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Abstract


Selectivity between monovalent cations and its sequence of conductivity in lipid bilayers doped with the antibiotic Gramicidin D (GD)


were examined using EIS. Experiments were performed using lipid bilayers obtained from a lipid mixture of phosphatidylcholine and


dimethyldioctadecylammonium chloride (DODAC). Lipid bilayers were supported on gold surfaces modified with a mercapto-carboxylic


acid. The bilayers were formed by chemisorption of this last species to form the first monolayer on gold and subsequent fusion of unilamellar


vesicles to form an external bilayer attached by electrostatic interactions. A mathematical expression for the impedance of the membrane


processes was derived. Some predictions of the presented model were checked after fitting the experimental results in various electrolyte


compositions. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction


Artificial lipid bilayers have been employed extensively


as model systems for studying biomembranes. The incor-


poration of reconstituted structures assembled from syn-


thetic or natural molecules in lipid bilayers has enabled to


explain important physiological processes such as transport,


binding or charge transfer and have many potential appli-


cations. A diffused practical application is their use for


biosensors with electrical detection, since they are able to


interact specifically with certain species in solution.


Several systems emulating biological membranes, such


as black lipid membranes [1] and membranes transferred via


the Langmuir–Blodgett technique (Refs. [2,3] and ref-


erences therein) or by fusion of vesicles [4,5] were analysed.


One of the most recent of these systems consists of


planar supported membranes prepared by deposition of lipid


monolayers onto a hydrophobic flat surface [6–8] or alter-


natively, by sequential transfer of a bilayer on a hydrophilic


support by fusion of vesicles [9].


Several supports such as glassy-carbon, semiconductors


[10] and salt bridges made of hydrogels in Teflon tubing,


were considered. Alternatively, Tien et al. [11,12] demon-


strated the spontaneous assembly of bilayer membranes on


nascent metal surfaces, where an insulated metallic wire


(e.g. a Teflon-coated Pt wire) is cut while immersed in a


BLM-forming solution. Mercury was used to support gra-


micidin-modified phospholipid monolayers since the per-


fectly smooth and defect-free surface of the liquid electrode


has some advantages over metal solid substrates [13].


Monolayers of alkanethiols on gold are most widely


employed [14,15]. These monolayers allow deposition of


a second monolayer [16,17] or bilayer on top of them, using


several different preparation techniques [18]. Chemisorption


of these compounds on clean gold generates monolayers,


probably forming Au(I) thiolate(RS � ) species. This reac-


tion may be considered as an oxidative addition of the SUH


bond to the gold surface, followed by a reductive elimina-


tion of the hydrogen [7]:


RUSUHþ Au0n ! RUS�Auþ � Au0n þ 1=2H2:


A mercapto-carboxylic acid can be employed to obtain a


negatively charged surface. When the carboxylic group is


dissociated at the pH of the experiments, it supports a
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negative charge. Subsequent addition and fusion of lipid


vesicles generates electrostatic fixation of a bilayer.


In order to characterize ion transport across lipid mem-


branes, de Levie et al. [19,20] developed a theoretical model


for the transport impedance, although this model is re-


stricted to the permeation of membrane-soluble ions across


an ultrathin lipid bilayer separating two aqueous phases.


However, in the literature, impedance results obtained with


supported lipid bilayers containing pores or carriers that


enable ion transport were analyzed either in terms of


equivalent circuits [10] or in terms of adapted forms of


the model of de Levie’s [18,21]. At present, a theoretical


impedance model for these specific cases is lacking.


One of the best characterized and most extensively


studied pore-forming compound is gramicidin [22,23]. This


linear pentadecapeptide consists of a helical dimer structure


[24,25], which produces a continuous channel through a


lipid bilayer. The resulting dimer has in its active form a


length of 26 Å, sufficient to span a lipid bilayer. This


peptide forms a pore of 4 Å in diameter allowing the


passage of monovalent cations. Although the selectivity


between these cations is not great, its sequence of conduc-


tivity was reported to be [26]: H +>NH4
+ > Cs+ > Rb+ >


K+ > Na+ > Li + .


We report on experiments of fusion of vesicles into


planar membranes on modified gold electrodes, thanks to


electrostatic interaction between the charged surfaces of the


substrate and the vesicles. This study was undertaken in


order to show the applicability of impedance analysis to


determine electric, chemical and physical parameters of


these systems, which are of great importance in the bio-


sensors field. The major goal of this work is the derivation


of a theoretical impedance model dealing with ion transport


through supported membranes containing the ion-channel-


forming peptide Gramicidin D.


2. Materials and methods


2.1. Materials


Egg yolk phosphatidylcholine (eggPC), Thioglycollic


acid (TGA) and Gramicidin D (GD) were obtained from


Sigma. Dimethyldioctadecylammonium chloride (DODAC)


was purchased from Fluka.


The Tris buffer, consisting of 10 mM Tris (tris-(hydro-


xymethyl)aminomethane) was adjusted to pH 7.4 by titra-


tion with HCl.


All aqueous solutions were prepared with Millipore


water. All solutions were degassed before use.


2.2. Methods


2.2.1. Bilayer deposition by fusion of vesicles


Lipid vesicles were prepared by mechanical dispersion


using a chloroform solution of a lipid mixture containing


80% and 20% w/w EggPC and positively charged DODAC,


respectively. The solvent was removed by evaporation with


nitrogen stream to avoid phospholipid oxidation. The dry


film was shaken in a buffer solution (10 mM Tris, pH 7.4)


with added GD to a final concentration of 0.001 M. The


final concentration of the dispersion was 3%.


The self-assembled monolayer was formed by exposing


the gold electrode to a 10-mM TGA solution for 10 min and


next it was rinsed in the buffer solution to remove the


unspecific adsorbed molecules. The carboxylic acid is dis-


sociated at pH 7.4.


The negatively charged surface was immersed in the


vesicle dispersion for 1 h and then it was dipped in the


buffer solution to remove the remaining dispersion. For the


experiments, the buffer solution was replaced by 0.1 M


NaCl, LiCl, KCl and CsCl solutions in Tris 10 mM buffer


pH 7.4.


2.2.2. EIS


The electrochemical cell in a three-electrode configura-


tion contains a Ag/AgCl reference electrode, a large-area Pt


counter electrode and the modified gold surface as the


working electrode (0.28 cm2 geometric area).


All measurements were carried out at the cell equilibrium


voltage at 20 �C.
EIS data were measured with a Solartron SI 1254 device;


a 10-mV amplitude sine-wave signal perturbation was


applied in the 10 mHz–65 kHz frequency range. Data


analysis was performed according to proper transfer func-


tion and identification procedures by using CNLS fit rou-


tines [27–29].


2.3. Theory


The mechanism under consideration involves aqueous


diffusion that precedes two successive electrochemical steps


leading to ion permeation through gramicidin-doped lipid


bilayers.


Species M + arrives at the membrane/electrolyte interface


by aqueous diffusion. After loosing its solvation shell, the


cation adsorbs at a surface site corresponding to the mouth


of an active G-channel and it incorporates into the channel


at the interface. Since the incorporated ions are located at


the membrane interface there is no physical distinction


between adsorption onto the membrane and partitioning


into it, and consequently no need to consider adsorption


separately [20]. In the simplest case, the interfacial transfer


kinetics are of first order.


For the permeation step we assume the validity of the


single-barrier model, i.e. a simple activation energy barrier


characterizes ionic transport inside the channels, and irre-


versible kinetics. It is also assumed that the applied voltage


constitutes only a small perturbation of the barrier shape, so


that the position of the potential-energy maximum along the


reaction coordinate is not affected to any appreciable extent


by the applied voltage.
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The reaction mechanism can be formally written as:


Mþ V
k1


k�1


ðMþÞs ð1Þ


ðMþÞs !k2 ðMþÞe ð2Þ


where (M + )s corresponds to the ion at the solution side of


the membrane and (M + )e to the ion at the electrode side of


the membrane.


The potential (E) dependence of the rate constants can be


expressed by an exponential law:


ki ¼ koi expðbiEÞ ð3Þ


k�i ¼ ko�iexpðb�iEÞ ð4Þ


where bi =� aF/RT and b� i = (1� a)F/RT, ki
o and ko� i are


constants independent of E, a is the transfer coefficient and


F the Faraday constant (� 96500 Cequiv� 1).


The maximum number of sites per unit surface which can


be occupied by the species M + is characterized by the


coefficient b and the fraction of sites actually occupied by h
(0 < h < 1). As a consequence the number of free electro-


active sites is given by b(1� h).
When the electrode potential is in the vicinity of the


reversible potential of the considered reaction, the backward


reaction of step (2) should a priori not be neglected. This in


turn requires to consider a second fraction of sites h
occupied by the species (M + )e.


Mass and charge balances give:


b
dh
dt


¼ k1ð1� hÞc� k�1h � k2h 	 gðE,c,hÞ ð5Þ


I ¼ FA½k1ð1� hÞc� k�1h þ k2h� 	 IðE,c,hÞ: ð6Þ


In order to calculate the reaction impedance, equations


describing the rate of accumulation of incorporated ions


g(E,c,h) [Eq. (5)] and the current I(E,c,h) [Eq. (6)] should be
linearized, according to Taylor series expansion retaining


only terms with first-order derivatives, giving:


b
dDh
dt


¼ @g


@E


� �
DE þ @g


@h


� �
Dh þ @g


@c


� �
Dc ð7Þ


DI ¼ @I


@E


� �
DE þ @I


@h


� �
Dh þ @I


@c


� �
Dc: ð8Þ


Derivatives in Eqs. (7) and (8) correspond to stationary


conditions and may be obtained from Eqs. (5) and (6).


When a small ac perturbation signal, DE = Ẽexp(jxt), is


applied, the current and concentrations oscillate around


steady-state values: I = Idc +DI, c = cdc +Dc and h =
hdc +Dh, where the superscript dc indicates a parameter


that changes only slowly with time (i.e. either a steady-state


term or one that does not change with the frequency of the


perturbation x), and the symbol D indicates a parameter


oscillating periodically with time t. The resulting osci-


llations with time may be written as: DI = Ĩexp(jxt), Dh =
h̃exp(jxt) and Dc = c̃exp(jxt).


Thus, Eqs. (7) and (8) can be rewritten as:


bjx
Dh
DE


¼ @g


@E


� �
þ @g


@h


� �
Dh
DE


þ @g


@c


� �
Dc


DI
� 1


Z


� �
ð9Þ


� 1


Z
¼ DI


DE
¼ @I


@E


� �
þ @I


@h


� �
Dh
DE


þ @I


@c


� �
Dc


DI
� 1


Z


� �


ð10Þ


where Z =�DE/DI is the faradaic impedance (the negative


sign arises from the assumed convention in which the


cathodic current is positive).


Since species M + diffuses towards the surface, one has:


Dc


DI
¼ � NðxÞ


FA
ð11Þ


where NðxÞ ¼ þ 1ffiffiffiffiffiffi
jxD


p for semi-infinite linear diffusion [30]


and A represents the electrode area.


After eliminating Dh from Eqs. (9) and (10) and con-


sidering Eq. (11), it results to:


Z ¼
jx þ @I


@c


� �
N


FA
jx � @I


@c


� �
@g


@h


� �
� @I


@h


� �
@g


@c


� �� �
N


FA


1


b
� @g


@h


� �
1


b


� @I


@E


� �
jx þ 1


b
@I


@E


� �
@g


@h


� �
� 1


b
@I


@h


� �
@g


@E


� �� � :


ð12Þ


After evaluating the derivatives in Eq. (12) from Eqs. (5)


and (6) with a = 0.5 and replacing h by its steady state value,


the final expression for the impedance can be obtained:


Z ¼
jx þ k1cþ k�1 þ k2


b
þ k1ðk�1 þ k2ÞN


k1cþ k�1 þ k2
jx þ 2k1k2ðk�1 þ k2ÞN


bðk1cþ k�1 þ k2Þ


FA
F


RT


k1cðk�1 þ k2Þ
k1cþ k�1 þ k2


� �
jx þ FA


b
F


RT


2k1k2cðk�1 þ k2Þ
k1cþ k�1 þ k2


:


ð13Þ


The approach presented is sufficient for analysing the


electrochemical impedance, however, a simple check of


some predictions of the proposed model can be made using


a general equivalent circuit accounting for the expression of


the global impedance. The procedure to obtain the equiv-


alent circuit is based on a comparative analysis of the


degree in x of polynomial expressions for the numerator


and denominator of the mathematical expression for Z


given by Eq. (13) and that derived from the calculated


impedance relative to the electrical circuit. According to the
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equivalent circuit in Fig. 1, the electrochemical impedance


is given by:


Z ¼
jx þ R1 þ R2


R1R2C
þ ZW


R1


jx þ ZW


R1R2C
1


R1


jx þ 1


R1R2C


ð14Þ


where the element ZW represents a Warburg impedance.


Comparison of terms of equal degree in x in numerator


and denominator of Eqs. (13) and (14) leads to the following


relations between the electrical components R1, R2, C and


ZW and the kinetic parameters:


R1 ¼
k1cþ k�1 þ k2


FA
F


RT
k1cðk�1 þ k2Þ


ð15Þ


ZW ¼ 1


FA
F


RT


1


c
N ð16Þ


R2 ¼
R1


2


k1cþ k�1 þ k2


k2


� �
ð17Þ


C ¼ bFAðF=RTÞk1cðk�1 þ k2Þ
ðk1cþ k�1 þ k2Þ2


: ð18Þ


Finally, the impedance of the processes related to gra-


micidin-doped membranes consists of a parallel connection


Fig. 1. Equivalent circuit accounting for the expression of the global


impedance of the processes related to gramicidin-doped membranes.


Fig. 2. Nyquist and Bode plots for a phospholipid-bilayer without added


gramicidin in 0.1 M NaCl. Experimental data (6) and simulated curves


(���) according to a transfer function determined by a constant phase angle


(CPE) in parallel connection with a resistance.


Fig. 3. Nyquist and Bode plots for a phospholipid-bilayer with added


gramicidin in 0.1 M CsCl. Experimental data (6) and simulated curves


(���) according to Eq. (14).
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of the membrane capacitance Cm and the faradaic impe-


dance Z.


3. Results and discussion


Fig. 2 shows impedance spectra of 0.1 M NaCl in Tris


10 mM buffer pH 7.4 at phospholipid-bilayer coated


electrodes in the absence of gramicidin. It can be observed


that Z(x) becomes ohmic for x! 0. This has been inter-


preted in the literature as due to the presence of defects in


the bilayer [6]. These defects are most likely originated by


the surface roughness of the gold substrate. This means that


one has to introduce an additional resistance Rdefect in


parallel with the system’s impedance to account for the


small ohmic dc-currents associated to flawed areas at the


coating. Experimental results in Fig. 2, after correction for


the electrolyte resistance, were fitted to a constant phase


element (CPE) in parallel connection with a resistance.


Although the resulting theoretical response (continuous


lines in Fig. 2) cannot describe the experimentally observed


deflection of u(x) at f� 1 Hz, as reported for a comparable


system [6], the fit was simply aimed at obtaining a rough


estimation of Rdefect = 1.4
 106 V to be used as initial


value in subsequent fits with doped lipid bilayers.


Figs. 3–6 display experimental and fitted impedance


results for GD-doped bilayers in solutions containing Cs + ,


K + , Na + and Li + , respectively.


Nyquist diagrams are characterized by a capacitive


response with very little structure, containing at least two


overlapped time constants. Accordingly, two overlapped


phase maxima are present in the Bode plots. Aside from


the differences in Z values, the spectra for the different


solutions exhibit similar dynamic behaviour.


The continuous lines in Figs. 3–6 represent CNLS fits


using the proposed model. A good agreement between


experiment and theory can be observed in the whole


frequency range. In the literature for similar systems fit


predictions according to different models are ordinarily


presented as log AZA vs. log x, while the more sensitive


variation of the phase angle u with angular frequency x is


usually not included. Accordingly, it is not possible to


compare the capability of our model to better describe the


experiments with that of others.


It has been suggested that in order to account for the


presence of a supporting monolayer a capacitance in series


Fig. 4. Nyquist and Bode plots for a phospholipid-bilayer with added


gramicidin in 0.1 M KCl. Experimental data (6) and simulated curves


(���) according to Eq. (14).


Fig. 5. Nyquist and Bode plots for a phospholipid-bilayer with added


gramicidin in 0.1 M NaCl. Experimental data (6) and simulated curves


(���) according to Eq. (14).
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with the membrane impedance has to be added. To check


this possibility we also fitted the results shown in Figs. 3–


6, in that way, estimating a mean capacitance value CTGA=


(8.4F 0.9)
 10� 5 F cm � 2. As expected, this value is


larger than that measured for thicker 3-mercaptopropionic


acid monolayers [31]. However, considering CTGA in the


theoretical equations neither improves the quality of the fits


nor influences appreciably the final values of the rest of


the fitting parameters. Thus, to keep the analysis simple,


we neglected CTGA. Parameter estimates are assembled in


Table 1.


Remarkably, the values derived for the ion transport


resistance, which involves both transport across the inter-


face and across the membrane R1 =Rit =� (@I/@E)h,c
� 1, for


the different cations in solution agree with the sequence of


conductivity reported in the literature. On the other hand, R1


is the only parameter that presents a marked dependence on


the type of ion in solution.


Values of C due to adsorption processes were estimated


to be, as expected, at least one order of magnitude larger


than those of Cm.


The results shown indicate that the simplifying assump-


tions made in the theoretical derivation of the electrode


impedance do not impose severe limitations for the success-


full application of the model. However, two aspects deserve


further discussion. First-order kinetics were assumed for the


interfacial reactions. Recently, current–voltage character-


istics for the ion transport through lipid bilayers containing


short-lived water channels induced by thermal fluctuations


were modelled considering the ion-pore coupling step as a


second-order kinetic process that depends on both the ion


concentration and the pore concentration [32]. This


approach, which leads to an improved description of the


experimentally observed deviation from an ohmic behaviour


in the polarization curves at high potential values, could in


principle be incorporated in our model. The second aspect is


related to the assumed value of a. As usual, in the literature,


a value a = 0.5 was taken, although independent determi-


nation of its exact value from dc data is desirable to improve


the agreement between theory and experiment.


At present, we are simulating the experimental data


according to Eq. (13) in order to derive values for the


kinetic constants and also to check the dependence of Z on


temperature and cation concentration as predicted by the


model. In principle, it may be possible to roughly estimate


the density of conducting gramicidin dimers from the steady


state values of h at each applied dc-potential.


4. Conclusions


To avoid the weaknesses of analysing impedance data


exclusively in terms of electrical analogs, we derived the


mathematical expression of the transport impedance re-


sulting from ion permeation in supported membranes con-


taining ion-channel-forming peptides. CNLS fit of ex-


perimental data to the model allows to check the accepted


sequence of conductivity. Further work based on the


proposed theoretical model is expected to allow important


predictions to be made as outlined above. We believe that


this approach may be useful to characterize reconstituted


Fig. 6. Nyquist and Bode plots for a phospholipid-bilayer with added


gramicidin in 0.1 M LiCl. Experimental data (6) and simulated curves


(���) according to Eq. (14).


Table 1


Parameters obtained by CNLS fit routine of impedance data in Figs. 3–6 in terms of the transfer function Eq. (14)


R1/V Cm/F R2/V C/F Y0/V
� 1 s� 1/2 Rdefect/V


Li + 69 3.72
 10� 6 1.46
 105 1.47
 10� 5 1.56
 10� 5 4.94
 106


Na + 20 4.60
 10� 6 1.19
 105 4.23
 10� 5 1.44
 10� 5 8.72
 106


K + 8.8 4.40
 10� 6 2.30
 105 3.28
 10� 5 0.99
 10� 5 3.93
 106


Cs + 0.2 4.68
 10� 6 0.70
 105 7.70
 10� 5 1.44
 10� 5 1.19
 106


The electrolyte resistance was Re = 150 V. Parameter Y0 is related to the Warburg coefficient through ZW= 1/Y0(jx)1/2.
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protein/lipid systems, in studies of membrane interfacial


phenomena and in sensor applications.
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Abstract


Epidemiological studies have suggested that workers with primary occupation that are likely to have resulted in the medium-to-high


extremely low frequency (ELF) electromagnetic field (EMF) exposure are at increased risk of Alzheimer’s disease (AD) pathogenesis. As a


first step in investigating the possibility of an association between the ELF-EMF exposure and AD at the cellular level, we have used the


differentiating IMR-32 neuroblastoma cells. In double-blind experiments, IMR-32 cells were exposed to the magnetic field intensities of 50,


100, and 200 AT at a frequency of 60 Hz for a period of 4 h at the three ages of differentiation (2, 10, and 16 days after incubation in


differentiation medium). We used a custom-made Helmholtz coil setup driven by a 60-Hz sinusoidal signal from a function generator and an


in-house built power amplifier. Total RNA extracted from the exposed cells was separated by the agarose gel electrophoresis and transferred


to a nylon membrane for the northern hybridization. Digoxygenin-labeled APP695 RNA probes were used to detect changes in the APP695


mRNA levels in response to the ELF-EMF exposure. The results reported herein provided no support for any relationship between the


APP695 gene transcription and IMR-32 differentiation age, as well as the magnetic field exposure. This study constitutes the first step


towards investigating the possibility of an association between the ELF-EMF exposure and AD manifestations at the cellular level. D 2002


Elsevier Science B.V. All rights reserved.


Keywords: ELF-EMF; Alzheimer’s disease; Helmholtz coil; IMR-32


1. Introduction


There is a significant interest in the biological effects of


the power frequency (60 Hz) electromagnetic fields (EMF).


Health professionals, government administrators and regu-


lators, scientists and engineers, and the general public are


interested in this health issue. The focus of research in this


area at the cellular level is to identify cellular responses to


EMFs, to develop a dose threshold for such interactions and


use such information to formulate and test the appropriate


interaction mechanisms. Numerous studies have been


undertaken during the past two decades to examine the


biological effects in the cells exposed to the extremely low


frequency (ELF)-EMFs, and the major interest has been to


decipher the biological mechanism and site of interaction


[1,2]. Several studies have demonstrated the possibility that


a mechanism of interaction of the magnetic fields is through


a direct reaction with DNA rather than through the generally


accepted signal transduction cascade [3]. In these condi-


tions, the cell is responding to magnetic field exposure in a


manner analogous to that observed under the conditions of


cellular stress, such as an increase in the transcripts for some


heat shock genes [4,5]. Early studies in which different cells


were exposed to EMFs pointed towards the general changes


in the gene transcription [6–10] but did not address the


more important issue of which specific genes were affected


[11]. Specific mRNA level measurements in response to the


ELF-EMF exposure showed an increase in the levels of


histone H3 and p53 mRNA [12], IGF-II [13], histone H2B,


v-myc [14], c-fos [15], and c-myc [16]. However, it is


important to note that these experiments have been difficult


to replicate [17–20].


In the epidemiological studies, it has been shown that


the workers with primary occupations that are likely to


have resulted in the medium-to-high ELF-EMF exposure


are at an increased risk of Alzheimer’s disease (AD)


[21,22]. Alzheimer’s disease is one of the most serious
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health problems in the US and its impact increases as the


percentage of the elderly continues to increase. The


etiology of the brain lesions associated with AD appears


to be multifactorial [23]. Factors that are possible com-


ponents in the etiologic process are either genetic [24–


28], environmental [29–33], or related to aging [34,35].


AD is thought by many to be intimately, if not causatively,


associated with the deposition of the short h-amyloid (Ah)
peptides in the cerebral cortex and hippocampus of


affected individuals [36]. These Ah peptides are liberated


from the h-amyloid precursor proteins (APPs) after the


cleavage of APPs in the membrane by the h- and g-


secretase enzyme [37]. Among the three major APPs, the


APP695 isoform is predominantly expressed in the nerv-


ous tissue.


The concept that the ELF-EMF exposure might contrib-


ute to the AD pathogenesis merits attention [38]. As a first


step in investigating the possibility of an association


between the ELF-EMF exposure and AD at the cellular


level, we have used the differentiating IMR-32 neuroblas-


toma cells. When differentiated, IMR-32 cells mimic large


projection neurons of the human cerebral cortex. IMR-32


cells are of human origin, large in size, and have previously


been used in studies related to the stability of APP [39].


Also, under certain tissue culture conditions, these cells


have been shown to form intracellular fibrillary material


[40], commonly observed in the brains of patients affected


with AD. We reported herein on the APP695 gene tran-


scription after exposure of the differentiating IMR-32 cells


to ELF-EMF at intensities of 50, 100, and 200 AT.


2. Materials and methods


2.1. Cell lines, reagents, and culture conditions


Freely dividing IMR-32 cells obtained from the Ameri-


can Type Culture Collection (Rockville, MD, USA) were


routinely cultured in 25-cm2 flasks (Costar, Cambridge,


MA) in 10-ml medium in 95% air and 5% CO2 atmosphere


at 37 jC and fed (i.e., refreshed medium) at 2-day intervals.


