacter sp. 33 and pyrroloquinolinequinone-


dependent glucose dehydrogenase (PQQ-GDH) from Erwi-


nia sp. were kindly provided by Prof. Valdas Laurinavicius,


Insitute of Biochemistry, Vilnius, Lithuania. The QH-ADH


enzyme was prepared following a procedure described


previously [18]. The enzyme preparation had a specific


activity of 60 units ml� 1 (in 0.02 mM phosphate buffer,


pH 7.0, containing 0.02% Triton X-100 and 0.5% sucrose).


PQQ-GDH was obtained as previously described [19], and


the enzyme with a specific activity of 55 units ml� 1 was


dissolved in 0.02 M phosphate buffer (pH 7.0) containing


10% glycerol. NAD+-dependent glucose dehydrogenase


(NAD-GDH) from calf liver (220 units mg� 1) and NAD+-


dependent glycerol dehydrogenase (NAD-GlyDH) from


Celluolomonas sp. (69 units mg� 1) were purchased from


Sigma (Steinheim, Germany). NAD+-dependent alcohol


dehydrogenase (NAD-ADH) from yeast was obtained from


Roche Diagnostics (Mannheim, Germany). For electrode


preparation 1 mg of the NAD+-dependent dehydrogenase


was dissolved in phosphate buffer.


D-Glucose was from Merck (Darmstadt, Germany), glyc-


erol was from Sigma, ethanol and KH2PO4 were purchased


from Baker (Deventer, Netherlands). Na2HPO4*7H2O was


from Riedl-de Haen (Seelze, Germany). NAD+ was


obtained from Biomol Feinchemikalien (Hamburg, Ger-


many). Silicon oil was purchased from Bayer (Leverkusen,


Germany). Carbon powder was obtained from Ringsdorf


Kohlenstoffwerke, (Godesberg, Mehlem).


D-Glucose solution was prepared by dissolving 3.6 g of


D-glucose in 5 ml of phosphate buffer (50 mM). NAD+


solution was prepared by dissolving 179.2 mg of NAD+ in


500 Al of phosphate buffer (50 mM). The Ru-complexes


used (Scheme 1) were kindly provided by Dr. A.Yu. Ershov,


St. Petersburg, Russia, and had been synthesized as


described previously [20].


Anodic electrophoretic deposition paint (EDP, Elektro-


depositionslack Glassophor ZQ 8-43225-Canguard) was


obtained from BASF Farben und Lacke (Münster, Ger-


many). For more detailed information on the content of


these paints and the preparation of the related biosensors,


see Refs. [21–23].


2.2. Preparation of carbon-paste electrodes


Carbon paste was prepared by thorough mixing of 400 Al
of silicon oil with 1100 mg of carbon powder in a mortar.







Scheme 1.
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The obtained carbon paste was used as the basis for the


preparation of different Ru-complex modified carbon pastes.


Five milligrams of each Ru-complex (see Scheme 1) was


dissolved in 500 Al of ethanol; the resulting solution was


added to 50 mg of the base carbon paste, and the paste was


intensively mixed to obtain a homogeneous distribution of


the mediator within the carbon paste. Ethanol was allowed


to evaporate and the ‘‘dried’’ paste was densely packed into


a yellow ‘‘Eppendorf’’ tip (used for 20–200-Al pipettes).
After pressing the carbon paste into the conically shaped


plastic tip, the tip was cut off approximately 2 mm from the


narrow end. A copper wire was inserted through the


opposite wide end in order to establish electrical contact.


2.3. Preparation of carbon-paste based biosensors


‘‘A’’ type biosensors: 5 mg of corresponding enzyme and


55 mg of the Ru-complex enriched carbon paste were


mixed, and the enzyme- and mediator-containing carbon


paste was filled into the plastic tip as described above. In the


case of QH-ADH and PQQ-GDH (these enzymes are only


available dissolved in buffer), 30 Al of the enzyme prepa-


ration was mixed with the carbon paste. The water was


allowed to evaporate, yielding an enzyme-modified carbon


paste which was handled in a similar manner as the pastes


obtained with lyophilized enzymes.


‘‘B’’ type biosensors: 5 Al of a freshly prepared enzyme


solution was placed on the surface of carbon-paste electrode


and allowed to dry at room temperature (23 jC). After-
wards, 3 Al of 5% Nafion solution in ethanol was dropped


on the carbon-paste electrode surface with the adsorbed


enzyme. After drying for about 30 min, a Nafion membrane


was formed which entrapped the previously adsorbed


enzyme on the surface of the mediator-modified carbon-


paste.

‘‘C’’ type biosensors: Mediator-modified carbon-paste


electrodes were intensively rinsed with water. One-hundred


microliters of the enzyme solution and 100 Al of the


‘‘Canguard’’ polymer suspension were mixed and stored


for at least 30 min in the refrigerator. The carbon-paste


electrode was then immersed together with a reference


electrode and a Pt-wire counter electrode into the cold


enzyme/polymer solution. A potential pulse profile (2600


mV for 1 s; 800 mV for 1 s and 0 mV for 5 s; vs. Ag/AgCl)


was applied 10 times, which led to the growth of an


enzyme-containing polymer hydrogel on the surface of the


carbon-paste electrode. The obtained biosensors were rinsed


thoroughly with water and 0.1 M phosphate buffer (pH 7).


2.4. Electrochemical measurements


Constant-potential amperometry was performed using a


Biometra PED 300 bipotentiostat (Biometra, Göttingen,


Germany) in a conventional three-electrode configuration.


Pt-wire and Ag/AgCl/3 M KCl electrodes were used as


auxiliary and reference electrodes, respectively. The current-


over-time curve was recorded using serial communication


with a PC and an in-house developed software. Cyclic


voltammetry was performed using an EG&G Princeton


Applied Research Model 263A potentiostat/galvanostat


(Perkin Elmer, Bad Wildbad, Germany) in combination


with the M270 software package. Cyclic voltammograms


were recorded at scan rates of 20 mV s� 1 over the potential


range of 0 to 1000 mV. Experiments were carried out in a 5-


ml cell placed on a magnetic stirrer. The supporting electro-


lyte was 0.05 M phosphate buffer, pH 7.0, 0.1 M LiClO4, or


0.1 M borate buffer, pH 9.

3. Results and discussion


3.1. Biosensor architectures for rapid screening of mediator


properties


In order to avoid significant loss of valuable redox


mediators and enzymes, on one hand, biosensor architec-


tures have to be designed in a way which allows a fast


preparation procedure using different enzymes and redox


mediators. On the other hand, the very different specific


properties of enzymes applied in amperometric biosensors


do not allow the choice of a single electrode architecture.


This would possibly prevent productive interaction between


a new redox mediator and a specific enzyme due to the


inherent differences in the hydrophilicity and hydrophobic-


ity of the enzymes, their stability in organic solution, the


mass transport of the enzyme’s substrate, etc.


In the present study, we have exclusively used O2-


independent redox enzymes which facilitates the interpreta-


tion of the obtained results. Two different classes of proteins


were chosen. As representatives of the class of NAD+-


dependent dehydrogenases, we have used NAD+-dependent







Table 1


Electrochemical properties of the Ru-complex mediators studied


LL X R E


(mV vs. Ag/AgCl)


1 Bpy Cl� H 522F 5


2 Bpy SCN� H 532F 5


3 Bpy Cl� Me 364F 5


4 Phen CO3
2� H 472F 5


5 Phen Cl� H 541F 5
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glucose dehydrogenase (NAD-GDH), NAD+-dependent


alcohol dehydrogenase (NAD-ADH), and NAD+-dependent


glycerol dehydrogenase (NAD-GlyDH). Since the coenzyme


NAD+ is not bound within the active site of these enzymes


the coenzyme was added to the electrolyte solution prior to


the measurements. The second class of enzymes contains as


a primary redox site pyrroloquinolinequinone (PQQ) such as


PQQ-dependent glucose dehydrogenase (PQQ-GDH) and


quinohemoprotein alcohol dehydrogenase (QH-ADH). The


latter is a multi-cofactor enzyme which possesses, in addition


to the PQQ unit, at least four heme groups which are


internally electrically connected to the primary redox site.


We have evaluated three different biosensor designs, all


based on carbon paste with integrated redox mediators. Type


A is based on the co-entrapment of the redox mediator and


the enzyme within the carbon paste. Type B is prepared by


adsorption of the enzyme on the surface of the mediator-


modified carbon paste followed by the formation of a


polyanionic Nafion membrane on top of the enzyme layer.


Type C is prepared by entrapment of the enzyme within an


electrochemically generated polymer hydrogel film on the


surface of the mediator-modified carbon paste.


Carbon-paste based biosensors are well known, but the


influence of factors such as the mode of immobilizing the


enzymes on the stability of the biosensors obtained and the


interaction with carbon-paste integrated redox mediators


remains largely unexplored. Different environments are


preferred by different enzymes for optimal performance;


some enzymes tend to prefer a hydrophobic environment


while some others may prefer an ionic environment.


These different sensor designs provide a hydrophobic


environment for the enzyme in type A which may be


advantageous for membrane enzymes, a polyanionic envi-


ronment in type B which is supposed to especially support


NAD+-dependent enzymes, and a hydrogel entrapment


which should be suitable for labile or hydrophilic enzymes.


In addition, the immobilization of the enzyme in close


proximity of the carbon-paste surface should, in principle,


allow for a facile mass transport of the free-diffusing redox


mediator into the enzyme layer, thus enabling fast electron


transfer, at least in those cases where productive interaction


between the enzyme and the redox mediator takes place.


In order to demonstrate the feasibility of the different


architectures of biosensor design in facilitating electron


transfer between different redox mediators and a variety of


enzymes, we have used a family of Ru-complexes with


variations in their ligand spheres. These Ru-complexes were


of the type [Ru(LL)2X2], where LL is either 1,2-bipyridine


or 1,10-phenantroline and X is an acido ligand (see Scheme


1). Similar Ru-complexes have been previously reported as


redox mediators with some oxidoreductases [13].


3.2. Electrochemical properties of ruthenium complexes


The different [Ru(LL)2X2] mediators were integrated into


a carbon paste and the redox properties were determined by

means of cyclic voltammetry in LiClO4 as electrolyte. Close


to reversible redox behavior was encountered for all the


different redox species, and as could be expected from the


ligand properties, the redox potentials are rather high with


the exception of compound 3 which has methyl-substituents


at the bipyridyl residues. The redox potentials of the differ-


ent mediators are presented in Table 1.


The incorporation of the redox mediators into the carbon-


paste matrix did not affect their electrochemical properties,


since the cyclic voltammograms of the mediator-enriched


electrodes had similar characteristics as the cyclic voltam-


mograms of the Ru-complexes recorded in solution.


The electron-transfer properties of the Ru-complexes 1–5


with some redox enzymes with integrated prosthetic groups


and NAD+-dependent enzymes were investigated. Conse-


quently, the catalytic activity of the Ru-complex modified


carbon-paste electrodes for the oxidation of NADH was


evaluated by means of cyclic voltammetry. After addition


of NADH in all cases, a significant catalytic oxidation wave


was observed at the redox potential of the Ru-complex,


proving unequivocally the ability of these compounds


towards the electrocatalytic oxidation of NADH. An exam-


ple is shown in Fig. 1 for compound 1.


The electrocatalytic activity was estimated from the ratio


of the anodic peak current of the Ru-complex modified


carbon-paste electrode in the absence of NADH and the


current after addition of 5 mM NADH. This ratio was found


to be 29.42F 0.05 for compound 1, 9.25F 0.05 for 2,


20.82F 0.05 for 3, 241.90F 0.05 for 4, and 248.03F
0.05 for 5. These figures show that the Ru complexes


containing 1,10-phenantroline type ligands (4 and 5) are


more efficient redox mediators for the oxidation of NADH.


Although the complexes containing 2,2V-bipyridine type


ligands could also mediate the oxidation of NADH, the


current responses were lower for the same concentrations of


NADH as compared to the current obtained at the 1,10-


phenanthroline-complex-enriched electrodes.


3.3. Properties of the carbon-paste biosensors


Biosensors according to the proposed types A, B, and C


were prepared for the evaluation of combinations of five


different enzymes with the five Ru-complex mediators


shown in Scheme 1. The properties of the biosensors were


studied using constant potential amperometry at a working


potential of 800 mV (vs. Ag/AgCl). This working potential







Fig. 2. Chronoamperometric response obtained for an A-type biosensor


based on a carbon-paste electrode enriched with 5 (10 mg complex per 100


mg of carbon paste). The immobilized enzyme is PQQ-DGH, pH= 7.0, 50


mM phosphate buffer as supporting electrolyte, working potential 800 mV.


Inset: Calibration curve for the same electrode.


Fig. 1. Cyclic voltammograms recorded with a carbon-paste electrode


enriched with Ru-complex 1 (a) in the presence of 5 mM NADH and (b) in


the absence of NADH in 0.01 M LiClO4. Scan rate = 20 mV s� 1.
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is comparably higher than the redox potentials of all the


mediators employed as shown in Table 1, to assure a


diffusion limited oxidation of the redox mediator at the


electrode in all cases. A constant background current was


attained before aliquots of the enzyme’s substrate were


added stepwise. For biosensors based on NAD+-dependent


enzymes, 5 mM NAD+ was added to the electrolyte solution


prior to the measurements. Calibration curves were con-


structed from constant-potential amperometry experiments,


and a typical example for an A-type biosensor containing


redox mediator 5 within the paste, and modified with PQQ-


dependent GDH, is shown in Fig. 2.


From the calibration curves for all combinations of


enzyme, Ru-complex, and electrode type, the apparent


Michaelis constant KM
app and the maximal current were


derived assuming pseudo Michaelis–Menten kinetics (Eq.


(1)).


i ¼ imax � S


K
app
M þ S


ð1Þ


where: i is the current, S the substrate concentration, KM
app is


the apparent Michaelis constant, and imax is the maximum


current at saturation concentration of the substrate. Table 2


shows the values of imax and KM
app obtained for each


biosensor investigated in this study.


Obviously, the different redox complexes show a broad


variation in their mediating properties for the different


enzymes investigated. Moreover, the enzymes behaved


differently depending on the immobilization procedure


used. Compound 4, for example, shows in general low


electron-transfer activities with most enzymes which may


be caused by the high solubility of this complex in aqueous


solution. The best activity was encountered for compound 5


in combination with all enzymes investigated. As expected,


the diffusion characteristics of the substrate to the active site

of the enzyme are modulated by the immobilization type,


which defines, on one hand, the hydrophilicity of the


enzyme’s environment and, on the other hand, the diffusion


and partition properties within the sensing layer. For exam-


ple, electrodes of type B exhibit an extended linear range


due to the slower mass transport of the substrate through the


overlaying Nafion film.


There are significant differences concerning the maxi-


mum current at substrate saturation for the different electro-


des. A combination of mediator complex 4 and the type B


electrode design gave rise to the best current response for


NAD-ADH while for NAD-GlyDH, mediator complex 1


and the type B electrode design gave the best current. NAD-


DGH gave rise to about the same current response with a


combination of mediator complex 5 and electrodes of type


A and type B. In general, PQQ-GDH and QH-ADH showed


significantly higher currents as well as good conformity


with the Michaelis–Menten kinetics equation irrespective of


the mediator complex used when B-type electrode design


was employed for PQQ-DGH and C-type electrode design


for QH-ADH. Electrode designs of types A and B did not


show distinct saturation points with QH-ADH, which pre-


vented the determination of imax and KM
app, but saturation


conditions were attainable using C-type electrodes. The


significantly higher currents obtained for PQQ-DGH and


QH-ADH can be explained by the fact that these proteins


are membrane enzymes that are well accommodated within


the hydrophobic environment established by the carbon-


paste. Moreover, the differences in the turn-over rate of the


enzymes and the comparatively slow redox conversion of


enzymatically formed NADH may also play a part in the


improved response of these enzymes over the related


NAD+-dependent enzymes.
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3.4. Long-term stability


One of the most desirable features of an amperometric


biosensor is its long-term operation and storage stability.


The use of a biosensor is usually limited by the lifetime


of the immobilized enzyme, and some of the electrodes


were investigated under continuous amperometric meas-


urements at 800 mV at room temperature for 7 days. As


an example, the results obtained from carbon paste

Table 2


Characteristics of the obtained sensors


Immobilised


enzyme


Type of


biosensor


Mediator Kapp (mM)a imax (nA)


NAD-ADH A 1 59F 1 127F 20


NAD-ADH B 1 320F 50 115F 9


NAD-ADH C 1 280F 20 810F 30


NAD-GlyDH A 1 49F 1 1110F 20


NAD-GlyDH B 1 42F 2 1340F 20


PQQ–GDH A 1 not determined not determined


PQQ–GDH B 1 51F 4 590F 10


PQQ–GDH C 1 59F 9 235F 10


QH–ADH B 1 not determined not determined


QH–ADH C 1 58F 2 6930F 7


NAD-GlycDH A 2 23F 2 86F 2


PQQ–GDH A 2 not determined not determined


PQQ–GDH B 2 5.3F 0.2 564F 2


QH–ADH A 2 not determined not determined


QH-ADH C 2 320F 10 2446F 10


QH–ADH B 2 not determined not determined


NAD-ADH A 3 37F 4 34.6F 0.1


NAD-GDH A 3 160F 30 540F 7


NAD-GlyDH A 3 not determined not determined


PQQ–GDH A 3 105F 9 290F 10


PQQ–GDH B 3 536F 10 832F 10


QH–ADH B 3 not determined not determined


QH–ADH C 3 64.3F 7 3750F 20


NAD-ADH A 4 207F 20 430F 30


NAD-ADH B 4 88F 3 797F 20


NAD-ADH C 4 900F 20 139F 20


NAD-GDH A 4 120F 20 1480F 10


NAD-GlyDH A 4 1.25F 0.2 125F 8


PQQ–GDH A 4 not determined not determined


PQQ–GDH B 4 1000F 20 590F 8


PQQ–GDH C 4 35F 7 1310F 8


QH–ADH C 4 360F 10 477F 10


NAD-ADH A 5 49F 7 31F1


NAD-ADH B 5 47F 1 671F10


NAD-ADH C 5 250F 2 189F 1


NAD-GDH A 5 63F 2 2270F 5


NAD-GDH B 5 150F 5 730F 20


NAD-GlyDH A 5 230F 20 99F 6


NAD-GlyDH B 5 15F 1 26F 5


PQQ–GDH A 5 25F 2 580F 10


PQQ–GDH B 5 60F 3 93F 1


PQQ–GDH C 5 117F 3 82F 1


QH–ADH A 5 not determined not determined


QH–ADH B 5 not determined not determined


QH–ADH C 5 140F 7 2180F 40


a The standard deviation was calculated from three times the noise of


the background current. ‘not determined’ represents calibration graphs


which did not show a distinct saturation characteristic, thus not allowing to


apply the Michaelis–Menten kinetics.


Fig. 3. Operation stability test of (5) A- and (.) B-type biosensors based


on a carbon-paste electrode enriched with 5. (Enzyme: PQQ-GDH;


pH= 7.0; 50 mM phosphate buffer as supporting electrolyte at a working


potential 800 mV).

electrodes containing complex 5 and modified with qui-


noprotein-based enzymes using the B-type mode of elec-


trode modification are shown in Fig. 3. Quinoproteins are


well known to exhibit an improved ‘‘high’’ temperature


resistance [18].


As a stability parameter, the ability of the biosensor to


reproduce the amperometric response over time was con-


sidered. As can be seen in Fig. 3, the A-type biosensor could


still reproduce 60% of the initial current on the 7th day


while only about 10% of the current could be retained in the


case of the B-type biosensors. The possibility of a partial


leakage of the enzymes in the case of the A-type biosensors


into the buffer solution, resulting in a slow diffusion of


‘‘fresh’’ enzymes to the electrode surface, may be respon-


sible for the higher stability of ‘‘A’’ type biosensors.

4. Conclusion


Rutheniun complexes of the general formula Ru(LL)2X2


were incorporated into carbon paste electrodes for the


development of biosensors whose enzymes were immobi-


lized using three different approaches designed to provide


the enzymes with different environments. The performance


of the biosensors when used for the oxidation of some


oxidoreductases such as NADH was evaluated in conjunc-


tion with the mode of immobilizing the enzymes onto the


electrodes. The electrochemical properties of the biosensors


varied significantly, depending on the method used to


immobilize the enzymes as well as the ruthenium complex


present in the bulk of the base carbon paste electrode. This


indicates that the method used to immobilize the enzymes


unto the biosensors plays a crucial role in determining the


nature of the environment of the enzyme, hence its perform-


ance and stability. In addition, the proposed carbon-paste
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based redox-mediator test system provides a suitable tool for


a first evaluation of different redox mediators together with


a variety of different enzymes, taking into account the


different nature of the sensor compounds.
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Abstract


Several experimental studies have produced contradictory results on the effects of extremely low frequency (ELF) magnetic fields on


cellular processes involving calcium ions. Furthermore, the few positive results have not been independently replicated. In most of these


studies, isolated cells were used. Our study used mouse islets of Langerhans, in which very regular oscillations of calcium concentration can


be observed at length. These oscillations are sustained by processes that imply energetic and inter-intracellular communication. Various


magnetic fields were applied, either sinusoidal at different frequencies (50 Hz or multiples of the natural oscillation frequency) at 0.1 or 1 mT


or static at 1 mT. Islets were also exposed to ‘‘cyclotron resonance’’ conditions. There was neither alteration of the fundamental oscillation


frequency nor the degree of organisation under all exposure conditions. Using this sensitive model, we could not show new evidence of


alterations of calcium processes under exposure to various magnetic fields.