The growth medium comprised of the Eagle Minimum


Essential Medium with 2 mM L-glutamine and Earle’s


Balanced Salt Solution (BSS) adjusted to contain 1.5 g/l


sodium bicarbonate, 0.1 mM nonessential amino acids, and


1.0 mM sodium pyruvate, 10% heat-inactivated fetal bovine


serum (FBS) [41]. When confluent, the cells were detached


by washing with trypsin solution preheated to 37 jC. The
suspension was centrifuged (250� g, 10 min) and the cells


were replated at 1�106 cells per 60-mm plate. For the


induction of differentiation, cells were plated 2 days prior to


the addition of the differentiation medium. The differentia-


tion medium comprised of the Eagle Minimum Essential


Medium with 2 mM L-glutamine and Earle’s BSS adjusted


to contain 1.5 g/l sodium bicarbonate, 0.1 mM nonessential


amino acids, and 1.0 mM sodium pyruvate, 5% heat-


inactivated FBS and 10 AM Bromo-deoxyuridine. The


differentiation medium was refreshed once every 2 days.


2.2. Magnetic field exposure system


Details of the magnetic field exposure system are pub-


lished elsewhere [42]. Briefly, the magnetic field was


generated by a pair of symmetric Helmholtz coils, custom-


manufactured in the laboratory. The coils have an inner


diameter of 2.75 in. (to accommodate 60-mm petri dishes)


and an outer diameter of 3.25 in. The vertical distance


between the coils is 0.3125 in. The coils were driven by a


sinusoidal signal from a function generator (LFG 1300S,


Leader) and an in-house built class AB power amplifier. The


magnetic field (B) at the center, between the coils, was


measured with an F.W. Bell gaussmeter (Model 9550) and


probe (Model T-99-253). B was adjusted by varying the coil


current. A custom-made blinding switch box was included


to eliminate experimenter bias. The switch box is composed


of three 8-pole, 6-position rotary switches (Electroswitch,


CA; Model #C4D0806N-A). Three front panel switch


combinations were used to randomize the exposure, sham,


and external coil activations.


2.3. Experimental conditions


The general experimental design involved differentiation


age (three levels), magnetic field intensity (three levels), and


exposure mode (field-exposed, sham-exposed, and external


coil activation).


Based on an earlier study involving the characterization of


IMR-32 with the neuron-specific enolase as a differentiation


marker [43], three differentiation ages were selected as


follows: 2, 10, and 16 days after incubation in differentiation


medium. The second day represents the undifferentiated


(young) cells, the 10th day represents the differentiating


(maturing) cells, and the 16th day represents the fully


differentiated (mature) cells. It is important to consider the


differentiation age as a factor because previous studies in our


laboratory have shown that the vulnerability of the differ-


entiating neuroblastoma cells to the external stimuli is differ-


entiation age-dependent [44].


Based on studies on the potential sources of the ELF-


EMFs and exposure levels in the office and domestic environ-


ments, the predominant medium values of 0.2–1 AT and the


high intermittent values of > 100 ATwere stated as effective


[45,46]. In this study, the ELF-EMF exposure levels up to 200


ATwas considered well within practical limits. The choice of


60-Hz frequency was based on the fact that most exposure


studies have focused on the possible adverse effects of the


power frequency magnetic fields.


The duration of the magnetic field exposure has been


stated as important in the maintenance of the steady state


transcript levels [47]. Short-term ELF-EMF exposures


(minutes) have been claimed to produce short-lasting


responses attributable to the inhibitory effect of the resultant
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nonspecific synthesized proteins [16]. Studies addressing


the temperature as a stress factor have shown that the time


required to cause an effect is reduced logarithmically with


increasing temperature [48,49]. Most of these studies have


considered the exposure periods of several hours (2–4 h) in


order to maintain the transcript levels (e.g., Ref. [50]).


To minimize experimenter bias, a double-blind approach


was used. A custom-made blinding switch box was used to


expose cells to magnetic fields in an unbiased manner. An


example of the blinding switch box setting is shown in


Table 1. As revealed, three exposure modes (field-exposed,


sham-exposed, and external coil activation) were made


possible. After subjecting to different exposure modes, cells


were washed twice with 1 ml of HEPES-BSS (140 mM


NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, HEPES 10


mM, D-glucose 10 mM, pH 7.4), and dislodged from the 60-


mm dish using a cell scrapper. The cells were then centri-


fuged using the same buffer and the pellets were snap-frozen


in liquid nitrogen and stored at � 70 jC for later RNA


isolation and processing.


2.4. Isolation and analysis of total RNA


Total RNA was extracted by following the manufactur-


er’s protocol for the monolayer cultures, using the TRIzolk
reagent [51]. The integrity of the extracted RNA was


ascertained by the examination of 28S and 18S bands of


the ethidium bromide-stained (1.2%) agarose–formalde-


hyde gels. Samples were considered to be degraded if the


28S band was not more intense than the 18S band. If any


sample in a series was degraded, the experiment was


repeated.


RNA samples (10–20 Ag) were size-fractionated by


electrophoresis in 1.2% agarose gels containing 6% form-


aldehyde and 1� MOPS (40 V for 20 min; 60 V for 3 h),


followed by the capillary blotting overnight from the form-


aldehyde gel to the nylon membrane (Roche Molecular


Biochemicals, Indianapolis, IN). Air-dried membranes were


cross-linked by UV irradiation to immobilize the RNA using


a UV Stratalinker (Stratagene, La Jolla, CA) on the auto-


matic setting. Membranes pre-hybridized in the Dig-Easy


Hyb solution (Roche Molecular Biochemicals) were hybri-


dized at 60 jC with digoxygenin-labeled APP695 and actin


RNA probes. Conditions suggested in the kit for the hybrid-


ization and washing of membranes were followed (Roche


Molecular Biochemicals). Intensity of the APP695 mRNA


signal was obtained using the Digoxygenin chemilumines-


cent detection kit (Roche Molecular Biochemicals).


2.5. Hybridization probes


In preparation for the northern hybridization experiments,


DNA segments corresponding to a segment of APP695 was


amplified by a reverse transcriptase-polymerase chain reac-


tion (RT-PCR) reaction using the following pair of primers


[52]; forward: 5VAATACGACTCACTATAGGGAGA-


CACCACAGAGTCTGTGGAAG 3 V; r e v e r s e :


5VCATACGATTTAGGTGACACTATAGAGGTGTCTCG-
AGGTGTCTCGAGATACTTGT 3V; T7 RNA polymerase


(underlined) and SP6 RNA polymerase (underlined) sequen-


ces were incorporated into the forward and reverse primers,


respectively. These primers were synthesized at the Molec-


ular Genetics Facility at the University of Georgia. RT-PCR


was then conducted with Titan One tube RT-PCR system


(Roche Biosciences) and evaluated by separation in a 1%


agarose gel and staining with ethidium bromide.


The parameters for the RT-PCR were as follows: cDNA


synthesis at 50 jC for 30 min, denaturation at 94 jC for 2


min; amplification cycle (denaturation at 94 jC for 0.5 min,


annealing at 57 jC for 0.5 min, elongation at 68 jC for


0.75–4 min). PCR was run for 25 cycles with cycle


elongation of 5 s for each cycle and a final elongation step


at 68 jC for 7 min. The PCR product was purified by


running the DNA in a 1.5% low melting point agarose gel at


50 V for 2 h and the DNA bands were excised from the


agarose purified using a Supelco WizardR minicolumn. The


authenticity of the purified DNA was then verified by the


sequence analysis at the Molecular Genetics Facility and


digoxygenin-labeled APP695 RNA probes were prepared


using the Digoxygenin labeling kit (Roche Biosciences).


Genbank analysis showed that there was an overall homo-


logy with the existing sequences. Digoxygenin-labeled


human actin probes were obtained from Roche Biosciences


and were used as internal standards.


2.6. Evaluation of relative transcript levels


Our analysis allowed for the possible treatment-induced


variation of the transcript levels based on the magnetic field


strengths and differentiation time. In order to determine the


Table 1


An example of the front panel switch combinations with the corresponding


exposure modesa


F1 F2 F3b Exposure mode


0 0 0 EXP


0 1 0 SHAM


1 0 0 SHAM


1 1 0 EXP


Xc X 1 EXT


a Three internal rotary switches designated as RS1, RS2, and RS3


control the ‘‘meaning’’ of the three front panel switches F1, F2, and F3. By


changing the RS switch setting, the front panel (F) switch meaning is


altered. RS1 and RS2 control the polarity of the magnetic fields that are


generated by the two coils to exposure (EXP) [current flowing in the same


direction that the magnetic fields from both coils are additive], sham-


exposure (SHAM) [current flowing in opposite directions that the magnetic


fields from both coils cancel each other], and external coil activation (EXT)


[current flowing to an identical coil located more than 1 m away from the


biological specimen].
b The setting of RS3 determines which one of the three front panel


switches is to be the controller of the ‘‘external coil/exposure coil’’ mode


(in our combination, F3 is the controller).
c X implies that the switch can take either the value of 0 or 1 without


affecting the outcome.
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amount of hybrids formed between the APP695 transcript


and its probe, the X-ray films were analyzed by densitom-


etry using the Expression 636 (Epson, Long Beach, CA) and


the Quantity One, version 2 (BioRad Laboratories, Her-


cules, CA). Measurements of APP695 transcript levels were


expressed as the ratio of APP695 to actin (internal standard)


for each experimental condition. Actin was used as an


internal standard based on the earlier studies showing no


changes in the actin transcript levels in response to the


magnetic field exposure [53]. A typical example of a North-


ern blot output that is used for the processing and analysis is


shown in Fig. 1. The top row shows the levels of the APP695


mRNA elicited by the hybridization with the APP695 RNA


probe while the bottom row shows the levels of the actin


mRNA elicited by the hybridization with the digoxygenin-


labeled human actin RNA probe.


The data were represented as the ratio of the experimen-


tal (E) signal to the control (C) signal [13]. The relative


signal (Rel. S) is a measure of the quantity according to the


equation


Rel: S ¼ ðE=CÞ � 1 ð1Þ


where E/C is the mean ratio of the experimental (exposed/


sham/external coil) to control the band density. Rel. S = 0


means no effect while the Rel. S is positive or negative for


increased or decreased mRNA signal levels, respectively.


All the treatments of the replicate ratios were examined with


a two-tailed t-test to test the hypothesis that the ratio (E/C) is


equal to unity.


3. Results and discussion


APP695 transcription level ratios, Rel. S, Eq. (1), for a


magnetic field intensity of 100 AT as a function of the


differentiation age are shown in Fig. 2. The largest variation


among all the experimental conditions was a 23% decrease


of the APP695 relative signal, observed on the 10th day of


differentiation. In all the cases, there were no statistically


significant ELF-EMF effects among the three experimental


(exposed, sham, and external coil) and control conditions at


the three culture ages of differentiation. The results also


showed that there was no change in APP695 transcription


level with differentiation age. APP695 transcription level


ratios for all the experimental conditions in 16-day old


differentiated IMR-32 cells as a function of magnetic field


strengths are shown in Fig. 3. There were no statistically


significant ELF-EMF effects between the three experimental


(exposed, sham, and external coil) and control conditions at


Fig. 1. Northern blots for expression of APP695 in 10-day-old BrdU-


differentiated IMR-32 following a 4 h magnetic field exposure at 200 AT.
CO=Control; A=Exposed; B = Sham; C=External Coil.


Fig. 2. Mean expression of APP695 relative transcription (n= 3) in BrdU-differentiated IMR-32 cells following 60 Hz magnetic field exposure (100 AT, 4 h).
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the three different magnetic field intensities, suggesting no


change in the APP695 transcription levels with increased


magnetic field strength.


Table 2 summarizes 27 different t-tests. Each block in


Table 1 represents a test of the null hypothesis Ho: the mean


APP695 relative transcription levels for the respective


experimental condition is equal to the value of unity (mean


of the APP695 relative transcription level for the respective


control condition) versus the alternative hypothesis H1: the


mean APP695 relative transcription levels for the respective


experimental condition is not equal to the value of unity; p-


values for each test are reported. A p-value greater than 0.05


indicated that the relative transcription levels for the exper-


imental condition was not different from the control con-


dition. Inspection of all the conditions show that all the 27


tests did not reject the null hypothesis at the 5% level,


suggesting that there was no statistical difference between


the experimental and control conditions at different mag-


netic field intensities and ages of differentiation.


The results reported herein provided no support for any


relationship between the APP695 gene transcription and


differentiation age, as well as the magnetic field exposure.


This is in contrast with a study in which ELF-EMF blocked


the differentiation of the erythroleukemia cells [54]. It


Fig. 3. Mean expression of APP695 relative transcription (n= 3) in 16-day-old BrdU-differentiated IMR-32 cells following 60 Hz magnetic field exposure (4 h).


Table 2


Statistical comparison of the control (unexposed) and exposed IMR-32 human neuroblastoma APP695 relative transcription levels


Day 2 Day 10 Day 16


EXP SHAM EXT EXP SHAM EXT EXP SHAM EXT


50 lT
0.2613a


(do not


reject Ho)


0.1469


(do not


reject Ho)


0.5466


(do not


reject Ho)


0.3557


(do not


reject Ho)


0.8595


(do not


reject Ho)


0.9749


(do not


reject Ho)


0.7289


(do not


reject Ho)


0.5540


(do not


reject Ho)


0.1458


(do not


reject Ho)


100 lT
0.7636


(do not


reject Ho)


0.1968


(do not


reject Ho)


0.1165


(do not


reject Ho)


0.1140


(do not


reject Ho)


0.3234


(do not


reject Ho)


0.2179


(do not


reject Ho)


0.5639


(do not


reject Ho)


0.2660


(do not


reject Ho)


0.2391


(do not


reject Ho)


200 lT
0.6842


(do not


reject Ho)


0.6441


(do not


reject Ho)


0.7298


(do not


reject Ho)


0.2694


(do not


reject Ho)


0.2471


(do not


reject Ho)


0.4226


(do not


reject Ho)


0.0735


(do not


reject Ho)


0.4709


(do not


reject Ho)


0.6446


(do not


reject Ho)


EXP—field-exposed; SHAM—sham-exposed; EXT—external coil activation.
a p-values for t-test ( p-value>0.05 = do not reject Ho).
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should be pointed out that the IMR-32 phenotype used in


this study was differentiated with respect to the morpho-


logical and biochemical but not the electrophysiological end


points [42].


Our data constituted the first step towards investigating


the possibility of an association between the ELF-EMF


exposure and AD manifestations at the cellular level.


Absence of ELF-EMF effect on APP695 gene transcription


levels provides incentives to explore the ELF-EMF effects


on other factors implicated in the AD pathogenesis. For


example, it would be useful to consider the effects of ELF-


EMF exposure on the enzyme activities of h- and g-secre-


tases [55]. Previous studies have shown that a possible


interaction mechanism is an electrochemical model that


involves alteration in the enzyme activities that involve the


ELF-EMF field induced changes [56–58]. Results from


previous studies have suggested that the ELF-EMF fields


could interfere or enhance enzyme activation by affecting the


ion concentration available to the enzyme [59,60].
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Abstract


The transient photocurrent response from bacteriorhodopsin (bR) on tin oxide electrodes was strongly influenced by metal ions bound to


bR molecules. The photocurrent polarity reversal pH, which corresponded to the pH value for the reversal of the proton release/uptake


sequence in the bR photocycle, of cation-substituted purple membrane (PM) was shifted to lower pH with the increase in the cation affinities


to carboxyl groups and a close correlation was noted between the two values. This suggests that the metal ion present in the extracellular


region of a bR molecule modulates the pKa of proton release groups of bR by stabilizing the ionized state of the proton-releasing glutamic


acids. The behavior of photocurrents at light-off in alkaline media, reflecting the proton uptake by bR, was unchanged by binding monovalent


(Na + and K + ) or divalent cations (Mg2 + and Ca2 + ), but was drastically changed by binding La3 + ions. This can be explained by invoking


a substantial slowing of the proton uptake process in the presence of La3 + . D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction


Bacteriorhodopsin (bR), the retinal-containing protein in


the purple membrane (PM) of Halobacterium salinarium,


functions as a light-driven proton pump. Photoisomerization


of the retinal chromophore drives the proton transport from


the cytoplasmic side to the extracellular side of the mem-


brane. The proton transport in bR is a cyclic process


consisting of a series of optical intermediates, with lifetimes


varying from picoseconds to milliseconds [1,2].


bR is normally purple (kmax = 568 nm) and turns blue


(kmax = 603 nm) by removal of metal ions [3,4]. Metal ions


bound to a bR molecule (Ca2 + and/or Mg2 + in nature)


would affect the proton transport activity of bR. The binding


sites of metal ions in a bR molecule have been studied


extensively [5–15] following a report by Kimura et al. [3].


A variety of experimental evidence suggests that there are


two high-affinity cation-binding sites and several low-affin-


ity binding sites in a bR molecule [8–11]. It was recently


reported that one of the high-affinity cation-binding sites


was located on a loop between the helix F and G on the


extracellular surface by means of 13C solid state NMR [14].


The role of metal ions on the proton transport process,


however, has not been unraveled.


Photoelectric measurements have been employed to


study the charge movements in bR molecules [16,17]. The


flash-induced photoelectric signal from oriented PM, prob-


ably due to internal and/or external charge movements of


bR, has at least three components with duration times lasting


from picoseconds to milliseconds [18–27]. The duration


times of these components correspond to interconversions


of intermediate states along the bR photocycle. Therefore,


the photoelectric signals could be a good probe to unravel


the conformational changes and the proton translocations


taking place at the transitions of bR intermediate states.


Miyasaka et al. [28–30] have reported another type of


photoelectrochemical signal upon continuous illumination,


where the time-differential photocurrents are generated from


bR immobilized on tin oxide (SnO2) electrodes by turning


on and off the incident light. The origin of the unique


photocurrent response has not been thoroughly understood


yet, and extensive studies for unraveling its mechanism are


still going on. Recent works suggest that the transient


photocurrent responses originate from the interfacial pH
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change due to proton release and uptake by bR molecules


[31–36]. This photoelectrochemical response has been


successfully applied to investigate the bR proton transfer


mechanism [37–42].


Recently, we reported that lanthanum ions (La3 + ) dras-


tically changed the pH dependence of the photocurrent


responses from bR [42]. By binding La3 + to bR molecules,


the photocurrent polarity reversal pH was lowered and by


turning off the incident light, the photocurrent intensity was


significantly decreased, as compared to wild-type bR. These


could be rationalized by invoking the effect of La3 + on the


bR proton pump activity.


Following the preliminary work, we examine here the


effect of metal ions bound to bR molecules on the photo-


electrochemical responses of bR and discuss the role of metal


ions on the proton release and uptake of bR molecules.


2. Experimental


2.1. Preparation of cation-substituted purple membrane


Purple membranes (PM) were prepared from cultured H.


salinarium S9 according to the method of Oesterhelt and


Stoeckenius [43] and were deionized by passage through a


cation exchange column (BioRad AG-50W) as described by


Kimura et al. [3]. The blue membranes thus obtained were


washed with distilled water and concentrated by centrifu-


gation. Cation-substituted PMs were prepared by adding an


aqueous solution of a metal chloride salt ([cation]/[bR] = ca.


200, 50 and 5 for monovalent, divalent and trivalent cations,


respectively) with a micropipette to the blue membranes,


followed by immobilization on SnO2 electrodes. Visible


absorption spectra of purple and blue membrane were


measured with a Jasco spectrophotometer Ubest-50.


2.2. Immobilization of purple membrane on SnO2 electrode


SnO2 electrodes (Nippon Sheet Glass, with a 450-nm


thick SnO2 layer) were washed first with hot methanol, then


treated with hot concentrated sulfuric acid and rinsed


thoroughly with distilled water. A 50-ml aliquot of the


cation-substituted PM suspension, with an optical density


of 1 at 570 nm for a 1-cm path length, was deposited on a 1-


cm2 area of the electrode, and then dried at room temper-


ature and humidity.


2.3. Photocurrent measurements


The photocurrent measurement setup was essentially the


same as the one reported elsewhere [34]. An Ushio Electric


500-W xenon arc lamp Model UXL-500D-O served as the


light source. Infrared radiation was removed with an 18-cm


path length water cell, and Toshiba Glass cut-off filters L-39


and G-55S were used to extract green light. A PM-immo-


bilized electrode was mounted as a window (1 cm in


diameter) of a photoelectrochemical cell. The potential of


the electrode was controlled with a Toho Technical Research


potentiostat Model 2000 and a Ag/AgCl and a platinum


wire served as reference and counter electrode, respectively.


In order to avoid the exchange of metal ions in electrolyte


solutions for cation-substituted PMs, metal chloride salts


corresponding to the binding cations were used as support-


ing electrolyte. The photocurrents were measured with a


Sony Tektronix oscilloscope Model TDS-340. A NF Elec-


tric Instruments low-pass filter Model E-3201B was used for


photocurrent measurements in a pH region near the photo-


current polarity reversal.


3. Results and discussion


3.1. Visible absorption spectra of blue and cation-substi-


tuted purple membrane


Addition of metal ions reconverted the blue membrane


into purple. Fig. 1 depicts the visible absorption spectra of


the blue membrane and a typical cation-substituted PM


(Ca2 + -substituted PM). The deionized blue membrane had


an absorption maximum at 603 nm, while the Ca2 + -sub-


stituted PM, at 568 nm. The latter spectrum was essentially


the same as that of wild-type PM, indicating that bR was


completely regenerated. All the other cation-substituted


PMs used in the present work exhibited almost the same


visible absorption spectra as the Ca2 + -substituted PM.


3.2. Photocurrent patterns


Fig. 2 depicts typical photocurrent response patterns


from Na + -substituted PM on SnO2 electrodes at neutral,


low and high pH. Hereafter, the photocurrent, by turning on


and off the incident light, is denoted, respectively, as the


light-on and light-off photocurrent. As compared with the


pattern at neutral pH, the photoelectrochemical response


Fig. 1. Visible absorption spectra of Ca2 + -substituted purple membrane


(solid curve) and blue membrane (dashed curve).
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was reversed at low pH and the light-off photocurrent lost


its intensity at high pH.


Recent studies suggest the mechanism of the transient


photocurrent generation from bR on SnO2 electrodes as


follows [31–36], although its origin has not been thor-


oughly unraveled yet. The transient photocurrent generation


from bR on an oxide electrode is due to the shifting of


proton dissociation equilibrium at the surface of an oxide


electrode, arising from proton release/uptake by bR mole-


cules [31,34]. At neutral pH, the interfacial pH is lowered at


the onset of irradiation because the proton release precedes


the proton uptake in the bR photocycle. This induces an


anodic shift of the surface potential, which is governed by


the proton dissociation equilibrium of the surface hydroxide,


of an oxide electrode. Under potentiostatic conditions as in


the present work, such a potential shift is equivalent, in


terms of the potential profile in the space charge layer, to a


cathodic polarization of the oxide electrode, giving rise to a


transient capacitive current. The transient light-on photo-


current could be interpreted in this manner. This is followed


by a photostationary state of the bR photocycle during


continuous irradiation, where no capacitive current is to be


expected because the surface potential remains the same. At


the termination of irradiation, the slower process (proton


uptake) entails transiently, giving rise to an anodic capaci-


tive current. Thus, the reversal of the proton release/uptake


sequence causes the photocurrent polarity reversal at lower


pHs. At higher pH, the proton uptake process is naturally


slowed down. This reduces the value of DpH/Dt near the


surface of an electrode, and therefore the light-off photo-


current loses its intensity.


The patterns shown in Fig. 2 were essentially the same as


those from all the other cation-substituted PMs examined in


the present study. However, the photocurrent polarity rever-


sal pH was changed by metal ions bound to PM and the


light-off photocurrent intensities from La3 + -substituted PM


were significantly weak at neutral and high pH. The photo-


current behaviors of cation-substituted PMs in acidic and


alkaline media are to be discussed in detail in the following


sections.


3.3. Effect of metal ions on the photocurrent polarity rever-


sal pH


The light-on photocurrent peak intensities of cation-sub-


stituted PMs at low pH are plotted in Fig. 3 as a function of


electrolyte pH. As seen, the photocurrent polarity reversal pH


depends on the nature of metal ions bound to bR molecules.


This pH value was 5.1–5.3, 4.2–4.7 and 3.9 by binding


monovalent, divalent and trivalent cations, respectively.


According to the photocurrent generation mechanism


described above, the photocurrent polarity reversal pH is


consistent with the pH value for the reversal of proton


release/uptake sequences in bR. Hence, the results displayed


in Fig. 3 indicate that metal ions bound to a bR molecule


change the pH value at which the proton release/uptake


steps are reversed.


In order to examine more closely the effect of metal ions,


the photocurrent polarity reversal pHs for cation-substituted


PMs are plotted in Fig. 4 against the logarithm of the


equilibrium constant between acetic acid and metal ion (from


Ref. [44]). The pH values of the photoresponse reversal were


shifted to acidic with the increase in the equilibrium constant


and were closely correlated. This indicates that the photo-


current polarity reversal pH is dependent on the cation af-


finities to carboxyl groups.


A hydrogen-bond network formed in the extracellular


domain of a bR molecule, comprising several key amino


acid residues and water molecules, has recently been the


Fig. 2. Photocurrent response patterns from Na + -substituted PM on a SnO2


electrode. (A) pH 7.0, (B) pH 3.4, (C) pH 9.6. Light intensity, 1.3� 102


mW cm� 2. Electrode potential, 0 V vs. Ag/AgCl.
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subject of intense research with regard to the proton release


by bR. The mechanism of proton release from bR is


currently explained in terms of the coupling of pKa between


Asp85 which accepts a proton from the Schiff base and


proton releasing groups at extracellular surface [45–48],


although the proton releasing groups have not been finally


identified. Upon protonation of Asp85, the pKa of the proton


release groups is lowered by about 5-pH units, which would


cause the release of a proton if the external solution were at


neutral pH. Thus, the pH for the reversal of proton release


and uptake sequences in bR would be determined by the pKa


of the proton-releasing glutamic acids.


One of the high-affinity cation-binding sites exists on the


loop between helix F and G on the extracellular surface,


close to proton release groups [14], although it is not clear


whether the cation binds to carboxyl groups of amino acid


residues or lipid molecules. The metal ion at this site would


stabilize the dissociated state of carboxyl groups of the


proton-releasing glutamic acids, resulting in the lowering of


pKa of the proton release groups. We propose that the metal


ion present in the extracellular region of a bR molecule


modulates the pKa of the proton release groups.


The slope in Fig. 4 is not unity, probably because of the


difference in the environmental conditions around the car-


boxyl groups. Namely, the proton-releasing carboxyl groups


are located inside the proteins, whereas the equilibrium


constants represented in Fig. 4 have been estimated in


aqueous solutions.


Local structural changes or surface potential change on


the extracellular surface by binding metal ions may be


additional possibilities of the pKa shift of the proton release


groups in bR molecules. Metal ions would bind to PM in


association with negative groups of the membrane surface.


This may change the surface potential of PM and hence


indirectly affect the proton-releasing complex at the extrac-


ellular surface. Further structural and spectroscopic studies


on the extracellular region of cation-binding bR is needed to


elucidate the effect of metal ions on proton release groups in


bR.


3.4. Effect of metal ions on light-off photocurrents at high


pH


Light-off photocurrents from PM on SnO2 electrodes


lose their intensities at high pHs [39]. The interfacial pH


is raised at the termination of irradiation by bR proton


uptake in neutral and alkaline media, and this generates an


anodic transient photocurrent. The bR proton uptake is


naturally slowed at higher pHs [49 50 51] and this reduces


the value of DpH/Dt near the surface of SnO2 electrodes.


Therefore, the light-off photocurrent loses its intensity in


alkaline media. The behavior of light-off photocurrents thus


reflects the proton uptake process in the bR photocycle. The


bR mutants which slowed the proton uptake process showed


the similar suppression of the light-off photocurrents


[38,40,41], indicating that the delay of the proton uptake


step caused the loss of the bR light-off photocurrent


intensities at neutral and high pHs.


The ratio of the light-off to the light-on photocurrent


peak intensities, Ioff/Ion, from cation-substituted PMs were


examined at neutral and high pHs, and the results are


depicted in Fig. 5. Among them, monovalent and divalent


Fig. 3. pH-dependence of peak photocurrent by turning the light on for Li +


(� )-, Na + (6)-, K + (4)-,Mg2 + (5)-, Ca2 + (�)-, Zn2 + (*)-, Ba2 + (&)-
and La3 + (~)-substituted PM. Electrolyte is 0.1 M metal chloride
salt of the binding cation. The pH value was controlled with HCl.


Fig. 4. Plots for the photocurrent polarity reversal pH against the logarithm of


the equilibrium constant between metal ion and acetic acid (from Ref. [44]).


Li + (� )-, Na + (6)-, Mg2 + (5)-, Ca2 + (�)-, Zn2 + (*)-, Ba2 + (&)- and
La3 + (~)-substituted PM.
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cation-substituted PMs exhibited almost the same behavior,


where the amplitude ratio decreased systematically from ca.


0.9 to 0 by raising pH. The curves of Ioff/Ion plots by raising


pH coincided with those by lowering pH (data not shown),


demonstrating that the results in Fig. 5 reflect an inherent


photochemistry in the cation-substituted bR and not their


denaturation. The results obtained here thus indicate that the


binding of monovalent or divalent cations would not influ-


ence the proton uptake delay of bR in alkaline media.


In sharp contrast, La3 + ions significantly decreased the


light-off intensities. The Ioff/Ion ratio from La3 + -substituted


PM was small even at neutral pH, and abruptly decreased at


higher pHs. It was reported that La3 + substantially slowed


down the proton uptake process of bR [52,53]. The slowing


of proton uptake suppresses the interfacial pH change at the


termination of irradiation and therefore, the light-off photo-


currents from La3 + -substituted PM lose their intensities.


The unique behavior of the light-off photocurrents from


La3 + -substituted PM is therefore in line with the La3 +


effect on the proton uptake process of bR.


4. Summary


Metal ions bound to bR molecules had a pronounced


influence on the photocurrent responses from bR on SnO2


electrodes at low and high pHs. The pH of photocurrent


polarity reversal was shifted to lower pH with the cation


affinity to carboxyl groups. This suggests that metal ions at


the extracellular region affect the proton release step in the


bR photocycle. Light-off photocurrent intensities were


much weaker by the binding of La3 + compared with other


cation-substituted PMs because of the substantial slowing of


the proton uptake step in the bR photocycle in the presence


of La3 + ions. The present photoelectrochemical system


could be a powerful tool for unraveling the proton transport


mechanism of bR.
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[50] L. Zimányi, Y. Cao, R. Needleman, M. Ottolenghi, J.K. Lanyi, Path-


way of proton uptake in the bacteriorhodopsin photocycle, Biochem-


istry 32 (1993) 7669–7678.


[51] Y. Cao, L.S. Brown, R. Needleman, J.K. Lanyi, Relationship of proton


uptake on the cytoplasmic surface and re-isomerization of retinal in


the bacteriorhodopsin photocycle: an attempt to understand the com-


plex kinetics of the pH changes and N and O intermediates, Biochem-


istry 32 (1993) 10239–10248.


[52] L.A. Drachev, V.N. Frolov, A.D. Kaulen, E.A. Liberman, S.A. Os-


troumov, V.J. Plakunova, A.Y. Semonov, V.P. Skulachev, Reconstitu-


tion of biological molecular generators of electric current, Bacte-


riorhodopsin, J. Biol. Chem. 251 (1976) 7059–7065.


[53] A.L. Drachev, L.A. Drachev, A.D. Kaulen, L.V. Khitrina, The action


of lanthanum ions and formaldehyde on the proton-pumping function


of bacteriorhodopsin, Eur. J. Biochem. 138 (1984) 349–356.


Y. Saga et al. / Bioelectrochemistry 57 (2002) 17–2222





		Introduction

		Experimental

		Preparation of cation-substituted purple membrane

		Immobilization of purple membrane on SnO2 electrode

		Photocurrent measurements



		Results and discussion

		Visible absorption spectra of blue and cation-substituted purple membrane

		Photocurrent patterns

		Effect of metal ions on the photocurrent polarity reversal pH

		Effect of metal ions on light-off photocurrents at high pH



		Summary

		Acknowledgements

		References






On the formation kinetics of two-dimensional cytidine films
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Abstract


The kinetics of phase transitions of cytidine adsorbed on mercury are studied by chronoamperometry and capacitance measurements.


Cytidine forms highly ordered two-dimensional adlayers in a broad range of pH. In acid solvent, only one kind of condensed layer is formed.


In the alkaline solution, cytidine forms two different two-dimensional (2D) adlayers. The minimum capacitance value in adlayer II at pH 5 is


7.0 AF cm� 2 and, at pH 8.3, it is 5.1 AF cm� 2; in adlayer III, the minimum capacitance is 10.6 AF cm� 2. The formation of a physisorbed


film of cytidine molecules adsorbed at the mercury surface proceeds by complex mechanisms. From j– t transients, it can be seen that the


phase transformations from dilute adlayer Ia to condensed physisorbed film II is accompanied by the reorientation of cytidine molecules at


the mercury surface (inverted current transient). The interfacial transformations of the cytidine film yield a sigmoidal C– t transient. This


experimentally measured C– t transient were analysed by Avrami theorem. The rate of the transformations from dilute adlayer Ia to


condensed film II of cytidine at pH 5 depends strongly on temperature but is only slightly affected by temperature at pH 8.3. The effect of pH


and ionic composition of the supporting electrolyte on the rate of transformation of cytidine films was studied as well. D 2002 Elsevier


Science B.V. All rights reserved.


Keywords: Two-dimensional phase transition; Adsorption; Nucleation and growth; Cytidine adlayers


1. Introduction


The studies of biologically important molecules at elec-


trode/electrolyte interfaces as model systems are expected to


provide valuable information on their behaviour at bio-


logical surfaces [1]. Such information will also be useful


for the development of biosensors [2,3]. In the present


paper, we are studying the effect of pH, temperature and


ionic composition of solution on the adsorption and 2D


condensation of cytidine at Hg electrode. The reason why


we have chosen this nucleoside is that in the literature, there


is less quantitative information on its adsorption and on the


kinetics of film formation/dissolution [4–11] in comparison


with the other nucleosides or DNA bases [12–24]. The


present work is focused on a description of the kinetics of


the formation of a physisorbed condensed cytidine film. We


have fitted the kinetics data by Avrami theorem based on the


nucleation and growth process.


2. Experimental


The electrochemical set-up consisted of a classical three-


electrode system. The working electrode was a mercury drop


electrode Metrohm 663 VA Stand (Zurich, Switzerland),


operating as a hanging mercury drop electrode (HMDE).


The drop area A= 0.005 cm2 was determined by analysis of


the cyclic voltammogram of reversible reaction of Cd2 + [25].


All potentials were measured with reference to an Ag/


AgCl/3 M KCl electrode. Platinum wire was used as an


auxiliary electrode.


The measurements were performed in a solution of NaCl


(Merck, p.a.) and Britton–Robinson (BR) buffer. The pH


value of this solution was adjusted by the addition of small


amounts of concentrated HCl and/or NaOH. The BR buffer


was prepared according to the literature [26] for each


measured pH value. The ionic strength I of this solution


was I= 0.5 mol kg� 1. Cytidine (Sigma) was used without


any purification. The solutions were deaerated using 99.5%


argon saturated with triple distilled water. The temperature


was controlled with a cryostat at an accuracy of F 0.1 jC.
All measurements were performed using an AUTOLAB


electrochemical system (Ecochemie, Utrecht, Netherlands)


equipped with a potentiostat/galvanostat PGStat20 and a


1567-5394/02/$ - see front matter D 2002 Elsevier Science B.V. All rights reserved.
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frequency-response analyser (FRA) module. The differential


capacitance of the electrode double layer and C– t transients


were measured using the FRA module at the following


settings: frequency 33 Hz, AC voltage amplitude 5 mV,


integration time 2 s, minimum number of cycles to integrate


5, number of cycles to reach steady state 10 and maximum


time to reach steady state 3, with minimum fraction of a


cycle 0. The CV measurement and I– t transients were done


using the AUTOLAB/GPES software.


3. Results and discussion


3.1. Effect of pH on the adsorption of cytidine in 0.5 M


NaCl+BR buffer solution


Fig. 1 shows a typical cyclic voltammogram and the


capacitance vs. potential curves (C–E curves) of 30 mM


cytidine in 0.5 M NaCl with BR buffer at two different pH


values. Similar result was published and discussed earlier by


Temerk et al. [5–7,10] and Ibrahim [11]. Cytidine is adsorbed


at mercury in a wide potential range and different interfacial


states can be distinguished, labelled Ia, Ib, II and III.


In acidic solution, the 2D condensation of adsorbed


cytidine molecules and formation of a physisorbed compact


layer takes place only in one potential region (region II),


which is characterised by appearance of the capacitance pit


on C–E curve [4,12,27–29] and sharp current spikes on


cyclic voltammograms at the potentials of the capacitance


pit edges. The current spikes on the voltammograms (Fig.


1A, peaks A, AV, B and BV) and the pit edges on the C–E


curves show hysteresis, i.e. their potential depends on the


direction of the potential scan. Both the appearance of the


capacitance pit and the hysteresis are typical properties of


2D physisorbed condensed films [1,30–33]. The differential


capacitance in region II is 7.0 AF cm� 2. Region Ia and Ib


corresponds to the dilute [1] reversible physical adsorption


of individual cytidine molecules. At more negative poten-


tials, cytidine is desorbed from the Hg surface (E <� 1.3 V).


In alkaline solution, cytidine forms two different 2D


physisorbed condensed layers. The centre of the first of


them (region II) is located around � 0.8 V (region II is


delimited by the current spikes A, AV, B and BV, Fig. 1C).
The second 2D physisorbed film is formed at more positive


potentials. Region III is delimited by a pair of current peaks


P and PV. The differential capacitance value is 5.1 AF cm� 2


in region II and 10.6 AF cm � 2 in region III, i.e. about twice


higher than in region II. This could mean that the cytidine


layer thickness in region III is half of that in region II, and


that cytidine is condensed there in planar orientation con-


trary to perpendicular orientation in region II. Another


explanation for the higher capacitance in region III could


Fig. 1. Cyclic voltammograms of 0.5 M NaCl with BR buffer in the absence (solid line) and presence (.) of 30 mM cytidine at (A) pH 5 and (C) pH 8.3 at 10


jC. Capacitance–potential curves of 30 mM cytidine in 0.5 M NaCl with BR buffer at (B) pH 5 and (D) pH 8.3 at 10 jC. (o) Potential scan from � 0.05 V to


more negative potentials; (D) potential scan from � 1.4 V to more positive potentials. Dashed line is background electrolyte. Conditions of measurements:


(A,C) scan rate 100 mV s� 1, (B,D) frequency 33 Hz, AC voltage amplitude 5 mV, integration time 2 s, minimum number of cycles to integrate 5, number of


cycles to reach steady state 10, maximum time to reach steady state 3. The different adsorption states are labelled as Ia, Ib, II and III.
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be incorporation of the solvent anions into the condensed


layer. In acid solutions, region III is not observed, probably


because the protonated cytidine molecules, unlike the neu-


tral ones, are repulsed from the positively charged mercury


surface.


It was observed that the extent of region III is only


slightly affected by a change of temperature (not shown).


On the other hand, the capacitance pit width (region II)


decreases with increasing temperature both in acid and


alkaline solutions as it is usually observed [4,30,31,33].


The driving forces stabilising the 2D condensed film of


cytidine in region II seems to be stacking interactions be-


tween cytosine rings perpendicularly oriented to the mer-


cury surface [1,8,34]. From the temperature independence


of the width of region III, it can be assumed that at neutral


and alkaline pH, cytidine is chemisorbed on HMDE via the


lone electron pair of N3. In acid solution, cytidine does not


form a condensed layer in region III because cytidine is


protonated at N3 and the chemical bond between mercury


and cytidine cannot be formed. A similar behaviour was


observed with chemisorbed surface films of uracil [35–38],


uridine [39–41] and cytosine [42,43] at Au (111).


3.2. C–E–t measurements


In order to examine the establishment of the adsorption


equilibrium in region II, we have measured C– t curves.


Figs. 2 and 3 show the C–E– t surfaces [44–46] of 30 mM


cytidine at potentials around the positive or negative edges


of the capacitance pit (region II) in acidic (Fig. 2A,B) and


alkaline pH (Fig. 3A,B). It can be seen that the effect of time


on the capacitance pit (region II) is more complicated in


alkaline pH (Fig. 3). In acid solution, a positive edge of the


capacitance pit (region II) has a complex development


contrary to the negative edge (Fig. 2B). The C–E curves


reconstructed from the isochronous C– t plots [47,48] show


that only at a very long time period (t > 200 s) the equili-


brium state was reached (not shown). The C–E– t surfaces


of 30 mM cytidine around the potentials of the negative


edge of the capacitance pit (region II) in alkaline (pH 8.3)


and neutral (pH 7.2) solutions looks very similar (not


shown).


The minimum capacitance value Cmin of the cytidine


adlayer in region II depends on pH. At pH 5, Cmin = 7.0 AF
cm � 2 and, at pH 8.3, Cmin = 5.1 AF cm� 2. In order to


explain why the capacitance of the condensed cytidine layer


depends on pH, we have studied the kinetic of the formation


of this layer at both pH values.


3.3. Cyclic voltammograms of cytidine at different scan


rates


Some information about the kinetics of cytidine adlayers


can be obtained from the dependence of the peak potentials


Emax and current maxima Imax of cyclic voltammogramms


on the scan rate vscan.


From Fig. 4, it can be seen that, at pH 5, the potential


Emax of the peaks A, AV, B and BV is independent on the


scan rate. There is a linear dependence of the current ma-


xima Imax on the square root of scan rate vscan for all four


peaks. Bosco and Rangarajan [49] have shown that this be-


haviour is characteristic for an instantaneous nucleation and


growth process.


At pH 8.3 (Fig. 5), the peak potential Emax is slightly


dependent on the scan rate. The dependence of the current


maximum Imax (peak BV) on the scan rate has, at pH 8.3, a


Fig. 2. C–E– t surfaces of 30 mM cytidine in 0.5 M NaCl +BR buffer at potentials around the positive (A) or negative (B) edges of the capacitance pit (region


II) in pH 5.
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nonlinear course. Such behaviour is assumed for the pro-


gressive nucleation.


3.4. Kinetics of transformation


The formation of a self-assembled monolayer can be


triggered at the electrochemical interface by an appropriate


change in concentration, temperature or potential. The phase


transformation is, however, usually initiated by applying a


potential step, which may very rapidly trigger the formation


of a new thermodynamically stable phase.


The kinetics of phase transformations of the cytidine on


the mercury electrode were investigated by means of current


and capacitance transients using the single potential step


Fig. 4. Potentials Emax and current density maxima jmax of cyclic


voltammogram peaks A, AV, B and BV of 30 mM cytidine in 0.5 M


NaCl +BR buffer at pH 5 as a function of the square root of scan rate vscan.


Fig. 5. Potentials Emax and current density maxima jmax of cyclic


voltammogram peaks B and BV of 30 mM cytidine in 0.5 M NaCl +BR


buffer at pH 8.3 as a function of the square root of scan rate vscan.


Fig. 3. C–E– t surfaces of 30 mM cytidine in 0.5 M NaCl +BR buffer at potentials around the positive (A) or negative (B) edges of the capacitance pit (region


II) in pH 8.3.
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technique [32,33,50]. In order to minimise the time constant


of the electrochemical cell, the concentration of the support-


ing electrolyte was sufficiently high (0.5 M).


The C– t and j– t transients were obtained after a single


potential step from the initial potential Ei in the region of


dilute adsorption Ia or Ib (waiting time at the potential Ei


was t = 5 s) to various final potentials Ef in the region II. The


further is the final potential from the true thermodynamic


transition potential ET (potential of the pit edges of the


equilibrium C–E curves [14,45,50]), the shorter is the phase


transition. With our instrumentation, it was not possible to


find such a potential window in which the rate of the


transition would allow to measure both j– t and C– t curves.


(It was possible to measure C– t curves only at times longer


than 1 s).


The current transients encountered in polynucleation and


growth processes on the mercury are commonly character-


ised by an exponential decay followed by a pronounced


maximum, until finally, the current decreases to zero


[23,24,50–52]. The current reaches its maximum at the


time tmax, which is shorter at larger AEf�ETA (overpoten-


tial) values.


The initial exponential decay is the sum of the double-


layer charging due to the potential step itself and the


Langmuir type (dilute) adsorption before the nucleation


starts [53–55]. The current maximum is generally associ-


ated with a nucleation and growth process [35,56–60].


The mean current density reflects the changes in the


surface charge due to the adsorption and condensation of


the adsorbed molecules, i.e. the current flowing due to the


charging of the growing condensed film (this current depends


on dH/dt) and the current flowing due to the changes in the


surface concentration of the expanded dilute adsorption


phase (depends on dC/dt) at the parts of the electrode surface
not covered by the condensed film. The molecules adsorbed


in the dilute layer are later incorporated in the growing


condensed phase. If during condensation of adsorbed mole-


cules their orientation and electronic properties are changed,


an additional current occurs at the moment of condensation, a


reorientation current, caused by the different dielectric prop-


erties of the dilute and condensed phases [61].


Depending on the value of the final potential Ef and on the


direction of the permanent dipole moment of the adsorbed


molecules, this reorientation current might have an opposite


sign than the adsorption current and the oscillating current


transients might be observed [52]; the current changes the


sign during the transition. After the potential jump, the


current decreases, crosses the zero charge line and becomes


negative. Subsequently, the current increases, becomes pos-


itive and, after reaching maximum, decreases [52].


The first negative current part in the signal response is


caused by a rapid condensation accompanied by an increas-


ing depletion of the noncondensed phase around the grow-


ing islands of the condensed phase. With progressive


Fig. 6. (A) Current transients of 30 mM cytidine in 0.5 M NaCl +BR buffer at pH 5 triggered by a potential step from � 1.2 V (region Ia) to various final


potentials close to the potential of peak BV in Fig. 1A: (a) � 0.97, (b) � 0.965, (c) � 0.960, (d) � 0.955, (e) � 0.945 and (f) � 0.94 V. (B) Current transients


triggered by a potential step from � 0.2 V (region Ib) to various final potentials close to the potential of peak A in Fig. 1A: (a) � 0.37, (b) � 0.38, (c) � 0.385


and (d) � 0.39 V. (C) Current transients of 30 mM cytidine in 0.5 M NaCl +BR buffer at pH 8.3 triggered by a potential step from � 1.2 V (region Ia) to


various final potentials close to the potential of peak BV in Fig. 1C: (a) � 1.04, (b) � 1.03, (c) � 1.025, (d) � 1.02, (e) � 1.01 and (f) � 1.0 V. The waiting


time for the initial potentials was 5 s.
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coverage of the surface by condensed phase, the condensa-


tion current decreases. The depletion of the dilute phase


leads to an increasing adsorption rate. The total current


response becomes positive again until the whole surface is


covered by the condensed phase [52].


3.4.1. j– t curves


Fig. 6A shows j– t curves for cytidine at pH 5 obtained


by the potential step from Ei =� 1.2 V (region Ia) to a


different Ef in region II; Ef is located close to the negative


edge of the capacitance pit. These current transients are


characterised by an initial current increase followed by the


gradual decay of the current. The transients start at negative


current values. The shape of these transients resembles the


oscillating current transients mentioned above which are


observed if reorientation of the adsorbed molecules during


condensation takes place. The initial exponential decay of


the current due to the charging of the double layer and dilute


adsorption was in our case obviously so fast that with our


instrumentation we were not able to observe it.


A different course shows the j– t curves obtained by


stepping from Ei =� 0.2 V (region Ib) to a different Ef in


region II (Ef is located close to the positive edge of the


capacitance pit), Fig. 6B. On the exponentially decaying part,


there is a shoulder, at higher AEf�ETA values, the shoulder


appears sooner. The total current during the whole transition


is negative, no oscillation current is observed. It can be thus


supposed that during phase transitions from dilute adsorption


region Ib to condensed region II, the reorientation of the


adsorbed cytidine molecules does not occur.


Fig. 6C shows j– t curves for cytidine at pH 8.3 obtained


by stepping from Ei =� 1.2 V (region Ia) to a different Ef in


Fig. 7. (A) Dependence of the coverage degree H on time t for 30 mM cytidine in 0.5 M NaCl +BR buffer at pH 5 after a single potential step from � 1.2 V to


various final potentials close to the negative edge of region II: (a) � 1.029, (b) � 1.027, (c) � 1.025, (d) � 1.023 and (e) � 1.02 V. (B) The H– t curves


following a single potential step from � 0.2 V to various Ef close to the positive edge of region II: (a) � 0.338, (b) � 0.3393, (c) � 0.3398 and (d) � 0.341 V.


(C) The H– t curves for 30 mM cytidine in 0.5 M NaCl +BR buffer at pH 8.3 after a single potential step from � 1.2 V to various final potentials close to the


negative edge of region II: (a) � 1.088, (b) � 1.084, (c) � 1.082 and (d) � 1.08 V. (.) Numerical fit of the H– t curves were calculated according to Eqs. (2)


and (3). The parameters of Eqs. (2) and (3) are listed in Tables 1–3. The waiting time for the initial potentials was 5 s.


Table 1


Parameters of the curves (a)– (e) in Fig. 7A fitted according to Eq. (2)


E (V) kn (� 10� 2 s� 1) kg (� 10� 4 s� 2)


� 1.029 2.35 0.28


� 1.027 4.53 0.40


� 1.025 6.5 0.80


� 1.023 9.3 2.80


� 1.020 3.05 74.0


Table 2


Parameters of the curves (a)– (e) in Fig. 7B fitted according to Eq. (3)


E (V) m b (� 10� 4 s� m)


� 0.3380 1.98 0.91


� 0.3393 1.99 1.44


� 0.3398 2.02 1.66


� 0.3410 2.08 2.33
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region II. The j– t curves at pH 8.3 looks very similar like


those at pH 5.