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


Experimental research in bioelectromagnetics has pro-


gressed slowly in the last decades due to a lack of suitable


biological models and exposure systems. Published results


have been negative or contradictory [1], with few success-


ful replications of positive results by independent labora-


tories. The amplitude of the positive effects was usually


small. Because calcium ions play a major role in biology


[2], and based on our previous experience of investigations


on the effects of magnetic fields on this ion [3], we


searched for a robust and sensitive model permitting long


exposures. Islets of Langerhans are good candidates: when


glucose concentration is increased, insulin is secreted by


beta cells and this secretion is sustained by calcium


oscillations [4] that occur synchronously in all of the islet’s


beta cells [5]. Islets maintain these oscillations for a long


time with a large amplitude and a very regular frequency.

1567-5394/03/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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This model can be modified by changing the glucose


concentration or by using biochemical agents. These oscil-


lations belong to a family of self-sustained oscillations that


should be very sensitive to external perturbations [6]. The


biochemistry of this model is well understood since one


type of diabetes is due to lack or unregulated production of


insulin by beta cells, which is directly linked to the dis-


appearance of calcium oscillations.


We applied different magnetic fields to the islets: a 100-


AT magnetic field, at 50 Hz or at a frequency equal to h


times the natural frequency ( fn) of the islets (with h= 0.5, 1,


and 2), static fields at 1 mT, and magnetic fields under


resonant conditions for the calcium ion.

2. Materials and methods


2.1. Animals


Female OF1 mice (IFFA CREDO, France) from 5 to 10


weeks old were used. All recommendations of the CNRS


regarding animal care and handling were followed.







Fig. 2. Schematic of the Helmholtz exposure system.


Fig. 1. Setup for controlling the temperature of the medium.
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2.2. Isolation and culture of the islets


Islets were isolated from the pancreas of mice using a


collagenase method [7]. Briefly, the pancreas was removed,


cut into small pieces in Hank’s Balanced Salt Solution


(HBSS) medium (NaCl 138 mM, KCl 5.4 mM, MgSO4


0.81 mM, NaHPO4 0.34 mM, KH2PO4 0.4 mM, CaCl2 0.4


mM, NaHCO3 4.17 mM), digested for 6 min at 37 jC using


collagenase (Roche Diagnostics, France), and then gently


shaken for 2 min at 37 jC and 1 min at room temperature.


Digestion was stopped by adding cold HBSS medium.


Isolated islets were handpicked under a stereo microscope.


Islets were cultured at 37 jC inside an incubator (95% O2,


5% CO2) for 48 h in RPMI-1640 medium from Life


Technologies, France, supplemented with 11 mM of glucose,


10% fetal calf serum (Life Technologies), 100 IU/ml pen-


icillin, and 100 Ag/ml streptomycin (Merck Eurolab, France).


The effects of the duration and culture conditions on the


pattern of calcium oscillations induced by glucose have


been investigated [8]. Our study also determined the optimal


culture conditions to obtain stable oscillations: islets were


cultured for 24, 48, 72, and 96 h in the presence of 5.5 or 11


mM glucose. Optimal culture conditions in terms of ampli-


tude and regularity of oscillations were 48 h with 11 mM


glucose. They were used in this study.


2.3. Experimental setup


Islets were loaded in 250 Al HBSS medium (5 mM


glucose) with the fluorescent dye Indo-1 in its form AM


(10 AM, Elvetec, France) and pluronic acid (0.03%, Sigma,


France) for 1 h at 37 jC and washed with dye-free medium.


Islets were then activated for 30 min (unless otherwise


stated) with 11 mM glucose in HBSS medium.


After activation, islets were allowed to attach onto circu-


lar 30-mm cover slips, coated with polyornithine (Sigma)


and inserted at the bottom of a perforated Petri dish. The

thermostated Petri dish was placed on the stage of an


inverted microscope (phase contrast microscope, NIKON,


France) and islets were superfused with 11 mM glucose in


HBSS medium. Temperature control was achieved by circu-


lating warm water through a glass loop placed on the dish’s


inner periphery (Fig. 1). The perfusion medium was pre-


heated to 42 jC prior to entering the dish. A temperature


probe was placed in the medium, acting on the Ministat


(Huber, Germany) to keep the temperature at a constant 35


jC, with a tolerance of 0.1 jC. This temperature was selected


according to our preliminary observations that the frequency


of the oscillations increased over time when the medium’s


temperature was kept at 35 jC, in accordance with previous


results [8].


The dye was excited at 355 nm and the ratio of fluores-


cence signals emitted at two wavelengths (480 and 405 nm)


was recorded using Axotape software (Axon Instruments,


Union City, CA, USA). The ratio was monitored on an


oscilloscope to determine the frequency of calcium oscilla-


tions in real time. In this study, medium-size islets (around


100-Am diameter) were used since larger islets did not let the


dye diffuse to their centres [8], while smaller ones were too


prone to UV bleaching.


A magnetic field was applied using two Helmholtz coils


positioned to obtain a uniform field at the centre of the Petri


dish (Fig. 2). This system was connected to a signal


generator with controlled frequency, intensity, shape, and


exposure duration. The strength of the magnetic field was


measured using a Bartington probe (Bartington Instruments,


Oxford, England).


In order to keep a fixed phase between the calcium


oscillations and the applied sinusoidal signal, the magnetic


field was always turned on at the crest of the calcium


oscillation.


2.4. Data analysis


Fig. 3 represents the analysis of a typical control period:


frequency spectra were obtained using the Fourier transform.


In this example, the fundamental frequency ff of 35.8 mHz is


the basal value. The fundamental frequency of the first


control period was normalised to 100 and compared to that


of the second period (exposed or sham) and of the third period


(control). The instantaneous frequency fi (one over the time


interval between two oscillations crests) was calculated to







Fig. 3. Analysis of a 7.5-min recording. We plot the instantaneous frequency derived from the derivative of the signal and using Fourier transform of the


fundamental frequency (here ca. 36 mHz).
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evaluate the ‘‘organisational’’ pattern of the oscillations.


‘‘Organisation’’ is defined as the occurrence of the funda-


mental frequency among all instantaneous frequencies meas-


ured during the reference period.


All analyses were made using the Matlab software


(Mathworks, France). Statistical analysis was made with


the Student’s t-test.

3. Results


3.1. Control experiments


Three types of oscillations were recorded. These differed


in frequency and shape (Fig. 4). The first type involved slow


oscillations ( ff < 20 mHz) with a fast rise followed by a slow


rise and slow decay (Fig. 4a). These large-amplitude oscil-


lations were not very regular, and a trend toward acceleration


of the oscillations and a final plateau was often observed. The


second type of oscillations was of the burst type (20 < ff < 100


mHz; Fig. 4b). Their shape, comparable to that of slow


oscillations, is composed of a fast rise, followed by a slow


decay. Fast oscillations (100 < ff < 500 mHz) were observed


in some experiments. This low-amplitude oscillations were


irregular (Fig. 4c). Their shape was very specific, with a fast


rise followed by a fast decay.

The second type of oscillations was the most frequent and


the only one considered in our analysis. Very regular oscil-


lations were obtained for 90 min under constant exposure to


UV.


The following exposure protocol was used: (1) 30-min


control, (2) 30 min with sham exposure or exposure during


the central 10-min period, and (3) 30 min of control without


exposure. In each of the three periods, a different part of the


islet was illuminated and observed. Fig. 5 shows these three


periods for one islet at three different locations within the


same islet with 15-min intervals between recordings (in this


particular case, 11 mM glucose was added at the beginning


of the recording period rather than during the loading


period). Following the initial increase in glucose concen-


tration, an increase in calcium concentration took place.


Oscillations started thereafter, becoming increasingly regu-


lar, as shown by the calculation of instantaneous frequency


fi.


3.2. Cyclotron resonant conditions


Since the early work of Liboff _Ref20477684-[9], it has


been hypothesised that the movement of ions through chan-


nels or other ionic processes could be affected by exposure to


combined parallel static and AC magnetic fields at a specific


frequency and amplitude. This ‘‘cyclotron resonance’’







Fig. 4. The three different types of oscillations. (a) Slow oscillations, (b)


burst oscillations, (c) very fast oscillations over 100 s.
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hypothesis has never been verified independently despite


several attempts.


We tested the ‘‘resonance conditions’’ in our experimen-


tal model of calcium oscillations. The amplitude of static


field BDC was 20.7 ATwith a vertical orientation, and that of


the AC field BAC was 20.7 ATpk–pk at a sine wave of 16 Hz,


also with vertical orientation. Using these exposure con-


ditions, no effects on the organisation and fundamental


frequency were observed between field and sham-exposed


islets (Table 1). In the analysis of the 21 ‘‘exposed’’ runs, ff
was on average 135F 12 ( ff being normalised to 100 in the


control period preceding exposure with F 9% variability),


while for the 12 ‘‘sham-exposed’’ runs, ff was 131F 7. The


difference between exposed and sham-exposed ff was not


statistically significant.


3.3. Fifty-hertz exposure


Fifty-hertz sinusoidal magnetic fields with a strength of


100 AT were applied to the islets (Table 2). Fig. 6 represents


an experiment with the three analysis periods. No significant

differences were observed between sham-exposed and


exposed islets in terms of organisation of the oscillations


and alteration of the fundamental frequency (105F 5 for 31


‘‘exposed’’ runs vs. 109F 8 for 42 ‘‘sham-exposed’’ runs,


n.s.).


3.4. Exposure to near natural frequencies


Free-running calcium oscillations occurred at ‘‘natural’’


frequencies in the range 20–100 mHz. We tested the


hypothesis that some entrainment by the magnetic field


may be caused by exposure to low-frequency signals at


the same frequency or its harmonics and subharmonics


(h = 0.5, 1, or 2). Therefore, the natural frequency fn was


recorded during the first 5 min on the oscilloscope and the


signal was then applied with h = 0.5, 1, or 2. No difference


was observed on the pattern of calcium oscillations under


any of the conditions (Table 2). The values of ff for the


exposed period were 109F 8 (h = 0.5), 105F 12 (h = 1), and


97F 8 (h = 2) vs. a sham-exposed value of 109F 8 (n.s.).


All these experiments were done at field strengths of 100


AT, but some experiments were also done at ff/2 at 1 mT,


without further effects on the oscillations (Table 3). The


fundamental frequency of exposed islets was 107F 12 vs.


105F 10 for the sham-exposed runs (n.s.).


3.5. Exposure to a static magnetic field


Static magnetic fields were applied with an intensity of 1


mT. No effects were seen on the pattern of the calcium


oscillations under these exposure conditions (Table 2). The


fundamental frequency of exposed islets was 124F 15 vs.


109F 8 for the sham-exposed runs (n.s.).

4. Discussion


In this work, we studied the effects of several types of


magnetic fields on calcium oscillations. We used insulin-


secreting cells from the pancreatic islets of Langerhans. This


model is known to produce prolonged and regular cytosolic


calcium oscillations in all beta cells. We tested the hypoth-


esis that extremely low frequency (ELF) and/or static


magnetic fields can alter the frequency and shape of these


oscillations. The outcome of our experiments did not


demonstrate any significant effect of magnetic fields.


Calcium homeostasis in the presence of magnetic fields


has been the subject of several studies in view of the major


role of this ion in biology [1]. Calcium ion concentration is


highly regulated in all cell types, and this ion acts as a


messenger or an effector in many biological processes [2]


(e.g., differentiation, proliferation, transcriptional activation,


and apoptosis). Calcium ions can interact as second mes-


sengers in both excitable and nonexcitable cells. The cyto-


solic concentration of calcium regulates the activities of


various molecules, including kinases, phosphatases, phos-







 


 


 


 


 


 


 


 


 


 


 


 


  


Fig. 5. Regularity of the oscillations. Three successive 20-min periods recorded on the same islet but in three different places.
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phodiesterases, cytoskeletal components, and ion channels.


The importance of this ion in cell physiology results from


the ability that all cells have to modulate Ca2 + signals in


space, time, and amplitude as well as to modify signals


transmitted in this way [2]. Following earlier studies on the


effects of strong magnetic fields on calcium ion entry into


cells [10], most of subsequent works have concentrated on


alterations of this ion’s intracellular concentration. Jurkat T


lymphocytes were initially a key model for such studies, in


particular, those by Lindstrôm et al. [11–15]. These studies


showed that oscillations of calcium concentration were

Table 1


Exposure under resonance conditions (percentage of changes in various


runs)


Exposed Sham-exposed


Number of runs 21 12


Organisation 19% 17%


Disorganisation 81% 83%


Acceleration 90% 100%


Slowing down 10% 0%


The amplitude of the static field BDC was 20.7 AT, with a vertical


orientation, and that of BAC was 20.7 ATpk – pk at 16 Hz (sine wave and


vertical).

facilitated by exposure to ELF magnetic fields at around


50 Hz and 100 AT. They also showed that CD45 phospha-


tase was necessary and that, overall, an intact signal trans-


duction pathway was needed. This includes molecules


involved in early events in the signalling pathway from


the T cell antigen receptor. Parallely, recent studies have


shown that 50-Hz magnetic fields were unable to regulate


PKC- and Ca2 +-dependent gene expression in Jurkat cells


[15]. However, all attempts to replicate previous positive


studies on calcium oscillations in Jurkat cells have failed


[16,17], even though Galvanovskis et al. [18,19] observed

Table 2


Effect of exposure as a function of frequency (50 Hz, natural frequency fn,


and DC) and intensity (100 and 1000 AT)


Control 50 Hz 2fn fn fn/2 Static


Field strength (AT) 0 100 100 100 100 1000


Number of runs 42 31 15 18 18 17


Organisation 52% 29% 47% 50% 50% 47%


Disorganisation 33% 45% 40% 33% 44% 18%


Acceleration 48% 42% 47% 39% 50% 47%


Slowing down 50% 42% 47% 61% 39% 35%


Percentage of changes in various runs.


fn is the natural frequency measured during 5 min prior to exposure.







Fig. 6. Full analysis during one experiment of exposition. The first and the third periods were controls with no field. During the second period, we exposed


islets to a sinusoidal magnetic field of 100 AT with a frequency of 50 Hz.
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minor alterations of oscillation frequency spectra on Jurkat


cells. The latter group showed that the method of fixing the


cells to the glass substrate was crucial to the effect’s


elicitation, while the results of Refs. [3] and [20,21] showed


that UV light used in the monitoring of calcium by fluo-


rescence was also a potential confounder, in that UV alone


might trigger concentration increases.


Some groups have studied calcium homeostasis under


‘‘resonance’’ conditions involving the combined action of


ELF and static magnetic fields. The most widely used model


is the ‘‘ion cyclotron resonance’’ (ICR) model proposed by


Liboff [9] as a process able to facilitate the movement of

Table 3


Exposure at fn/2 with an intensity of 1000 AT compared to controls with no


field applied (percentage of changes in various runs)


fn/2 (1000 AT) No field


Number of runs 22 19


Organisation 50% 37%


Disorganisation 36% 53%


Acceleration 73% 90%


Slowing down 19% 5%


fn is the natural frequency measured during 5 min prior to exposure.

ions such as Ca2 + through membrane channels. The reso-


nance condition is expressed by the relationship fc = qB/


2pm, where fc is the frequency, q is the ion charge, and m is


its mass. Although some results of Ca2 + uptake by lym-


phocytes [22] and diatoms [23] seem to support this model,


there have also been several negative results (e.g., Refs.


[24,25]). Moreover, several fundamental physical arguments


have been raised against the ICR model. Two other reso-


nance models have been proposed based on the same


relationship between the frequency and the parameters of


the fields (within a factor of 2).


All these studies on the effects of low-frequency mag-


netic fields have shown contradictory results (see the review


by Berg [1]). Most of these studies used single cells, which


undoubtedly present some advantages (e.g., ease of culture,


ease in monitoring biochemical parameters, ease in the


quantitative assessment of calcium concentration, and a


wide statistical basis). However, isolated cells have several


further disadvantages: they are very sensitive to external


parameters, experimental setup, culture conditions, and


number of passages for cell lines, but isolated cells are not


as informative as organs since there is no communication


between cells.
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We thus chose the islet of Langerhans as a model which


has the advantages of both single cells’ good side and


organs (intercellular communication and multicellular struc-


ture). This tissue is very conducive to experimentation since


it can be exposed for a relatively long time, even under UV


illumination. Beta cells oscillate synchronously in the islet


[5], which increases the signal-to-noise ratio because the


emitted fluorescence is monitored in several dozen cells.


Calcium oscillations in islets of Langerhans involve cellular


energetics [26] (total glycolysis are used in this tissue to


produce ATP within the Krebs cycle), intracellular commu-


nication (calcium ion, G protein, PLC [27], cAMP, charges,


etc.), and intercellular communication (gap junctions [28],


diffusible components [29], etc.). As specified by Grundler


et al. [30], the autonomous limit cycle oscillation necessi-


tates an open system and two further conditions: the


existence of feedback loops within the signalling pathway


enhancing the incoming signal and the presence of strongly


dissipative processes. Under these conditions, nonlinear


self-sustained oscillators show extreme sensitivity to coher-


ent perturbations. Our study showed that, in spite of this


sensitivity, calcium oscillations remained well organised


when subjected to various external coherent signals.


Several theoretical models have been published present-


ing numerical simulations of islet functioning. We used two


of these models (Refs. [31] and [32]) to build our own more


comprehensive model in order to test the impact of dis-


turbances induced by magnetic fields on biochemical pro-


cesses and to determine their effect on oscillation patterns.


These simulations (not presented) showed that several


elementary reactions were very sensitive, as the modulation


of their kinetic parameters by the time-varying magnetic


field caused profound alterations in oscillation patterns.


However, there was no evidence of such alterations in


cell-exposure experiments. We have thus shown that the


islets of Langerhans model, which is very sensitive to


disturbances (temperature, glucose concentration, culture


conditions, etc.), seems to be unaffected by magnetic fields


under various exposure conditions. These data provide


further evidence that biological systems involving calcium


ions are not easily affected by magnetic fields, even at levels


far above ambient. This negative testing of the hypothesis


could be investigated further over a wider frequency range.


However, as this method, measuring the frequency and


regularity of the oscillations, is very sensitive, it is unlikely


that effects will be found using ELF with regular calcium


oscillations.


Since low-frequency magnetic fields are unable to alter


well-established calcium oscillations, it would be desirable


to perform the same experiment on less-organised oscilla-


tions, which might be more sensitive to coherent external


disturbances. Such disorganised oscillations can easily be


obtained by lowering the concentration of glucose in the


medium. In conclusion, using a very sensitive model, we


could not produce new evidence of alterations of calcium


processes under exposure to various magnetic fields, in

contrast with a few positive results previously published


on other models.
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Abstract


The action of electromagnetic fields (EMF) on different pathways related to cell physiology, proliferation, toxicity of chemicals,


gene expression, etc., are currently being investigated although the results are still not conclusive and even conflicting. In laboratory


and animal studies, EMF has been found to produce a great variety of effects such as: increase in ornithine decarboxylase activity in


breast, increase in h-galactosidase gene expression and oncogene transcription after exposure to 50/60 Hz. Animal studies have shown


that the use of EMF can enhance drug delivery across biological barriers (rat abdominal skin), using benzoic acid as the drug


candidate. It has been reported by different authors that pulsed EMF (PEMF) can produce alterations in antineoplastic drugs potency. In


the present study, we investigated the effects of PEMF on methotrexate cytotoxicity in MCF-7 breast cancer cells and the effects with


simultaneous exposure to FeCl3. The data presented in the current report indicate that PEMF (25 Hz, 1.5 mT) do not induce


modulation of the action of methotrexate (with and without iron-III) in MCF-7 cells when they are exposed to PEMF for 2 h/day


during 3 days.

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


Electromagnetic fields (EMF) have become in public


interest due to a possible association with cancer risk,


promotion of established cancer or other undesirable bio-


logical effects. The action of EMF on different pathways


related to cell physiology, proliferation, toxicity of chem-


icals, gene expression, etc., are currently being investigated


although the results are still not conclusive and even


conflicting.


In laboratory and animal studies, EMF has been found to


produce a great variety of effects such as: increase in


ornithine decarboxylase activity in breast [1], increase in h-
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mmorillo@uma.es (M. Martı́nez-Morillo).
1 The contributions of these authors are considered equal.
2 Tel.: +34-95-2131578; fax: +34-95-2131630.
3 Website: http://www.radiobiologia.uma.es,


http://www-rayos.medicina.uma.es/rmf/Radiobiologia/PrincipalRB.htm.

galactosidase gene expression [2] and oncogene transcription


after exposure to 50/60 Hz [3]. In this way, it has been


reported by Grissom [4] that EMF of moderate amplitudes


(1–100 mT) may produce alterations in different enzyme


activities. A broad spectrum of interaction mechanisms can


occur between power frequency EMF and living organisms.


The best known is the production of currents by magnetic


induction [5].


Trace metal ions like iron plays important roles as


binding, transport and storage of molecular dioxygen in


a wide variety of living systems and in general terms most


ions can bind to proteins, peptides, amino acids, DNA,


sugar and lipids [6]. It is well known that static magnetic


fields affect the diffusion of biological particles in solu-


tions through the Lorentz force and Maxwell stress [7].


Hilger et al. [8] found that iron-containing molecules such


as iron oxide, magnetite, are able to induce considerable


heating effects in the surroundings. Other authors have


reported that only static EMF has an inhibitory effect on


iron-induced lipid peroxidation [9]. However, the effects of


non-static EMF and pulsed EMF (PEMF) should be more
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E. Laqué-Rupérez et al. / Bioelectrochemistry 60 (2003) 81–8682

investigated. In this way, Zmyślony et al. [5] have found


that only the simultaneously exposure of lymphocytes to


FeCl2 and 7 mT EMF produce an increase in DNA


damage, reaching about 20% for static EMF and 15%


for 50 Hz EMF. The studies have lead to conflicting


results, but now a new controversy has appeared: the


simultaneous exposure of cells to EMF or to PEMF and


Fe ions could produce cellular alterations.