3.4.2. C–t curves


The transitions Ia! II or Ib! II in acid and alkaline


solution yield at low AEf�ETA values a sigmoidal C– t


transients (not shown) typical for a nucleation and growth


process which used to be analysed by the Avrami equation


[1,30–33].


Fig. 7 shows a plot of the degree of coverage of the


condensed region vs. time (H– t) for interfacial transforma-


tions starting from the dilute adsorption region (states Ia or


Ib) to the physisorbed film II in acid solution (Fig. 7A,B)


and in alkaline solution (Fig. 7C). The degree of coverage H
was calculated from the capacitance values as:


H ¼ ðC0 � CtÞ=ðC0 � C1Þ ð1Þ


where C0 is the capacitance measured immediately after the


potential step, and C1 is the capacitance after the transient


has reached a final steady state value.The experimental


capacitance transients can be represented satisfactorily by


the equation:


H ¼ 1� exp
�
� kg


�
t2 � 2t=kn


þ ð2=ðknÞ2Þð1� expð�kntÞÞ
��


ð2Þ


in which kg and kn are growth and nucleation rate param-


eters, respectively [15]. For the two limiting cases of


instantaneous nucleation (kn!l) and progressive nuclea-


tion (kn! 0), Eq. (2) simplifies to:


H ¼ 1� expð�btmÞ ð3Þ


with b = kg, m = 2 and b = kgkn/3, m = 3. The least-square fits


of the measured transients over the whole time range were


made using Eqs. (2) and (3) and working with nonlinear


regression analysis.


Fig. 7A shows the theoretical fit experimentally meas-


ured H– t curves of Ia! II transient for different final


potentials Ef at pH 5. It can be seen that the H– t curves


are satisfactorily fitted by Eq. (2). Parameters of H– t curves


fitted to Eq. (2) are given in Table 1.


Fig. 7B and C shows a comparison between the theoret-


ically calculated and experimentally measured H– t curves


of Ib! II transient at pH 5 and Ia! II transient at pH 8.3


for different Ef, respectively. Transients Ib! II for 30 mM


cytidine are satisfactorily fitted by Eq. (3), namely instanta-


neous nucleation with m = 2 at pH 5. A progressive nucle-


ation with m = 3 can be used for fitting of the rising part of


the Ia! II transients at pH 8.3 (Fig. 7C). Parameters of H– t


Table 3


Parameters of the curves (a)– (e) in Fig. 7C fitted according to Eq. (3)


E (V) m b (� 10� 6 s� m)


� 0.3380 2.95 0.76


� 0.3393 2.98 1.11


� 0.3398 3.01 2.42


� 0.3410 3.08 5.69


Fig. 8. The effect of temperature on the rate of the transformation of film Ia! II for 30 mM cytidine in 0.5 M NaCl +BR buffer at (A) pH 5 and (B) pH 8.3.
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curves fitted to Eq. (3) are given in Table 2 (Ib! II tran-


sients at pH 5) and Table 3 (Ia! II transients at pH 8.3). At


longer times, the decrease of H was observed, especially at


pH 8.3, Fig. 7C. This might show that the ordered con-


densed film is not stable during the time and later starts to be


destroyed. Such behaviour was observed earlier by Wand-


lowski and Pospisil [62,63] with an ordered film of uracil


and by Vetterl and de Levie [21] with an ordered film of


adenine.


3.4.3. Dependence of temperature, pH and ionic composi-


tion of the solution on the rate of transformations of cytidine


films


Fig. 8A shows the effect of temperature and electrode


potential on the rate of the transition Ia! II for 30 mM


cytidine in 0.5 M NaCl +BR buffer at pH 5. The values on


the horizontal axes are the differences between the final


potential Ef and the true equilibrium transition potential ET


obtained from the C–E– t plots (Fig. 2A). On the vertical


axes, the tmax times at which the current reaches its max-


imum are plotted. Transition Ia! II is faster at higher


values of E�ET and at lower temperatures. At higher


E�ET values, temperature has almost no effect on the


transformation rate. This is typical of a non-faradaic con-


densation process controlled by a nucleation and growth


mechanism [33,64].


Fig. 8B shows the effect of temperature on the trans-


formation Ia! II for 30 mM cytidine in 0.5 M NaCl +BR


buffer at pH 8.3. It can be seen that temperature has almost


no effect on the transformation rate. From C–E– t surfaces


(Fig. 3A), it can be concluded that during the establishment


of interfacial equilibrium of condensed film of cytidine at


potentials located close to the negative edge of capacitance


pit (region II) at pH 8.3, a mixture of cytidine adlayers


containing formed and/or dissolute nuclei centres coexists at


the electrode surface. From theoretical fitting of the


observed C– t (Fig. 7C), it can be concluded that the


transformation of the film Ia! II proceeds through a 2D


progressive polynucleation and growth mechanism.


Transitions Ia! II are faster in acid solution than in


alkaline or neutral solution. At higher values of E�ET, the


difference between the rate of transformation Ia! II in acid


and alkaline solutions disappears.


Fig. 9 shows the effect of the ionic composition of the


solution on the rate of transformation Ia! II for 30 mM


cytidine, pH 5 at temperature 10 jC. In 0.5 M NaCl without


BR buffer, there is almost linear dependence of the rate of


transformation on Ef (Fig. 9). The rate of transformation


depends exponentially on Ef both in 0.5 M BR buffer and in


0.5 M NaCl + BR buffer (Fig. 9). It can be seen that


triggering of the phase transitions Ia! II needs higher


activation energy both in 0.5 M BR buffer and in 0.5 M


NaCl +BR buffer than in 0.5 M NaCl.


4. Conclusion


Depending on the potential applied to the electrodes,


cytidine forms highly ordered two-dimensional adlayers,


which were observed in a broad range of pH. In acid


solvent, only one kind of condensed layer is formed. In


alkaline solution, cytidine forms two different 2D adlayers.


The centre of the first of them (region II) is located around


� 0.8 V, the second 2D physisorbed film is formed at


potentials more positive than � 0.3 V (region III). The


extent of region III is only slightly affected by a temperature


contrary to region II. From this behaviour of the region III, it


can be assumed that at neutral and alkaline pH, cytidine is


chemisorbed on HMDE. The driving forces stabilising the


2D condensed film of cytidine in region II seems to be


stacking interaction.


In this paper, we have shown that the formation of a


physisorbed film of cytidine molecules adsorbed at HMDE


surface proceeds by a complex mechanism. From C–E– t


surfaces, it can be seen that the effect of time on the region II


is more complicated in alkaline pH compared with acid pH.


From j– t transients, it can be seen that during phase


transformations from Ia to II, the reorientation of the cytidine


molecules occurred at the HMDE surface both at pH 5 and


pH 8.3. The transformations of the film Ia! II in acid and


alkaline solution yield a sigmoidal C– t transient. Experi-


mentally measured C– t transient were analysed by Avrami


theorem. The rate of transformation of the interfacial states of


cytidine is affected by the ionic composition and pH of the


supporting electrolyte. The rate of the transformation


depends on temperature at pH 5, but not at pH 8.3.
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S. Hasoň, V. Vetterl / Bioelectrochemistry 57 (2002) 23–3232





		Introduction

		Experimental

		Results and discussion

		Effect of pH on the adsorption of cytidine in 0.5 M NaCl+BR buffer solution

		C-E-t measurements

		Cyclic voltammograms of cytidine at different scan rates

		Kinetics of transformation

		j-t curves

		C-t curves

		Dependence of temperature, pH and ionic composition of the solution on the rate of transformations of cytidine films





		Conclusion

		Acknowledgements

		References






Highly sensitive sensors based on the immobilization of


tyrosinase in chitosan


Gang Wang, Jing-Juan Xu, Li-Hua Ye, Jun-Jie Zhu, Hong-Yuan Chen*


Department of Chemistry, Laboratory of Mesoscopic Materials and Chemistry, Institute of Analytical Science,


Nanjing University, Nanjing 210093, China


Received 19 July 2001; received in revised form 9 November 2001; accepted 14 November 2001


Abstract


A novel tyrosinase biosensor has been developed for a subpicomolar detection of phenols, which is based on the immobilization of


tyrosinase in a positively charged chitosan film on a glassy carbon electrode. It was found that chitosan cross-linked with (3-


aminooryloxypropyl) dimethoxymethylsilane is beneficial for the immobilization of tyrosinase. The large microscopic surface area and


porous morphology of chitosan matrix lead to high enzyme loading, and the enzyme entrapped in this matrix can retain its bioactivity and the


positively charged surface of chitosan can also display a good anti-interference ability to the substances with positive charge. Hence, the


resulting sensor offers a high-sensitivity (150 nA�nM� 1) for the monitoring of phenols, and the detection limit is as low as 5.0� 10� 11 M.


Its response time is less than 2 s reaching 95% of the steady-state value. It may retain 75% of the activity for at least 70 days. D 2002 Elsevier


Science B.V. All rights reserved.
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1. Introduction


Phenols are present in the wastewaters of large number


of industries including coal conversion, petroleum refining,


resins and plastics, wood preservation, dyes, chemicals and


textiles [1]. Calorimeter and ultraviolet spectrophotometric


analyses are commonly used for the determination of phe-


nols as standard methods [2,3]. However, these procedures


usually require time-costing, complicated sample pretreat-


ment, low sensitivity. The electroanalytical techniques ap-


plied for direct determination of these compounds suffer a


number of these drawbacks due to the high overvoltage.


Tyrosinase, known as polyphenol oxidase that is widely


distributed in bacteria, fruits, vegetables and seafood prod-


ucts can catalyze the oxidation of phenols with the aids of


molecular oxygen as an oxidant. Tyrosinase contains two


binuclear copper-containing active sites, which present at


least two distinct binding sites, one of which has an affinity


to aromatic compounds (substrate site) and the other an


affinity for a metal binding agent (oxygen site). It catalyzes


two distinct oxidation reactions as shown in Fig. 1. In cycle


1, tyrosinase accomplishes the oxidation of monophenols


by oxygen as it passes through four enzyme states (Edeoxy,


Eoxy, Eoxy-M and Emet-D). In cycle 2, o-diphenols are


oxidized as the enzyme passes through five enzyme states


(Edeoxy, Eoxy, Eoxy-D, Emet and Emet-D). The two cycles lead


to the formation of o-quinones, which spontaneously react


with each other to form oligomers [4]. So most of the


biosensors are based on the detection of electroreduction


quinone products of enzyme reaction at low potential [5–


8]. A more sensitive electrode response is obtained when o-


quinone is reduced via a catalytically active redox polymer


[9] or suitable redox mediators according to the simplified


Fig. 1 [10].


To retain the enzyme’s specific biological function, their


immobilization on solid matrix is a key factor in preparing


biosensors. That is, the structure and thickness of materials


used to immobilize enzyme should not induce a severe de-


crease of enzyme functionality.


In this paper, we initiate a systematic exploration of a


natural polymer, chitosan, as a structural material for de-


signing functional layers on carbon electrode surfaces.


Chitosan is an N-deacetylated derivative of chitin, a natural
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occurring biopolymer found in the exoskeleton of crusta-


ceans, in fungal cell wall, and in other biology materials


[11]. Chitosan was selected here because of its unusual


combination of property [12], which includes excellent


membrane-forming ability, high permeability towards


water, good adhesion, biocompatibility, nontoxicity, high


mechanical strength and susceptibility to chemical modifi-


cation due to the presence of reactive amino and hydroxyl


functional group. Hexacyanoferrate (II) (Fe(CN)6
4� ) is


chosen as an electron mediator because of its effective


electron transferability [13]. Furthermore, this negatively


charged mediator is expected to be firmly immobilized on


the positively charged chitosan film through electrostatic


interaction [14]. This design simplifies the fabrication


procedure to obtain a highly sensitive (150 nA�nM� 1)


tyrosinase biosensor. The detection limit is 0.05 nM at


signal-to-noise ratio of 3, the response time is less than 2 s


reaching 95% of the steady-state value, and 75% of the


activity is retained after 70 days.


2. Experimental


2.1. Reagents


Mushroom tyrosinase (from mushroom, EC 1.14.18.1),


noted activity of ca. 4800 units/mg of solid (catalog T-


7755), was purchase from Sigma (St. Louis, MO). Chitosan


(MW 1.9–3.1�105; 92.5% deacetylation) was purchased


from Nantong Shuanglin Co. Phenols, catechol, hydroqui-


none, p-nitrophenol and other chemicals were analytical


grade and were used without further purification. Buffer


solutions used in experiments were prepared with doubly


distilled water.


2.2. Apparatus and measurements


Electrochemical measurements were done in a conven-


tional three-electrode cell equipped with a platinum wire


counter electrode, a saturated calomel reference electrode


(SCE); all the potentials are reported vs. SCE, and a chitosan


tyrosinase sensor as working electrode. Voltammetric meas-


urements were carried out with the CHI660 electrochemical


station (CH Instruments, USA). A magnetic stirrer provides


the convective transport. All amperometric experiments were


recorded at 25.0F 0.1 �C.
Fourier transform infrared (FT-IR) spectra by KBr pellets


containing the chitosan films or chitosan/tyrosinase were


obtained in the range of 4000–500 cm � 1 on an Avatar 400


FT-IR spectrometer (Nicolet Instrument) at room temper-


ature. The process of making films will be detailed below.


UV–visible absorption spectra were obtained with Shi-


mazu UV-2400 spectrometer (Shimazu, Japan) at room


temperature. The AFM experiments were carried out at


room temperature using digital instrument nanoscope III


(UAS) with a contact head and a 5f mm scanner. Silicon


nitrogen (Si3N4) cantilevers with nominal spring constant of


0.05 N m� 1 and nominal resonance frequency in air of 22


kHz were used for contact mode in air; scan rates ranged 1–


2 Hz in air.


2.3. Construction of tyrosinase biosensor


A 1.0-wt.% chitosan solution was prepared by dissolving


chitosan flake in hot 0.05 mol�l � 1 acetic acid (HAc). The


solution was cooled to room temperature and filtered using a


0.45-mm syringe filter unit. This chitosan solution was


cross-linked with 0.3-g (3-aoryloxypropyl) dimethoxyme-


thylsilane for about 20 h.


A glassy carbon electrode (GCE, 3-mm diameter, Jiangsu


Electroanalytical Instruments Factory, Jiangsu, China) was


used as the base electrode for the preparation of the chitosan/


tyrosinase biosensor. The GCE was polished with 1700


diamond paper, followed by 0.3, 0.2 mm alumina particles


on chamois leather, rinsed thoroughly with doubly distilled


water between each polishing step, then washed successively


with 1:1 nitric acid, alcohol and doubly distilled water in an


ultrasonic bath, and dried in air before use.


The surface of the electrode was first coated with


chitosan-Fe(CN)6
4� by pipetting 10 ml of stock standard


CHIT solution containing 50 mM Fe(CN)6
4�. After drying


under ambient temperature for 1 h, a thin film of CHIT–


Fe(CN)6
4� was formed at the electrode surface. The im-


mobilization of tyrosinase in the CHIT matrix was accom-


plished by the addition of 10 ml of 0.1 mg/ml tyrosinase to


10 ml of stock standard CHIT solution. With a micropipette,


aliquots (10 ml) of such a colloid were deposited on the top


Fig. 1. Catalytic cycles for the: (1) hydroxylation of monophenols and (2)


dehydrogenation of o-diphenols to o-quinones by tyrosinase. M=mono-


phenol and D= diphenol.


G. Wang et al. / Bioelectrochemistry 57 (2002) 33–3834







of the CHIT–Fe(CN)6
4� surface and allowed to dry for 1


day under ambient conditions for the solidification. The


enzyme electrodes were thoroughly rinsed with doubly


distilled water and equilibrated in stirred pH 7.4 phosphate


buffer solution for at least 2 min to allow the background


current to diminish to a steady value. When not in use, the


enzyme electrodes were stored in air at 4 �C.


3. Results and discussion


3.1. Morphologies of CHIT, CHIT–Fe(CN)6
4� and CHIT–


Fe(CN)6
4–tyrosinase films


The physical morphology of the CHIT matrix may


effect on the performance of the enzyme electrode. The


morphologies of CHIT, CHIT–Fe(CN)6
4�, and CHIT–


Fe(CN)6
4–tyrosinase films were characterized by atomic


force microscopy (AFM). A typical AFM picture of the


CHIT membrane displays a three-dimensional porous net-


work (Fig. 2a). This uniform porous structure provided a


significantly enhanced enzyme loading of the enzyme


electrodes. When Fe(CN)6
4 � was immobilized in the


CHIT matrix, many smaller particles appeared, which were


Fe(CN)6
4 � domains (Fig. 2b). The aggregation of the


intercalative molecules distributes regularly and has island


structures. When tyrosinase was entrapped on the CHIT–


Fe(CN)6
4� film, more denser dot-shaped particles were


distributed uniformly on the surface (Fig. 2c).


3.2. Intermolecular interaction between CHIT and


Fe(CN)6
4�


Due to the positive charge of the CHIT and the strong


adsorptive properties, it would strongly interact with the


negatively charged Fe(CN)6
4� by electrostatic interaction


Fig. 3. UV–visible absorption spectra of Fe(CN)6
4� dissolved in (1)


water; (2) in CHIT (24 h); (3) in CHIT 48 h; and (4) in CHIT 96 h.


Fig. 2. Atomic force micrography of the thin films of (a) CHIT; (b) CHIT


doped with Fe(CN)6
4� ; (c) CHIT doped with Fe(CN)6


4� and tyrosinase.
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resulting in the immobilization of Fe(CN)6
4�. The interac-


tions between CHIT and Fe(CN)6
4� were investigated by


employing UV–visible absorption spectra. Fig. 3 shows the


difference between the visible absorption spectrum of


Fe(CN)6
4� dissolved in water and dissolved in CHIT


solution. The adsorption band of Fe(CN)6
4� dissolved in


water was observed at 450 nm, and the strength did not


change during storage. When the Fe(CN)6
4� dissolved in


CHIT solution, its absorption band shifted to 410 nm and the


intensity became stronger with the increasing storage time.


The results showed that Fe(CN)6
4� was interacted with


CHIT and it could be incorporated in the CHIT films and


made it more stable.


3.3. Intermolecular interaction between CHIT and tyrosi-


nase


The interactions between CHIT and tyrosinase were


studied by infrared spectra and UV–visible spectra. The


Fourier transform infrared spectra of CHIT (1) and tyrosi-


nase/CHIT (2) are shown in Fig. 4a. The adsorption band at


1075 cm � 1 of CHIT is the characteristics of frame sym-


metric and asymmetric flexible vibrations. When tyrosinase


was immobilized on the CHIT, there were some differences


between the IR spectra of CHIT and tyrosinase/CHIT. The


adsorption band at 1197 cm � 1 disappeared and the band at


1618 cm� 1 shifted to 1659 cm � 1 in the IR adsorption of


Fig. 4. FT-IR (a) and UV–visible (b) spectra of CHIT and tyrosinase/CHIT.
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tyrosinase/CHIT. There were also changes in both the NH


stretching and NH bending regions of IR spectra. In the NH


stretching region (3200–3500 cm � 1), primary amines have


two typical bands while secondary amines have a single


band. And there was a small decrease in 3414 cm � 1 after


the interaction which was consistent with the conversion of


some primary amino groups of chitosan. These results


showed that there were the molecular interactions between


tyrosinase and some specific site of the CHIT and appa-


rently the CHIT was a good immobilization matrix for


enzymes. Fig. 4b showed that the UV–visible absorbance


of the film was increased substantially when a CHIT film


reacted with tyrosinase. The broad peak at 275 nm for the


‘‘reacted CHIT film’’ suggested that the tyrosinase was


covalently grafted to the CHIT film [15].


3.4. Amperometric response of tyrosinase biosensor


3.4.1. The dependence of the current response of tyrosinase


biosensor on working potential and pH


The various experimental parameters, which can affect


the amperometric determination of phenol, are optimized.


The effect of applied potential on the amperometric signal


and background current of the sensor was tested in the range


between 0.10 and � 0.30 V. As can be seen in Fig. 5, an


optimum ratio of signal-to-background current was obtained


at � 0.20 V. Using working potentials negative than � 0.20


V, a higher signal current is obtained, but the background


current also increases distinctly. Therefore, the working


potential of � 0.20 V was selected for further studies. The


effect of pH was also studied at different pH values in 0.025


M phosphate buffer (Fig. 6) at working potential � 0.20 V.


Both currents of phenol and background decreased as the


pH changed from 3.0 to 6.5, and the current of phenol


increased from pH 6.4 to 7.4 while the current of back-


ground still decreased. This is accordance with the Ref. [9]


and indicates that immobilization of enzyme does not dras-


tically alter its pH response characteristics. The largest cur-


rent difference between phenol and background was found


Fig. 6. Effect of pH of the buffer solution on the response of tyrosinase


biosensor to 1.0� 10� 6 M phenol in 0.025 M phosphate buffer. Working


potential � 0.20 V (vs. SCE), temperature 25.0F 0.1 �C.


Fig. 7. Hydrodynamic response of the tyrosinase biosensor for phenol in


air-saturated PBS upon the following concentration: A!B, in 1�10� 10


M steps; B!C, in 2� 10� 10 M steps; C!D, in 1�10� 9 M steps;


D!E, in 2� 10� 9 M steps. Inset: the calibration curve of phenol.


Table 1


Relative activity of the sensor for various phenolic compounds


Compound Relative


electrochemical


activity (%)


Compound Relative


electrochemical


activity (%)


Phenol 100 p-nitrophenol 0.0


Catechol 184.5 Dopamine 130.5


Hydroquinone 2.4 phloroglucin 19.9


The concentration of the detected compound was 1 mM. working potential


� 0.20 V (vs. S.C.E.). The current response of the enzyme electrode to


phenol is taken as 100%.


Fig. 5. Effect of working potential on the response current of the enzyme


electrode in air-saturated 0.025 M phosphate buffer solution (pH 7.4) with


stirring at 25.0F 0.1 �C with (a) and without (b) 1.0� 10� 6 M phenol


solution.
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at pH 7.4. Therefore, pH 7.4 was chosen for all subsequent


studies.


3.4.2. Hydrodynamic response of phenol at the tyrosinase


biosensor


Fig. 7 displays a typical current–time response using


the enzyme electrode under the optimal experimental con-


ditions after the addition of successive aliquots of phenol to


the phosphate buffer solution under stirring. A well-defined


reduction current proportional to the phenol concentration


has been observed. The response to phenol is linear


(r = 0.9993) in the range from 1.0� 10� 10 to 2.3� 10� 8


M. The limit of detection is 5.0� 10� 11 M (corresponding


to 5.0� 10� 13 mol) at a signal-to-noise ratio of 3. The


reproducibility of the response of the enzyme electrode was


investigated at a phenol concentration of 1.5� 10� 8 M; the


mean current was 0.638 mAwith a relative standard deviation


of 1.9%. For a series of 10 sensors prepared according to the


same procedure, a relative standard deviation of 4.9% was


obtained for the same phenol solution. These good results


may be attributed to the uniform structure of CHIT matrix


formed. The responses for phenol-derivative compounds ob-


tained at � 0.20 V were also investigated; the same results


have been obtained of catechol, hydroquinone, and p-nitro-


phenol (shown in Table 1).


3.5. Interference studies


When the concentration of phenol was 1 mM, the inter-


ference effects were investigated by testing the response of


the enzyme electrode to 50 times of cysteine, 2500 times of


glucose, 2500 times of acetaminophenol, 500 times of uric


acid, 500 times of ascorbic acid and 5000 times of hydrogen


peroxide. It was found that these substances did not cause


any observable interference in the determination of phenol


except ascorbic acid and hydrogen peroxide because ascor-


bic acid could reduce o-qiunone and hydrogen peroxide


could oxidize phenol.


3.6. Thermal and storage stability of the tyrosinase biosensor


The current response of this biosensor was measured in


the temperature range 15–75 �C (Fig. 8). The response


gradually increased and reached a maximum level at 35 �C
and then fell sharply when the temperature was higher than


45 �C, which indicated that the enzyme was denatured.


The sensors’ storage stability was examined by storing it


in a pH 7.4 PBS at 4 �C over 2 months, with intermittently


measuring the current response to phenol standard solution


every 2–3 days. The results showed that the activity of the


sensor reached a maximum after a few days, and then


reduced gradually. The catalytic current response could


maintain about 75% after storage for 70 days.
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Abstract


Supported lipid membranes were self-assembled on the tip of a freshly cleaved silver wire, in the presence of an appropriate polarization


voltage, to facilitate, during the membrane formation, the organization of the lipids into an ordered structure. Radiowave impedance


spectroscopy measurements have been carried out to provide information on the relaxation properties of the system. We have measured the


conductometric and dielectric properties of bilayers built up of different lipids [dipalmitoylphosphatidic acid (DPPA), 1,2-dipalmitoyl-sn-


glycero-3-phosphocholine (DPPC), linoleic acid (LIN)] in a wide frequency range (from 103 to 106 Hz) and in electrolyte solutions of


different ionic strengths, in the presence of uni–univalent (KCl) and di–univalent (CaCl2, MgCl2, ZnCl2) electrolytes. This made it possible


to measure the influence of different cations and different lipid compositions on the membrane properties. In particular, we have found a


different capacitive behaviour of the supported lipid bilayer membrane (s-BLM) structure in the presence of different counterions in the


electrolyte solution. This peculiarity offers the opportunity for the preparation of a variety of biosensors with diverse applications in


membrane biophysics, biochemistry and biotechnology. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction


Supported lipid bilayers represent a useful model system


to study the basic interactions in biological cell membranes.


Moreover, these systems are of great interest for technolog-


ical applications, such as biosensors and molecular electronic


devices [1–10].


Supported lipid bilayer membranes (s-BLMs) are cur-


rently prepared by several techniques such as monolayer


transfer by Langmuir–Blodgett or Langmuir–Schaefer


method, vesicle fusion, self-assembly of thiols on gold


surfaces or self-assembly on the tip of a freshly cleaved silver


electrode [11–15].


In the present paper, we investigate on the electrical


properties deduced from frequency domain radiowave


dielectric spectroscopy measurements of s-BLMs formed


directly on the tip of a silver electrode [16], where during


membrane formation, a negative potential was applied to


achieve virtually defect-free membranes [17].


Since the membrane is assembled on an electrical con-


ducting substrate, the system is accessible to electrical


characterization by means of impedance spectroscopy from


which both the structural and dynamical parameters charac-


terizing the electrical behaviour of the membrane structure


can be derived.


The application of impedance spectroscopy over a fre-


quency range from 103 to 106 Hz enabled us to evaluate the


membrane capacitance of the lipid bilayer and the electrical


parameters (capacitance and conductance) of the ionic layer


close to the lipid–electrolyte interface.


We have investigated self-assembled bilayers built up of


lipids of different characteristics, i.e. zwitterionic lipids


(DPPC) and ionic lipids (DPPA and linoleic acid) in the


presence of electrolyte solutions of different ionic strengths,


formed with uni–univalent (KCl) and di–univalent (CaCl2,


MgCl2, ZnCl2) salts. Notice that this choice allowed us to


investigate the behaviour of lipids having both rigid (DPPA


and DPPC) and fluid-like (linoleic acid) chains.
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For all the systems studied, on the basis of an appropriate


electrical network which represents the overall electrochem-


ical system, we have evaluated the membrane capacitance of


the supported lipid bilayers, whose values markedly depend


on the counterions present in the electrolyte solution, bath-


ing the lipid membranes. This peculiar feature allows one to


consider them a useful starting point for the construction of


biosensors.


2. Materials and methods


2.1. Materials


The phospholipids 1,2-dipalmitoyl-sn-glycero-3-phos-


phocholine (DPPC) and dipalmitoylphosphatidic acid


(DPPA) were purchased from Sigma (St. Louis, MO).


Linoleic acid (cis, cis, -9, 12-octadecadienoic acid) (LIN)


was obtained from Fluka (Milan, Italy). Decane and all


inorganic salts (p.a. grade) were from Merck (Darmstadt,


Germany). All chemicals were used without further purifi-


cation. Solutions at the desired salt concentration were


prepared with Q-quality water (Millipore, Bedford, USA),


with an electrical conductivity at room temperature of about


2� 10� 6 S/m. The lipid membranes were formed on the


tip of freshly cut Teflon-coated silver wire. We employed


silver wire (diameter 0.37 mm), purchased from World


Precision Instruments (Sarasota, USA).


2.2. Membrane formation


Supported self-assembled lipid membranes were ob-


tained following the procedure described by Tien and


Salamon [16]. The tip of the Teflon-coated silver wire was


immersed in a phospholipid, dissolved at a concentration of


10 mg/ml, in an organic solvent (decane) or directly in the


pure liquid lipid (linoleic acid). While immersed in the lipid


solution, the tip of the wire is cut off with a sharp blade. The


freshly cut metallic surface has a great affinity for lipid


molecules which adhere to the surface itself with a variety of


possible structures, the most common of which consists of


two layers facing one another with the polar (hydrophilic)


heads of the lipid molecules exposed to the aqueous phase.


The new wire tip, coated with the lipid solution forming a


self-assembled lipid layer, was subsequently transferred into


the appropriate saline solution. In order to ensure a success-


ful membrane formation, it is important to provide a freshly


cut metal surface so that the whole surface electrode at the


interface with the bathing solution is in the reduced state. To


this end, a dc polarization electrical potential of � 450 mV


(� 350 mV in the case of linoleic acid) is applied between


the silver electrode and the ground electrode. Within a few


minutes, a self-assembled, stable lipid structure adsorbed on


the metallic substrate is formed. The negative potential


applied during the membrane formation prevents the oxida-


tion of the silver tip and favours the formation of defect-free


membranes [17]. Membrane formation was monitored by


measuring the overall electrical impedance between the


electrodes (see Fig. 1), and the bilayer is considered as


completely formed when the electrical parameters of the


membrane have reached a steady-state value. An s-BLM


formed in this manner is remarkably stable.


2.3. Impedance measurements


The dielectric and conductometric spectra of supported


membranes have been measured in the frequency range


from 1 kHz to 1 MHz, by means of a radio frequency


Impedance Analyzer, Hewlett-Packard (Japan) model


4192A. The Impedance Analyzer is controlled by means


of a personal computer and a complete spectrum in the


whole frequency range studied, 60 frequency points loga-


rithmically spaced, can be collected in a few seconds. The


amplitude of the alternate voltage applied to the electrodes


had a value of 100 mV, and, as stated above, a dc bias


Fig. 1. (A) A simple equivalent circuit of the metal-supported lipid bilayer.


The simplicity of this circuit reduces possible misinterpretations of the


measured data. Cm and Gm represent the membrane capacitance and con-


ductance at the interface between the electrolyte solution and the metal


electrode, Cp and Gp are the capacitance and conductance of the electrode–


electrolyte interface, Re is bulk electrolyte resistance and Cs is the stray


capacitance of the measuring cell. (B) The equivalent circuit of the sup-


ported lipid bilayer at the tip of the metal electrode. CL and GL represent the


capacitance and conductance per unit surface of the lipid film at the


electrode interface, Cd and Gd are the corresponding quantities at the lipid–


electrolyte interface and Gp is the conductance of the water pore of the


uncovered region of the electrode surface.
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voltage of � 450 mV (or � 350 mV) has been super-


imposed to the alternate potential.


A two-electrode setup was used, with the Teflon-covered


Ag wire which supports the membrane as the working


electrode and an Ag/AgCl electrode as the reference elec-


trode. In some measurements, a non-chlorided silver wire


was used as the reference electrode. In the frequency range


investigated, the use of a non-reversible electrode does not


induce any appreciable difference in the measured values of


the dielectric parameters of the supported membranes.


To minimize the capacitive parasitic effects that, in


principle, could affect the electric measurements, the two


electrodes were placed on hold into the glass cell filled with


the electrolyte solution by means of a silicon rubber spacer,


the glass cell was surrounded by a metallic shield connected


with the instrument ground and short cables were used to


connect the cell to the instrument.


All measurements were carried out at room temperature


(25 jC).


2.4. The equivalent circuit


A simple equivalent circuit was chosen to describe the


most important electrical features of the electrochemical


system studied (Fig. 1). Due to the intrinsic complexity of


the system and the consequent poor reproducibility ob-


served in dielectric measurements, we have analyzed the


dielectric and conductometric data by employing a substi-


tution method that allows to extract the dielectric parameters


of the membrane from the measured impedance spectra.


This choice can be objected owing to its roughness, but we


have preferred the simplest, and hence, the more ‘‘robust’’


calibration procedure, to avoid misinterpretation in exper-


imental data, as far as possible. Moreover, the simplicity of


this circuit reduces possible misinterpretation of the meas-


ured data.


In the electrical network which models the electrochem-


ical system (Fig. 1), the membrane impedance Zm is


represented by a capacitance Cm and a resistance Rm in


parallel. In series with the membrane impedance, there is the


resistance of the bulk electrolyte and of the connecting


cables, Re, and, moreover, the impedance Zp of the reference


electrode. A capacitance Cs in parallel stands for the overall


stray capacitance toward the ground.


The equivalent circuit is shown in Fig. 1. The membrane


impedance is obtained, in the limit CsbCtot, from the total


measured impedance Ztot


Ztot ¼
1


Gtot þ ixCtot


ð1Þ


by subtracting the contribution of the electrode polarization


impedance and the resistance Re, according to


1


Gm þ ixCm


¼ 1


Gtot þ ixCtot


� Re � Zp ð2Þ


The membrane capacitance Cm and the membrane conduc-


tance Gm are given by


Cm ¼ � I½DZ�
xfðR½DZ�Þ2 þ ðI½DZ�Þ2g


ð3Þ


and


Gm ¼ R½DZ�
ðR½DZ�Þ2 þ ðI½DZ�Þ2


ð4Þ


where R[DZ] and I[DZ] are the real and imaginary parts of


the quantity


DZ ¼ Gtot � ixCtot


ðGtotÞ2 þ ðxCtotÞ2
� Re � Zp ð5Þ


and x is the angular frequency of the applied electric field.


This procedure is of course based on the assumption that


the reference electrode impedance does not change with the


changes in the current and that impedance at the metal–


membrane interface or at the metal–electrolyte (in the


absence of the membrane) remains the same. However,


since these assumptions are not exactly fulfilled and a


difference in the two interfaces might result, the equivalent


circuit of the membrane structure (see Fig. 1B) takes into


account the presence of a residual interface polarization


through the capacitance Cd and the conductance Gd in series


with the membrane itself.


A typical spectrum in the frequency range from 1 kHz to


1 MHz of the membrane capacitance Cm and membrane


conductance Gm is given in Fig. 2. These quantities reflect


the frequency behaviour of the permittivity eV(the capaci-


tance Cm) and of the conductivity r (the conductance Gm),


respectively, of the membrane.


The spectrum is characterized by a dielectric dispersion


centered at about 104 Hz, even if the low-frequency tail is


not completely resolved and the low-frequency limit values


fall outside the frequency window investigated. This diffi-


culty can be partially overcome by fitting simultaneously


Fig. 2. The capacitance Cm and the conductance Gm of the lipid bilayer at


the interfacial region between the electrode and the bulk aqueous phase, as


a function of frequency in the range from 1 kHz to 1 MHz, for two different


values of the ionic concentrations: (open symbols): DPPC/decane in 1 mM


KCl; (full symbols): DPPC/decane in 10 mM KCl.
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the real part (the conductance Gm or, equivalently, the


conductivity r), and the imaginary part (the capacitance


Cm, or equivalently the permittivity eV) of the complex


admittance to a Cole–Cole dielectric relaxation function


1


ixe0
YmðxÞ ¼ CmðxÞ þ Gm


ixe0


¼ DCm


1þ ðixsÞa þ Cl þ G0


ixe0
ð6Þ


This procedure yields the dispersion parameters DCm =


Cm | x = 0�Cl, the low-frequency conductance G0, the


relaxation time s and the parameter a taking into account


the spread of the relaxation time. In the above procedure, in


order to reduce the number of free parameters, we have


fixed the parameter a to the value a = 0.8. The overall ac-


curacy of the above procedure is reasonably good and we


are able to describe the frequency behaviour of Cm and Gm


over the whole frequency range from 1 kHz to 1 MHz.


We have investigated the dielectric behaviour of mem-


branes formed with different ionic and zwitterionic lipids


(linoleic acid, DPPA, DPPC) dissolved in an organic solvent


(decane), in the presence of monovalent (K + ) and different


divalent cations (Ca++ , Mg++ , Zn++ ), at an appropriate ionic


strength. In all the electrolyte solutions employed, the anion


was Cl � .


In order to have approximately the same electrode polar-


ization effects in the presence of the different cations, the


ionic conductivity of the bulk electrolyte solutions is approx-


imately the same for all the systems investigated. In the


following, we will summarize the main results obtained in


the different solid-supported lipid bilayers used.


2.5. Formation and stability of the membrane


The membrane formation is monitored by following the


time variation of the impedance Zm. In most cases, a steady-


state value is reached within about 30 min. A typical


behaviour is shown in Fig. 3 for DPPC in KCl 1 mM where


the constant value of the measured electrical impedance


indicates a stable membrane structure (maintained for time


interval of several hours).


For all the lipids studied, we have observed, within a few


trials, the formation of a stable membrane, even if the


number of the attempts needed to obtain the formation of


a membrane increases according to the following order:


linoleic acid <DPPC<DPPA. The initial change of both Cm


and Gm can be due, at least partially, to a re-organization of


the membrane at the tip of the electrode. It is noteworthy


that the applied polarization voltage seems to favour the


membrane formation and its stability. In fact, after mem-


brane formation, if the polarization voltage is suddenly


switched off, the membrane capacitance decreases at first,


and then increases well above the original plateau value


(data not shown). This behaviour suggests that switching off


the polarization potential destabilizes the membrane struc-


ture and, due to the increased disorder, a rapid intake of


water into the bilayer follows. This enhances the bilayer


polarizability, causing an increase of the observed mem-


brane capacitance.


As a test of mechanical stability, membranes formed in


different conditions (after a convenient time interval from


the formation, to ensure the membrane stabilization) were


repeatedly extracted from the electrolyte solution and imme-


diately re-immersed afterwards. After each step, the meas-


ured capacitance showed an abrupt change, in most cases,


an increase by a factor of 2 or more, but in some cases even


a decrease, indicating that, due to the extraction and re-


immersion procedure, the membrane structure could be


damaged in an unpredictable way. However, the electrical


behaviour of the overall lipid structure remains qualitatively


the same. Finally, we have investigated the membrane


stability over very long time interval, of the order of a


day. The results from these measurements are consistent


with a slow degradation of the membrane, probably caused


by a gradual opening of aqueous pores.


3. Results


It is well known [2] that resistivities for deposited


membranes are generally smaller than those for unsupported


BLMs. For all the molecular assemblies obtained at the


electrode–electrolyte interface, a membrane resistivity of


the order of 103 V cm2 was measured. Since unsupported


BLMs exhibit very high resistivities, of the order of 107–


108 V cm2, in the present experimental conditions, when a


supported membrane is created, the main contribution to the


membrane resistance originates from the resistance in defect


pores spanding across the molecular aggregates. As pointed


out by several authors [10,18], the coverage of a surface by


Fig. 3. The time evolution of the capacitance Cm normalized to the elec-


trode surface during the process of the membrane formation. The lipid


employed is DPPC in 10 mM KCl electrolyte solution. The inset shows the


time evolution of the measured total impedance (at the frequency of 5 kHz)


in the same experimental conditions.
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a layer of lipid molecules is an extremely difficult task since


the morphology of the substrate at a molecular level is


unlikely to be smooth and consequently, a large number of


defects in the resulting monolayer or multilayers originates.


In order to determine the electrical parameters (the mem-


brane capacitance and the capacitance and conductance of


the ionic layer at the lipid–aqueous interface) associated with


the lipid bilayer, the structure of the metal–lipid–aqueous


phase interface must be modelled by an appropriate electrical


circuit [5]. Since the lipid bilayer does not completely cover


the tip of the electrode and bilayer parts, and uncovered


regions coexist at the metal interface, we assume that the


electrical behaviour of the whole metal–electrolyte system


can be described by the equivalent circuit depicted in Fig.


1B, where GL and CL represent the conductance and capaci-


tance per unit surface of the lipid coverage layer, Gd and Cd,


the corresponding quantities of the ionic layer connected in


series at the lipid–electrolyte interface, and Gp, the conduc-


tance per unit surface of the uncovered region of the


electrode. It should be noted, however, that according to


the substitution procedure we have adopted in order to


correct for the bulk electrode polarization effect, Gd and Cd


represent the electrical parameters associated to the local


different structures of the ion distribution at the lipid–


electrolyte interface between covered and uncovered electro-


des, rather than the conductance and capacitance of the ionic


diffuse double layer at the electrode–electrolyte interface.


With this picture, the measured conductance, Gm, and the


measured capacitance, Cm, as a function of the angular


frequency, x, in the limit GLbGd, Gp, are given by


Gm ¼ ð1� sÞGp þ sGd


x2C2
L=G


2
d


1þ x2ðCL þ CdÞ2=G2
d


 !
ð7Þ


and


Cm ¼ sCL


1þ x2CdðCL þ CdÞ=G2
d


1þ x2ðCL þ CdÞ2=G2
d


 !
ð8Þ


where s is the relative area fraction of the covered electrode


and the quantity s, defined by


s ¼ CL þ Cd


Gd


ð9Þ


can be interpreted as an ‘‘apparent’’ relaxation time of the


dispersion observed in the frequency range investigated.


Although both the above expressions Eqs. (7) and (8) do


not exactly follow a single Debye-type relaxation function


(or, more generally, a Cole–Cole relaxation function), never-


theless, for values of the parameters of the order of those


employed here, their deviations are relatively small. This


justifies the analysis of the measured admittance Ym =


Gm+ ix Cm performed on the basis of Cole–Cole relaxation


function. Fig. 4 shows the dependence of Cm and Gm (Eqs.


(7) and (8)) on the frequency x compared with that expected


for a Debye-type behaviour (solid lines in Fig. 4). As can be


seen, for CL/(CL +Cd)! 1 and Cd/(CL +Cd)! 0, the fre-


quency dependence can be approximated by a simple Debye-


type relaxation. It must be noted that, owing to the equivalent


electrical circuit (Fig. 1B), we would expect two different


charging processes, one of which, the charging of the double


layer residual capacitance, Cd, and the other, the charging of


the membrane capacitance, CL. However, due to the very


high membrane resistance, these processes occur at signifi-


cantly different time constants and consequently only the


membrane charging dominates in the frequency part of the


impedance spectrum investigated.


In the analysis that follows, because of the very high


value (of the order of 107–108 V cm2 of a defect-free lipid


membrane), the membrane resistance was not exactly


detectable and therefore, as we have stated above, we


assumed GLbGp, Gd. Under these assumptions, we have


analyzed the measured capacitance and conductance on the


basis of Eqs. (7) and (8), and the values of electrical


parameters CL, Gd, Gp and the relaxation time s have been


estimated. These parameters were determined by a simulta-


neous non-linear least-squares fit of Eqs. (7) and (8) to the


measured values. The minimization procedure, based on


five adjustable parameters, allows the capacitance CL to be


determined within an uncertainty of about 2–5%, with a


confidence level of 0.95, whereas the estimation of the other


parameters is less accurate, reflecting in a larger uncertainty


(of the order of 20%). A typical behaviour of DPPC/decane


in ZnCl2 0.6 mM electrolyte solution is shown in Fig. 5. As


Fig. 4. Deviation of the capacitance Cm (Eq. (8)) and the conductance Gm


(Eq. (7)) from a single Debye-type relaxation function for different values


of the equivalent electrical circuit parameters. Capacitance Cm: full line,


Debye-type behaviour, Cd/(CL +Cd) = 0; (– . . .– . . .– ): Cd/(CL +Cd) = 0.1;


(. . . . . . . . . . . .) Cd/(CL +Cd) = 0.2. Conductance Gm: full line, Debye-type


behaviour, CL/(CL +Cd) = 1; (– . . .– . . .–): CL/(CL +Cd) = 0.9; (. . . . . . . . .


. . .) CL/(CL +Cd) = 0.8.
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can be seen, a satisfactory agreement is obtained between


measured and calculated values over the entire frequency


range investigated.


The model depicted in Fig. 1B furnishes the value of the


membrane capacitance, CL, and those of the electrical


parameters of the ionic double layers, at the electrolyte


solution interface and moreover the fraction s of the mem-


brane coverage. As shown in Table 1, the values of the


electrical parameters are markedly different for DPPA and


DPPC in decane, for all the different electrolyte species


investigated. For example, in the former case, we observe a


coverage fraction of about 0.40, whereas, in the second case,


values close to unity have been obtained. Analogously, by


changing from DPPA to DPPC, the values of Cd vary over


an order of magnitude. The reliability of the above quoted


figures can be partially questionable owing to the large


uncertainties that affect this quantity in consequence of the


partial correlation between the different parameters entering


in Eqs. (7) and (8). Nevertheless, the marked difference in


the two different experimental conditions point out a qual-


itatively different behaviour of the two phospholipids. The


strong electrostatic interactions and chain stiffness, in the


case of DPPA, makes it more difficult to use in the


formation of an ordered structure. Accordingly, a larger


number of trials were needed to obtain the electrode cover-


age.


Now we will discuss in detail the meaning of the differ-


ent parameters obtained. Table 1 summarizes the values of


CL obtained for all the systems investigated. Although the


experimental technique is rather rough and the model


employed to analyze the data rather crude, the technique


is able to evidence a different capacitive behaviour in the


three systems investigated, resulting in different membrane


capacitances and indicating the different structural arrange-


ments of the lipid bilayer. The membrane capacitance


decreases in the order from about 2 AF/cm2 for linoleic


acid, to about 1.5 AF/cm2 for DPPC and to 0.5–0.6 AF/cm2


for DPPA. The absolute values of the capacitance for


linoleic acid and DPPC are higher than those expected for


a typical lipid bilayer. Several factors might be responsible


for such behaviour. An increased value of the membrane


permittivity due to water penetration inside the outer portion


of the chains, the presence of a simple monolayer or a


highly disordered configuration of the lipids could decrease


the effective thickness of the membrane and thus produce an


increase in the electrical capacitance. Moreover, due to the


alkane solubility, lipid arrangements in the presence of


decane could contain an amount of decane that might con-


tribute to reduce the lipid film thickness. Specific capacitan-


ces higher than those generally expected for BLM imply a


disorder and a loose packing of the phospholipids in the first


transferred monolayer, causing a not-well-organized struc-


Fig. 5. A typical frequency dependence of the membrane capacitance Cm


and the membrane conductance Gm for DPPC in 10 mM KCl electrolyte


solution. The solid line represents the calculated values according to Eqs.


(7) and (8). The values of the parameters deduced from the fitting procedure


are listed in Table 1.


Table 1


Values of the electrical parameters of self-assembled lipid bilayer membranes on the tip of a silver electrode


Lipids Organic


solvent


Bulk electrolyte


composition


Electrical


conductivity


of bulk


electrolyte (S/m)


Debye


length


(nm)


CL/S


(AF/cm2)


Lipid film


thickness


(nm)


s (s) s Gp/S


(S/cm2)


Cd/S


(AF/cm2)


Gd/S


(S/cm2)


Linoleic acid – KCl, 10 mM 1.43� 10� 1 3.1 2.1F 0.1 1.1 6.1�10� 5 0.99 55 0.46 4.2� 10� 2


DPPA decane KCl, 1 mM 1.47� 10� 2 9.7 0.88F 0.03 2.5 1.8� 10� 5 0.40 2.8� 10� 3 0.92 0.10


CaCl2, 0.6 mM 1.47� 10� 2 7.4 0.42F 0.02 5.3 8.9� 10� 6 0.40 3.4� 10� 3 0.38 0.09


MgCl2, 0.6 mM 1.47� 10� 2 7.4 0.65F 0.04 3.4 1.0� 10� 5 0.35 1.6� 10� 3 0.35 0.10


ZnCl2, 0.6 mM 1.54� 10� 2 6.8 0.72F 0.03 3.1 1.1�10� 5 0.40 2.3� 10� 3 0.17 0.08


DPPC decane KCl, 1 mM 1.47� 10� 2 9.7 1.48F 0.04 1.5 4.2� 10� 5 0.99 19 0.09 3.7� 10� 2


CaCl2, 0.6 mM 1.47� 10� 2 7.4 1.07F 0.03 2.1 4.3� 10� 5 0.99 55 0.05 2.6� 10� 2


MgCl2, 0.6 mM 1.47� 10� 2 7.4 1.57F 0.04 1.4 8.2� 10� 5 0.99 15 0.06 2.0� 10� 2


ZnCl2, 0.6 mM 1.54� 10� 2 6.8 1.60F 0.06 1.4 4.8� 10� 5 0.99 21 0.05 3.4� 10� 2


Average and standard deviation of the data are collected on three or four different preparations for each sample.
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ture according to the ideal structure of a Langmuir–Blodgett


bilayer.


In particular, the value of CL observed for the linoleic


acid (CL= 2 AF/cm2), assuming a dielectric constant of the


hydrophobic tail region of about e = 2.5, yields a lipid film


thickness of about 1 nm. In the case of DPPC, the capaci-


tances per unit surface (in the presence of KCl, MgCl2 and


ZnCl2) are of the order of CL= 1.5 AF/cm2, suggesting a


lipid film of apparent thickness of about 1.5–2 nm and,


finally, for DPPA, to values of CL in the range 0.7–0.9 AF/
cm2, correspond to an apparent film thickness of between


2.5 and 5 nm, respectively. Although the thickness of the


lipid film, deduced from capacitance measurements, are too


thin to be that of well-organized lipid arrangement, never-


theless, the different values observed should suggest a


possible different lipid organization that could be a mono-


layer membrane hydrophobically adsorbed on the electrode


in the case of linoleic acid, a mixed monolayer–bilayer


structure in the case of DPPC and finally a mixed structure,


some parts of which covered by a bilayer, and some parts by


a trilayer arrangement, in the case of DPPA.