Breast cancer is one of the leading forms of cancers in


women. Epidemiological data suggest that exposure to


power frequency (50/60 Hz) EMF may be a risk factor for


breast cancer in humans [10]. If exposure to EMF contrib-


utes to the etiology of breast cancer, it is likely that they


must stimulate the growth of breast cells, damage DNA or


enhance the effects of chemicals or antineoplastic drugs


[11].


The resistance of tumour cells to different antineoplastic


agent is an obstacle for cancer chemotherapy. The main


mechanism in drug resistance is the multidrug resistance


(MDR) phenomenon, which constitutes the reduction of


intracellular drug level due to the P-glycoprotein pump


function [12]. Animal studies have shown that the use of


EMF can enhance drug delivery across biological barriers


(rat abdominal skin), using benzoic acid as the drug


candidate [13]. It has been reported by various authors


that PEMF can produce alterations in antineoplastic drugs


cytotoxicity [14–17]. In addition, the use of unpulsed


magnetic fields has been found to produce alterations in


MCF-7 cells. In this way, Harland and Liburdy [18] have


observed that 1.2 AT, 60 Hz EMF partially blocked


tamoxifen’s inhibitory action on the growth of this human


mammary tumour cells in vitro.


So far, there have been very few studies on tumour cells,


which investigate the potential effects of PEMF with fre-


quencies below 50/60 Hz. In the present study, we investi-


gated the effects of 25 Hz, 1.5 mT PEMF on methotrexate


cytotoxicity in MCF-7 breast cancer cells as well as the


effects with simultaneous exposure to FeCl3.

Fig. 1. Magnetic field exposure system. The magnetic field distribution ran


perpendicular to the cell culture surface. The cells were cultured in 24-well


dishes, in a monolayer on the bottom of the wells.

2. Materials and methods


2.1. Cell culture


MCF-7 cells, a human breast cancer cell line, were


cultured in Dulbecco’s modified Eagle’s medium nutrient


mixture F12-HAM (DME/F12-HAM) (with L-glutamine


and HEPES), supplemented with sodium bicarbonate


7.5% (28 ml/l), 5% foetal bovine serum and 1% antibi-


otic–antimycotic solution (100�) (PSF, Gibco) at 37 jC
in a 5% CO2/air atmosphere. These cells grow in mono-


layer and were subcultured with trypsin (0.05%) and


EDTA (0.02%) in Dulbecco’s phosphate-buffered saline


(PBS).


The antineoplastic drug used was methotrexate (Lederle-


Cyaramid Ibérica, Madrid), a potent inhibitor of dihydrofo-

late reductase. The iron-containing molecule used was iron


(III) chloride hexahydrate (FeCl3�6H2O) (Merck). Stocks


were prepared in sterile PBS and frozen at � 20 jC until


they were used.


2.2. Magnetic field exposure system and current density


The equipment used (Pulsatrón, CEM-84/J; J&J Electro-


médica; Málaga, Spain) generates rectangular voltage pulses


(25 Hz) that feeds two air core coils of 15� 10.5 cm


(Helmholtz type), used for the exposure. The frequency


used in this study is the maximum obtainable value with this


equipment. The generated peak magnetic field between coils


was 1.5 mT peak. The general characteristics of the voltage


waveform applied to the coils, the electric field and the


induced electric current density were reported in a previous


work [19].


Briefly, the voltage waveform applied to the coils pro-


duced groups of 15 rectangular pulses, repeated at 25 Hz.


The pulses were positive in intervals corresponding to 180


As when voltage was applied and negative in 20-As gaps.


The effective electric field value in each culture well


fluctuated from 65 to 260 mV/m during the positive pulse


(corresponding to the 180 As portion) and from 650 to 1600


mV/m in the negative pulse zone (corresponding to the 20


As between rectangular pulses), depending on the spatial


location of each well. The calculated values of induced


electric current density fluctuated from 97.5 to 390 mA/m2


in the positive pulse period and from 975 to 2340 mA/m2 in


the negative pulse period.


2.3. Cells exposure protocol


Cells were cultured in 24-well dishes and incubated,


during the PEMF exposure, at 37 jC inside a commercial


cell culture incubator made of plastic (Thermocult, Boeh-


ringer-Mannheim, Germany). The magnetic field distribu-


tion ran perpendicular to the cell culture surface (Fig. 1).







Fig. 3. Effect of 25 Hz, 1.5 mT pulsed electromagnetic field (2 h/day, for 3


days) on MCF-7 breast cancer cells exposed to methotrexate. MeanF S.D.


of three independent experiments in triplicate. PEMF: pulsed electro-


magnetic field. p>0.05 Student’s t-test.
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The control cells were placed with no current running


through the coils, immediately after the PEMF exposed


cells. They were exposed in the same incubator, although


not at the same time. Therefore, there was no added artificial


magnetic field at the control location. The same passage


cells were simultaneously used for their matched sham and


exposed experimental groups [20]. There was no additional


heating due to the activation of the coils, as measured


directly by a conventional thermometer.


After monolayer trypsinization, 5000 exponentially


growing cells were seeded in each well and were incubated


for 24 h at 37 jC, 5% CO2, to allow the cells to attach.


Then, the experiments were performed as follows:


(a) continuous exposure to methotrexate, and exposure to


PEMF for 2 h/day for 3 days.


(b) continuous exposure to methotrexate and FeCl3�6H2O,


and exposure to PEMF for 2 h/day for 3 days.


Next, the cells were incubated for an additional time of 24


h at 37 jC, 5% CO2. As soon as the incubation period was


over, viability was measured via the neutral red stain


cytotoxicity test [21,22].


The methotrexate doses assayed ranged from 0.01 to 70.0


Ag/ml. Iron (III) dose used was 10 Ag/ml. This dose was the


higher one obtained from the cytotoxicity curves for


FeCl3�6H2O, which did not show decrease in surviving


fraction (Fig. 2).

Fig. 2. Iron (III) chloride hexahydrate (FeCl3�6H2O) cytotoxicity curves


obtained for MCF-7 breast cancer cells with and without pulsed electro-


magnetic field exposure (2 h/day, for 3 days). Iron (III) dose used, to study


the combined effects with methotrexate and pulsed electromagnetic field,


was 10 Ag/ml. This is the higher dose obtained from the curves, which did


not show decrease in surviving fraction. MeanF S.D. of three independent


experiments in triplicate. � PEMF: without pulsed electromagnetic field;


+ PEMF: with pulsed electromagnetic field.

2.4. Iron (III) chloride hexahydrate cytotoxicity


FeCl3�6H2O cytotoxicity was assayed by exposure of


MCF-7 cells to different doses and surviving fraction at each


dose was used to make dose–response curves with and


without PEMF exposure.


A total of 5000 exponentially growing cells were seeded


in each well in a 24-well dish and then incubated for 24 h at


37 jC, 5% CO2. Then, the cells were exposed to different


doses of FeCl3�6H2O (0.0025–900 Ag/ml) in 72 h at 37 jC,
5% CO2, and after this period, viability was measured by the


neutral red stain cytotoxicity test. The exposure to PEMF


was performed during 2 h/day for 3 days.


2.5. In vitro cytotoxicity assay


The cytotoxicity test with neutral red stain [22] was


applied to measure cell viability. This is a test based on


the lysosomal adding of supravital neutral red stain, which


quantifies the number of viable cells after exposure to a


physical or chemical agent. The quantification of the stain


extracted from cultured cells has been shown to be linear


with the number of viable cells through direct count [21].


Although this test does not allow conclusions concerning


toxicity mechanisms, it is possible to evaluate the number of


viable cells after a certain period in a similar way as other


cytotoxicity tests, allowing operators to calculate the sur-


viving fraction of cells after a specific physical or chemical


treatment.


For this assay, the culture medium was replaced by 1


ml of supplemented fresh medium with 40 Ag/ml neutral


red. The new medium had been previously incubated 24


h at 37 jC and centrifuged at 2500 rpm for 10 min to


avoid crystalline stain precipitates. After 3 h of plate


incubation in the presence of neutral red, the medium
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was removed and cells were washed in 1 ml of fixative


(1% CaCl2/0.5% formaldehyde). Next, 1 ml of 1% acetic


acid/50% ethanol solution was added to each well to


extract the stain [23]. After 10 min at room temperature


and subsequent shaking, the optical density (OD) was


measured at 540 nm. The mean OD in the control cells


without drug determined after incubation was regarded as


100%, and the percentage of survival at each drug dose


was calculated.


2.6. Statistical analyses


The Wilk–Shapiro rankit-plot test was used to assess the


normal distribution of the data. Additional statistical anal-


yses were made with the Student’s t-test. Differences were


considered significant when p < 0.05.

3. Results


3.1. Iron (III) chloride hexahydrate cytotoxicity


Fig. 2 shows the cytotoxicity curves obtained for


FeCl3�6H2O on MCF-7 breast cancer cell line with and


without PEMF exposure. The doses assayed ranged from


0.0025 to 900 Ag/ml. The higher iron (III) dose, which did


not show decrease in surviving fraction, was 10 Ag/ml.


Subsequently, this was the dose used to study the combined


effects with methotrexate and PEMF.


3.2. Effect of PEMF on methotrexate cytotoxicity


As shown in Fig. 3, the 25-Hz, 1.5-mT PEMF expo-


sure did not induce alterations on methotrexate cy-


totoxicity in relation to sham-exposed control cells, as

Fig. 4. Effect of 25 Hz, 1.5 mT pulsed electromagnetic field (2 h/day, for 3


days) on MCF-7 breast cancer cells exposed to methotrexate and iron (III)


chloride hexahydrate (FeCl3�6H2O). MeanF S.D. of three independent


experiments in triplicate. PEMF: pulsed electromagnetic field. p>0.05


Student’s t-test.

measured via the neutral red cytotoxicity assay; p>0.05


Student’s t-test. Methotrexate doses assayed ranged from


0.01 to 70 Ag/ml.


3.3. Effect of PEMF on methotrexate cytotoxicity under


exposure to iron (III) chloride hexahydrate


The higher dose of FeCl3�6H2O (10 Ag/ml), obtained


from the dose–response curves (Fig. 2), that did not show


cytotoxic effect was used to expose MCF-7 cells to meth-


otrexate and PEMF. No changes were observed in metho-


trexate potency after exposure to PEMF in the presence of


iron (III), compared to sham-exposed controls cells, p>0.05


Student’s t-test (Fig. 4). Nevertheless, the presence of iron


(III) (10 Ag/ml) produced an increment of 40.1% and 29.4%


in methotrexate potency at 0.025 and 0.05 Ag/ml, respec-


tively; with p value of < 0.01, Student’s t-test. Iron (III) did


not induce alterations in methotrexate cytotoxicity at the


other drug doses assayed.

4. Discussion


In recent years, numerous papers concerning the biolog-


ical effects of pulsed electromagnetic fields (PEMF) have


been published.


Hypotheses explaining the influence of electromagnetic


fields (EMF) on living systems have been widely proposed.


Most of them share the common assumption that the cell


membrane is the target for the primary field interaction, thus


influencing the signal transduction mechanisms and affect-


ing several biological endpoints [24].


Methotrexate is a potent inhibitor of dihydropholate


reductase that has been used as effective antineoplastic


treatment for breast cancer due to its capacity to inhibit cell


growth [25]. It is well known that only trace amounts of iron


remain free as non-chelated or loosely chelated iron by the


action of different Fe-binding proteins in vivo. In our


experiments, this situation was reduced to a minimum due


to the in vitro experimental conditions where only the 5% of


the culture medium correspond to foetal bovine serum.


Therefore, the importance of the complexation rate of FeCl3
with the different proteins of the culture medium could be


considered insignificant. Both iron ions, ferrous (Fe2 +) and


ferric (Fe3 +), may participate in oxidative reactions, trig-


gering oxidative damage to cellular components, being the


Fenton reaction (Fe2 + +H2O2 +H
+! Fe3 + + �OH+H2O), a


well-known phenomenon to induce oxidative stress. Fe3 +


participates indirectly in this reaction, when reduced to


Fe2 +. Fe3 + alone directly stimulates lipid peroxidation,


because of the accompanying generation of superoxide


anion radical (�O2
�), hydrogen peroxide (H2O2) and the


hydroxyl radical (�OH) [26].


In the present study, we evaluated the effects of PEMF on


methotrexate cytotoxicity in MCF-7 cells. We observed no


significant alterations in surviving fraction when cells were
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exposed to different doses of methotrexate and PEMF (25


Hz, 1.5 mT). Besides, no effects were observed when MCF-


7 cells were co-treated with FeCl3�6H2O, methotrexate and


PEMF. A decrease in toxicity was observed as methotrexate


concentration was increased to over 10 Ag/ml. This finding


could be explained by different molecular mechanisms such


as saturation or competitive processes, which require further


studies.


A previous report indicates that PEMF exposure (25 Hz,


1.5 mT) can produce alterations in the cytostatic action of


mytomicin C and cisplatin in a human colon adenocarcino-


ma cell line (HCA-2/1cch) [19].


Our findings are in disagreement with a number of


articles that show the effects of different field exposures


on the uptake and potency of different drugs. In this way,


Omote [27] and Omote et al. [14] reported that PEMF


increases the cell uptake of 3H-methotrexate. They suggest


that PEMF promotes the uptake of antitumor agents by


cells. In the same way, Liang et al. [16] demonstrated that


PEMF enhanced the potency of daunorubicin against the


KB-ChR-8-5-11 subline when this drug is added prior to


PEMF exposure. In addition, Hannan et al. [15], Harland


and Liburdy [18] and Blackman et al. [28] found an


inhibition of the antiproliferative action of tamoxifen and


melatonin in MCF-7 cells, and Salvatore et al. [29] reported


that EMF improved the neoplastic cell killing by antineo-


plastic chemotherapy.


There is no previous report of studies concerning the


effects of EMF on the antineoplastic activity of drugs


simultaneously exposed with iron containing molecules.


Nevertheless, some authors have studied the effects of


EMF on cells exposed only to FeCl2, FeCl3 and other


metals.


In this way, it has been recently reported that EMF (7 mT


static and 50 Hz) can induce DNA damage when lympho-


cytes are simultaneously exposed to FeCl2 at non-cytotoxic


concentrations (10 Ag/ml) [5]. These authors hypothesise


that the number of reactive oxygen species generated by


iron cations may substantially increase. In an attempt to


determine whether EMF exposure might lead to DNA


damage, Lourencini da Silva et al. [30] exposed the


pBR322 plasmid to EMF in the presence of a transition


metal (SnCl2), obtaining positive correlation between expo-


sure to EMF and DNA damage. These authors affirm that


their observations support the idea that EMF probably


through secondary generation of reactive oxygen species


can be clastogenic.


In contrast, other authors have found that only static


magnetic fields have an inhibitory effect on iron-induced


lipid peroxidation and that the effectiveness of this mag-


netic field on iron ion-induced active oxygen species


generation is restricted to a so-called ‘‘window’’ of field


intensity of 2–4 mT [9].


Our results are in disagreement with the findings reported


by other authors and with the previous work carried out in


our laboratory using the same PEMF but different cells

(human colon adenocarcinoma) and drugs (mytomicin C


and cisplatin) [19].


These contradictory results suggest that appropriate drug,


dose, cell line and/or treatment schedules could be important


factors for PEMF modulation of cytotoxicity.


On the other hand, a statistically significant increment


of 40.1% and 29.4% in methotrexate potency was observed


when cells were exposed simultaneously to 10 Ag/ml of


iron (III) and methotrexate at 0.025 and 0.05 Ag/ml, res-


pectively. This finding has to be treated with care; more


studies are required to clarify the role of FeCl3�6H2O as a


possible chemosensitizing agent or enhancer of methotrex-


ate cytotoxicity.


The data presented in the current report indicate that


PEMF (25 Hz, 1.5 mT) does not induce modulation of the


action of methotrexate (with and without iron-III) in MCF-


7 cells when they are exposed to PEMF for 2 h/day during


3 days.
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Abstract


Fluorescence induction curves (F(t)) in low intensity 1s light pulses have been measured in leaf discs in the presence and absence of


valinomycin (VMC). Addition of VMC causes: (i) no effect on the initial fluorescence level Fo and the initial (O–J) phase of F(t) in the


0.01–1 ms time range. (ii) An approximately 10% decrease in the maximal fluorescence Fm in the light reached at the P level in the O–J–I–


P induction curve. (iii) Nearly twofold increase in the rate and extent of the F(t) rise in the J–I phase in the 1–50 ms time range. (iv) A 60–


70% decrease in the rise (I–P phase) in the 50–1000 ms time range with no appreciable effect, if at all, on the rate. System analysis of F(t) in


terms of rate constants of electron transfer at donor and acceptor sides have been done using the Three State Trapping Model (TSTM). This


reveals that VMC causes: (i) no, or very little effect on rate constants of e-transfer reactions powered by PSII. (ii) A manifold lower rate


constant of radical pair recombination (k� 1) in the light as compared to that in the control. The low rate constant of radical pair recombination


in the reaction center (RC) in the presence of VMC is reflected by a substantial increase in the nonzero trapping efficiency in RCs in which


the primary quinone acceptor (QA) is reduced (semi-open centers). This causes an increase in their rate of closure and in the overall trapping


efficiency. Data suggest evidence that membrane chaotropic agents like VMC abolish the stimulation of the rate constant of radical pair


recombination by light. This light stimulation that becomes apparent as an increase in Fo has been documented before [Biophys. J. 79 (2000)


26]. It has been ascribed to effects of (changes in) local electric fields in the vicinity of the RC. The decrease of the I–P phase is attributed to


a decrease in the photoelectric trans-thylakoid potential in the presence of VMC. Such effects have been hypothesized and illustrated


[Bioelectrochemistry 57 (2002) 123].

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction photoexcitation [1,2], and they decrease several fold within

The electric field is a natural factor affecting photosyn-


thetic energy conversions in the thylakoid membranes. The


initial events of photosynthesis, occurring in a sub-milli-


second to second range, proceed under large variations of


the transmembrane electric field. The membrane potentials


up to 150 mV can be measured with microelectrodes upon

1567-5394/03/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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ODE, ordinary differential equations; OEC, oxygen evolving complex;
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few seconds during the transition to a steady state. Reg-


ulation of photosynthetic electron transport in chloroplast


by the transmembrane electric potential is a largely recog-


nized phenomenon [3–5]. The electric field is expected to


affect only electrogenic stages of the electron-transport


pathway, i.e., the reactions associated with charge separa-


tion or recombination. The regulatory effect of the mem-


brane potential on linear electron transport was first


revealed with valinomycin (VMC) [3], an agent that


increases the potassium permeability of the membranes


and substantially suppresses the photogeneration of the


membrane potential in chloroplasts [6]. The stimulation of


linear electron transport by valinomycin was reported and


interpreted as being due to the release of the hindering


effect of membrane potential on the electrogenic reaction


of plastoquinol oxidation in the cytochrome b6f complex


[3].
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Apart form the influence on plastoquinol oxidation, the


electric field exerts its effect on recombination of charges in


photosystem II (PSII) and PSI [7–11]. These effects were


evidenced by stimulatory action of external electric fields on


the delayed light emission, which results from recombina-


tion of long-lived photoproducts in the donor and acceptor


sides of both photosystems. The photochemical reactions


involving primary donors and acceptors of PSI and PSII


were initially disregarded as possible sites of regulation of


electron transfer by the membrane potential, because free


energy changes associated with these reaction were consid-


ered incomparably large with respect to the electric potential


energy. However, the discovery of electric field effects on


PSII chlorophyll fluorescence [8,12–14] and the occurrence


of reversible stages in the process of energy stabilization


[15,16] favoured the possible role of membrane potential in


regulation of electron transport in PSII [4,17].


A better understanding of the electric field effects on PSII


reactions can be obtained by studying chlorophyll fluores-


cence transients under conditions when the extent and


kinetics of the thylakoid membrane potential is modified


by inhibitors, electron transport cofactors and ionophores


[18,19]. Valinomycin (VMC) is a useful tool to identify


processes controlled by the membrane potential; this iono-


phore substantially diminishes or modifies the thylakoid


membrane potential in the presence of potassium ions.


Pospisil and Dau [19] measured the so-called O–J–I–P


fluorescence transients [20] in isolated thylakoids treated


with VMC and observed substantial changes in fluorescence


induction kinetics that were enhanced by the addition of K+


but were evident even in the absence of K+. By using a


three-exponential approximation of the fluorescence induc-


tion in the 10-s time scale, these authors came to the


conclusion that the photogenerated membrane potential


accounts for the appearance of the J–I stage (symbols


designate the initial ‘‘jump’’ and subsequent ‘‘intermediary’’


level of chlorophyll fluorescence). In terms of the reversible


pair model, the membrane voltage (lumen positive) shifts


the equilibrium between the primary charge separation–


recombination reactions in PSII toward the chlorophyll


excited state which elevates the excited state lifetime and


the fluorescence yield.


A different interpretation of the J–I phase in the induc-


tion curve has been introduced recently [21]. This stage was


thought to reflect a transition of the primary quinone


acceptor from its singly reduced (QA
�) to a doubly reduced


(QA
2 �) state, which was discussed to occur with low


electron trapping efficiency (Utr) owing to competitively


efficient charge recombination in the primary radical pairs.


According to this view, elimination of the delocalized


membrane potential is a priori not expected to suppress


the J–I phase of the fluorescence induction. A hypothesis


was presented that the direct influence of the membrane


potential on fluorescence, explained within the framework


of a model in which the probability for radical pair recom-


bination is considered to be dependent on strength of the

local electric field, is manifest in the I–P transition [17].


This view is consistent with the report that VMC inhibits


relatively slow components in the fluorescence induction in


thylakoid preparations but stimulates the earlier fluores-


cence components [2]. However, these experiments were


performed under specific experimental conditions ensuring


the photogeneration of membrane potential by PSI only.