This picture is in agreement with that as suggested by


Passechnik et al. [5], on the basis of specific capacitance,


electrostriction and surface potential measurements on s-


BLMs. Moreover, the formation of monolayer, bilayer and


trilayer membranes on a silver pad on the basis of ellipso-


metric measurements has been recently suggested by


Chiang et al. [19]. A sketch of the possible lipid structures


at the electrode interface is depicted in Fig. 6, together with


the equivalent circuit employed in the analysis of the data. A


further confirmation to the proposed structure has been


recently given by Haas et al. [17]. In fact, it was shown


that in the case of linoleic acid, application of a negative


potential during membrane formation leads to the disappear-


ance of oxidation– reduction peaks and therefore to a


virtually ‘‘defect-free’’ membrane. This indicates that oxi-


dized silver leads to defect formation. Actually, this surface


should be much more hydrophilic than pure metal. There-


fore, application of a negative potential should favour a


hydrophobically adsorbed monolayer. However, almost


complete coverage can be obtained only with DPPC and


linoleic acid. This indicates that in the case of negatively


charged lipids, complete coverage can be obtained only


when the chains are in the fluid state.


The main observation derived from these findings is the


high sensitivity of the charged membranes to different


species of ions in solution. In fact, with zwitterionic lipids


(DPPC), the values of CL are roughly around 1.5 AF/cm2 for


all the cations studied (with the exception of Ca++ ), whereas


with ionic lipids (linoleic acid and DPPA), CL varies from


about 0.9 AF/cm2 for monovalent cations to values between


0.4 and 0.7 AF/cm2 for divalent cations (in the order, Ca++ ,


Mg++ and Zn++ ). Moreover, it should be noted that in the


case of CaCl2 electrolyte solutions, a considerable lower


value of the surface capacitance for both the DPPC and


DPPA systems was observed. This implies a larger lipid film


thickness, probably caused by the presence of Ca++ ions,


which favour a multilayer arrangement.


As far as the other parameters are concerned, the value of


Gp is directly related to the metal–electrolyte interface of


the uncovered electrode region and hence to the bulk ionic


conductivity of the aqueous phase, bathing the electrode.


Assuming a thickness of the ionic layer of the order of the


Debye length and an electrode surface of 1�10� 3 cm2, we


expected values of Gp of the order of 10–100 V cm2. These


values roughly agree with those derived from the fit of the


data in the case of DPPC in decane and in the case of the


linoleic acid, but deeply deviate from those derived in the


case of DPPA in decane.


It must be noted that in the case of a nearly full coverage


of the electrode, Gp approaches the values expected for


water-filled pores. On the contrary, for a partial coverage,


where a more complex structural arrangement of covered


and uncovered regions must exist, the model suggests that


the regions in absence of a well-defined lipid structure


(monolayers, bilayers and multilayers) might be contacted


with the electrolyte solution through a layer of solvent


molecules (decane in this case) that, even if not completely,


wets the metal electrode. This arrangement, whereas pro-


duces a small surface capacitance, reflects a low conduc-


tance, justifying the values of Gp observed in this lipid


system. Support to these pictures derives from impedance


measurements of the metal electrode wetted in decane and


immersed in the electrolyte solution (in absence of the lipid


film deposition). By contrast, the values of Gp correctly


correspond to the water pore conductivity in the case of


DPPC, where the residual decane is not present, owing to


the high coverage value (s = 0.99) of the lipid film.


The presence of defects (less than 1% in the case of


DPPC and close to 50% in the case of DPPA) allows a low-


resistance water pathway to the ionic conduction that largely


Fig. 6. A sketch of the possible arrangements of the lipid film at the electrode


surface. (A) A monolayer structure (linoleic acid with a high coverage,


s = 0.99). (B) A complex structure formed by monolayers, bilayers and


trilayers (DPPA with a low coverage (s = 0.40) or DPPC with a high


coverage (s = 0.99)).
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increases the measured conductance, Gp, and makes it


impossible to estimate the membrane conductance GL.


The other parameters, Cd and Gd, are related to the ionic


layer at the lipid–electrolyte interfaces. As we have stated


above, these parameters represent the equivalent circuit of


the ion distribution close to the lipid–electrolyte interface


after the subtraction correction performed by means of Eqs.


(2)–(5). The lipid–electrolyte interface is characterized by a


layer of immobilized water molecules resulting in a region


with a low ionic mobility. Moreover, from a qualitative


point of view, the observed relaxation times (in the range


10� 4–10� 5 s) suggest a reduced ion mobility. This picture


qualitatively justifies the values of Gd (lower than that of the


corresponding bulk electrolyte solution) and the observed


differences between a charged (DPPA) and uncharged


(DPPC) interface, even if the absolute values of the capaci-


tance Cd appear to be exceedingly small if compared with


the usual double layer capacitance. Moreover, it is note-


worthy that also Cd values reflect the electrical properties of


the lipid polar head–electrolyte interface; indeed, they are


higher for charged interfaces (linoleic acid and DPPA) while


they are smaller for uncharged interfaces (DPPC), corre-


sponding to a smaller equivalent thickness of the ionic layer,


in the case of charged interface.


It is noteworthy that a supported lipid membrane appears


to be able to discriminate mono or divalent counterions in a


bulk electrolyte solution by means of simple electrical


measurements. Although bilayer lipid membrane systems


have been extensively investigated as a model system of


biological membranes, until recently, relative few attempts


have been made to employ these structures, particularly


solid-supported bilayer lipid membranes, in practical appli-


cations such as sensors and molecular devices [18]. Our


work gives further support to the possibility of creating a


sensor that will interact with a selected environmental


counterpart, acting as a biosensor. To this end, the stability


is one of the most important quality criteria since the


supported membrane should remain bound to the metallic


support upon storage and transfer between different media.


Further improvement of the model can be obtained with


self-assembled thioalkanes functionalized with specific and


appropriate end groups.
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Abstract


Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) induces fast action potentials and decreases the variation potential in soybean plants.


The propagation speed of the action potentials in a soybean plant produced by CCCP reaches up to 25 m/s. The duration of single action


potentials after treatment by CCCP is 0.6 ms. The addition of CCCP to soil reduces variation or streaming potential to zero. The mechanism


by which CCCP decreases plant maturation most likely includes depolarization of the plasma membrane, retardation of photosynthetic water


oxidation, and respiratory electron transfer. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction


The processes of life have been found to generate electric


fields in every organism that has been examined with


suitable and sufficiently sensitive measuring techniques.


The electrochemical conduction of electrophysiological ex-


citation must be regarded as one of the most universal


properties of living organisms [1–6]. It arose in connection


with the need for transmission of a signal about an external


influence from one part of a biological system to another.


The study of the nature of regulatory relations of the plant


organism with the environment is a basic bioelectrochemical


problem, one that has a direct bearing on tasks of controlling


the growth and development of plants.


According to Goldsworthy [7], electrochemical signals


that look like nerve impulses exist in plants at all levels of


evolution. The excitation waves or action potentials in higher


plants could be information carriers in intercellular and


intracellular communication in the presence of environmen-


tal changes. The irritability of plants developed during their


evolution and improved with adaptation to changes in their


environment and to the increasingly complicated organiza-


tion of plants. It has acquired complex forms among the


modern higher plants. A plant consists of interconnected


cells, tissues and organs and its integral organism of a plant


can be maintained and developed in a continuously varying


environment only if all cells, tissues, and organs function in


concordance. Plants are continuously balancing with the


external world. The coordination of internal processes and


their balance with the environment are connected with the


excitability of plant cells. The primary candidate for inter-


cellular signaling in higher plants is the stimulus-induced


change in plasma membrane potential.


The huge amount of experimental material testifies that


the main laws of excitability such as the inducement of


nonexcitability after excitation and the summation of sub-


threshold irritations were developed in the vegetative and


animal kingdoms in protoplasmatic structures earlier than


the morphological differentiation of nervous tissues. These


protoplasmatic excitable structures consolidated into the


organs of a nervous system and adjusted the interaction of


the organism with the environment.


The mechanism of the effect of electrical signals on


biophysical and biochemical processes was confirmed by


Volkov and Haack [3] in their study of long-distance com-


munication in green plants and the role of electrical signals


induced by insects.


The most rapid methods of long distance communication


between plant tissues and organs are bioelectrochemical or


electrophysiological signals. The effectiveness of such long-


distance communication is clear since plants can rapidly


respond to external stimuli (e.g., changes in temperature or


osmotic environment, illumination level, wounding, cutting,


mechanical stimulation or water availability). These changes
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can be detected in distant parts of the plant soon after the


injury [1]. Wounding stress is accompanied by the rapid


long-distance propagation of electrochemical signals, known


as action potentials, which switch on the membrane enzy-


matic systems that realize biochemical reactions, accelerate


ethylene synthesis, increase the concentration of proteinase


inhibitor, and decrease or increase formation of polysomes


and protein synthesis [8]. Action potentials have been


induced in higher plants by cold or heat shock, wounding,


chemical treatment, and by changing of orientation of grav-


itational or magnetic fields [9,10].


Excitation waves transmit information from one part of a


plant to another, enabling coordination of the functions of


the entire plant. The potential difference across the mem-


branes of conducting cells and generation of traveling


excitation waves in phloem transport serve as links in the


mechanism coupling assimilate transport with the metabo-


lism of conducting cells.


The action potential propagates rapidly throughout the


plant. A potential pathway for transmission of this electrical


signal might be the phloem sieve-tube system since it re-


presents a continuum of plasma membranes. A phloem is an


electrical conductor of bioelectrochemical impulses over


long distances [1,11]. Phloem consists of two types of con-


ducting cells, the characteristic type known as sieve-tube ele-


ments and another type called companion cells. Sieve-tube


elements are elongate cells that have end walls perforated by


numerous minute pores through which dissolved materials


can pass. Such sieve-tube elements are connected in vertical


series known as sieve tubes. Sieve-tube elements are alive at


maturity, although their nuclei disintegrate before the element


begins its conductive function. Companion cells, which are


smaller, have nuclei at maturity and are living; they are found


adjacent to the sieve-tube elements and are believed to control


the process of conduction in the sieve tubes.


From an electrochemical point of view, structures of


phloem and axon can be pictured as tubes filled with electro-


lyte solutions. The length of an axon or phloem can be several


meters and their diameters a few micrometers. At the cellular


level in plants, electrical potentials exist across membranes,


between cellular compartments, and within specific compart-


ments. Ions such as K + , Ca2 + , H + , Na + , and Cl � represent


electrolytic species involved in the establishment and mod-


ulation of electrical potentials. Electrical potentials have been


measured at the tissue and whole plant level. Since electrical


potential differences are expressed spatially within biological


tissue and are modulated over time, many investigators have


postulated the involvement of electrical potentials in inter-


and intra-cellular communication and thus in the regulation of


such physiological plant processes as phloem unloading.


Action potentials represent the primary candidate for signal-


ing between cells since they can be rapidly induced and


transmitted within plant tissue. Specificity of the signal


communication can be achieved through modulation of the


amplitude, the duration, the direction of the polarity change,


and the rate of propagation of the electrical potential signal.


The velocities of the propagation of electrical signals that


have values from 0.0005 to 40 m/s [1,4] are sufficiently high


to facilitate rapid long-distance communication and account


for the rapid response phenomena observed in plants. Both


the speed of propagation and the duration of action potential


depend on the type of external stimulus.


Action potentials in plants have been studied in detail in


the giant cells of Chara and Nitella. These plants possess


many of the properties associated with action potentials of


animal cells, such as the all-or-nothing law, threshold poten-


tial, and a refractory period. In higher plants, action potentials


have been researched in detail in many species, and these


same electrophysiological properties have been found [8].


Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) is


an uncoupler. Uncouplers are substances that have the ability


to separate the flow of electrons and the pumping of H + ions


for the synthesis of ATP. This means that the energy from


electron transfer cannot be used for ATP synthesis. The


mechanism by which CCCP acts as an uncoupler is believed


to be the inhibition of ATP formation by uncoupling oxida-


tive phosphorylation [12]. Although the interaction of pro-


ton-conducting ionophores with photosynthetic electron


transport has been extensively studied during the past decade


[13–17], the mode of action of protonophores remained


uncertain. Electrophysiological measurements in real time


are required for a better understanding of the molecular


mechanism of action of protonophores [4,5].


Most protonophoric uncouplers widely used in photo-


synthesis research are oxidized by the manganese cluster of


the Photosystem II O2-evolving complex in chloroplasts and


inhibit photosynthetic water oxidation. Oxidized uncouplers


can be reduced by the membrane pool of plastoquinone,


leading to formation of an artificial cyclic electron transfer


chain around Photosystem II involving uncouplers as redox


carriers [13–17]. Protonophores, such as cyanide m-chlor-


ophenylhydrazone (CCCP), 2,3,4,5,6-pentachlorophenol


(PCP), and 4,5,6,7-tetrachloro-2-trifluoromethylbenzimida-


zole (TTFB) inhibit the Hill reaction with K3Fe(CN)6 in


chloroplast and cyanobacterial membranes. Inhibition of the


Hill reaction by uncouplers reaches maximum when the pH


corresponds to the pK values of these compounds.


Uncouplers promote autooxidation of the high-potential


form of cytochrome b559 and partially convert it to lower


potential forms. Protonophores uncouple electron transport,


accelerate the deactivation of the S-2 and S-3 states on the


donor side, and facilitate the oxidation of cytochrome b559


on the acceptor side of Photosystem II [13].


2. Materials and methods


All electrical measurements were conducted inside a


Faraday cage (Fig. 1). An IBM-compatible microcomputer


with multi I/O plug-in data acquisition board KPCI-3107


(Keithley MetraByte) was interfaced through a multiplexed


screw terminal accessory board (Keithley) with 0.1-mm
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nonpolarizable reversible Ag/AgCl electrodes used to record


the digital data. The multifunction KPCI-3107 data acquis-


ition board provides high resolution and a wide gain range.


KPCI 3107 features continuous, high-speed, gap-free data


acquisition. Any single channel can be sampled at any gain


at up to 100 kSamples/s. Measuring signals were recorded


as ASCII files using LabView (National Instruments) soft-


ware. Ag/AgCl electrodes were prepared from Teflon-


coated silver wire (A-M Systems) according to Ksenzhek


and Volkov [8].


A fundamental rule of sampled data systems is that the


input signal must be sampled at a rate greater than twice the


highest frequency component in the signal. This is known as


the Shannon sampling theorem, and the critical sampling


rate is called the Nyquist rate. Stated as a formula, it says


that fs/2>fa, where fs is the sampling frequency and fa is the


maximum frequency of the signal being sampled. Violating


of the Nyquist criterion is called undersampling and results


in aliasing. Maximum sample rate is specified in samples/


second, and not in Hz.


Reversible nonpolarizable electrodes can measure the


generation and propagation of action potentials and elec-


trical impulses between the tissues in higher plants. Since


both Ag/AgCl electrodes are identical, they are designated


as reference and working electrodes (Fig. 1). The reference


electrode (� ) was inserted in the lower part of the stem or


in the root of the plant, and the working electrode (+) was


inserted in the upper part of the stem or a leaf of the plant.


Action potential generation induced by CCCP was meas-


ured at least 500 times using 43 soybean plants.


Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was


obtained from Fluka (New York, NY).


Three-week-old soybean seedlings (Glycine max (L.)


Merrill, cultivar Hutchenson) were used; such plants usually


have five to seven well-developed leaves. Surface steriliza-


tion of soybean seeds with 30% ethanol and 1% bleach was


performed before planting. Plants were grown in clay pots


with sterilized potting soil in a plant growth chamber


(Environmental) at 22 �C with a 12:12 h light/dark photo-


period. Plants were watered every other day.


3. Results and discussion


The generation and propagation of action potentials and


electrical impulses between tissues in higher plants can be


measured by reversible nonpolarizable electrodes. Insertion


of electrodes in plants induces action potentials across the


stem and slow fluctuations of the variation potential. Fol-


lowing insertion of the electrodes, plants were allowed to


rest until a stable potential difference referred to as variation


potential [18–20] was obtained between the working and


reference electrodes. Two hours later, the variation potential


stabilized and action potentials induced by mechanical


wounding had disappeared (Fig. 2). The variation potential


of nonstressed soybean plants does not depend on distance


between electrodes (Fig. 2) and therefore the variation po-


tential is likely a streaming potential of electrolyte in such


capillary system as a phloem.


Electrokinetic phenomena reflect the relation between the


relative motion of two phases and the electrical properties of


the interface between them. The occurrence of electrokinetic


phenomena is an indication that there is an electrical double


layer at the boundary between a wall and a liquid, both these


phases being electrically charged. Movement of a liquid


along a capillary generates a streaming potential and a


streaming electrical current between the upstream and


downstream ends of a liquid flow. Equation for the stream-


ing potential E can be written as:


E ¼ e0e1
gj


P ð1Þ


where e0 is the dielectric permittivity of a vacuum (8.85�
10� 12 C/Vm), e is the dielectric permittivity of the liquid


phase, P is pressure causing the relative movement of the


phases along the interface, g is viscosity of the liquid phase, j
is the conductivity of a liquid phase, f is the electrokinetic or
zeta potential equal to the potential difference between the


immobilized and mobile phases of the electric double layer


and varies usually from a few to some tens of millivolts.


As it follows from Eq. (1), the streaming potential does


not depend on the length of a capillary. A streaming potential


can exist also in xylem, but a sign of such streaming potential


should be opposite to the streaming potential in phloem.


Fig. 1. Apparatus for measuring electrochemical signals in green plants.
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Probably, zeta potential in xylem is about zero, so the


measured so-called ‘‘variation’’ potential is a streaming


potential in phloem.


The addition of 30 ml of water to soil does not change the


variation potential (Fig. 3) if soil is watered every other day.


In biochemistry, CCCP is known as a protonophore or


uncoupler of oxidative phosphorylation.


Addition of an aqueous solution of CCCP to the soil


induces action potentials in soybean (Fig. 4). After treatment


of soil by an aqueous solution of CCCP, the variation


potential between two Ag/AgCl electrodes in the stem of


a soybean slowly decreased from 80 to 90 mV (� in a root,


+ on the top of the soybean) to zero during 20 h. Fig. 4C


shows that positive and negative spikes appear due to the


electrical potential difference between two reversible silver


chloride electrodes. High-resolution analysis of short inter-


vals shows that these spikes are action potentials (Fig. 4C,


D, and E). When action potentials induced by CCCP


reaches the working electrode in the soybean, its potential


is changed relative to the reference electrode. Hence, it is


possible to measure the peak potential of the working


electrode as within compared to the reference electrode.


Once an action potential has been induced it propagates


along the stem and reaches the reference electrode in a few


milliseconds. It gives a mirror image of the potential peak


with an opposite sign from that of the first peak (Fig. 4)


since the potential of the reference electrode changes rela-


tive to that of the working electrode. The distance between


Ag/AgCl-electrodes divided by time between positive and


negative mirror spikes corresponds to the speed of action


potential propagation.


The duration of action potentials was 0.6 ms (Fig. 4), the


amplitude was about 60 mV (Fig. 4), and maximum


propagation speed was 25 m/s (Fig. 4C). The propagation


speed, duration, and amplitude of action potentials are not


relevant to the location of the working electrode, whether it


is placed in the stem, the root, or the leaves of the plant;


neither are they relevant to the distance between the work-


ing and reference electrodes. Action potentials play an


active role in the expedient character of response reactions


of plants to external stimuli. These impulses may transfer a


signal about the changes of conditions in a conducting


bundle of a plant from the root system to the point of


growth and vice versa. These response reactions in plant


Fig. 3. Potential difference between two Ag/AgCl electrodes in the stem of


soybean before and after adding 30 ml of H2O to soil. Linear regression


analysis resulted in average voltage of 80.03 mV with standard deviation


equal to 0.08 mV. Frequency of scanning is 5000 samples per second.


Distance between electrodes is 7 cm. The soil is treated with water every


other day. Volume of soil is 0.5 l.


Fig. 2. Potential difference between two Ag/AgCl electrodes in the stem of


soybean, before any treatment to the plant. Frequency of scanning is 50,000


samples per second. Distance between electrodes is 3 (A), 5 (B) and 7 (C)


cm. Volume of soil is 0.5 l.
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tissues and organs can be local, or transmitted from cell to


cell over long distances via the plasmodesmata. Excitations


function as a carrier of information in a soybean plant and


are due to electrical impulses generated by changes in


environmental conditions. Action potentials are signals


caused by the depolarization of cellular membrane poten-


tials. Mechanical, physical, and chemical external irritants


act not only at the place of occurrence, but the excitation can


Fig. 4. Potential difference between two Ag/AgCl electrodes in the stem of


soybean 35 min (A), 3 (B), 5 (C), 72 (D) and 75 h (E) after adding 30 ml of


10� 5 M CCCP to the soil. Frequency of scanning was 5000 samples per


second. Distance between electrodes was 7 cm. The soil was treated with


water every other day. Volume of soil was 0.5 l.


Fig. 6. The Hodgkin–Huxley (HH) equivalent circuit for an axon, (A), and


the modified HH circuit for sieve tubes in phloem (B).


Fig. 5. Photographs of exudation from cut stems of all soybean plants taken


25 min after cut. As indicated each plant was given different treatment


times with 30 ml of 10� 5 M CCCP to soil. Exudation from cut stems of


soybean: (A) control experiment without treatment of soil by CCCP, 35 min


(B), 3 (C), 5 (D), and 75 h (E) of treatment with 30 ml of 10� 5 M CCCP to


soil, and (D) after 100 h of treatment with 30 ml of 10� 5 M CCCP to soil.
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also be transferred along the whole plant. The speed of


excitation transfer depends on many factors, such as the


intensity of irritation, temperature, chemical treatment, and


mechanical wounding. It may also be influenced by pre-


vious excitations. Since the excitation reaction goes in both


directions, from the top of a stem to the roots and con-


versely, the transfer of excitation has a complicated charac-


ter accompanied by an internal change in cells and tissues.


The most rapid ways of long distance communication be-


tween plant tissues and organs are bioelectrochemical and


electrophysiological signals. The effectiveness of such long-


distance communications is clear since plants can rapidly


respond to external stimuli (e.g., changes in temperature,


osmotic environment, plant pathogens, insects, illumination


level, wounding, cutting, mechanical stimulation, and water


availability). These changes can be detected in distant parts


of the plant soon after the injury.


Fig. 5 shows that even if variation potential drops to zero


after CCCP treatment, the exudation from cut stems of


soybean remains the same for a long time. Exudation is a


manifestation of the positive root pressure in the xylem. If


electrokinetic effects of the electrical double layer cause


variation potential, such as a streaming potential, CCCP


treatment does not have an effect on pressure, but of course


it can influence the zeta potential due to membrane depola-


rization. The streaming potential in xylem should have an


opposite sign to variation potential, as it follows from the


electrochemistry of electrokinetic phenomena [8].


Hodgkin and Huxley [21] suggested a membrane model


that accounts for K + /Na + pumps, and ion leakage channels


in giant squid axons (Fig. 6A). The membrane potential for


each ion species is treated like a battery and a variable


resistor models the degree of the channel’s opening. The


main difference between propagation of action potentials in


animals and plants is that the animal axon utilizes the K + /


Na + transmembrane transport, whereas phloem cells in


plants utilize K + /Ca2 + and K + /H + channels and ion


exchangers (Fig. 6B). Channels that are highly selective


for K + and Ca2 + reside in the vacuolar and plasma mem-


branes. Channels gate between open and closed states, and


gating is controlled by membrane voltage or by a ligand,


depending on the function of the channel. Voltage-gated


calcium-permeable channels in the plasma membrane pro-


vide potential routes for entry of Ca2 + to the cytosol during


signal transduction.


Automatic measurements of electrical potential difference


can be effectively used in environmental plant electrophysi-


ology, for studying the molecular mechanisms of transport


processes, and the influence of external stimuli on plants in


real time.


Green plants interfaced with a computer through data


acquisition systems can be used as fast biosensors for


monitoring the environment and to detect effects of pollu-


tants, pesticides, defoliants; for prediction and monitoring


of climate changes, and in agriculture for direct and fast


control of conditions influencing the harvest. Action poten-


tials in green plants and animals have similar speed of


propagation of excitations and duration. The use of new


computerized methods provides opportunities for detection


of fast action potentials in green plants in real time. The


uncoupler CCCP induces action potentials in soybeans with


speed of excitation waves propagation up to 25 m/s.
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Abstract


Electroporation, the increase in the permeability of bilayer lipid membranes by the application of high voltage pulses, has the potential to


serve as a mechanism for transdermal drug delivery. However, the associated current flow through the skin will increase the skin temperature


and might affect nearby epidermal cells, lipid structure or even transported therapeutic molecules. Here, thermal conduction and thermal


convection models are used to provide upper and lower bounds on the local temperature rise, as well as the thermal damage, during


electroporation from exponential voltage pulses (70 V maximum) with a 1 ms and a 10 ms pulse time constant. The peak temperature rise


predicted by the conduction model ranges from 19 jC for a 1 ms time constant pulse to 70 jC for the 10 ms time constant pulse. The


convection (mass transport) model predicts a 18 jC peak rise for 1 ms time constant pulses and a 51 jC peak rise for a 10 ms time constant


pulse. The convection model compares more favorably with previous experimental studies and companion observations of the local


temperature rise during electroporation. Therefore, it is expected that skin electroporation can be employed at a level which is able to


transport molecules transdermally without causing significant thermal damage to the tissue. D 2002 Published by Elsevier Science B.V.