Clearly, the experiments should be extended to allow


comparison of functionally competent preparations before


and after the suppression of membrane potential. This may


clarify the assignment of electric field effects to particular


stages of the fluorescence induction.


In this work we investigated the influence of VMC


treatment on chlorophyll fluorescence induction in pea


leaves exposed to low intensity light. The low light level


is known to stimulate the manifestation of the I–P fluores-


cence rise, which, in our view, is related to the electric field


effect [17]. The results show a dual effect of VMC on


chlorophyll fluorescence in leaf disks: the fluorescence yield


was stimulated by the ionophore during the O–J–I tran-


sitions and was suppressed during the I–P transition. It is


concluded that suppression of the photoinduced membrane


potential effectively stimulates the trapping efficiency of the


second electron in the PSII reaction centers by means of


decelerating the radical pair recombination.

2. Materials and methods


Pea seeds (cv. Premium and Alfa) were soaked and


germinated on moistened filter paper. Seedlings were raised


on tap water for about 2 weeks. Fully expanded mature


leaves were cut in halves and incubated overnight in vials


with 2 ml water containing 5% ethanol (control) or in the


same amount of water mixed with 0.1 ml of 10� 3 M


solution of valinomycin in ethanol (treatment). Prior to


measurements, each leaf half was cut in three segments.


These samples were fixed in clip holders having circular


openings of uniform dimensions.


The induction curves of chlorophyll fluorescence were


measured with a Plant Efficiency Analyzer (PEA fluorom-


eter, Hansatech Instruments, England) and viewed with a


WinPea software. The fluorescence was excited with 2-s


pulses of red light (650 nm) emitted with light-emitting


diodes. The measurements were performed at irradiances of


12, 30, 60 and 125 W/m2 (approximately 60–650 Amol/(m2


s)). Comparatively low intensities were chosen because the


amplitude of I–P phase in the fluorescence induction curve


is considerably reduced in strong light. Fluorescence data


were recorded at a sampling rate of 10 As and 1 ms per point


in the time ranges below and above 1 ms, respectively. The


experimental traces represent the averages of three samples


each illuminated a single time. Samples were dark-adapted


prior to measurements for a period of 20 min.


Experimental fluorescence curves are simulated using a


model which describes the fluorescence quenching in rela-







Fig. 1. Kinetics of chlorophyll fluorescence yield, plotted as F/Fo, in pea leaf disc in a 2-s light pulse of 12, 30, 60 and 125 W/m2 intensity (from bottom to


top). Upper panel logarithmic time scale and indication of O, J, I and P levels at upper curve. Lower panel linear time scales. Note the difference in scales for


both axes. Absolute values at O level (extrapolated to t = 0.01 ms) were proportional to intensity. Symbols in the right-hand figure in lower panel are from


theoretical fits (see text).


Table 1


I Control +Valinomycin


kL k1 IP kv kp IP kv kp


125 1.8 12 0.9 0.027 0.027 – – –


60 0.8 9 1.45 0.024 0.024 – – –


30 0.4 8 2.1 0.020 0.020 0.5 0.018 0.01


12 0.18 8 1.9 0.006 0.006 0.7 0.03 0.005


Intensities (W m� 2), rate constants (in ms� 1) kL (excitation rate) and k1*


(release of donor side quenching) of initial fluorescence rise (O–J phase) in


a leaf disc are in the three left-hand columns. The initial O–J rise has been


approximated, after solving the pertinent ODEs (see Fig. 6 upper row with


Utr = 1), with (except for an amplitude scaling factor):


FOJðtÞ ¼ 1� ½kL=ðkL þ k1Þ�expð�k1tÞ þ ½k1=ðkL þ k1Þ�expð�kLtÞ ð2Þ
Amplitude (IP) and rate constants (in ms� 1) of the fluorescence rise in the


light in the 20–1000 ms time domain (I–P phase) in dependence of light


intensity and (at I = 12 W m� 2) in the absence and presence of


valinomycin. The rise has been approximated with Eq. (1).
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tion to energy trapping in terms of rate constants of primary


and associated reactions at the donor and acceptor sides of


PSII. Briefly, this model [21,22] accounts for the following


trapping properties of PSII: (i) full closure of a RC requires


at least two single turnovers (excitations), (ii) efficient


fluorescence quenching by positively charged intermediates


in the charge transfer pathway between the oxygen evolving


complex (OEC) and the special pair (donor side quenching),


independent of the negative charges accumulated at the


acceptor side (QA
�), and (iii) in addition to photochemical


quenching, the PSII fluorescence yield is under photoelec-


trochemical control that is exerted by trans-thylakoid and


local electric fields in the vicinity of and sensed by the RC


[17]. The model enables the trapping process, i.e. the


closure of the RCs with its successive reaction steps, and


intermediates to be written in a (multi-) set of ordinary


differential equations (ODEs) with rate constants of distinct


partial reactions as determinant parameters. Computer-assis-


ted solution of these ODEs in combination with application


of proper optimisation routines (Mathcad 2001i and elder

versions, MathSoft, Cambridge, MA, USA) gives the sim-


ulation of the experimental curve in terms of reaction rate


constants and light excitation rate.







Fig. 2. Chlorophyll fluorescence yield, relative to Fo, plotted as the difference between yield at t = 500 ms ( FP) and F(t) (solid curve in the left-hand panel, with


log scale) and as F/Fo (right-hand panel, OJIP curve) as function of time. Curve with symbols (left-hand panel) is the biexponential fit ( FIP(t), see text) of the


experimental curve for t = 25–175 ms with IP= 2.14, kv = kp = 2.1 10� 2 ms� 1 (see text). FIP(t) ( = IP) is plotted in the right-hand panel. The OJI curve is the


difference between full curve (OJIP) and FIP(t). Intensity of light 30 W/m2.
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Valinomycin (Sigma, USA) was dissolved in ethanol


solution at a concentration of 10� 3 M.

3. Results and interpretation


Fig. 1 (upper panel) shows the logarithmic time plot of


the fluorescence rise F/Fo of a leaf disc upon 1 s light pulses


of 12, 30, 60 and 125 W/m2 intensity (from bottom to top).


The distinct F/Fo levels at tf 0.01, f 1, f 20 and f 100


ms are designated with O, J, I and P, respectively, following


an adopted nomenclature [20]. In the lower panels, the


linear time plots of F/Fo (from left to right) are given for


the 100, 10 and 1 ms time domain, respectively. The J and I


levels decrease and require more time to be reached when


the intensity is lower. These levels are not distinguishable at


the lowest intensity. In confirmation with other reports

Fig. 3. Time pattern (left-hand panel) of the fluorescence increase (in units relativ


variable intensity indicated by the number (in W/m2) at each curve. The right-hand


O–J–I phase (see text) after subtraction of the photoelectrochemical I –P phase

[20,23,24], the maximal P level is much less variable with


intensity. It hardly changes at intensities between 125 and


30 W/m2. The decrease in the fluorescence rise in the 0.01–


20 ms time domain (O–J–I–rise) apparently is compensat-


ed by an increase of the rise in the 20–200 ms time range


(I–P rise). At 12 W/m2, the I–P rise, although still appre-


ciable, is unable to fully compensate the low O–J–I rise.


The absolute Fo levels (not shown) were found to be


proportional to the intensities that were used. The initial


fluorescence rise also was found to be linear with intensity.


The rate of this rise is determined by the excitation rate (kL)


and the rate constant (k1) of the reaction governing the


release of donor side fluorescence quenching [22]. In a first


approximation, the O–J rise can be described by a biexpo-


nential function G(t,kL,k1,Upd) in which Upd = Fv/Fm is the


quantum yield of PSII photochemistry in a dark-adapted


leaf. For the present experiment, Upd = 0.79, k1f10 and,

e to Fo) during the final (I–P) phase of the induction in a 1-s light pulse of


panel gives the fluorescence induction (relative to Fo) of the photochemical


from the overall induction curve (see right-hand panel of Fig. 2).







Fig. 4. Kinetics of chlorophyll fluorescence yield, plotted as F/Fo, in pea leaf disc in a 2-s light pulse of 12 W/m2 intensity in the presence (+) and absence (�)


of valinomycin (left-hand panel, logarithmic time scale). Deconvoluted O–J– I and I–P curves are shown in the central panel. In the right-hand panel, the O–


J–I rise, associated with release of photochemical quenching is shown on a linear time scale.
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proportional with intensity, kL variable from f 0.2 to 1.8


ms� 1 as shown in Table 1. The calculated rise curves are


presented in the right-hand lower panel.


Fig. 2 shows the result of the decomposition of the F/Fo


curve into the O–J–I and I–P phases. As shown by others


[19], the I–P phase in the overall curve (Fig. 1) can be


approximated by an exponential function. The left-hand


panel shows the log plot of [FP�F(t)]/Fo vs. time for the


O–J–I–P curve at 30 W/m2. The linear relation at t>50 ms


indicates and confirms this exponential character. The figure


shows the fit of the I–P phase with a biexponential function


to allow for the curvature in the 25–50 ms time domain.


FIPðtÞ ¼ IPf½kv=ðkv þ kpÞ�expð�kptÞ
� ½kp=ðkv þ kpÞ�expð�kvtÞg ð1Þ


in which IP is the amplitude of the I–P phase and kv and kp
are rate constants with subscripts v and p referring to


possible relation with generation and propagation, respec-

Fig. 5. Experimental (solid lines) and simulated (symbols) kinetics of chlorophyll


W/m2 intensity in the presence (triangles) and absence (diamonds) of valinomycin


the 20–2000 ms time domain (I–P phase) and by parameter optimization after so


model and emphasizing the donor-side fluorescence quenching beyond P+ to be


valinomycin on fluorescence then would suggest that the ionophore keeps this rat


mark the steady state I levels in the simulation. The right-hand panel shows sim


illustrating the distinct difference of these compounds on the fluorescence induct

tively, of the photocurrents. The O–J–I phase is obtained


by subtracting FIP(t) from the overall curve (right-hand


panel of Fig. 2).


Fig. 3 shows the O–J–I and I–P curves for the separate


intensities that were used. It illustrates the decrease and


increase of O–J– I and I–P phase, respectively, upon


lowering the intensity.


Fig. 4 shows the F/Fo curve of a leaf disc before and


after treatment with valinomycin (VMC) in a 12 W/m2 light


pulse. The central panel shows the deconvoluted O–J–I and


I–P phases. VMC causes (i) an approximately 15% lower-


ing of the P level and no change in the O level (Fo), (ii) an


approximately 65% increase in the O–J–I rise concomitant


with a nearly complimentary decrease in the I–P rise and, as


shown for the O–J–I rise in the right-hand panel, (iii) little


effect on the initial rates of the O–J–I and the I–P


fluorescence rise.


Fig. 5 shows the simulation of the experimental fluores-


cence curve in the absence and presence of VMC. It has

fluorescence yield, plotted as F/Fo, in pea leaf disc in a 2-s light pulse of 12


(left-hand panel). Simulation was made by biexponential fit of the curves in


lving the multi-set of differential equations underlying a double hit trapping


controlled by the rate constant of radical pair recombination. The effect of


e constant low in the light. Horizontal lines in the 20–1000 ms time range


ulations of the fluorescence kinetics in the presence of VMC and DCMU,


ion curve.







Table 2


kL k1 k2 k3 k4 ky1 ky2 ky3 ky4 kAB1 kAB2 kPQ k� 1 b


Control 0.45 9.8 4.1 0.95 27 2
 105 7
 104 2
 104 1
104 0.26 0.08 0.035 3
 105 0.25


+VMC 0.38 0.11 0.04 2
 102


+DCMU 0.41 0.00 0.00 3
 105


Fit parameters (rate constants, in ms� 1) of the fluorescence rise in the light in the 0.01–20 ms time domain (O–J–I rise) in the absence and presence of


valinomycin or of DCMU (see Fig. 5).


kL: excitation rate; k(i) and ky(i): reduction of YZ
+ and P+, respectively, with OEC in state S(i) (i = 1,. . .,4); kAB1(2): single and double reduction of QB by QA


�;


kPQ: pseudo-first-order rate constant for reoxidation of QBH2 by plastoquinone pool. b: fraction of RCs in S0 state and with QB singly reduced.
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been assumed that the fluorescence rise in the 0–20 (O–J–


I) and 20–1000 ms time domain (I–P) is associated with


(release of) photochemical quenching and photoelectro-


chemical stimulation, respectively [17]. Furthermore, that


photochemical quenching is governed by a double hit, so-


called three-state trapping model (TSTM). The I–P phase is


obtained after fitting the ‘tail’ of the experimental curve


with a biexponential function (see before). The fit parame-


ters of the photochemical O–J–I phase are given in Table 2.


It is clear that the fit parameters of the curves in the presence


and absence VMC are hardly different, if at all, except for


the rate constant of radical pair recombination (k� 1) which


is manifold lower in the presence of the ionophore. The


effect of DCMU on F(t) is, for comparison, illustrated in


Fig. 5 (right-hand panel). It shows a distinct difference with


that of VMC.

4. Discussion


The present data show and confirm earlier results that the


ionophore valinomycin in the presence of K+ ions has a


pronounced effect on the kinetics of the multiphasic rise in


chlorophyll fluorescence yield in a light pulse of prolonged


duration [18,19]. VMC causes, as Fig. 4 illustrates, a


substantial increase in the light-induced fluorescence tran-


sient in the 1–20 ms time domain. In addition, it causes a


decrease of the maximal fluorescence level in the light at


about 500 ms (P level) and of the rise in the light in the 20–


500 ms time region (I–P phase). Finally, there is neither an


effect of the ionophore on the initial fluorescence level Fo,


nor on the initial rate of the fluorescence increase at the


onset of illumination in the 0.01–1 ms time domain. These


distinct effects allow some qualitative interpretations in


terms of current trapping models [19] and a recently


proposed hypothesis on photochemical and photoelectro-


chemical fluorescence quenching [17,18].


4.1. Photoelectrochemical stimulation of PSII fluorescence:


I–P phase


The much lower sensitivity of the maximal fluorescence


yield in the light above 500 ms (P level) to light intensity as


compared to that at 2 and 20 ms (J and I levels, respective-


ly), confirming earlier reports [20,23] and the nearly com-


plete compensation of the decrease of the O–J–I phase by

an increase in the I–P phase gives support for the hypoth-


esis that the latter is associated with a photoelectrochemical


effect. As discussed and illustrated extensively in a recent


paper [17], there is theoretical evidence that the yield of


PSII fluorescence is under photochemical and photoelec-


trochemical control. Increase in fluorescence yield associat-


ed with release of photochemical quenching due to RC


closure is complemented with increase in yield associated


with effects of electric field strength on the excited state of


the RC chlorophyll and radical pair recombination in the


RC. This effect is likely to be exerted by fields originating


from the photoelectric trans-thylakoid potential or from


local single charges or dipoles. A prominent contribution


of the photoelectric potential generated by PSI and trans-


versally propagated to the PSII active sites to the PSII


fluorescence yield has been demonstrated [18]. The biexpo-


nential kinetics of the I–P fluorescence phase in the 20–


1000 ms time region (Fig. 2; Table 1) might suggest a


substantial contribution of PSI potential generation to PSII


fluorescence emission at lower intensities, at which RC


closure by PSII becomes light limited. In this respect the


low sensitivity of the parameter kp to light intensity (Table


1) might point to its association with the rate of lateral


propagation of the potential generated by PSI through the


conducting stroma sheets in the thylakoids. A close relation


between the kinetics of I–P fluorescence increase and


changes in lateral conductance under dominant PSI light


activation has been demonstrated [18]. The clear effect of


VMC in lowering the I–P fluorescence phase is consistent


with an association of this phase with electric fields. The


nonproportional effect of VMC on amplitude and rate


constants of the I–P phase at the intensities used (see Table


1) would be consistent with a distant generating and sensing


site of the photoelectrochemical effect.


4.2. The rate of initial fluorescence rise from Fo: O–J


phase


The initial fluorescence level Fo and the rate at which


this yield rises in the light in the 0.01–1 ms time range was


found to be linearly related to light intensity under our


experimental conditions. Fo reflects the fluorescence yield


at full photochemical quenching in the absence of photo-


electrochemical stimulation (i.e. under dark-adapted condi-


tions). Neither Fo nor the rate of the initial rise is affected


after addition of valinomycin. This indicates that the target
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site of the ionophore, which has a noticeable effect in the


time region above 1 ms, is not at the RC site(s) at which


primary trapping and charge separation occurs and likely


also not at the organizational antenna size level. In this


respect, the effect of valinomycin is quite different from that


of triazine- and phenylurea-type herbicides, as illustrated for


DCMU in Fig. 5. These agents cause changes in Fo and in


the rate of the initial fluorescence rise, as will be reported in


a forthcoming communication (Hiraki et al., in preparation,


but see also Refs. [21,22]).


The insensitivity of Fo and the rate of the initial rise to


VMC, in contrast to substantial effects after the initial


events (Figs. 4 and 5), is of prime importance and requires


attention in particular with respect to the trapping mecha-


nism which determines photochemical quenching of fluo-


rescence emission.


4.3. Fluorescence rise in the 0.01–10 ms time domain: O–


J–I rise


The rate at which the fluorescence rises in the light in the


1–20 ms time region is considerably increased in the


presence of VMC, in contrast to an unaltered initial rise


during the first 1 ms. This points to a mechanism in which


trapping during a (the) first turnover(s) occurs in a different


environment than in subsequent turnovers. The supposed


difference might be (i) an altered concentration or activity of


fluorescence quenchers, (ii) an altered trapping property of

Fig. 6. Simplified representation of reaction patterns and intermediates of the transf


a semi-closed (central) and closed form (bottom row), respectively, in a light pu


adapted open RC [S1] YZP PheQA is assumed to be in state S1. Further simplificat


are combined, (ii) low efficiencies for losses different form photochemical storage


(iii) electron flow beyond QA
� is for the ease of explanation (see text) and illustrat


side is not specified, and designated with [PheQA]
2�. A net positive charge (


photochemical quenching. The release of this quenching is designated to occur w


constants for the reduction of QA, P
+ and YZ


+, respectively, with OEC in S1 (or S2


each of the three rows are given in the right-hand column.

the RC, or (iii) a combination of both. The first possibility is


in harmony with models and views advocated by others


[20,25,26], except for the fact that the quencher apparently


has to be generated or activated by (a product of) the first


turnover(s) to allow for the difference in quenching behav-


iour in first and following turnovers. The effect of VMC


then would point to an enhancement of the release of the


quenching, or enhanced conversion of the quencher. How-


ever, to our knowledge, none of the data and interpretation


models published so far has offered evidence for the


generation and existence of this type of quencher. In


addition, none of the quenchers identified so far, i.e. QA,


P680+, carT, PQ, has been reported to possess the property


to behave differently in first and subsequent turnovers.


The second possibility of an altered trapping property of


the RC after a first turnover finds support in the recently


proposed Three-State Trapping Model of PSII [21,22]. This


model is based on a double hit trapping mechanism and


discriminates between open, semi-closed (-open) and closed


RCs with a relative variable fluorescence yield (rFv) equal


to rFv = 0, 0.5 and 1, associated with 0, 1 and 2 electrons


trapped at the acceptor side, respectively. It has been argued


that during its life time a semi-closed RC, formed with high


trapping efficiency in a first hit (turnover), can be trans-


ferred into a closed RC upon a second hit. This transfer


however occurs with a low efficiency and is under control of


the rate of radical pair recombination in the RC, as we will


briefly illustrate now (Fig. 6).

er of an open (upper row) and semi-closed reaction center (central row) into


lse with excitation rate kL. The oxygen evolving complex (OEC) of dark-


ions are (i) initial excitation and charge separation, and recombination steps


(heat, nonradiative charge recombination, TRC formation) are assumed, and


ion not considered. The location of the 2nd electron trapped at the acceptor


+) in the transfer pathway between OEC and RC is assumed to cause


ith rate constants k1* and k2*. Rate constants ke, ky1(2)) and k1(2) are rate


) state. Values of relative variable fluorescence yields (rFv) for RC states in
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4.4. The fluorescence rise in the 1–20 ms time interval


([O–]J–I phase) and radical pair recombination: effect of


VMC


A first turnover excitation of an open reaction center [S1]


YZP PheQA which, with kL f 1 ms� 1, will occur in the


initial time domain between 0.01 and 1 ms, leads to the


semi-closed state of the RC [S2] YZP PheQA
�. The reaction


pattern is shown in the upper row of Fig. 6 in which kL and


k� 1 are rate constants of RC excitation and radical pair


recombination, respectively, and ke, ky1 and k1 are those of


QA, P
+ and YZ


+ reductions with the OEC in state S1. The


trapping efficiency in an open RC (Utr
o) for trapping the


electron in QA is Utr
o = ke/(ke + k� 1). Because in general,


ke>k� 1, the efficiency in an open center, is close to 1. This


reaction pattern can be simplified by taking ky1 and k1


collectively together and replacing it with k1*. This constant


can be attributed to the rate constant for the release of the


donor side quenching exerted by positively charged inter-


mediates in the electron transport pathway between OEC


and the special pair (see Fig. 6, 1st row).


Excitation of the semi-closed RC [S2] YZP PheQA
�,


initiates the cascade of reactions resulting in full closure


of the RC, as illustrated in the 2nd row of Fig. 6. The


efficiency with which electron trapping occurs in a semi


closed state like [S2]YZP PheQA
� is Utr


so = ky2/(ky2 + k� 1).


According to reported values for ky2 and k� 1, both of the


order of about (10 ns)� 1 and S-state-dependent [27–29],


Utr
so is much less than 1, but nevertheless nonzero, in


contrast to what generally is assumed in current trapping


models [24–26,30,31]. The low electron trapping efficiency


in semi-open centers causes a low actual rate of RC closing.


It is reflected by the slow fluorescence rise (J–I phase) in


the 2–200 ms time region (Figs. 1 and 3). An increase in the


actual rate is predicted to occur concomitant with an


increase in the trapping efficiency Utr
so. Utr


so will increase


concomitant with either an increase in ky2, or a decrease in


k� 1 . The effect of VMC in causing an increased rate of the


release of the fluorescence quenching in the J–I phase of the


induction period in the light would be conclusive with an


effect on the efficiency with which electron trapping in


singly reduced semi-open RCs occurs.


4.5. Simulation of the O–J–I–P fluorescence induction


curve in terms of PSII rate constants: effect of VMC


The analysis and simulation of the full O–J–I–P induc-


tion curve in the presence and absence of VMC (Fig. 5;


Table 2) indeed shows that the major, if not exclusive effect


of valinomycin on the primary reactions of PSII is on the


rate of radical pair recombination in the light. A reduction


with a factor 103 from k� 1f105 to 102 ms� 1 with only


marginal changes, if at all in the other rate constants, gives a


good fit for the F(t) curves in the absence and presence of


VMC. It should be noted that from a kinetic point of view


the rate constants in the light for YZ
+ reduction (ky1(2)) could
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have been increased with the same factor instead of the


decrease in k� 1. However, this would have given unlikely


high values for these rate constants. A much lower value


than k� 1f105 ms� 1, which has been reported for light


conditions [29] has been concluded to exist in the dark [21].


The dark fluorescence yield under maximal photochemical


quenching (Fo) was shown to be associated with a rate


constant of radical pair recombination in the RC that was


much lower than after pre-illumination even with a single


turnover flash. The magnitude of the 15–25% increase in Fo


after single flash excitation has quantitatively been shown to


be consistent with a more than 100-fold increase in k� 1


towards a value of approximately 105 ms� 1 and stable for a


dark period of minutes [21].


It is tempting to conclude from the present experiments


that VMC inhibits the increase of the rate constant of radical


pair recombination of the RC in the light. The documented


light effect on the rate (constant) of radical pair combination


in the absence of the ionophore has been suggested to be


associated with an electrostatic effect of local charges,


presumably those accumulating in the OEC at the donor


side, on the quasi-equilibrium between energetic states of


excited RC chlorophyll and of the radical pair P+Phe�. This


effect could well be associated with the chaotropic proper-


ties of the ionophore. Further experiments are required to


study the reported effect of VMC in relation to its activity as


an ADRY agent and to test whether or not other ADRY


agents [32] share this property in interacting with the


energetics of excited and charge-separated states within


the photosynthetic reaction center of PSII.
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the O and P steps in chlorophyll fluorescence rise measured at differ-


ent intensities of exciting light, Aust. J. Plant Physiol. 28 (2001)


1151–1160.


[24] U. Schreiber, C. Neubauer, The polyphasic rise of chlorophyll fluo-


rescence upon onset of strong continuous illumination: II. Partial


control by the photosystem II donor side and possible ways of inter-


pretation, Z. Naturforsch. 42c (1987) 1255–1264.


[25] U. Schreiber, A. Krieger, Hypothesis: two fundamentally different


types of variable chlorophyll fluorescence in vivo, FEBS Lett. 397


(1996) 131–135.


[26] J. Lavergne, H.-W. Trissl, Theory of fluorescence induction in photo-


system II: derivation of analytical expressions in a model including


exciton– radical-pair equilibrium and restricted energy transfer be-


tween photosynthetic units, Biophys. J. 68 (1995) 2474–2492.


[27] B.E. Meyer, E. Schlodder, J.P. Dekker, H.T. Witt, O2 evolution and


chlaII
+ (P680+) nanosecond reduction kinetics in single flashes as a


function of pH, Biochim. Biophys. Acta 974 (1989) 36–43.


[28] M.J. Schilstra, F. Rappaport, J.H.A. Nugent, C.J. Barnett, D.R. Klug,


Proton/hydrogen transfer affects the S-state-dependent microsecond


phases of P680+ reduction during water splitting, Biochemistry 37


(1998) 3974–3981.


[29] T.A. Roelofs, C.H. Lee, A.R. Holzwarth, Global target analysis of


picosecond chlorophyll fluorescence kinetics from pea chloroplasts,


Biophys. J. 61 (1992) 1147–1163.


[30] A.D. Stirbet, Govindjee, B.J. Strasser, R.J. Strasser, Chlorophyll a


fluorescence induction in higher plants: modelling and numerical


simulation, J. Theor. Biol. 193 (1998) 131–151.


[31] D. Lazar, P. Pospisil, Mathematical simulation of chlorophyll a fluo-


rescence rise measured with 3-(3V,4V-dichlorophenyl)-1,1-dimethylur-


ea-treated barley leaves at room and high temperatures, Eur. Biophys.


J. 28 (1999) 468–477.


[32] G. Renger, The action of 2-anilinothiophenes as accelerators of the


deactivation reactions in the water-splitting enzyme system of photo-


synthesis, Biochim. Biophys. Acta 256 (1972) 428–439.





		Photoelectric effects on chlorophyll fluorescence of photosystem II in vivo. Kinetics in the absence and presence of valinomycin

		Introduction

		Materials and methods

		Results and interpretation

		Discussion

		Photoelectrochemical stimulation of PSII fluorescence: I-P phase

		The rate of initial fluorescence rise from Fo: O-J phase

		Fluorescence rise in the 0.01-10 ms time domain: O-J-I rise

		The fluorescence rise in the 1-20 ms time interval ([O-]J-I phase) and radical pair recombination: effect of VMC

		Simulation of the O-J-I-P fluorescence induction curve in terms of PSII rate constants: effect of VMC



		Acknowledgements

		References








www.elsevier.com/locate/bioelechem


Bioelectrochemistry 60 (2003) 97–106

Modeling of ionic relaxation around a biomembrane disk


László Oroszia,*, Olaf Hasemannb, Elmar Wolff b, András Déra
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Abstract


A simplified Brownian dynamics model and the corresponding software implementation have been developed for the simulation of


electrolyte dynamics on the mesoscopic scale. In addition to direct control simulations, the model system has been verified by a quantitative


comparison with the Debye–Hückel theory. As a first application, the model was used to simulate ionic relaxation processes following abrupt


intramembrane charge rearrangements in the case of a disk shaped membrane. In addition to its general implications, the obtained properties


of the relaxation kinetics confirm the assumptions of the theory of the so-called suspension method, a technique capable of tracing molecular


charge motions of membrane proteins in three dimensions.

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


The interface of biological membranes and the surround-


ing electrolyte is the location of important signal and energy


transduction processes. Studies of the lateral organization of


cell membranes revealed that proteins and lipids tend to


form supramolecular assemblies as stable or temporary


mesoscopic structures interacting with different ligands


and the electrolyte. The available experimental and theoret-


ical information is concerned mainly with the biochemical


characterization of supramolecular assemblies, at the same


time there are a relatively few attempts to model the


electrostatics and the dynamic behaviour of the electrolyte


on the mesoscopic scale.


There are basically three levels of theory to model the


electrolyte in biological systems. The most fundamental and


sophisticated approach is molecular dynamics (MD) that is


used mainly for modeling individual proteins and their


microenvironment. Towards systems having larger dimen-


sions, theories of higher phenomenological levels: Brow-


nian dynamics (BD) and continuum theories can be used.


During the past years, molecular dynamics modeling


with explicit solvent and membranes have provided a


substantial amount of information about a number of mem-
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brane proteins, mainly ion channels. In spite of the impres-


sive increase in computational performance, MD calcula-


tions still face fundamental difficulties [1]. The main


problem is that the duration of the physical processes to


be modeled (e.g. ion transport) is usually far longer than that


can be handled by MD.


Brownian dynamics represents an attractive way for


simulating over long time scales without the need of


handling the solvent molecules explicitly. In BD, stochastic


equations of motions with effective forces are integrated


utilizing the chaotic nature of ionic motion in water. By the


application of BD simulations, a remarkable amount of


information has been gathered about ion channels (e.g.


Refs. [2–7]), macromolecular polyions and enzyme sub-


strate interactions [8–10].


On the highest phenomenological level, there are the


continuum theories of electrolytes originally developed for


bulky systems early in the 20th century. Although the


validity of continuum theories for the macroscopic scale


has been proven by numerous experiments, the more recent


problems in biology are usually concerned with mesoscopic


systems. The reliability of continuum theories (Poisson–


Boltzmann and Poisson–Nernst–Planck) in systems with


dimensions comparable to the Debye length has been


investigated lately [11,12]. Based on the comparison of


these theories with BD simulations, it was concluded, that


in systems having dimensions comparable or smaller than
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the Debye length, continuum theories fail to yield reliable


estimates.


Our approach was to define and implement a simplified


Brownian dynamics model on the mesoscopic scale. Tracing


of individual ion trajectories is based on a special case of the


Langevin equation, corresponding to the situation of fre-


quent collisions of ions with the solvent molecules com-


pared to the simulation time step. In our approximation we


neglect all specific short range or ‘‘chemical’’ interactions


(such as Pauling and hydration forces between ions, surface


adsorption effects). The membrane, the ions, and the sim-


ulation volume are treated as geometric objects. During


simulations, in the case of ion–ion, ion–membrane and


ion–wall (of the simulation volume) collisions, specific


‘‘low-cost’’ intersection handler algorithms are employed.


Exploiting the computational benefits of these simplifica-


tions, we typically deal with time steps of approximately


250 ps and simulation volumes having a diameter in the


range of 100 nm.


In this paper, first we introduce our model: we discuss


the underlying physical concepts and briefly refer to the


implementation, the possibilities of the simulation tool. This


is followed by a comparison of the model and the Debye–


Hückel theory. Then we apply the model to the problem of


ionic relaxation as a consequence of abrupt intramembrane


dipole transitions in the case of a membrane disk. In


addition to its general implications concerning the dielectric


properties of membrane fragments, solving this problem is


essential for the interpretation of electric signals associated


with intramolecular charge displacements of membrane


proteins [13]. Such signals can be measured in three


dimensions by the so-called suspension method [14] as it


was demonstrated experimentally on bacteriorhodopsin (bR)


containing purple membrane fragments [15]. Our simula-


tions are in concert with earlier assumptions based on


experimental data [16] and reveal new information on the


kinetics of the relaxation process.

2. Theoretical methods


2.1. Brownian dynamics for electrolytes


According to the BD framework, the electrolyte is


modeled by calculating all ion trajectories separately based


on a stochastic equation of motion. This is called the


Langevin equation that can be written in the following form


for the ith ion:


mi


d2!ri ðtÞ
dt2


¼ !
FiðtÞ � cimi


d!ri ðtÞ
dt


þ!
F R


i ðtÞ ð1Þ


where mi is the mass, !ri is the position of the ion. The


interaction between the ion and the surrounding water


molecules is approximated by an average frictional force


with a friction coefficient cimi (ci is the collision frequency)

and a stochastic force
!
F R


i ðtÞ resulting from the random


collisions. The term
!
FiðtÞ in Eq. (1) is the systematic force


acting on the ith ion. In many simulations,
!
FiðtÞ is the


electric force due to other ions, fixed and induced surface


charges and is typically calculated by solving Poisson’s


equation for the given boundary.


The Langevin equation can be solved by numerical


integration at discrete time steps Dt. In the region where


ciDtJ 1, with the assumption that the interparticle force is


constant over the integration time step, the following formula


is derived [17,18]:


!riV¼!ri þ
!
Fi


mici
Dt þ!


Ri ðDtÞ ð2Þ


The components of
!
RiðDtÞ are Gaussian distributions


with zero mean and a variance of 2DiDt=((2kT)/(mici))Dt.
Eq. (2) is the equation of motion utilized in our model.


2.2. On the Debye–Hückel theory


We will use the Debye–Hückel theory of electrolytes to


verify our model. According to the continuum theory, the


electrostatic potential around a fixed ion of charge ze can be


approximated by a screened Coulomb potential /(r), in case


of a symmetric two-component electrolyte with a dielectric


constant eW:


/ðrÞ ¼ ze


4pe0eWr
exp � r


rD


� �
ð3Þ


where r is the distance from the fixed ion and rD is the


Debye screening length given by:


rD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi


e0eWkT
2e2NAcðlÞ


s
ð4Þ


where c(l) is the bulk concentration (in mM/l), T is the


temperature, NA is Avogadro’s number and k is the Boltz-


mann constant. Eq. (3) is valid when the Debye length is


much bigger than the ion radius. The relation between the


electrostatic potential and the concentration of an ion


species is:


cðrÞ ¼ cðlÞexpð�ze/ðrÞ=kTÞ ð5Þ

3. Model and implementation


The electrolyte is modeled in a so-called simulation


volume. The electrolyte surrounds a central object, a mem-


brane disk that may hold surface charges and intramembrane


dipoles (Fig. 1). The ions move through a continuous


medium (water) of homogeneous dielectricity eW and vis-


cosity gW. At the beginning of a simulation, the ions are







Fig. 1. Schematic representation of the model system. The membrane disk


is positioned in the middle of the simulation volume. The space between the


disk and the walls of the simulation volume is filled up by the electrolyte.


On the upper and lower sides of the membrane disk, surface charges can be


placed and an intramembrane dipole can be activated both in the form of


uniform charge lattices.
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randomly distributed. The next state of the electrolyte (i.e.


the new positions of the ions) is always calculated from the


previous one. The states are separated by a Dt time interval


being much shorter than the simulated process, with the


condition of ciDtJ 1. According to Eq. (2), if only electric


forces are present in the system, the displacement of an ion


during this Dt is composed of two parts: the electric


(Coulomb) and a Brownian part:


D!ri ¼ D!r E
i þ D!r B


i ð6Þ


The Coulomb part summarizes all the effects of the other


ions and the membrane charges on the given ion. It can be


written in the form:


D!riE ¼ liqi
!
E ð!ri ÞDt ð7Þ


where li= 1/mici is the mobility of the ion, qi is the ion


charge,
!
E ð!ri Þ is the electric field at !ri generated by all the


other qj charges (other ions, surface charges and intramem-


brane dipoles) present in the system. At the current state of


the model, induced charges of ions due to the dielectric


heterogeneity caused by the membrane are neglected. This


is an approximation based on the fact that the membrane


disk is a thin object (5 nm) compared to the mesoscopic


volume (approximately 100 nm in diameter) in which the


ionic relaxation takes place.

3.1. Geometric aspects, collisions


In our treatment we replace the traditionally used


short-range repulsive potentials by geometric concepts to


avoid particle overlaps (like ion–ion and ion–membrane


overlaps).


The ion is considered as a rigid sphere around the ionic


charge, having a radius defined by the following hydrody-


namic radius:


ri ¼
1


6pgWli


ð8Þ


where gW is the viscosity coefficient of the water.


Ion–ion overlaps are handled by using a stochastic


overlap eliminator algorithm which randomly dislocates


the overlapping particles. Ion–membrane collisions are


modeled by a simple reflection algorithm which reflects


the total (electric + Brownian) displacement vectors of the


ions on the membrane surface. According to our tests, these


algorithms work satisfactorily in the concentration range


( < 1 mM) and at the time resolution (Dt = 250 ps) used in


our simulations.


The size of the simulation volume must be large enough


to reproduce the physics of the real system. Simulations


seem to be sufficiently accurate if the distance between the


membrane object and the simulation volume wall exceeds


few times (3–4) the Debye length. However, because of


performance reasons, the volume size has to be kept at the


smallest possible value. As a compromise between the


required accuracy and computational cost, the optimal value


has to be determined experimentally by carrying out virtual


measurements on the modeled electrolyte.


3.2. The diffusive boundary


In our model, the simulation volume is virtually sur-


rounded by a bath of the bulk electrolyte (i.e. constant bath


concentration). The walls of the simulation volume are said


to be diffusive (or open) because ions can enter and leave


the system. This is an essential requirement because typi-


cally membranes are charged objects and the electrolyte in


the simulation volume must be able to compensate this


charge to achieve equilibrium and electroneutrality.


The diffusional contact with the infinite bulk phase is


simulated by using a so-called Brown container. The Brown


container is an exact copy of the simulation volume created


whenever a simulation is started. During a simulation, the


electrolytes of the two systems evolve in parallel, with the


difference that in the Brown container there is no electric


interaction (only Brownian motion) and the walls here are


reflective. Anytime a particle in the Brown container col-


lides with the wall, it is reflected and at the same moment a


copy of this particle is entered in the simulation volume at


the same position. On the other hand, if a particle leaves the


simulation volume, it is simply deleted from the list of ions
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of the simulation volume (Fig. 2). This simple idea is


utilized to simulate the diffusion between the simulation


volume and the surrounding infinite bulk phase.


3.3. The simulation algorithm


The algorithm that connects consecutive states of the


electrolyte consists of the following operations: (a) precal-


culation of the ion–ion and ion–membrane Coulomb inter-


actions for each ion in the system (without applying the


forces), (b) changing the ion positions according to the


stored Coulomb part and by applying the Brownian dis-


placements, (c) handling the ion–membrane collisions, (d)


handling the diffusion out of and into the simulation volume


(using the Brown container), (e) handling the ion overlaps.


3.4. The simulation tool


The current implementation of the model realizes a sim-


ulation system consisting of a simulation volume (shpere or


cylinder) containing the electrolyte and a membrane disk in


the middle (Fig. 1). The membrane disk can be configured to


hold surface charges and intramembrane dipoles (both real-


ized in the form of uniform discrete charge lattices perpen-


dicular to the membrane normal in adjustable depths). The


surface charge and dipole configuration of the membrane and


various dynamic simulation parameters (time resolution,


temperature, interaction switches, etc.) can be changed at


arbitrary points of the simulation time course. This offers the


possibility to investigate the dynamic behaviour of the


electrolyte, such as ionic relaxation processes upon sudden


charge reconfiguration of the membrane, as it will be


demonstrated.


The simulated system can be investigated visually via the


tool’s three-dimensional viewer and simultaneously the so-


called virtual measuring devices can be used to monitor the


system. Three devices are implemented currently: The


‘‘dipole moment recorder’’ records the time trace of the


total dipole moment of the electrolyte. The ‘‘multipoint


concentration recorder’’ can be used to monitor the time


dependence of concentrations of given ion species in one or


more measuring spheres having arbitrary radii and locations

Fig. 2. Handling the diffusion. When an ion in the Brown container hits the


volume wall, a copy of it is entered in the simulation volume at the same


position. If an ion in the simulation volume hits the volume wall, it is


deleted.

in the simulation volume. The ‘‘spatial concentration and


potential profiler’’ is available for measuring the radial or z-


dependence (membrane normal) of ion concentrations and


the electric potential generated by the electrolyte.


The simulations in this work were performed by the


simulation tool using its virtual measuring devices (with


execution times ranging typically from few hours to few


days on an AMD Athlon 1.33 GHz system). Throughout the


simulations we used a symmetric electrolyte of Na+ and Cl�


ions with the following parameters:


Diffusional coefficients: DNa ¼ 1:33 � 10�9 m
2


s
;


DCl ¼ 2:03 � 10�9 m
2


s


Ion radii: rNa ¼ 1:84 � 10�10 m; rCl ¼ 1:21 � 10�10 m


Bulk concentration: c ¼ 0:3
mM


l


Dielectric constant: eW ¼ 80;


Viscosity: gW ¼ 8:91 � 10�4 kg


m � s


Temperature: T ¼ 298 K

4. Simulations


4.1. Comparison with the Debye–Hückel theory


The Debye–Hückel theory [19] of the electrolyte offers


the possibility of testing the validity of our approach. The


first virtual measurements were intended to reproduce the


well known equilibrium properties of the electrolyte around


a fixed ion, in case of a symmetric two-component electro-


lyte containing Na+ and Cl� ions. (Technically, the fixed ion


was realized as a membrane disk having a thickness and


diameter equal to the hydrodynamic radius of a Cl� ion, the


negative charge has been realized as a charge positioned in


the middle of the disk.) The comparison of our model and


the continuum theory was made at the same ion concentra-


tion as used later in the dynamic simulations.


The spatial distribution of Na+ and Cl� ions has been


measured for the modeled electrolyte using a virtual mea-


suring device of the simulation tool (Fig. 3). According to


Eq. (5), the electrostatic potential has been derived and by


utilizing Eq. (3), the Debye length could be determined by


exponential fitting. The bulk concentration was 0.3 mM/l,


the radius of the simulation volume (72 nm) was four times


the Debye length given by the Debye–Hückel theory.


Simulations with time resolutions of 250 ps, 400 ps, 1 ns


and 2 ns have been performed at a temperature of 298 K.


The Debye lengths obtained from the simulations running at


250 ps, 400 ps and 1 ns time resolutions were in a







Fig. 3. Simulated Debye–Hückel shielding. The ion concentrations as a


function of distance from a fixed negative charge. The electrolyte


composition was Na+ and Cl� of 0.3 mM/l in bulk, at a temperature of


298 K.
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quantitative agreement with the theoretical value. The ratios


of the modeled and theoretical values were 1.039, 1.061 and


0.988, respectively.


Note that this shielding behaviour of the electrolyte


characterized by the Debye length is actually a dynamic

Fig. 4. Simulated electrolyte relaxation. The dipole moment of the electrolyte as a


system, at t = 2 As, a rapid intramembrane dipole transition !l IM occurs in the mem


transition in the direction of the membrane normal (z axis), (b) corresponds to the c


Na+ and Cl� ions of 0.3 mM/l bulk concentrations, the dimensions of the membra


half times determined after smoothing with multi exponential fitting.

effect: it is the result of the dynamic electric interactions


between the ions. Thus the quantitative agreement of the


Debye length in the 250 ps—1 ns range implies that the


model produces reliable results at these time resolutions.