Keywords: Electroporation; Local heating; Temperature rise; Thermal model; Human skin; Transdermal drug delivery


1. Introduction


Controlled, transdermal delivery of therapeutic agents is


potentially of major clinical importance. This process


requires an increase in skin permeability such that a suffi-


cient amount of drug may be transported in a controlled


fashion. Electroporation, which can increase the permeabil-


ity of bilayer lipid membranes in the stratum corneum (SC)


using high voltage pulses, has potential as a mechanism for


transdermal drug delivery.


Despite the number of studies that investigate the appli-


cation of electroporation to transdermal drug delivery [1–4],


very little attention has been given to the thermal effects that


may be caused by these high voltage pulses. A voltage pulse


causes an associated current flow through the skin, which


due to its finite electrical resistance, will increase the local


skin temperature through electrical dissipation (Joule heat-


ing). This local temperature rise may affect: (1) the barrier


function of the skin if the temperature rise causes a phase


change in the SC lipids and/or a denaturization of SC


proteins; (2) the local morphology of the skin structure if


the heating causes water to vaporize; and (3) the therapeutic


molecules destined for transdermal drug delivery. Further, if


nearby epidermal tissues experience a prolonged temper-


ature rise beyond a threshold, damage may result. It is the


purpose of the present theoretical study to model and


investigate the magnitude of the temperature rise within


skin during electroporation and to assess the potential


thermally mediated effects.


2. Materials and methods


The skin’s barrier function is mainly afforded by the


stratum corneum (SC), a multi-lamella structure within the


first f 20 Am of the skin surface. This structure exhibits a


very high electrical resistance and an extremely low perme-


ability to transport. Thus, an electric field applied across skin


will concentrate mainly within the SC. Depending on the


pulse duration, an electric ‘‘breakdown’’ is likely to occur if


the voltage across the SC is about 50–100 V. During this
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breakdown, the resistance of the SC, RSC, decreases by up to


four orders of magnitude within less than a microsecond [5].


The electric breakdown of skin shows a high localization,


where the drop in RSC occurs in a local dissipation region


(LDR) [6–8]. The drop in RSC is accompanied by an increase


in the skin permeability to small ionic species (Na + , Cl � ,


etc.), which are responsible for most of the current flow. Our


hypothesis is that the decrease in electrical and transport


resistance is the result of electroporation that creates aqueous


pathways through the lipid bilayers within the SC. Molecules


are transported through these pathways by driving potentials


such as local electrophoresis, pressure gradients, diffusion,


electro-osmosis and/or osmotic gradients. The transport of


charged, fluorescent molecules during electroporation has


been found to take place in a limited region, usually in the


center of the LDR, which is called the local transport region


(LTR) [5–8].


It is believed that during electroporation, the smallest,


newly created aqueous pathways have an effective hydro-


dynamic radius of about 1 nm and involve about 0.1% of the


total skin area [2,9,10]. The newly created pathways are


concentrated within regions (LDRs), which typically cover


about 10% of the electrically exposed skin surface. Thus,


the fractional area, Fw,ions, within the LDRs which is


occupied by aqueous pathways is about 1%.


In order to simplify the model and the analysis, we


average over the individual pathways and treat the LDR


as a continuum. The electrical and thermal properties of the


LDR are estimated by weighting the electrical and thermal


properties of saline and lipid in proportion to the fractional


aqueous area within the LDR. This provides a description


on a spatial scale that is larger than a single aqueous


pathway, but nevertheless is appropriate for estimating the


temperature rise in the LDR. Fig. 1 shows a schematic


diagram of the SC geometry and Fig. 2 shows a schematic


for the model of molecular, electrical and heat transport.


2.1. Electrical model


Heat in the LDR and in the surrounding medium is


generated by the dissipative conversion of electrical energy


to thermal energy (Joule heating). Thus, the heat generation


distribution is dependent on the electric field and it is


therefore necessary to first model the current flow. Due to


the fact that the electrical resistivity of SC is much greater


than that of saline (qSC = 1 MV mHqsaline = 0.72 V m, [13],


it is assumed that the unelectroporated SC is electrically


insulating. Therefore, all the current flows through the SC


by way of the aqueous pathways in the LDR’s, created by


electroporation. In addition, heat is generated in the nearby


epidermis and in the saline surrounding the LDR owing to


the spreading resistance [11]. Spreading resistance occurs


because current flows from an effectively infinite distance


through the LDR, which has a finite (and small) radius.


A single LDR, therefore has the resistance:


RLDR ¼ 2bqLDR


pr2LDR
ð1Þ


qLDR ¼ qsaline


Fw,ions
ð2Þ


where rLDR is the radius of the LDR, 2b is the thickness of


the SC, and qLDR is the bulk and effective resistivity of the


LDR, which is determined from the fractional aqueous area


of the LDR (Fw,ions
f 1%) and the saline resistivity.


In the epidermis and in the external fluid, electrical


energy is dissipated by the spreading resistance. It is


assumed that the LDR surfaces in contact with the epidermis


and with the external fluid are equipotentials. At a far


distance above the SC, the potential is set at U(t) and at a


far distance below the SC, the potential is set to ground. The


total spreading resistance in the saline and in the epidermis


is thus:


Rss ¼
qsaline


4rLDR
ð3Þ


Rse ¼
qepi


4rLDR
: ð4Þ


In the following analysis, we analyze the effect of


exponential voltage pulses with time constants of spulse = 1
and 10 ms. In this case, the voltage applied across the tissue


is:


UðtÞ ¼ U0expð�t=spulseÞ ð5Þ


where spulse is the pulse time constant. The model is, in fact,


applicable to other pulse shapes; however, for the sake of


brevity, our attention is focused on the commonly used


exponential pulses.


Fig. 1. Schematic diagram of local transport region (LTR) within a local


dissipation region (LDR) formed in the stratum corneum during electro-


poration.
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2.2. Thermal model


Once the electrical energy is dissipated into heat


energy, it is transported by means of thermal conduction


and convection. Conduction, as described macroscopically


by the Fourier Law, is the transport of thermal energy by


the random collisions of molecules, i.e. diffusion. Con-


vection is the transport of thermal energy by the bulk


motion of mass in a flow field [12]. In physiologic tissue,


mass flow is always present in the form of blood flow


through the vasculature. However, in the skin, the nearest


capillaries are located in the dermis about 100 Am from


the SC. Given the distance of these vessels from the LDR,


and the short time constant of the electrical pulse (10 ms


or less), the effect of blood flow on the heat transfer is


expected to be small and for the purposes of this analysis,


is neglected.


During electroporation, it is possible for the pulse to


induce the flow of aqueous fluid through pathways in the


SC by osmosis, pressure and/or electro-osmosis. This flow


will carry heat energy and thus cool the SC by thermal


convection. Since the nature and magnitude of this flow


field are not well understood, we undertake the analysis of


two separate cases of heat transfer in the SC. The first case


is the analysis of the pure thermal conduction problem


where all flow is neglected. The second case is the analysis


Fig. 2. Schematic model of the mass transport, current flow and heat transfer within an LDR/LTR in the stratum corneum during electroporation.
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of the thermal convection problem, which considers fluid


flow through the SC and the resulting convective cooling.


The first case analysis provides an estimate of the upper-


bound temperature for the two pulsing protocol examples,


while the second case analysis provides the lower-bound


temperature rise.


2.2.1. Thermal conduction


Before proceeding with the computer thermal simulation


of electroporation, it is instructive to estimate the order of


magnitude of the temperature rise. Fundamentally, the peak,


transient temperature rise is reached when the thermal


energy storage is balanced by the electrical energy dissipa-


tion. In thermal analysis, the characteristic time and the


characteristic linear dimension are important parameters,


which, along with the thermal properties, govern the heat


transport. For the case of exponential voltage pulses, the


characteristic time is the time constant, spulse, of the pulses.
The characteristic length (d) is the length scale that incor-


porates most of the heated material. For this transient heat


transfer process, the characteristic length is the larger of (1)


the LDR radius (about 50 Am), and (2) the heat diffusion


length (dc
ffiffiffiffiffiffiffiffiffiffiffiffi
aspulse


p
). If the thermal diffusivity (a) is


assumed to be approximately equal to that of water (0.1


mm2/s), then d = 10 Am. Therefore, we take the LDR radius


as the characteristic length (d) and electrical energy dis-


sipation is approximately:


Qc
U2


SC


RSC


spulse ¼
U 2


SCpr2LDR
qLDR2b


spulse: ð6Þ


The balance of thermal energy with electrical dissipation


gives:


qMcDTd
3cQ ¼ U 2


SCpr2LDR
qLDR2b


spulse: ð7Þ


Note that in Eq. (7) above, qM is the mass density.


Solving for temperature rise gives:


DTc
U2


SC


qLDR2bqMcrLDR
spulsef20 jC: ð8Þ


Typical experiments with spulse = 1 ms and significant


molecular transport have USC = 70 V, an LDR radius (rLDR)


of about 50 Am, a SC thickness (2b) of 15 Am and a thermal


heat capacity (qMc) that is about equal to that of water


(4.2� 106 J/m3). For spulse much less than the thermal


relaxation time (trelaxf r2LDR/af 25 ms), the temperature


rise is linear with the pulse time constant.


Using similar order of magnitude estimation, the temper-


ature rise during single bilayer membrane electroporation


can be approximated. In such a case, the transmembrane


voltage, V, is transiently raised to about 1 V (spulsef 1 ms)


to create a single aqueous pathway with a diameter, a,


(about 1 nm) through the membrane, (thickness, Lf 7


nm). As with Eq. (7), the electrical energy dissipated in


the pore is balanced by the energy stored and conducted,


however in this case, the characteristic length, d, is equal to


the heat diffusion length (dc
ffiffiffiffiffiffiffiffiffiffiffiffi
aspulse


p
).


qMcDTd
3c


V 2a2


qsalineL
spulse ð9Þ


where qsaline is the resistivity of saline. The temperature rise


is therefore:


DTc
V 2a2


qsalineLqMcðaspulseÞ3=2
spulsec5� 10�6 jC: ð10Þ


Thus, temperature rise is expected to play a negligible role


in membrane electroporation.


For the computer simulation of SC electroporation, the


complete formulation of the Fourier heat conduction equa-


tion in the SC is used:


qðr,zÞcðr,zÞ @T
@t


¼ jðkðr,zÞjTÞ þ Qðr,z,tÞ ð11Þ


where T is the temperature rise above the baseline, Q(r,z, t)


is the power dissipation distribution in the LDR and in the


surrounding saline and epidermis, q(r, z) is the density, c(r,


z) is the specific heat and k(r, z) is the thermal conductivity.


The terms in Eq. (11) represent, from left to right, the


thermal energy storage, the heat energy conducted, and the


Joule heating from the electric field. Since the thermal


system consists of materials of varying type, the thermal


properties (q(r, z), c(r, z) and k(r, z)) are functions of space.


The initial condition states that at time zero, the temperature


rise everywhere is zero and the boundary conditions main-


tain that at infinite spatial extent, the temperature rise


approaches zero.


Despite the simplifying assumptions, the governing


equation (Eq. (11)) is a non-linear, transient partial differ-


ential equation in two dimensions. The solution of this type


of equation is possible with the use of numerical techniques,


namely the finite element method.


2.2.2. Thermal convection


The process of electroporation allows the transport of


molecules across the SC. If there is an accompanying bulk


motion of fluid through the aqueous pathways in the LDR, it


will cause cooling by way of thermal convection. To


estimate the order of magnitude of the temperature rise


under such conditions, we assume that the electrical energy


dissipated in the LDR is balanced with the heat energy


transported by fluid motion of velocity u.


qMcuDTpr2LDRc
U2


SCpr2LDR
qLDR2b


ð12Þ


DTc
U 2


SC


qLDR2bqMcu
f20 jC: ð13Þ
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With the average, bulk fluid velocity, u, assumed to be


equal to about 0.05 m/s, and using the same parameters as in


Eq. (8), the temperature rise is about 20 jC. Note that this


maximum temperature rise is independent of the pulse time


constant. While at this point, the estimation of the bulk


average fluid velocity seems arbitrary, we will motivate this


assumption further below.


The governing equation which describes the temperature


as a result of thermal convection is similar to Eq. (11), but


Eq. (14) has the first term added to account for heat carried


by the motion of the fluid through the aqueous pathways:


qMc
!
u 	 !jT þ qðr,zÞcðr,zÞ @T


@t


¼ jðkðr,zÞjTÞ þ Qðr,z, tÞ ð14Þ


where u is the fluid flow vector, qMc is the saline heat


capacity. The solution of Eq. (14) for temperature requires


first that the fluid velocity field is known. For the flow of


aqueous fluid through the pathways and into the epidermis,


we model the tissue as a porous medium [12]. The porous


medium model lumps together the complex flow patterns


caused by a labyrinth of pathways into a flow continuum.


Flow at each point in the field is not associated with any


single pathway, but is considered to be an area-averaged,


local flow in the media. This flow is solved from the


continuity equation for an incompressible fluid with the


appropriate boundary conditions.


In the aqueous pathways, the net flow direction is aligned


with the z coordinate and there is no net flow in the r


direction (see Fig. 1). For simplicity, we assume that the


velocity u is constant in space, though u does depend on the


time through its dependence on the voltage pulse. Outside of


the LDR in the saline and the epidermis, fluid flow is


modeled as inviscid and irrotational.


This bulk motion of the fluid through the LDRs is


thought to primarily be the result of electro-osmosis [13].


In a pathway, the charged surface and the liquid electrolyte


(saline) causes ions to preferentially gather near the pathway


wall. The electric field from electroporation applies a force


on the ions and causes net bulk fluid motion through the


hydrodynamic entrainment of the saline electrolyte [14].


In order to model the thermal convection, it is necessary


to estimate the magnitude of the electro-osmotic flow rate


through the aqueous pathways. For fully developed flow,


shear stress forces along the pathway wall balance the net


forces on the electrolyte entrained in the ion motion. We


model the aqueous pathways as tubes and solve for the


average velocity due to electro-osmosis [14]:


upc
�eUs


4pl
Ezexpð�t=spulseÞ ð15Þ


where e is the permittivity of the fluid, Ez exp(� t/spulse) is
the applied electric field along the tube, l is the fluid


viscosity, and Us is the surface potential on the inside tube


wall. The surface potential for an aqueous pathway with a


radius rp through the SC has been calculated [15], which


when combined with Eq. (15) gives the average velocity


within the pathway:


up ¼
Ezexpðt=spulseÞq


lAh


1


k


I0ðkrpÞ
I1ðkrpÞ


� �
ð16Þ


where k is the inverse of the Debye length and I0 and I1 are


the modified Bessel functions of the first kind of zeroth and


first-order, q is the fundamental charge and Ah is the head


area exposed to the pathway.


In order to estimate the magnitude of the electro-


osmotic fluid velocity, the values listed in Table 1 are


used in Eq. (16). These values give the approximate peak


(tf 0) pathway fluid velocity to be 5 m/s. As mentioned


above, the thermal, electrical and hydrodynamic properties


associated with the LDRs in the model are determined


from the pathway properties and the fractional aqueous


area of the LDR. Thus, while the pathway fluid velocity is


computed to be 5 m/s, the thermal convection model


assumes the fluid convection to be lumped together over


the entire LDR area. With a fractional aqueous area of


about 1%, the area-averaged LDR fluid velocity is much


smaller at 0.05 m/s.


This very simple model of the fluid motion due to


electro-osmosis neglects (1) the complex and possibly


tortuous geometry of the aqueous pathways, (2) the


stochastic fluid and ion transfer through the 1-nm capil-


lary and (3) the shielding of the surface potential by ions


and bound water molecules. Despite these deficiencies,


and in the absence of any experimental or theoretical


analysis in the literature of flow through electroporated


pathways, the model should provide an overestimate of


the flow velocity.


For our study, NEKTON (Nektonics, Cambridge, MA)


[16] was used to provide the finite element solution in both


the thermal conduction and thermal convection analysis.


Each of the FEM meshes contained 182 elements to solve


the axisymmetric formulation of the problem with the axis


of symmetry at r = 0. Fifth-order polynomials were used as


the trial functions and a time-step implicit solution scheme


was used to solve the transient problem. The simulation ran


on a Sun SparcStation X.


2.2.3. Thermal damage


Tissue damage during electroporation might occur by


three possible mechanisms: (1) the temperature is high


Table 1


Parameters used to estimate the electro-osmotic velocity


Quantity Symbol Value Reference


Pathway radius rp 10� 9 m [20]


Fluid viscosity l 0.823� 10� 3 N s/m2 [21]


Electric field Ez 5 V/Am –


Debye length 1/k 10� 9 m [15]


Fundamental charge q � 1.6� 10� 19 C [22]


Head group area Ah 4� 10� 19 m2 [23]
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enough to cause phase change in the SC lipids, (2) the


temperature is high enough to cause phase change in the


water such that the tissue is disrupted, or (3) the thermal time


exposure exceeds a threshold such that cell death in the


epidermis occurs. The concept of ‘‘damage’’ within the SC


is not straightforward since the SC is comprised of non-living


bilayer lipid membranes. Clearly, however, the SC has a


physiologic function as a component of skin, and the skin


might be considered to be damaged should that barrier


function be chronically impaired. While the onset of phase


change is easily recognized from the achieved temperature,


the occurrence of cell death by thermal injury is modeled as a


function of the temperature–time history.


The temperature–time exposure models the total accu-


mulated injury to a tissue. It has been found [17] that the


injury to skin was well described by the first-order rate:


dX
dt


¼ Cexp � E


RT


� �
ð17Þ


where X is an arbitrary measure of the degree of injury, C is


a rate constant, E is an activation energy, R is the molar gas


constant, and T is the absolute temperature. The parameters


C and E are experimentally found for each different tissue


type such that X = 0 for no injury and X > 0 for observable


tissue damage (Table 2). The accumulated damage is deter-


mined by the integral of Eq. (17) over th, the time the tissue


temperature is raised [17].


X ¼ C
Z th


0


exp � E


RT


� �
dt: ð18Þ


The onset of thermal damage for skin occurs when X is


greater than 0.53 [17]. This model is used within the


epidermis in conjunction with the thermal conduction and


convection analysis to determine the potential thermal


damage of an electroporation pulsing protocol.


3. Results and discussion


Fig. 3 summarizes the simulation results for both the


conduction and the convection models. The top panel shows


the peak temperature rise resulting from an exponential


pulse, spulse = 1 ms, for thermal conduction alone (solid line)


and thermal convection (dashed line—fluid velocity of 1 m/


s, dashed–dotted line—fluid velocity of 5 m/s). This peak


temperature rise is taken at the center of the LDR (z = 0,


r = 0) where the temperature is greatest at any given time. In


the case of conduction alone, the peak temperature rise


(about 19 jC) represents an upper-bound estimate of the rise


that occurs during electroporation with a 1 ms pulse. The


bottom panel of Fig. 3 correspondingly shows the temper-


ature rise from a 10 ms pulse for both the conduction and


the convection models. This example clearly shows the


effect of a longer pulse on increasing the peak temperature


rise.


Using Eq. (18) with the computed temperature–time


history, the spatial extent of the thermal damage from a


single pulse is quantified. With this model, the 1 ms pulse


protocol showed no thermal damage from the integrated


temperature history in the epidermis. The 10 ms pulse


protocol, however, did give rise to a small amount of


predicted thermal damage. Fig. 4 is a contour plot consisting


of a single trace around the region of thermal damage from a


single 10 ms pulse. The region of thermal damage is


predicted to include an area in the center of the LDR and


to extend about 5 Am into the epidermis. Subsequent pulses


would have an additive effect on the predicted thermal


damage. The application of this model, however, to tissue


such as the SC, void of living cells, is questionable, since


the model constants have been experimentally determined


for living cells. In any event, the predicted thermal damage


on SC and epidermis is minimal. This is consistent with in


vivo experiments using hairless rats [19], which showed


minor, acceptable levels of tissue irritation.


As expected from both the conduction and the convec-


tion models, the 1 ms pulse protocol causes a minimal


temperature rise, no water phase change and no thermal


damage in the epidermis. Also, the peak temperature rises


above the in vivo baseline are smaller than the endothermic


phase transitions for human SC (65, 80, and 95 jC [18]).


However, for the 10 ms pulse protocol, the heating is more


significant. The conduction model predicts a peak temper-


ature rise, on top of the in vivo baseline, that is close to the


water phase transition temperature and greater than the SC


lipid transition temperatures.


Since electroporation has recently been experimentally


found to induce mass transport through the SC, it is likely


that thermal convection plays a major role in maintaining


the SC temperature below the water vaporization point. The


approximation of the flow magnitude from electro-osmosis


(5 m/s peak fluid velocity) probably overestimates the true


flow since this approximation neglected the shielding of the


surface potential by bound water molecules and the complex


Table 2


Parameters used in the thermal simulations


Quantity Symbol Value Reference


LDR radius rLDR 50 Am [4]


Saline resistivity qsaline 0.72 V m [22]


Epidermis resistivity qepi 26.3 V m [17]


LDR resistivity (effective) qLDR 72 V m –


SC voltage USC 70 V –


Saline thermal conductivity ksaline 0.623 W/m K [22]


Lipid thermal conductivity klipid 0.209 W/m K [24]


LDR thermal conductivity kLDR 0.209 W/m K [24]


Epidermis thermal conductivity kepidermis 0.209 W/m K [24]


Saline thermal diffusivity asaline 1.5� 10� 7 m2/s [22]


Lipid thermal diffusivity alipid 0.5� 10� 7 m2/s [24]


Epidermis thermal diffusivity aepidermis 0.5� 10� 7 m2/s [24]


Activation energy E 244.0 kJ/mol [17]


Rate constant C 2.9� 1037 1/s [17]


Molar gas constant R 8.3143 J/K mol [22]
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and possibly tortuous geometry of the aqueous pathways.


The peak flow value of 1 m/s, also used in the simulation,


was estimated from [13], which measured the total


amount of tritiated water transported across the SC in vitro


during electroporation. Additionally, in vivo studies of skin


electroporation, with pulse durations up to 500 ms, showed


little to no macroscopically observable damage in hairless


rats [19], thus it is likely that the thermal convection that


occurred during this protocol maintained the SC temperature


at an acceptable level.


A limitation in the analysis is that both models do not


consider the effect of phase change on the temperature rise.


The enthalpy of phase change for the lipid and water


substances would require energy that would otherwise go


to increase the local temperature. Phase change can be, of


course, accompanied by a change in the substance density,


thermal properties and electrical properties. These may


contribute to important secondary processes associated with


the high voltage pulsing of skin. The rapid expansion of


water, for instance, could disrupt the mechanical integrity of


the tissue, change the electrical conductivity and change the


thermal conductivity. It is not clear what the net effect of


these non-linear processes would be on the tissue. Clearly,


they would limit the temperature rise, but may increase the


total damage to the tissue.


In the viable epidermis, the ensuing thermal damage as a


result of the temperature–time history for the conduction


model is shown in Fig. 4. This model computes the


maximum temperature rise and thus, it provides an upper-


bound for the extent of the thermal damage which appears to


be minimal and confined to the top 10 Am just below the


LDR. Thus, for the 1–10 ms pulse protocols, there should


be little to no thermal damage to the living cells. However,


since the model does not consider the effects of phase


change, some minor disruption of the SC may be possible


by disruption of the tissue through water and lipid phase


change.


The prediction of the temperature rise is directly depend-


ent on the model for the dissipation of electrical energy in the


LDR. The governing parameters of the dissipation include


the voltage across the SC, USC, the resistance of the LDR,


RLDR, the thickness of the SC, 2b, and the radius of the LDR,


rLDR. Together, these parameters form the energy dissipated


per unit time per unit volume within the LDR as the internal


heat generation. Dimensional analysis of the thermal con-


duction model reveals that the temperature rise is directly


proportional to the internal heat generation per unit volume.


Thus, for instance, in the approximation that other resistan-


ces do not limit the current flow, a doubling of the LDR


resistance will result in a halving of the temperature rise.


Furthermore, a doubling of the SC voltage will result in a


quadrupling of the temperature rise. The dimensional anal-


ysis allows the results presented above to be applied to other


pulsing protocols which have different parameters.