(Above 1 ns there is a drastic decrease of accuracy that can


be attributed to the imprecise integration of the electric


forces.) Based on this successful test we relied on our model


in solving more complicated problems, such as the simula-


tion of the dynamic response of the electrolyte to an intra-


membrane dipole transition.


4.2. The speed of ionic relaxation


In general, ionic relaxation around biological membranes


is of common interest. In particular, we were interested in


the kinetics of the relaxation process due to abrupt charge


rearrangements inside membrane fragments. This informa-


tion is utilized for the interpretation of time resolved electric


signals of membrane proteins [13] measured by the suspen-


sion method [20].


Fig. 4a and b shows the total dipole moment of the


electrolyte as a function of time after a sudden intramem-


brane dipole change. Two cases of intramembrane dipole


jumps were investigated: Fig. 4a shows the response of the

function of time (average of 100 simulations). After the equilibration of the


brane disk. (a) shows the response of the electrolyte in the case of a dipole


ase of a transition in the membrane plane ( y axis). The electrolyte contained


ne disk were 50� 5 nm, and the temperature was 298 K. The t1/2 values are
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electrolyte due to a dipole transition in the direction of the


membrane normal (z-axis), while Fig. 4b displays the case of


a dipole transition in the membrane plane ( y-axis). The data


were obtained with the ‘‘dipole moment recorder’’ integrated


in the simulation tool. The electrolyte surrounded a mem-


brane disk having a thickness of 5 nm and a diameter of 50


nm in a simulation volume with a diameter of 150 nm. The


symmetric electrolyte containing Na+ and Cl� ions had a


bulk concentration of 0.3 mM/l (Debye length: ca. 18 nm).


The surface charge densities of the upper and lower surfaces


of the membrane disk were chosen to be in the physiological


range, namely � 0.04 C/m2. The surface charges were


placed on two uniform lattices with individual charges of


4e, a spacing of 4 nm in a depth of 500 pm measured from


the membrane surface. Also the intramembrane dipole was


realized in the form of a uniform lattice in the middle of the


membrane disk having a total dipole strength of 3.102�10� 25


Cm. The separation of the dipole charges were 4 nm and the


same lattice spacing and charge magnitudes were chosen as


in the case of surface charges. The simulation was performed


with a time resolution of 250 ps, at room temperature of 298


K. The total simulation time covered 3 As, from which 2 As
was used to equilibrate the system, so as to allow the


formation of the diffuse double layer around the membrane


from the initial random ionic distribution. This buildup


process was monitored by an additional virtual measuring


device, which recorded the time dependence of the number


of Na+ and Cl� ions in the simulation volume (Fig. 5). The


total number of ions raised from the initial value of 634 to


over 1500 during the simulation time course, corresponding


to the requirement of electroneutrality. The intramembrane


dipole was switched on at 2 As. In a single simulation, the


magnitude of fluctuations of the dipole moment of the


electrolyte is much higher than the effect caused by the


intramembrane dipole transition. In order to achieve an


acceptable signal-to-noise ratio, 100 simulations were per-


formed and averaged for each dipole configuration.

Fig. 5. Buildup of the diffuse double layer. The total number of Na+ and


Cl� ions in the system recorded as a function of time. At the beginning the


ions are randomly distributed. The data correspond to a single simulation.

As it can be seen, the relaxation process corresponding to


the y dipole transition is significantly faster. In order to


decide whether this effect can be attributed exclusively to


the geometry of the membrane, additional simulations were


performed with a membrane lacking any surface charges,


thus in the absence of the diffuse double layer. As it will be


demonstrated later (Fig. 7) also in this case the relaxation


kinetics shows an anisotropy, however, the direction depen-


dence is much less pronounced.


In the following, we will present (a) control simulations


to verify the used time resolution and size of the simulation


volume, (b) the dependence of the relaxation kinetics on the


geometric details of the intramembrane dipole lattice, (c) the


linearity of the response of the electrolyte, and (d) the


anisotropy of the ionic relaxation. For the sake of simplicity


and because of performance reasons, the simulations were


performed with membrane disks having no surface charges,


and the initial linear phase of the relaxation kinetics was


used to characterize the speed of the process.


4.3. Control simulations


There are simulation parameters that have to be chosen


based on empirical and practical considerations: the simu-


lation time step and the radius of the simulation volume.


Using a smaller time step or a larger radius means improved


accuracy but requires more calculation time. The optimal


values have to be determined as a compromise between the


required accuracy and the computational cost.


The upper limit on the time step is introduced because the


electric interactions between the ions and the charged mem-


brane object have to be simulated with a satisfying accuracy.


The optimal value can be determined directly by carrying out


simulations with different time resolutions and by comparing


the relaxation kinetics. The early 100 ns of the relaxation


process can be considered to be linear (see Fig. 7, case A) so


the initial slopes of the relaxation kinetics measured at the


different time resolutions can be compared directly after


linear fitting. Fig. 6 shows the slopes of the relaxation


kinetics measured with time resolutions in the range of 100


ps–10 ns. As it can be seen the slope values start to deviate


from the reference line at 1 ns, in concert with the simu-


lations performed for a comparison with the Debye–Hückel


theory. In the < 1 ns range the values are nearly identical


meaning that a time step of 250 ps is a reasonable choice.


The time resolution of 250 ps in our simulations may seem


rather rough compared to the values reported in many papers


utilizing Brownian dynamics. This is due to the facts that (a)


we use a relatively low concentration range and (b) the


relaxation process takes place in a mesocopic volume.


Because of these, the displacements of the ions during the


time step is small enough compared to the typical ion–ion


and ion–membrane distances, so the electric interactions are


calculated at a proper precision level.


The validity of the chosen radius of the simulation


volume has been verified too. Three independent simulation







Fig. 7. Intramembrane dipole configurations. For six different intra-


membrane dipole configurations the first 100 ns of the relaxation kinetics


(i.e. the dipole moment of the electrolyte as a function of time) is recorded


(a) and the slopes (of the dipole moment function of the electrolyte) are


shown (with standard deviations) (b). At a given configuration there are 5


independent slope measurements each based on a linear fit using the


average of 2000 simulations (except E where 16,000 simulations are


averaged), (a) shows the data obtained by averaging all five simulation


series per configuration. In cases A, B, C, D and E the intramembrane


dipole moment is parallel with the membrane normal, in case F the dipole


moment is perpendicular to the membrane normal. The lateral density of the


intramembrane dipole moment is the same in all cases, except E (25%). The


cases A, B, C and D differ only in the particular realization of the same


lateral dipole density. The reference line is defined by the mean value of the


slopes measured in case A. (For further details see text.)


Fig. 6. Verification of the time resolution. The first 100 ns of the relaxation


kinetics (i.e. the dipole moment of the electrolyte as a function of time) is


recorded at time resolutions in the 100 ps–10 ns range and the slopes (of


the dipole moment function of the electrolyte) based on linear fitting are


shown (with standard deviations). At a given time resolution there are five


independent slope measurements based on the average of 4000 simulations


each (except for the 100 ps case with 2000 simulations). The reference line


is defined by the mean value of the slopes measured at 250 ps.
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series each consisting of 2000 simulations have been


performed at a simulation volume diameter of 200 nm. This


corresponds to a simulation volume more than the double of


the original system. Also in this control system the results


(obtained from linear fitting of the first 100 ns of the


relaxation kinetics) were within error compared to the


reference system (data not shown).


4.4. Insensitivity to intramembrane details


In the foregoing, the intramembrane dipole was realized


in the form of a uniform lattice placed in the middle of the


membrane disk. A question can be asked whether the


particular realization of the intramembrane dipole lattice


affects the relaxation kinetics. If yes, how? As it will be


demonstrated, the relaxation kinetics does not show any


significant dependence on the geometric details of the


intramembrane dipole lattice. Fig. 7 shows six different


cases (A, B, C, D, E and F) of the intramembrane config-


uration. In cases A, B, C, D, E the intramembrane dipole is


parallel with the membrane normal, in case F it is perpen-


dicular to it. Situation A, B, C, D correspond to the same


lateral dipole density (,thus total intramembrane dipole


strength) but each of them has a different lattice geometry.


Situation A is the original configuration (the lattice is placed


in the middle of the membrane with a lattice spacing of 4


nm, the separation between the dipole charges of magnitude


4 e is 4 nm). In situation B the separation between the


individual dipole charges is reduced (25%) while maintain-


ing the dipole strength. In situation C the dipole lattice of B


is shifted by 1.5 nm in the direction of the membrane


normal. In D, the lattice spacing has been decreased (50%)


while maintaining the lateral dipole density. It is apparent


from the figure that the relaxation kinetics is insensitive to

the intramembrane configurations A, B, C and D. This can


also be explained by the mesoscopic nature of the system.


The ions involved in this process are distributed around the


membrane in a relatively large volume. Typical distances


between the ions and the membrane are large compared to


the structural changes between the different intramembrane


configurations. Similarly to the case of the intramembrane


dipoles, the geometric details of the surface charge lattices


are also irrelevant when investigating the relaxation kinetics


under the present circumstances.


4.5. Linearity


We tested how the relaxation kinetics depends on the


magnitude of the intramembrane dipole. Case E in Fig. 7 has
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the same lattice properties as case A, except that the


magnitude of dipole charges and so the lateral dipole


density, i.e. the strength of the total dipole is smaller


(25%). The results show that the response of the electrolyte


to an intramembrane dipole change of magnitude lIM is in


first approximation linear in the sense that for the dipole


function l(t) of the electrolyte we can write:


lIMV ¼ a � lIM Z lVðtÞ ¼ a � lðtÞ ð9Þ


We note that the range of the dipole strength where the


linearity was investigated covers the physiological range.


(For the sake of visualization, the intramembrane dipole


lattice used in case A can be transformed into a lattice where


the positive and negative unit charges of a dipole are


separated by 1 nm and the lateral distance between the


dipoles is also 1 nm.)


4.6. Anisotropy


In case F (Fig. 7) the lateral dipole density is the same as


in case A but the direction of the intramembrane dipole is


perpendicular to the membrane normal. As it is apparent


from the figure, the ionic relaxation is faster in this direction


( y). The ratio of the slopes in the initial phase of the ionic


relaxation is approximately 1.67. Obviously, this ratio de-


pends on the radius of the membrane disk (for a very small


membrane the kinetic anisotropy has to disappear). As it was


presented earlier, when the diffuse double layer is present


the ratio is considerably higher (close to 5, see Fig. 4). So we


can say that already in the bulk electrolyte there is an


anisotropy in the relaxation kinetics that is significantly


enhanced if the diffuse double layer is present around the


membrane disk.

5. Discussion


5.1. Relevance to the theory of the suspension method


The suspension method is a technique offering the


unique possibility to follow the intramolecular charge rear-


rangements of membrane proteins in three dimensions [14].


The interpretation of the experimental results is based on a


theory [13] that uses certain assumptions for the ionic


relaxation processes around membrane fragments. The sus-


pension method was originally developed for investigating


the operation of bacteriorhodopsin (bR), the simplest ion


pump in biology.


The suspension method works with a macroscopic num-


ber of oriented membrane fragments containing the mem-


brane proteins and suspended in an electrolyte (e.g. for bR,


the purple membrane fragments are oriented by electric and/


or magnetic fields). The membrane fragments are disk-like


particles of different diameter. During their operation, the


protein molecules undergo conformational transitions be-

tween certain intermediates (e.g. having been triggered by


light, the bR pumps a proton across the membrane while


going through the photocycle).


Based on the simulations we determined the half time of


the relaxation process in the case of a membrane disk with


an intramembrane dipole lattice. Since the relaxation kinet-


ics did not change upon decreasing the lattice spacing (case


D in Fig. 7), we can say that our discrete lattice is a good


approximation for a continuous and homogeneous dipole


distribution (referred later as the ‘‘continuous disk’’). On the


contrary, in typical applications of the suspension method, a


conformational transition is a rare event in a given mem-


brane fragment on the time scale of the relaxation process,


so here we are dealing only with local changes in the


intramembrane dipole.


However, it can be conceded that the properties of the


relaxation kinetics (anisotropy, linearity and insensitivity to


intramembrane details) investigated in the present simula-


tions can be applied for the case of real samples used by the


suspension method.


Without getting into detail, let us only consider the initial


phase of the relaxation kinetics and define the speed of the


process by the ratio of the initial slope of the dipole moment


function of the electrolyte and the magnitude of the intra-


membrane dipole. Based on the superposition principle, the


speed of the relaxation kinetics obtained for the ‘‘continuous


disk’’ is an average value that corresponds to a macroscopic


number of conformational transitions occurring on random


locations on different membrane disks (of the given disk


diameter). The superposition principle can be applied as


long as the perturbation in the spatial distribution of the


ionic cloud around the membrane caused by the intramem-


brane dipole change is negligible. This holds both for the


case of local dipole changes in real samples and for the


initial phase of the relaxation process for the ‘‘continuous


disk’’. Hence, it is plausible to assume that the conclusions


drawn from the simulated initial phase of the relaxation can


be extended to the whole time scale of the real process.


An important assumption of the theory of the suspension


method is that the transient intramembrane dipoles (accom-


panying the conformational transitions between the inter-


mediates) are rapidly compensated by the sorrounding


electrolyte (with relaxation time tR) compared to the life


time of the investigated intermediate states (tL):


tRbtL ð10Þ


We simulated the relaxation process and know its speed


in a particular situation (bulk concentration and disk size).


This can be used as a qualitative upper estimate for systems


having higher bulk concentrations (where the relaxation is


faster) and other membrane sizes or size distributions. In a


particular situation of given life times of intermediate states


(i.e. in the time range under investigation), the validity of


the above relation should be verified. (For measurements on


bR, the life times of the investigated intermediates are on the
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As and ms time scale, therefore relation (10). obviously


holds.)


In addition to relation (10), there are two assumptions of


the theory of the suspension method: (a) the response of the


electrolyte to an intramembrane dipole change is linear and


(b) the particular realization of the intramembrane dipole


change (the locations of charge movements inside the


membrane protein) does not affect the relaxation kinetics.


As it was demonstrated previously, these assumptions are


confirmed by our simulations. Based on these conditions,


the theory of the suspension method renders possible to


conclude on the intermediate dipole moments li
k(k = x,y,z)


based on macroscopically detectable uk(t) voltages:


lkðtÞf
X
i


lk
i


d


dt
xiðtÞ ð11Þ


where xi(t)� s are the concentrations of the intermediates


(obtained from absorption kinetics measurements in the case


of bR). The quantities lk(t) have to be derived using the


formula:


ukðtÞf
X
l


lkðtÞ � f lk ð12Þ


Here the f lk coefficients can be calculated from the


orientational distribution of the molecules. If it is possible


to create situtations experimentally (by changing the sym-


metry properties of the sample, e.g. by orientation with


electric/magnetic fields, photoselection) from which one or


more of the lk(t)� s can be obtained using Eq. (12), then it


is possible to calculate the corresponding li
k intermediate


dipole moments based on Eq. (11). The interpretation of the


li
k values is not a trivial task requiring some additional


considerations [13]. For instance, the anisotropy of the


relaxation kinetics implies that the membrane in-plane


components (lx(t) and ly(t)) of the electric signals measured


by the suspension technique appear with a significantly


lower weight than the normal lz(t) component, due to the


much stronger screening of the electrolyte in these direc-


tions. This should be taken into account when using the


results obtained by the suspension method to check the


validity of certain intermediate structures suggested by


molecular dynamic models [15].


Finally, we note that our simulations were performed at a


low bulk concentration compared to the physiological value.


The suspension method when used for the detection of


electric signals in three dimensions requires low salt con-


centrations. In the case of bR, although it works at high


salinity under natural conditions, the function of the protein


is preserved also in this low concentration regime (e.g. 0.3


mM/l used in the present simulations).


5.2. Concluding remarks


The model has been verified by a comparison with the


Debye–Hückel theory and by performing direct control

simulations to validate the used time resolution and


simulation volume radius. Simulations were performed


to record the response of the electrolyte upon fast intra-


membrane dipole transitions and the half times of the


relaxation processes could be determined. We demonstrat-


ed that around a membrane disk the relaxation kinetics


has its characteristic anisotropy. This is already present in


the bulk electrolyte (in the case of a membrane disk


without surface charges) and it is further increased by the


anisotropy of the diffuse double layer. We showed that


the response of the electrolyte to the dipole transition is


with good approximation linear and that the particular


details of the intramembrane dipole do not affect the


kinetics.


The kinetics of the ionic relaxation is an important factor


in quantifying the electric signals of membrane proteins


(e.g. ion transporters) measured in three dimensions by the


suspension method. The properties of the relaxation process


(speed, anisotropy, linearity and insensitivity to the intra-


membrane dipole details) investigated in this work, validate


the assumptions of the theory of the suspension method and


are in agreement with available electric experiments [14–


16]. As a result of a complex evaluation procedure based on


the theory [13], it is possible to conclude on intramolecular


charge displacements in three dimensions, associated with


the conformational changes accompanying the operation of


the protein studied. Using this information one can establish


a preference among molecular dynamics models [15]. We


note that besides bR, the suspension method has also been


applied to investigate other ion pumps and light sensitive


proteins (e.g. the Cl-pumping halorhodopsin, octopus rho-


dopsin, photosystem-I) [21–26].


Given the flexible architecture of our simulation tool, it


is straightforward to extend it in several directions. Addi-


tional virtual devices (e.g. for particle tracking, ionic flux


recording, electric potential scanning) can be added to the


simulation tool if required later. Some potential areas of


development are: (a) modeling biomembrane-electrolyte


systems of higher geometric complexity, (b) simulating


complex electrolytes, buffer effects [27], (c) functional


integration of ion channels, ion pumps and specific bind-


ing ports, (d) calculating the structure of the electric field


in the electrolyte near specific biomembrane charge pat-


terns (e.g. supramolecular assemblies). In general, the


corpuscular nature of this mesoscopic dynamic model


and the flexibility of the implementation offers the possi-


bility of investigating many new aspects of membrane


coupled energy conversion processes.

Acknowledgements


This work was supported by a grant of the Hungarian


research foundations: OTKA T-029814. Many thanks to


Laszlo Fabian for his assistance in simulation management.


We are also indebted to Pal Ormos for helpful discussions.







L. Oroszi et al. / Bioelectrochemistry 60 (2003) 97–106106

References


[1] B. Roux, Molecular dynamics simulations of ion channels: how far


have we gone and where are we heading? Biophys. J. 74 (1998)


2744–2745.


[2] P. Lauger, H. Apell, Jumping frequencies in membrane channels:


comparison between stochastic, molecular dynamics and rate theory,


Biophys. Chem. 16 (1982) 209.


[3] E. Jakobsson, S.W. Chiu, Stochastic theory of ion movement in chan-


nels with single-ion occupancy. Application to sodium permeation of


gramicidin channels, Biophys. J. 52 (1987) 33–45.


[4] S.H. Chung, M. Hoyles, T. Allen, S. Kuyucak, Study of ionic currents


across a model membrane channel using Brownian dynamics, Bio-


phys. J. 75 (1998) 793–809.


[5] S.C. Li, M. Hoyles, S. Kuyucak, S.H. Chung, Brownian dynamics


study of ion transport in the vestibule of membrane channels, Bio-


phys. J. 74 (1998) 37–47.


[6] T. Schirmer, P. Phale, Brownian dynamics simulation of ion flow


through porin channels, J. Mol. Biol. 294 (1999) 1159–1168.


[7] W. Im, S. Seefeld, B. Roux, A grand canonical Monte Carlo-Brow-


nian dynamics algorithm for simulating ion channels, Biophys. J. 79


(2000) 788–801.


[8] R.C. Wade, B.A. Luty, E. Demchuk, J.D. Madura, M.E. Davis, J.M.


Briggs, J.A. McCammon, Simulation of enzyme-substrate encounter


with gated active sites, Nat. Struct. Biol. 1 (1994) 65–69.


[9] J.D. Madura, J.M. Briggs, R.C. Wade, M.E. Davis, B.A. Luty, A. Ilin,


J. Antosiewicz, M.K. Gilson, B. Bagheri, L.R. Scott, J.A. Mccam-


mon, Electrostatics and diffusion of molecules in solution—simula-


tions with the University of Houston Brownian Dynamics program,


Comput. Phys. Commun. 91 (1995) 57–95.


[10] A.H. Juffer, J. de Vlieg, P. Argos, Adsorption of proteins onto charged


surfaces: a Monte Carlo approach with explicit ions, J. Comput.


Chem. 17 (1996) 1783–1803.


[11] G. Moy, B. Corry, S. Kuyucak, S.H. Chung, Tests of continuum


theories as models of ion channels: I. Poisson–Boltzmann theory


versus Brownian dynamics, Biophys. J. 78 (2000) 2349–2363.


[12] B. Corry, S. Kuyucak, S.H. Chung, Tests of continuum theories as


models of ion channels: II. Poisson–Nernst –Planck Theory versus


Brownian dynamics, Biophys. J. 78 (2000) 2364–2381.


[13] L. Oroszi, A. Dér, P. Ormos, Theory of electric signals of membrane


proteins in three dimensions, Eur. Biophys. J. 31 (2002) 136–144.

[14] A. Dér, P. Ormos, Introduction of a method for three-dimensional


mapping of the charge motion in bacteriorhodopsin, Biophys. Chem.


56 (1995) 159–163.


[15] A. Dér, L. Oroszi, A. Kulcsár, L. Zimányi, R.T. Boconádi, L.
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[22] A. Dér, S. Száraz, L. Keszthelyi, Charge displacements during the


photocycle of halorhodopsin, J. Photochem. Photobiol. B. 15 (1992)


299–306.
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Abstract


This study computes the contribution of the externally induced transmembrane potential to the energy of large, highly conductive pores.


This work was undertaken because the pore energy formulas existing in the literature predict qualitatively different behavior of large pores:


the original formula proposed by Abidor et al. in 1979 implies that the electrical force expanding the pore increases linearly with pore radius,


while later extensions of this formula imply that this force decreases to zero for large pores. Starting from the Maxwell stress tensors, our


study derives the formula for the mechanical work required to deform a dielectric body in an ionic solution with steady-state electric current.


This formula is related to a boundary value problem (BVP) governing electric potentials and fields in a proximity of a pore. Computer


simulations yield estimates of the electrical energy for pores of two different shapes: cylindrical and toroidal. In both cases, the energy


increases linearly for pore radii above approximately 20 nm, implying that the electrical force expanding the pore asymptotes to a constant


value for large pores. This result is different from either of the two energy formulas mentioned above. Our study traces the source of this


disagreement to approximations made by previous studies, which are suitable only for small pores. Therefore, this study provides a better


understanding of the energy of large pores, which is needed for designing pulsing protocols for DNA delivery.

D 2003 Elsevier B.V. All rights reserved.

Keywords: Electric field; Electroporation; Maxwell stress tensor; Pore energy; Pore expansion rate; DNA delivery

1. Introduction


Experiments conducted on artificial bilayers, suspensions


of vesicles or cells and tissues have demonstrated that a


large, externally induced transmembrane potential (D/m)


causes a dramatic increase in the permeability of the


membrane. This effect is usually explained in terms of


pores, i.e., small holes in the membrane, whose creation


and subsequent growth is facilitated by large D/m. In 1979,


Abidor et al. proposed a theoretical explanation for the role


of D/m in electroporation. Specifically, D/m decreases the


energy of a pore by affecting the capacitive energy stored in


the membrane. In their original paper [1], this electrical


contribution to the pore energy, UE, was given by


UE ¼ � 1


2h
ðew � emÞðD/mÞ2pr2; ð1Þ


where h is the membrane thickness, ew and em are permit-


tivities of water and the membrane and r is the radius of a

1567-5394/03/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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cylindrical pore. Formula (1) can be easily derived from the


classical example of a dielectric slab sliding between the


plates of a capacitor whose voltage is held constant [2,3].


Thus, formula (1) stipulates that both the membrane and the


water filling the pore are purely dielectric and that the upper


and lower surfaces of the membrane and the pore are kept at


constant potentials that differ by D/m. Strictly speaking,


these assumptions apply only to very small pores of negli-


gible conductance.


Formula (1) was later extended by Pastushenko and


Chizmadzhev [4] to account for the flow of current through


a pore. Their formula for the energy of conducting pores,


UE ¼ � p
h
ðew � emÞðD/mÞ2


Z r


0


r dr


ð1þ kÞ2
; ð2Þ


accounts for the decrease of voltage difference across the


pore: D/m is divided between the pore resistance, Rp, and


the ‘‘input resistance,’’ Ri = 1/(2jr), where j is the conduc-


tivity of the solution. The ratio Ri/Rpu k appears in Eq. (2)


and is computed according to the formula


k ¼ pr
exp�l0=kT ; ð3Þ

2h
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where l0 = e2P(em/ew)/(rem) is the Born energy of an ion, P


is the Parsegian function [5], e is the elementary charge, k is


Boltzmann constant and T is absolute temperature. Includ-


ing l0 in the pore energy formula of Pastushenko and


Chizmadzhev accounts for the interaction of ions with pore


walls. This interaction has been further refined by Barnett


and Weaver [6], who amended Eq. (3) by introducing the


steric hindrance factor.


One needs to recognize that formulas (1) and (2) apply


only to small pores, whose radii are much less than the


membrane thickness. This focus on the energy of small


pores came from the need to explain electroporation experi-


ments that use high-voltage, short pulses to create a large


number of pores with radii not substantially larger than 1 nm


[7,8]. However, when electroporation is used for DNA


delivery, it usually involves low voltage and long pulses


[9,10]. The exact mechanism of DNA uptake is still debat-


ed. Some researchers postulate that DNA uptake relies on


the DNA–membrane interactions, possibly involving sev-


eral small pores [11–13]. On the other hand, an observation


that low-voltage, long pulses create fewer but larger pores


[14,15] suggests that pulses used for DNA delivery may


create pores whose radii are tens of nanometers, i.e., large


enough to allow the passage of a DNA molecule. For such


pores, the interaction of ions with the pore walls, which


features prominently in Eq. (2), is not relevant; it is more


important to correctly represent the growth rate of very large


pores. This growth rate is proportional to the radial force,


which can be computed by differentiating pore energy with


respect to radius r. Here, the two existing estimates differ:


Eq. (1) predicts that the electrical component of the growth


rate increases linearly with radius, while Eq. (2) predicts that


it decays to zero as 1/r. Thus, there is a need to reexamine


the contribution of the transmembrane potential D/m to the


pore energy and to develop a theory that applies to large


conductive pores.


This study derives such a theory from first principles.


Starting from the Maxwell stress tensor, Section 2 derives


the formula for the rate of mechanical work required to


deform a dielectric body in an ionic solution with steady-


state electric current. Section 3 applies this general formula


to a pore and derives the formula for the pore energy for two


pore geometries: cylindrical and toroidal. Section 4 presents


the results of computer simulations, in which the electrical


energies calculated for cylindrical and toroidal pores are


compared with the energies computed from the original


formula (1) of Abidor et al. [1] and from its later extension


(Eq. (2)) of Pastushenko and Chizmadzhev [4] and Barnett


and Weaver [6].

Fig. 1. Dielectric body M in a dielectric/conductive fluid X. E+ and E� are


metal electrodes kept at constant potentials that differ by D/m.

2. Mechanical work required to deform dielectric bodies


in dielectric/conductive fluid


Consider a system consisting of a positive electrode E+


and a negative electrode E� separated by a dielectric/

conductive fluid X with permittivity ew and conductivity


j, which contains purely dielectric bodies M with permit-


tivity em (Fig. 1). Electrodes E+ and E� are connected to a


battery, which maintains a constant voltage difference D/m


between E+ and E�. The electric potential in the fluid is


denoted by w and governed by the following boundary


value problem (BVP):


j2w ¼ 0 in X; ð4Þ


w ¼ D/m on Eþ; w ¼ 0 on E�; w ! 0 at l; ð5Þ


n̂ �jw ¼ 0 on BM ; ð6Þ


where BM denotes the fluid–body interface. The potential w
is completely determined by Eqs. (4)–(6). Given w, the
potential / in the dielectric body M can be computed from


the following BVP:


j2/ ¼ 0 in M ; ð7Þ


/ ¼ w on BM : ð8Þ


Electric fields in dielectric media give rise to forces


described by the Maxwell stress tensor [16]. Specifically,


the force per unit area (stress) exerted by the fluid X upon


the body M is


pw ¼ �Twn̂ ð9Þ


where n̂ is the outward normal on BM and Tw is the


Maxwell stress tensor defined as


Twuew
1


2
AjwA2I �jw �jw


� �
ð10Þ


with I denoting the identity matrix [16]. Eq. (9) assumes


a quasistatic situation with negligible velocity field (i.e.,


the fluid is essentially motionless). Similarly, the dielectric







Fig. 2. Sketch of the macroscopic (solid line) and microscopic (dashed line,


primed symbols) potentials at the body– fluid interface BM.
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body exerts stress on the fluid with electric component


�Tm(� n̂) =Tmn̂, where


Tmuem
1


2
Aj/A2I �j/ �j/


� �
ð11Þ


is the Maxwell stress tensor in the body. The stress owing to


all other mechanical properties of the body is denoted by f.


Thus, the total stress exerted by the body M on the fluid X is


pm ¼ Tmn̂þ f: ð12Þ


The condition of local mechanical equilibrium on the


interface dictates that stresses given by Eqs. (9) and (12) are


equal and opposite. Thus,


f ¼ ðTw � TmÞn̂: ð13Þ


Given the electrical state of the system as specified by w
and /, Eq. (13) determines the necessary mechanical force


exerted by the body to maintain equilibrium. When the body


M deforms with velocity v normal to its surface, the body


does mechanical work at the rate [17]


U̇E ¼
Z
BM


ðf � n̂Þvda ¼
Z
BM


n̂ � ðTw � TmÞn̂vda


¼
Z
BM


pEvda; ð14Þ


where pE denotes the net electric stress normal to the


interface BM,


pE ¼ n̂ � ðTw � TmÞn̂: ð15Þ


Using the definitions of stress tensors (Eqs. (10) and


(11)), the stress pE can be expressed in terms of local electric


fields,


pE ¼ 1


2
ewe


2
N � emE


2
N � d2?


ew
� D2


?
em


� �� �
; ð16Þ


where eN and EN are the tangential components of the


electric field evaluated in fluid X and body M, respective-


ly. Likewise, d?u ewe? and D?u emE? are normal com-


ponents of the dielectric flux evaluated in X and M,


respectively.


From the continuity of potential condition (6), w =/ on


BM, so eN can be replaced by EN in Eq. (16). However,


dielectric fluxes d? and D? are not equal: the macroscopic


BVPs described by Eqs. (4)–(6) and Eqs. (7) and (8) imply


that there is a surface charge equal to (d?�D?) on BM. On


a microscopic level, this surface charge takes the form of the


imbalance in the densities of positive and negative ions in a


thin layer of fluid near the interface, which is described by a


nonequilibrium but steady-state extension of the Poisson–


Boltzmann theory [18]. This layer will cause the actual


values of w on the interface to differ from those calculated


from Eqs. (4)–(6); in Fig. 2, this microscopic-level distri-

bution of potential is denoted by wV and shown with the


dashed line. Because of the boundary condition (8), poten-


tial in the body will also differ (see /Vin Fig. 2).


Note that the dielectric flux computed from microscopic


potentials wVand /Vis continuous across BM: d?V=D?V. Since
the ionic layer is thin (the Debye length for physiological


solutions is below 1 nm [19]), its effect on / and its gradient


is small and can be neglected. Thus, microscopic dielectric


flux D?VcD?V, with D? computed from the macroscopic


BVP (Eqs. (7) and (8)). Consequently, d? can be replaced


by D? in Eq. (16). When D? is expressed in terms of the


normal electric field E?, we obtain the final expression for


the electric stress


pE ¼ 1


2
ðew � emÞ E2


N þ ew
em


E2
?


� �
; ð17Þ


in which EN and E? are evaluated on the dielectric body


side of the interface BM.

3. Energy required to form a pore


Formula (14) for the rate of mechanical work done by


the dielectric body in the dielectric/conductive fluid in the


presence of electric field can be used to derive the formula


for the electrical energy required to form a pore. Here, we


will consider pores of two geometries: cylindrical and


toroidal (Fig. 3). Large conducting pores are better ap-


proximated by the toroidal geometry, as their interior


surface S is lined with the hydrophilic heads of the lipid


molecules [20]. Cylindrical pores are considered here to


facilitate comparison with previous estimates of the pore


energy in Eqs. (1) and (2), which were derived assuming


this geometry.


Assuming that the bilayer cannot be compressed, veloc-


ity v in Eq. (14) is strictly radial, and the integral over BM







Fig. 3. Pore models with (a) cylindrical and (b) toroidal geometry of their


inside surface. Heavy line outlines the interior surface of the pore, S, over


which the integration in formulas (20) and (21) is performed.
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needs to be performed only over the interior surface of the


pore, S. For a cylindrical pore,


v ¼ � dr


dt
; ð18Þ


where the minus sign arises because v in Eq. (14) is in the


direction of the normal vector n̂, which points into the pore


(Fig. 3). Introducing Eq. (18) into Eq. (14), performing


integration with respect to time and changing the variable of


integration from t to r, one obtains the expression for the


pore energy UE,


UEðrÞ ¼ �
Z r


0


FðrÞdr; ð19Þ


where F(r) is the total electrical force expanding the pore,


computed by integrating the stress pE over the pore surface,


FðrÞ ¼
Z
S


pEda: ð20Þ


For a toroidal pore, the energy is given by the same


expression (19), but the computation of the radial force F


must account for the shape of the pore,


FðrÞ ¼
Z
S


pEcosada; ð21Þ


where angle a is measured as shown in Fig. 3b.


It is easily seen that in a limit of a small cylindrical pore,


our formula for pore energy (Eq. (19)) reduces to formula


(1) given by Abidor et al. As r! 0 and the pore becomes


essentially nonconducting, the voltage drop across the pore


becomes equal to D/m and the BVPs Eqs. (4)–(6) and Eqs.


(7) and (8) become one-dimensional, with both w and /
varying linearly from 0 on the bottom surface of the pore to

D/m on the top surface. Hence, local electric fields are


EN =�D/m/h and E? = 0, and the electric stress evaluated


from Eq. (17) is


pE ¼ 1


2
ðew � emÞ


ðD/mÞ2


h2
: ð22Þ


Consequently, the radial force F, evaluated from Eq. (20)


is


FðrÞ ¼ 1


h
ðew � emÞðD/mÞ2pr; ð23Þ


which, integrated in r according to Eq. (19), yields formula


(1) for the pore energy of Abidor et al.

4. Results of numerical simulations


The theory developed in the two previous sections was


applied to cylindrical and toroidal pores (Fig. 3), whose


radius r varied between 0.1 and 100 nm. Taking advantage


of rotational symmetry, potentials were expressed in cylin-


drical coordinates as functions of radius q, measured from


the pore axis, and z, measured from the midplane of the


membrane. Assuming that electrodes E+ and E� are very far


from the pore, the general boundary conditions in Eq. (5)


were replaced by


w ! D/m as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ z2


p
! l; z > 0;


and w ! 0 as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ z2


p
! l; z < 0: ð24Þ


Electric potentials and fields were computed using the


finite element program PDEase from Macsyma, [21]. Only


the upper half of the pore was represented in the model; the


boundary condition w =/ =D/m/2 was used on the z = 0


plane. To develop a finite element model, the pore had to be


enclosed in a finite domain, a cylinder of the radius qmax and


height zmax. The outer boundary of this cylinder was


assigned the Dirichlet boundary condition,


w¼D/m�
D/m


p
sin�1 2affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi


ðq � aÞ2þ z2
q


þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðq þ aÞ2 þ z2


q
0
B@


1
CA


ð25Þ


on the upper end of the cylinder (z = zmax) and on its side


surface (q = qmax). Expression (25) was adopted from the


formula for the potential generated by a charged, conducting


disk given by Jackson [22]. In computations, both qmax and


zmax were equal to 20
 the pore radius. Other parameters


were as follows: conductivity j = 2 S/m, permittivities


ew = 80e0 and em = 2e0, where e0 was the permittivity of


vacuum, 8.85
 10� 12 F/m, and membrane thickness h = 5


nm. All results were obtained with the transmembrane


potential away from the pore D/m= 1 V.
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After the PDEase program computed the distribution of


potentials w in the water and / in the membrane, it


determined local electric fields normal and tangential to


the pore surface using potential / within the membrane.


These local fields were combined according to Eq. (17) to


obtain the electric stress pE. Next, PDEase integrated pE
over the pore surface of obtain the total radial force F, using


Eq. (20) for cylindrical pores and Eq. (21) for toroidal pores.


This procedure was repeated for pores of several different


radii r, yielding force F as a function of r. Finally, F(r) was


integrated in r according to Eq. (19), determining the


electrical component of the pore energy, UE(r).


Fig. 4 compares radial force F(r) calculated as outlined


above for cylindrical and toroidal pores. Also included are


the force estimates obtained by differentiating the pore


energy formulas of Abidor et al. (Eq. (1)) and of Pastush-


enko and Chizmadzhev (Eq. (2)). For small radii (Fig. 4b),


all curves are very close, although the force for toroidal


pores is larger than that for cylindrical pores. Hence, pores


with toroidal surface are expected to grow at a faster rate

Fig. 4. Radial force F as a function of the pore radius at the transmembrane


potential D/m= 1 V. Panel (b) shows F for very small radii. The labels are


‘cylind.’–numerical solution for cylindrical pores, ‘toroid.’–numerical


solution for toroidal pores, ‘Abidor’– force computed from formula (1) of


Abidor et al., and ‘P&C’– force computed from formula (2) of Pastushenko


and Chizmadzhev (including modifications by Barnett and Weaver as


described in Ref. [20]).


Fig. 5. Electrical component of the pore energy UE as a function of the pore


radius at the transmembrane potential D/m = 1 V. Panel (b) shows UE for


very small radii. The labels are as in Fig. 4.

than cylindrical pores. For large radii (Fig. 4a), the force


computed from the Abidor’s formula grows linearly with


pore radius, the force computed numerically for both


cylindrical and toroidal pores levels off at a constant value,


and the force computed from the Pastushenko and Chiz-


madzhev’s formula decreases with pore radius like 1/r.


Fig. 5 compares pore energies UE(r) for the same four


cases. For small pores (Fig. 5b), there is little difference


between these four estimates. For large radii (Fig. 5a), the


energy computed from the Abidor’s formula grows (in the


negative direction) quadratically with pore radius, the ener-


gy computed numerically for both cylindrical and toroidal


pores grows linearly and the energy computed from the


Pastushenko and Chizmadzhev’s formula also grows but


only at a logarithmic rate.


We found it convenient to approximate the numerical


results with analytical expressions. Hence, for cylindrical


pores, we use the following approximation for the radial


force:


Fðr;D/mÞ ¼
Fmax


1þ rh=r
ðD/mÞ2 ð26Þ


with Fmax = 6.38
 10� 10 N/V2 and rh = 1.466
 10� 9 m. In


the limit of very small pores, formula (26) reduces to
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F(r,D/m)f (Fmax/rh)r(D/m)
2, which is consistent with the


force (Eq. (23)) computed by differentiating the energy (Eq.


(1)) given by Abidor et al., provided that Fmax and rh are


chosen so that (Fmax/rh)=(ew� em)p/h. This condition is


satisfied for the parameters given above. For toroidal pores,


the approximation for the force is


Fðr;D/mÞ ¼
Fmax


1þ rh=ðr þ rtÞ
ðD/mÞ2 ð27Þ


with Fmax = 6.9
 10� 10 N/V2 rh = 0.95
 10� 9 m, and


rt = 0.23
 10� 9 m.

Fig. 7. Lines of electric field inside and in the proximity of a pore. Panel (a)


visualizes the approximation used by Pastushenko and Chizmadzhev [4].


Panel (b) corresponds to the numerical solution of the full BVP (Eqs. (4),


(6) and (24)).

5. Discussion


This study has developed a method for estimating the


electrical component of pore energy that is applicable to


large conducting pores. In the limit of small pore radii, the


pore energy computed in this study agrees with the pore


energy estimates proposed previously (Fig. 5b). However,


as the pore radius increases, large differences between our


results and previous ones emerge (Fig. 5a), and they have


significant implications for the growth of large pores. The


original formulation of pore energy of Abidor et al. implies


that the radial force F increases linearly with the pore


radius (Fig. 4a). Thus, the contribution of the transmem-


brane potential to the pore growth rate increases with the


pore radius. The later refinement of the pore energy


formula by Pastushenko and Chizmadzhev [4] and by


Barnett and Weaver [6] leads to F decreasing to zero,


implying the decrease in the contribution of the transmem-


brane potential to the growth rate of large pores. Our


estimate falls between these two: the force F levels off for


large pore radii (above 20 nm) implying that the electrical


contribution to the growth rate of large pores is constant,


regardless of the pore radius.


The reason for the discrepancy between our results


and those of Abidor et al. [1] is easy to see. Formula (1)


assumes that the pore maintains a constant voltage

Fig. 6. Potential difference across the membrane (D/) and across the pore


(Dw). This plot assumed pore radius r = 10 nm and transmembrane potential


away from the pore D/m= 1 V.

difference equal to that of the intact membrane (D/m


in Fig. 6). This assumption is satisfied only for very


small pores that are essentially nonconducting. Indeed, as


the pore radius decreases below 0.5 nm, our results for


cylindrical pores coincide with those of Abidor et al.


(Figs. 4b and 5b).


The reason for the discrepancy between our results and


the estimate (2) developed by Pastushenko and Chizmadz-


hev [4] is more subtle. On the surface of it, their model is


very similar to ours: both models assume a dielectric


membrane in a dielectric/conductive fluid and use Max-


well stress tensors to evaluate the force expanding the


pore. Pastushenko and Chizmadzhev neglect the contribu-


tion of the normal component of the electric field.


However, this simplification is no consequence: in our


calculations, E? contributes only about 0.5% to the total


force. The real difference is the replacement of the full
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boundary value problem (Eqs. (4), (6) and (24)) by a


simplified one that admits the analytical solution. Specif-


ically, Pastushenko and Chizmadzhev assumed that the


potential w was spatially uniform across the top and


bottom surface of a cylindrical pore, so that the electric


field in the pore was uniform and axial. The value of the


‘‘effective’’ potential difference across the pore, Dweff


(Fig. 6), was chosen so that the current flowing though


the pore is the same as the current entering the conducting


disk kept at a constant potential equal to (D/m�Dweff)/2


(using the notation of our study). Thus, the potential in


the fluid outside the pore was related to the potential


established by a charged, conducting disk (Eq. (25)). As


seen in Fig. 7, the approximate solution of Pastushenko


and Chizmadzhev is substantially different from the solu-


tion of the full BVP: assuming constant w across the top


and bottom of the pore results in a uniform spacing of the


electric field lines within the pore (Fig. 7a). In contrast,


electric field lines of the full BVP naturally concentrate


near the pore walls (Fig. 7b), indicating the increased


magnitude of the electric field in this area.


In the approximation of Pastushenko and Chizmadzhev,


the spatially uniform potential across the pore Dwefff
D/mh/r for rHh. Hence, in formula (17) for electric stress,


ENf 1/r and pEf 1/r2. Consequently, the integral of pE
over the pore walls scales like (1/r2), r = 1/r, so that the radial


force expanding the pores is Ff 1/r for rHh (Fig. 4, dotted


line). In the full BVP problem used in our study, the potential


across the pore is not spatially uniform: it is largest next to


the pore wall (Dwwall in Fig. 6). It is evident that the electric


field EN that is used to compute stress tensors should be


evaluated using potential Dwwall on the interior surface of the


pore and not the ‘‘effective’’ constant potential Dweff used by


Pastushenko and Chizmadzhev. The potential Dwwall also


decreases to zero as r!l, but at a much slower rate:


singular perturbation analysis of BVPs Eqs. (4)–(6) and Eqs.


(7) and (8) indicates that DwwallfD/m


ffiffiffiffiffiffiffi
h=r


p
for rHh.


Hence, ENf1=
ffiffi
r


p
, the electric stress pEf 1/r and the


integral of pE over the pore walls scales like (1/r), r = 1,


resulting in the force expanding the pores that asymptotes to


a constant value as r!l. This estimate confirms the


numerical results given in Fig. 4. Therefore, there is reason


to believe that our study gives a more realistic estimate of the


electrical contribution to the pore growth rate and the pore


energy than the estimates proposed to date.


The theory derived here is quite general and can be


applied to any experimental conditions. However, to form a


complete model, the formula for the electrical force, Eqs.


(26) or (27), must by supplemented by the formula for the


mechanical energy of the pore, the governing equation for


the pore creation and evolution, and an ordinary or partial


differential equation describing the behavior of the trans-


membrane potential, D/m. The equation for D/m will


determine the experimental setup that the model represents.


Hopefully, better understanding of the electrical energy of


large pores provided by our study will enable the use of

models to design or optimize pulsing protocols for DNA


delivery.
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Abstract


The enzymatic activity of diaphorase (Dp) immobilized on a solid substrate was characterized using a scanning electrochemical


microscope (SECM) with shear force feedback to control the substrate–probe distance. The shear force between the substrate and the probe


was monitored with a tuning fork-type quartz crystal and used as the feedback control to set the microelectrode probe close to the substrate


surface. The sensitivity and the contrast of the SECM image were improved in the constant distance mode (distance, 50 nm) with the shear


force feedback compared to the image in the constant height mode without the feedback. By using this system, the SECM and topographic


images of the immobilized diaphorase were simultaneously measured. The microelectrode tip used in this study was ground aslant like a


syringe needle in order to obtain the shaper topographic images. This shape was also effective for avoiding the interference during the


diffusion of the enzyme substrates.

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


In recent years, the development of analytical methods


for biological materials such as enzymes and living cells


has received much attention in advanced biotechnology.


Among the various requirements for these analytical meth-


ods, acquiring the spatial distribution of the protein with a


high sensitivity and selectivity is of particular importance


for many applications such as enzyme-linked immnosorb-


ent assays (ELISA) [1–3]. In the past, optical methods


based on the fluorescence or chemiluminescence detection


have commonly been used for this purpose. However,


miniaturization of the optical instruments is difficult be-


cause of the complicated optical systems including lens, a


photon detector, light source and dark chamber. In con-


trast, electrochemical probes have advantages of small size


and simplicity. In particular, the scanning electrochemical


microscope (SECM) has been found to be suitable for


trace analyses required for biochips applications [4,5].

1567-5394/03/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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SECM is a kind of scanning probe microscope (SPM),


which detects localized electrochemically active species to


afford two- or three-dimensional images based on the


distribution of these species [6]. However, a major draw-


back of the SECM is the difficulty in controlling the


sample–probe distance, which decisively governs the sen-


sitivity and the quality of the SECM image. SECM


measurements have been conventionally done in the con-


stant height mode, in which the microelectrode probe is


scanned without a feedback loop to the probe tip. During


imaging in the constant height mode, setting the probe tip


close to a rough surface is difficult, resulting in low spatial


resolution of the images.


Recently, the feedback distance control utilizing shear


forces exerted between the probe and the sample has been


applied to the scanning near-field optical microscope


(SNOM). For the detection of shear force, many researchers


have adopted the tuning fork-type quartz crystal resonators


which have a relatively simple mechanism compared with


an AFM-like system using an optical lever. For the SECM


systems, a tuning fork quartz crystal has recently been used


for feedback control of a microelectrode probe to afford the


constant-distance imaging [7–10].
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In this study, we use an SECM equipped with the


feedback control system and imaged the enzymatic activities


for immobilized diaphorase (Dp) in the constant distance


mode. Diaphorase was detected by using ferrocenyl meth-


anol (FMA) as the electron mediator. FMA was oxidized to


FMA+ at the microelectrode probe and diffused to the


immobilized diaphorase, which catalyzed the oxidation of


NADH to regenerate FMA. Since the reaction rate of this


‘‘redox cycling’’ is strongly influenced by the diffusion


length of FMA and FMA+, the distance between the


microelectrode and the surface of the immobilized diapho-


rase is a decisive factor governing the sensitivity and quality


of the SECM image. Electrochemical methods for the


biochips based on the detection of enzymatic activities will


be greatly improved by keeping the microelectrode very


close to the surface in the constant-distance mode. In


addition, since the vertical movement of the probe directly


reflects the topography of the sample, the simultaneous


measurement of the electrochemical and topographic infor-


mation of the sample can be made by using the feedback


distance control.

2. Experimental


2.1. Chemicals


Diaphorase (Dp) purified from Bacillus stearothermo-


philus (EC 1.6.99.-) was purchased from Unichika. This


enzyme has a molar mass of about 30,000 and has one


flavin mononucleotide (FMN) per molecule as an electro-


active site [11]. Ferrocenylmethanol (FMA) was purchased


from Aldrich Chemicals and recrystallized from hexane. All


other chemicals including the h-nicotinamide-adenine dinu-


cleotide, the reduced form (NADH, Orient Yeast), were used


as received. All the solutions were prepared using purified


water from a Milli-Q II system (Millipore).


2.2. SECM system equipped with the feedback distance


control


The configuration of the SECM system with feedback


control of sample–probe distance was basically the same as


that reported by Büchler et al. [7]. The Pt microelectrode


was attached to one of the legs of a tuning fork quartz


crystal, which was commonly used as the time base of


various types of watches. The resonance frequency of the


unprocessed tuning fork was 32768 (215) Hz. The frequency


dropped to about 28–30 kHz after attaching the microelec-


trode. The microelectrode and tuning fork quartz crystal


were vibrated by a conventional piezoelectric buzzer for


producing the sound. The buzzer was driven by an AC


signal (50–100 mV p–p, sine wave) from the reference


function generator equipped in a digital lock-in amplifier


(NF, LI-5640). When the probe was positioned far from the


substrate, the vibration from the buzzer induced a voltage

signal in a tuning fork by a piezoelectric effect. The


amplitude of the induced signal was several hundreds of


microvolts, and its frequency was the same as the driving


signal. The induced signal was detected by the digital lock-


in amplifier. When the probe approaches the substrate and


the distance becomes less than 100 nm, the shear force


between the probe and the substrate decreases the magni-


tude of the vibration of the tuning fork. The drop in the


induced signal was digitized and acquired by a 16-bit A/D


converter (Interface, PCI-3178) equipped in the PCI bus of


an IBM compatible PC. The feedback operation was con-


ducted by the homemade software written by Microsoft


Visual Basic 6.0. The feedback value was calculated by PI


(proportional–integral) control equation shown as follows:


DVn ¼ Vfork � Vsetpoint ð1Þ


Zn ¼ Zn�1 þ PðDVn � DVn�1Þ þ IDVn ð2Þ


where Vfork is the input voltage from lock-in amplifier (0–5


V), Vsetpoint is the target value of input voltage, DVn is the


present deviation of input voltage, DVn�1 is the previous


deviation, Zn is the vertical position of sample stage and


Zn�1 is the previous vertical position. P and I are the


coefficient of PI control and empirically set to 0.01 and


0.02, respectively. The calculating time of a step is faster


than 100 As (including the conversion time of A/D and D/A


converter). Then, the vertical position of sample was con-


trolled by a XYZ piezoelectric scanner (Physik Instrumente,


P-517.3CL) so that the Vfork maintained a constant value


(Vsetpoint). The motion range of the scanner was 100�
100�20 Am. The stage was driven by a high-voltage power


supply controlled by voltage signals (0–10 V) from a 16-bit


D/A converter (Interface, PCI-3310).


The electrochemical measurements were conducted by


controlling the electrode potential of the microelectrode


versus an AgjAgCl (sat. KCl) reference electrode and the


current was detected by a highly gained current amplifier


(Keithley, Model 427) and converted to digital data using


the 16-bit D/A board.


2.3. Preparation of the probe


The probes for the SECM imaging with the feedback


distance control (constant distance mode) were prepared


using the following procedures. Since the tuning fork quartz


crystal was sealed into an aluminum can to stabilize the


resonance frequency, the can was first carefully removed


from the tuning fork. The IC connector (1.78 mm pitch) was


attached to the surface of piezoelectric buzzer, and the two


terminals of tuning fork were firmly inserted into the IC


connecter. The spattered patterns on the tuning fork were


insulated with transparent enamel paint (Tamiya) to avoid


any direct contact to the electrolyte solution.


The Pt wire (diameter=20 Am) was electrochemically


etched by applying an AC voltage (10 V p–p, 300 Hz) in a







Fig. 2. Schematic diagram of the diaphorase-catalyzed reaction.
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saturated NaNO3 aqueous solution, and thermally sealed in


a glass capillary. The resulting microelectrode was cut off at


about 5 mm from the tip and glued to one of the legs of the


tuning fork with cyanoacrylate cement. Finally, the tip of the


microelectrode was ground aslant with a rotating diamond


whetstone to obtain a shaper tip (acute angle at the tip was


approximately 45j). The schematic illustration of the shape


and size of the microelectrode tip was shown in Fig. 1.


2.4. Preparation of diaphorase-patterned substrate


The Au array electrodes were prepared on the slide


glasses by a conventional photolithography method. The


resulting substrates were immersed in a 1 mmol dm�3


octadecanethiol/ethanol solution for 8 h to form a self-


assembled monolayer of the alkanethiol. The diaphorase


was immobilized by physical adsorption on the SAM-


modified substrate from the aqueous enzyme solution


(0.15 mg/ml diaphorase).


2.5. SECM imaging of diaphorase activity


Fig. 2 shows a schematic diagram of the redox reaction


between the microelectrode probe and the diaphorase-immo-


bilized surface. Diaphorase catalyzes the electron transfer


from NADH to a suitable acceptor molecule. In the present


system, FMA, an electron mediator, is oxidized to FMA+ at


the microelectrode probe (0.5 V vs. AgjAgCl) and FMA+


diffused to the immobilized diaphorase. The diaphorase

Fig. 1. The shape and size of the microelectrode used in this study.

catalyzes the oxidation of NADH to regenerate FMA, which


diffuses to the probe and is oxidized again at the probe. This


‘‘redox cycling’’ between the electrode tip and the substrate


surface increases the oxidation current of FMA.

3. Results and discussion


3.1. Characterization of the SECM probes


Fig. 3a shows the typical dependency of the amplitude of


the induced signal on the vibration frequency for the pre-


pared SECM probe. Since the absolute amplitude of the


induced signals was different from each probe, the amplitude


was expressed by an arbitrary unit. As shown in this figure,


the maximum amplitude was observed at the frequency of


30.84 kHz, which would correspond to the mechanical


resonance of the tuning fork. Although this frequency


showed little scattering for each tuning fork probe, it was


slightly lower than the resonance frequency of the unpro-


cessed tuning fork quartz crystal (=32.768 kHz). The de-


crease in frequency was due to the addition of the extra mass


of the microelectrode to the leg of the tuning fork. During the


control of the sample–probe distance, the vibration frequen-


cy was adjusted to the resonance frequency of the individual


probes. The quality of the tuning fork can be roughly


evaluated from the shape of the peak resonance frequency.


The probes showing sharper peaks have a tendency to have a


better sensitivity in topography imaging of the sample


surface. In this measurement, the amplitude of the driving


signal applied to the piezoelectric buzzer for the vibration of


the probe was 50–100 mV. Since the amplitude of the


induced signal depends on the magnitude of the vibration,


the detection of the induced signal becomes easier at high


driving voltages. However, excess vibration of the micro-


electrode may reduce the accuracy of the electrochemical


responses since the vibration interferes with the diffusion of


the electrochemically active species to the microelectrode.


Fig. 3b shows the change in the amplitude of the induced


signal in the tuning fork obtained during an approach of the


microelectrode to the substrate surface. As reported by


Büchler et al. [7], the amplitude of the induced signals


decreases when the probe approaches the surface within







Fig. 3. (a) Relationship between the vibration frequency of the tuning fork


quartz crystal and the amplitude of the induced signal. (b) Relationship


between the sample–probe distance and the amplitude of the induced


signal. (c) Cyclic voltammograms of the static (dashed line) and vibrating


(solid line) microelectrodes obtained in an aqueous solution containing 1


mmol dm�3 FMA, 0.1 mol dm�3 KCl and 0.1 mol dm�3 Na2HPO4 at the


scan rate of 20 mV s�1.
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100 nm. Once the probe touched the surface, the amplitude


was almost unchanged thereafter. The amplitude of the


induced signal was used for the feedback control of the z-


position of XYZ stage in order to maintain a constant probe–


surface distance. In this study, the amplitude was set to the


point SP shown in Fig. 3b, the middle amplitude between the


amplitudes at 100 and 0 nm distances. Thus, the position of


the probe was maintained at about 50 nm above the substrate

surface. The vibration of the microelectrode by the piezo-


electric buzzer induces slight increase in the current


responses by about 9% (Fig. 3c) probably due to light


disturbance of the diffusion region at the electrode. This


slight increase has no serious problem in imaging of the


enzyme activities.


3.2. SECM imaging of diaphorase-immobilized substrate


with feedback distance control


Fig. 4a shows the SECM image of diaphorase immobi-


lized on the Au array electrode obtained in the NADH-free


electrolyte solution (1 mmol dm�3 FMA, 0.1 mol dm�3 KCl


and 0.1 mol dm�3 Na2HPO4). The sample–probe distance


was stabilized at 50 nm with the feedback control. The


slight increase of oxidation current was observed above the


Au array electrode. It would be due to the redox cycling


reaction of FMA/FMA+ between the microelectrode and the


Au array through the defects of the octadecanethiol SAM.


Fig. 4b shows the SECM image of diaphorase immobi-


lized on the Au array electrode obtained in the constant


height mode (without the feedback control of the probe–


substrate distance) after addition of 5 mmol dm�3 NADH.


The initial distance was set to 3 Am, although the actual


distance was influenced by the tilt or undulation of the


substrate. The addition of NADH to the solution resulted in


a significant increase in the oxidation current due to the


redox cycling induced by the enzymatic reaction of diaph-


orase in the diaphorase-immobilized areas, showing a


striped pattern in the SECM image. In the constant height


mode, the border lines of the stripes were not very clear due


to the diffusional influence of FMA from the immobilized


enzymes to the microelectrode. Such an undesired diffu-


sional influence becomes significant as the probe–substrate


distance increases.


The SECM image (Fig. 4c) obtained in the constant


distance mode (probe–substrate distance: 50 nm) is appar-


ently clear compared with the image shown in Fig. 4b. The


oxidation current above the diaphorase-immobilized area is


greater than that obtained without feedback control. In


addition, the contrast of the SECM image was significantly


improved. Fig. 4d shows the current response along the line


A–B in Fig. 4a–c. With the feedback control, the oxidation


current at the diaphorase-immobilized line was about two


times larger than that without feedback control. The re-


sponse of the oxidation current is caused by the redox


cycling, and therefore, shortening the diffusion length


between the microelectrode and the immobilized diaphorase


increases the oxidation current. The oxidation current above


the glass part is, however, significantly lower than that


without the feedback control. Since the electrode is very


close to the surface in the feedback mode, the diffusion of


FMA to the microelectrode is quite hindered, lowering the


oxidation current. Because of the efficient redox cycling at


the enzyme-immobilized line and the blockage effect of the


diffusion at the glass area, the contrast of the SECM image







Fig. 4. (a) SECM images of diaphorase immobilized on the Au array electrodes obtained in the NADH-free solution. The sample–probe distance was stabilized


at 50 nm with the feedback control. (b) SECM images of same sample obtained after addition of 5 mmol dm�3 NADH without the feedback control. The initial


sample–probe distance was about 3 Am. (c) SECM images of same sample obtained after addition of 5 mmol dm�3 NADH. The sample–probe distance was


stabilized at 50 nm with feedback control. (d) Cross-sectional view of oxidation current along the line A–B shown in (a) (dotted and dashed line), (b) (dashed


line) and (c) (solid line). Scan rate of microelectrode: 10 Am s�1. Electrode potential: +0.5 V vs. AgjAgCl. Measurement solution: 1 mmol dm�3 FMA, 5 mmol


dm�3 NADH, 0.1 mol dm�3 KCl and 0.1 mol dm�3 Na2HPO4.
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was improved by using the feedback control system to place


the probe very close to the substrate.


3.3. Current-distance curves (approach curves)


Fig. 5 shows the approach curves which are the change in


the oxidation current during the approach of the probe to the

Fig. 5. Relationship between the sample–probe distance and the oxidation


current on the diaphorase-immobilized Au electrodes (solid line) and the


glass substrate (dashed line). Electrode potential: +0.5 V vs. AgjAgCl.
Measurement solution: 1 mmol dm�3 FMA, 5 mmol dm�3 NADH, 0.1 mol


dm�3 KCl and 0.1 mol dm�3 Na2HPO4.

diaphorase-immobilized and the glass areas. As expected


from the results in Fig. 4c, the oxidation current monoton-


ically increased as the probe approached the Dp-modified


substrate. The previous study [12] reported that in the


approach curve, the oxidation current first increased, but


rapidly decreased when the probe–substrate distance was


less than one-tenth of the tip diameter. This rapid decrease


was attributed to interference of the microelectrode itself to


the diffusion of NADH from the bulk solution to the


immobilized enzyme. This difference in the current profile


between the present study and the previous result is caused


by the difference in the tip shape of the probe. During


normal SECM measurements, the tip surface is aligned


parallel to the substrate. When such a microelectrode


approaches the flat surface, the clearance between the


microelectrode and the substrate becomes too narrow to


allow the diffusion of the substrates toward the immobilized

Table 1


Current responses measured above the immobilized diaphorase and the


glass substrate at the sample–probe distance of 3 and 0.05 Am, respectively


Distance


(Am)


Oxidation current


above the immobilized


diaphorase (nA)


Oxidation current


above the glass (nA)


Current


ratio


3.0 2.60 1.65 1.58


0.050 3.91 1.40 2.79


The current ratios calculated from these values are also shown in this table.







Fig. 6. (a) Topographic image of diaphorase-immobilized Au array


electrodes simultaneously obtained with the SECM image shown in Fig.


4c. (b) Cross-sectional view of the topography along with the line A–B


shown in (a).
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enzyme. In the present study, the tip of the probe was


diagonally ground with an acute angle (45j) to the central


axis to make a sharper tip. This tip shape ensures enough


clearance for the diffusion of the substrates even if the probe


is less than 50 nm. Table 1 shows the oxidation current at


the diaphorase-immobilized and the glass areas. When the


probe was positioned 3 Am above the surface, the ratio of


the oxidation current above the immobilized diaphorase to


that above the glass substrate was 1.58. The current ratio


increased to 2.79 at the 50-nm distance. This increase in the


ratio reinforces the enhancement of the contrast in the


SECM images with feedback control of the sample–probe


distance. The quantitative investigation of the diffusion at


the slanting tip using simulation will be reported elsewhere.


In the SECM imaging with the feedback control, the


height of the sample stage was continuously controlled to


maintain a constant sample–probe distance. Therefore, the


three-dimensional topography of the sample surfaces can be


simultaneously obtained with the SECM image by record-


ing and plotting the vertical movement of the sample stage.


Fig. 6a shows the topographic image simultaneously


obtained with the SECM image shown in Fig. 4c. The band


structure of the Au array electrode was clearly represented.


The thickness of the Au layer was obtained from a cross-


sectional view of the image along the line A–B (Fig. 6b)


and found to be about 100 nm, which was in good


agreement with that measured by a meter thickness just


after the preparation of the Au array electrode. The fuzzi-


ness of the Au array edges is due to the delay in the vertical

movement at the stage or the insufficient sharpness of the


probe tip. A slower scan speed and higher feedback


sensitivity would minimize such a delay in the movement


to afford clear images, although the slower scan takes


longer measurement times and the excess feedback sensi-


tivity may cause an undesirable oscillation of the system.


For a fundamental solution, the microelectrode probe


should be fine and stiff in order to transmit effectively the


shear force from the microelectrode tip to the tuning fork


quartz crystal.

4. Conclusions


Diaphorase immobilized on the Au array electrode was


imaged with an SECM system equipped with the feedback


control of the sample–probe distance by monitoring the


shear force exerted between the sample and the probe. The


feedback control system allows the microelectrode probe to


move closer without hitting the sample surface. The SECM


measurement of the immobilized enzyme provided infor-


mation on the enzymatic activity in the local area of the


sample. The current response increased as the microelec-


trode probe approached the diaphorase-immobilized area


due to the catalyzed redox cycling (positive feedback). In


contrast, the current response decreased as the probe


approached the glass substrate due to the diffusion-blocking


effect (negative feedback). Therefore, the sensitivity and


contrast of the SECM image was significantly enhanced


when the probe was positioned at a 50-nm distance with


feedback control. In addition, the topographic image of the


diaphorase-immobilized substrate was obtained by monitor-


ing the vertical movement of the sample stage. The probe tip


used in this study was ground to an acute angle like the


needle of a syringe. The sharpened probe provided a better


topographic image and minimized the undesired interfer-


ence of the diffusion of the substrates. The enhanced


sensitivity and contrast in the SECM images will be


particularly useful for characterization of biomaterials such


as enzymes and living cells.
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