Dimensional analysis also reveals the relationship


between the uncertainty in the parameters and the uncertainty


Fig. 3. Temperature rise as a function of time as computed from the thermal model for an LDR with a radius of 50 Am and USC = 70 V. The top panel, which


contains results from 1 ms pulses, shows the temperature rise that results from the conduction model only (solid line) and the convection model (dashed lines)


with peak fluid velocities of 1 and 5 m/s. The bottom panel contains the corresponding results but for a 10 ms pulse.
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in the temperature rise prediction. In particular, the most


variability is expected to be found in the size of the LDRs and


the LDR resistance. In the present analysis, LDR resistance is


estimated from the fractional aqueous area of electroporated


skin. From sample to sample (0.7 cm2 area), however, a fair


amount of variability in skin resistance has been found (50–


2000 V during pulsing [5]. The mechanisms that determine


Fw,ions are not fully understood, but it is believed to increase


with the pulse time constant and pulse magnitude. Also, it is


not fully understood how the LDR radius depends on the


pulsing parameters, but a longer pulse tends to create larger


LDRs [4]. These two effects will influence the temperature


rise: the decrease in RLDR from the increase in Fw,ions will


increase the temperature rise, however, the larger LDRs will


have more volume over which the electrical energy is


dissipated and decrease the temperature rise. It is unclear


what the net effect on the temperature rise will be and


therefore further experimental characterization of the LDR


formation is needed before further temperature predictions


can be made.


The question may be raised as to whether the increase in


SC permeability to macromolecules during electroporation is


fundamentally a thermal or an electrical phenomenon. While


it is clear that electroporation causes a rapid decrease in the


SC electrical resistance (increase in permeability to small,


charged ions), it might be hypothesized that the associated


increase in permeability to larger macromolecules is the


result of a further, secondary morphological transformation


caused by the SC temperature rise. A high enough temper-


ature rise could disrupt the structure of the SC and hence its


normal barrier function by water vaporization and/or endo-


thermic transformation of the lipids. Evidence against this


hypothesis is given by the in vitro studies [2,4], that have


shown the transport of fluorescently labeled macromolecules


as the result of 1 ms duration pulses. As predicted by our


thermal models presented here, the transdermal voltage and


duration of these pulses would give rise, at most, to a 19 jC
temperature rise. Such a transient temperature rise, on top of


normal physiologic baseline, would not transform the SC and


would not thermally alter its’ permeability.


Furthermore, the aqueous pathways through the SC that


exist even before the onset of electroporation are thought to


be about 1 nm in radius [20]. When 70 V is applied across


the skin, and just before the onset the electroporation,


current flows through these pre-existing pathways. Another


hypothesis is that heating from current flowing through the


pre-existing pathways, before the onset of electroporation,


can cause a change in the SC structure and increase the


permeability to small ion transport. It is possible to estimate


the magnitude of the temperature rise in such a case. Using


Eq. (6), modified with the 1 nm radius aqueous pathway and


assuming the fluid in these pathways has the same resistivity


as saline, the peak temperature rise is estimated to be only


about 0.001 jC. According to this analysis, for the temper-


ature rise in any pre-existing pathways to be larger than the


70 jC SC phase transition, the radius of such a pathway


would have to be at least 65 nm. Such a pre-existing


pathway of this size is not known to exist in the SC and


therefore thermal phenomenon cannot be fundamental to


electroporation. Rather, the thermal effects are subsequent to


Fig. 4. Contour around the area of thermal damage for the thermal conduction model for an LDR with a radius of 50 Am, USC = 70 V, and a pulse time constant


of 10 ms. The damage region extends only slightly into the viable epidermis.
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the permeability increase caused by the electrical effects of


electroporation.


4. Conclusion


Tissue electroporation holds promise as a mechanism for


transdermal drug delivery. Of the many studies performed to


date, very little attention has been given to the thermal


effects that may be induced by these high voltage pulses. In


this study, we have performed analytical and computer


modeling of the temperature rise in the stratum corneum


(SC) during electroporation. Current flowing through aque-


ous pathways created by electroporation dissipates electrical


energy into heat energy. It is the purpose of this study to


determine if the temperature rise in the SC might be large


enough to thermally alter the barrier function of the SC,


thermally damage cells in the nearby viable epidermis, and


thermally alter any therapeutic molecules that are destined


for transdermal transport across the SC.


The heat that is generated in the SC local dissipation


regions (LDRs) is transferred by thermal conduction and by


the thermal convection. Convective cooling is induced by


the mass transport of water and other molecules across the


SC. In one thermal model, conduction alone is considered in


order to determine a maximum temperature rise. It was


shown that for a peak voltage of 70 V applied across the SC


with an exponential decay (1 ms time constant), the peak


temperature rise was estimated to be 19 jC by the computer


simulation, and 20 jC by the simple order of magnitude


estimate. Thus, for the short 1 ms pulses, the temperature


rise is small enough to not play a significant role in the SC


permeability increase during electroporation. For 10 ms time


constant pulses, the conduction model predicts temperature


rises that approach water vaporization point. Yet, due to the


short time exposure at these higher temperatures, the pre-


dicted thermal damage to the viable tissue under the SC is


negligible. In practice, this higher temperature is not likely


achieved due to the mass transfer through the SC and the


subsequent cooling by thermal convection. The thermal


convection model, which more realistically models the


entire heat transfer during electroporation, predicts that the


peak temperature rise will be between 12 and 51 jC for the


10 ms pulses (Fig. 3) and furthermore, the time–history


thermal damage is non-existent.


While these relatively simple thermal models are instruc-


tive, experimental confirmation of the predicted results is


warranted. In spite of major experimental challenges, it has


been shown that for electroporating pulses applied to ex vivo


human skin 1[3], the temperature rise from 1 ms pulses was


unmeasurable with either an infrared (IR) detector or a liquid


crystal. In that study, the liquid crystal required a temperature


rise of about 25 jC above ambient in order to register a


measurement. Also, while their IR detector could resolve 0.1


jC, it measured an area-averaged temperature over the


optical field of view. Using longer (100–300 ms) trans-


dermal pulses [19], observed no visible thermal damage in


the skin of hairless rates that underwent an electroporation


protocol. While more experimental studies are necessary, the


available results and the present study indicate that electro-


poration can be applied without thermally altering or dam-


aging intact skin.
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Abstract


Electroporation is believed to be a nonthermal phenomenon at the membrane level. However, the effects of associated processes, such as


Joule heating, should be considered. Because electroporation of skin, specifically the stratum corneum (SC), occurs at highly localized sites,


the heating is expected to conform locally to the sites of electroporation. Significant localized heating was found to be strongly dependent on


the voltage and duration of the high-voltage pulses. Specifically, a localized temperature rise was predicted theoretically and confirmed by


experiments, with only a small rise (about 17 jC) for short, large pulses (1 ms, 100 V across the SC), but was increased (about 54 jC) for
long, large pulses (300 ms, 60 V across the SC). The latter case appears to result in irreversible structural changes like vesicularization of the


lipid lattice. These results support the hypothesis that electroporation occurs within the SC and that additional processes, such as localized


heating, may be important. D 2002 Published by Elsevier Science B.V.


Keywords: Human skin; Local transport regions; Electroporation; Iontophoresis; Local temperature rise


1. Background


Electrically induced changes in skin have been inves-


tigated [1–4] in order to seek information about burning or


denaturation of the skin due to high-voltage accidents.


Electroporation also involves electrically induced changes


in the skin permeability that may be used for transdermal


drug delivery without causing significant thermal damage of


the tissue.


The skin is a multi-layer system with a 15-Am-thick outer


layer, called the stratum corneum (SC). While the SC is the


most resistive layer [5,6], its barrier function is interrupted


by appendages (hair follicles, sweat ducts), which serve as


conducting pathways. A sample of heat-stripped skin with


an area of 0.69 cm2 has a resistance that varies between 50


and 250 kV. This resistance is dependent on the density of


appendages. Assuming most of the resistance is in the SC


and that its thickness (hSC) is about 15 Am, the resistivity of


the SC is estimated to be between 0.23 and 1.15 MV m. For


comparison, the resistivity of 150 mM saline is about 0.72


V m and viable dermis is about 150 V m [7].


If the skin is subjected to an electric field, it will confine


within the stratum corneum. If the voltage across the SC


achieves about 60 V, an electric breakdown associated with


electroporation is very likely. During an electric breakdown,


the resistance of the SC decreases by up to four orders of


magnitude within less than a microsecond. This electric


breakdown of the skin shows a high localization, where the


drop in resistivity occurs in local dissipation region (LDR)


[8]. Electroporation is believed to create aqueous pathways


through single lipid bilayers, which can yield molecular


transport either by local electrophoresis as long as the pulse


lasts or by other driving forces such as electroosmosis,


pressure gradients or osmotic gradients [10,11]. While the


transport of small ionic species (Na + , Cl � , Ca2 + , etc.)


takes place within the LDR, the transport of larger, fluo-


rescent molecules is limited to a spot inside the LDR. This


region is called the local transport region (LTR) [8,9] (Fig.


1). The fractional surface area of LDR and LTR depends on


the pulsing protocol and ranges from 1% to 30% for LDR


and 0.1% to 10% for LTR.


Because of the tremendous drop in resistance of the


stratum corneum and the high-voltage applied, the current


density achieves as much as 2 A/cm2 during our experiments


(see Materials and methods). Since the current is localized


within the LDR, the peak density is even much higher. If we


assume no significant heat conduction and consider an
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adiabatic temperature rise within an LDR (Uskin = 50 V, pulse


duration = 1ms), the temperature rise would be an astounding


1500 jC. In reality, the true temperature will depend on a


variety of factors such as the current density distribution in


the LDR and the heat transport into regions not electrically


heated up. This would be mainly due to heat conduction and


also to thermal convection through the SC [12].


Thus, the localization of molecular and ionic transport as


well as the Joule heating as a function of pulse magnitude


and duration is of basic interest. With this in mind, the


present study emphasizes the fundamental behavior of the


SC during ‘‘high-voltage’’ pulses.


2. Materials and methods


Several types of microscopy, electrical measurements for


determining the skin’s passive electrical properties, fluores-


cent molecule flux measurements, and local temperature


measurements were used to quantitatively assess the number


and size of LTRs created by both short and long ‘‘high-


voltage’’ pulses. Because the diameter of LDR ranges from


about 50 to 300 Am and the pulse duration ranges typically


between 1 and 300 ms, it was not possible to measure the


temperature distribution within the LDR in a direct way.


However, using an infrared (IR) detector, it was possible to


measure the average temperature over an area of 7 mm2


synchronous with a light microscopy utilizing temperature


sensitive dyes to visualize heat propagation.


2.1. Measuring chamber


The body of the chamber had two compartments and was


machined from Lucite. It was clamped in an aluminum


frame (Fig. 2).


At the lower side of the skin, a temperature-sensitive


liquid crystal (TLC), which turns green around 45 jC, was
applied (Licristalk, Hallcrest, Glenview, IL). In order to


maximize resolution, the experiments were done in a dark


room and the minimal illumination necessary to visualize


the color change of the Licristal was used. The chamber had


a window at the bottom for imaging the skin during pulsing.


LEDs (red, green and blue) were used for illumination of the


skin. This prevented an artificial heating of the skin from the


light source. The top of the skin faced a mesh of thin gold


wires (35 Am) which served as anode (+). A thin film of


saline was used to maintain good electrical contact between


the gold and the skin. However, water, a strong absorbent


for long IR, was not allowed to accumulate between the


electrode wires. Thus, the interference with the IR detection


Fig. 1. Schematic of the stratum corneum with local dissipation region


(LDR), a localized region (radius = 30–500 Am) where electric energy is


dissipated, and which is characterized by a drop in resistance. Due to the


current density, a temperature rise during the application of high-voltage


pulses occurs. Within the center region of an LDR, we usually found an


even more localized region (LTR, r = 10–300 Am) involved in molecular


transport. An LTR is characterized by the ability to transport molecules up


to a few kilograms per mole without visible damage of the SC as seen under


a light microscope. Even after recovery, it shows the lowest resistance


within the skin surface, i.e. it does not recover the electrical resistance. The


LDR were initially identified by the AgCl deposition at a silverplate [8]. In


these experiments, the LDR corresponds to the heated area of the skin.


Fig. 2. Apparatus used for simultaneous measurement of temperature and


visualization of the surface area due to localized heating.
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was minimized. The counter electrode (cathode (� ), silver)


placed at the chamber bottom was ring-shaped, allowing the


observation of the skin specimen. For filling purpose and


pressure adjustment, the chamber was designed with flow


through facilities.


2.2. Infrared measurement


The photo-resistive detector (HgCdTe) housed in a vac-


uum insulated dewar, which was filled with liquid nitrogen,


maintaining the proper operating temperature for the sensor


(Infrared Associates, Stuart, FL). A ZnSe lens focused the


detector to a small spot (1.5 mm radius, A= 7mm2) at the skin


surface. The detector, electrodes and video camera were


aligned such that the same area of the skin could be simulta-


neously visualized and measured with the IR detector.


This detector was specifically chosen for this application


because it has a peak sensitivity at 310 K and a very fast time


response (s = 10� 6 s). The detector was held 2 mm above


the surface of the skin. The signal was obtained by measur-


ing the output voltage resulting from a constant current of 5


mA. This signal was conditioned using a six-stage DC


amplifier with a gain of about 800 and a low-pass filter


with an upper cutoff frequency of about 2 kHz. The signal


was recorded by a digital storage oscilloscope (HP54601A,


Hewlett Packard, Palo Alto, CA) and transferred to a PC for


further analysis. The IR detector was calibrated with a


temperature-controlled black body source from 20 to 71 jC.
A linear fit was performed with the amplifier output voltage


as a function of temperature. The standard deviation of the


calibration was 0.15 jC.


2.3. Visualization of LDR


For visualization of the LDR and subsequent calculation


of the surface area, a temperature sensitive dye (temperature


sensitive liquid crystal, TLC) was used. The liquid crystal


(Licristal, C20-10 TLC) and a binder (AQB-3), obtained


from Hallcrest, were mixed and applied to the surface of the


SC samples. The samples were placed into the chamber


facing the video camera with the Licristal side. The TLC is


designed to turn green when 45 jC is reached, which can be


seen by the video camera. The video signal was recorded by


a VCR for further computer processing.


2.4. Convection measurements


The water transport through the skin was measured using


tritiated water. Since water transport during and after pulsing


can flow by diffusion and electroosmosis, the experiments


were divided into two parts. (1) Both compartments of the


penetration chamber (Crown Glass, Somerville, MA) were


filled with saline doped with 10 ACi tritiated water intro-


duced at the cathode side. Exponentially decaying pulses of


80 and 105 V with time constants of 100 and 360 ms,


respectively, were applied. The voltage refers to the max-


imum voltage across the skin (exponential decaying). It was


calculated using the voltage across an inner pair of electro-


des, the resistance of the saline and the total current through


the chamber. Since the voltage depends on the skin resistance


as well, the given numbers are the average of all the experi-


ments. The voltage applied at the outer electrodes was 100


and 200 V. Ten pulses with 5-s spacing were applied.


Immediately after pulsing, the anode side was emptied and


the saline was mixed with a scintillation cocktail. The a-


activity was measured using a scintillation counter (Wallac


Rackbeta Liquid Scintillation Counter Model 1214-005 from


Wallac, Turku, Finland). (2) The setup, as in (1) but with the


tritiated water in the anode side while the activity in the


cathode side, was measured. The experiments were per-


formed at the same time using two chambers for each setup.


2.5. Experimental protocol for temperature measurements


Pulses were applied using a BTX-ECM600 (Genetronix,


San Diego, CA). The time between pulses was 1 min in


order to reequilibrate the temperature to the ambient temper-


ature. The total current through the chamber was measured


as voltage drop across a noninductive 5 V resistor. The


voltage across the skin was determined by taking into


account the resistance of the electrodes and electrolytes as


a function of the total current. The measurement chamber


was filled with saline such that the skin was pressed against


the gold electrode. Care was taken such that only a very thin


film of water was at the skin surface in order not to absorb


the IR signal.


Heat-stripped SC was used in almost all experiments


where the temperature rise and the temperature distribution


were measured at the same time.


However, for comparison, full thickness skin was used.


In these cases, only the temperature rise or the temperature


distribution could be measured.


2.6. Skin preparation


Heat-stripped SC, obtained from human cadaver donors,


was used throughout the experiments for simultaneous


temperature measurement and visualization. The preparation


of the skin is well described in Ref. [13]. For experiments


designed to assess possible differences in convection


between heat-stripped skin and full thickness skin, we used


about 4-mm-thick (uncompressed) preparations of the same


sample as the heat-stripped skin. The prepared skin was


stored at 94% humidity at 4 jC for further use. Because the


behavior of skin changes with time, the specimens were


used within a week.


2.7. Ambient temperature during the experiments


Experiments using different pulsing protocols were per-


formed at room temperature (24–26 jC). The ambient


temperature was taken into account for the calculation of
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the temperature rise. The pattern for temperature distribution


was only assessable at the absolute temperature specified by


the TLC. The parameter of interest is the temperature


difference to the ambient temperature. Thus, the ambient


temperature will influence the distribution pattern of temper-


ature what we could not correct. However, by changing the


initial temperature by 1 jC, no significant change in the


temperature distribution was found.


3. Results


The data collected during the heat distribution visual-


ization and IR measurements together yielded a trace of


temperature and current for each single pulse. Usually, three


pulses at applied voltages of 100 or 200 V were performed on


a single piece of skin.


The pattern of the temperature distribution was recorded


by a VCR for subsequent frame by frame analysis. Finally,


the frame with the largest heated region was chosen (Fig.


3A), which corresponds approximately with the moment of


the largest temperature rise. Therefore, it could serve for


synchronizing the video frames with the temperature trace


(Fig. 3B).


From the current trace together with the electrical behav-


ior of the chamber, the voltage was calculated across the


skin and found it to be 46F 14 V for 100 V and 73F 22 V


for 200 V applied, respectively.


The average temperature rise over the 7 mm2 IR detector


field of view was 7.24F 0.73 jC for the 100 V pulses. Taken


into account a fractional LDR area of 10.5F 5.7%, we


estimated an area average temperature rise within the LTR


of 68.9 jC. The strong variability in transdermal voltage, seen


especially between the first and the subsequent pulses, was


caused by the decrease in the skin resistance during the first


pulse, which caused a drop in transdermal voltage.


3.1. Short high-voltage pulses


Starting at pulse conditions, resulting in a strong signal,


we decreased the pulse duration. The smallest temperature


rise signal reliably obtained resulted from a pulse of


Uskin = 81 V and spulse = 16 ms. Short high-voltage pulses


such as 150 V/1 ms could not be detected with the IR


detector nor with the Licristal (TLC).


3.2. Heat distribution with electrodes not attached to the


skin


In experiments where all parameters are measured at the


same time, we had to compromise between the accuracy of


the IR detector temperature measurement and the quality of


the acquired image. Another point of uncertainty is the


possible confinement of the field at the electrodes, which


might lead to the localization of the heat during pulsing.


We therefore performed a number of experiments with a


Fig. 3. A complete set of results from one experiment. The pulse parameters


were Uskin = 83 V and spulse = 95 ms. (A) The image acquired by the video


camera at the time of the highest temperature (frame by frame selection).


The ring indicates the area viewed by the IR detector. (B) The temperature


rise during the pulse. The starting temperature at this particular experiment


was room temperature (24 jC measured). (C) The current through the


whole chamber needed for calculation of the voltage across the skin, at the


same time scale as the temperature rise.
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chamber in which the electrodes were placed far from the


skin. To enhance the color contrast with the Licristal, the


skin (heat-stripped) was placed on black filter paper. From


observation of these images, it was evident that the heat


localization was not due to a confinement of the field by


the electrodes but appears stochastically across the skin


surface, in agreement with observations of LTR/LDR for-


mation [8]. The number of LDRs showed a dependence on


the applied voltage, with larger voltages corresponding to


more LDRs. By increasing the duration of the pulses, the


LDR size increased, but not significantly their number.


With the pulsing protocols used, we found between 1 and


10 LDR/cm2 with a size ranging from 100 to 400 Am. We


should emphasize that the measured size of the LDR is


determined after the area that turned green because of the


transition of the Licristal.


3.3. Heat dissipation vs. energy transport through the skin


We define as the energy dissipated within the skin, the


product of voltage across the skin (Uskin), current through


the entire system and the time duration of the pulse, i.e.


(W ¼ m
0


l
USCðtÞIðtÞdt ). Fig. 4 shows the results of average


temperature rise in a 7 mm2 spot for the experiments carried


out under observation with the video camera.


The area involved in dissipation ranged from less than


1% to 40%. By dividing the temperature rise by the frac-


tional area of the LDR, we get an estimate of the peak


temperature rise within an LDR. For the largest pulses, more


than 60 jC temperature increase was found, which means


that for our experiments, conducted at room temperature, the


phase transition temperature, T0, of the skin lipids (T0c 70


jC) was exceeded.


3.4. Convection during pulsing


The net water transport during 10 pulses (Uskinc 60 V,


s = 100 ms) was directed from the anode to the cathode. The


water transport from the anode side was about 100 nl per


pulse while the transport into the other direction was about


half of this. The transport was not a significant function of


the transported charge, which suggests that a considerable


transport occurs passively between the pulses. However, it


should be clear that the measured water transport is com-


pletely through the skin while a considerable water


exchange may take place within the hydrated sites of the


skin.


3.5. Heat distribution during pulsing


In principle, it was possible to measure all parameters at


the same time; however, the quality of visualization of the


LTR (contrast and time resolution of the frames) was much


better with bright incandescent light and a black back-


ground. Here, we can refer only to the part of the kinetics


revealed by the apparent green color change of the Licrist-


al. Fig. 5 (green channel) is an example of an LDR, visible


as green ring which marks the location at about 45 jC.
From the frame by frame analysis, it was found that the


heating starts in the very center and expands through the


duration of the pulse. During cooling, the ring decreases in


diameter until the interior is completely green and then


disappears from the outside in. Because of the white


appearance of the stratum corneum and the inability to
Fig. 4. Temperature rise vs. energy dissipated by the skin. Note that the x-


scale is logarithmic, i.e. the temperature rise levels off.


Fig. 5. Snapshot image of an LDR during pulsing (green channel, scale bar


200 Am). In these experiments, no infrared measurements were performed.


Therefore, the pulsing electrodes were far from the skin, i.e. the localization


of the LDR is not forced by the location of the electrodes. The ring-like


appearance occurs because the Licristal turns green only in a small


temperature range around 45 jC. At higher temperatures, it becomes


colorless.
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clearly resolve color information, we could not determine


the exact temperature gradient. However, from these


kinetics of the LDR formation, we can conclude that the


center of the LDR is hotter than the colored ring, which is


approximately at 45 jC.


3.6. Heat-stripped skin vs. full thickness skin


To better interpret the results in terms of underlying


heat transfer mechanisms, the more realistic model of full


thickness skin was chosen. However, only the visualiza-


tion of the heat distribution or IR measurements could be


done at one time. By comparison of the data, we found


that the heat pattern as well as the total heating did not


show significant differences for full thickness vs. heat-


stripped skin.


4. Discussion


It is well accepted that the temperature within an electro-


lyte rises due to dissipation of electric energy. However, it is


not clear to what extent the temperature within a LDR rises


during electroporation of skin. A simple estimation using a


fixed adiabatic (no heat transfer) cylindrical pore model


predicts that the temperature rise would exceed the phase


transition (vaporization) of water. Since we observe no


evidence of vaporization during electroporation, the temper-


ature rise should not be that high. The values measured in


our experiments show clearly that the temperature rise is


below the electrolyte phase transition temperature. How-


ever, there is still a question to what extent the skin will be


altered by the temperature rise. Given the recovery behavior


of the skin after electroporation in the medium pulse range,


there is a clear difference in the resistive behavior of the


skin after heating to less than the water-phase transition


temperature.


While the resistance of the skin recovers after high-


voltage application (30–98% of initial resistance) depend-


ing on the pulse parameters, this behavior was not found if


the skin was slowly heated above 70 jC using a water bath,


which means that the skin is not only thermally altered. A


key feature of high-voltage application is the spontaneous


localization of the changes within the SC. If the pulsed skin


is put on a silver plate as anode, the distribution of AgCl


(brown color) reveals that the interior of LDR has a large


electrical conductance even after a long time, i.e. essentially


no recovery occurs at these sites after the pulsing. Our


working hypothesis is that the propagation of a heat front,


i.e. the front of 70 jC creates a highly permeable region


with sharp boundaries (Fig. 6).


4.1. Model for electrothermal effect at stratum corneum


The stratum corneum is modeled as ‘‘brick wall’’. The


corneocytes are like the bricks held together with ‘‘lipid


mortar’’ (Fig. 6A). If a voltage is applied to this structure,


transport of charged molecules through existing pathways


will occur. However, the pathways (here NOT hair follicles


nor sweat ducts) are very small and usually negligible.


However, if the field strength achieves the breakdown


conditions, the structure rearranges electrically, which is


assumed to be similar to membrane electroporation. This


yields a very high local current density (thick arrow in Fig.


6B). As soon as the current flows, heat production follows.


Electroporation lowers the field strength not only at the pore


but also in the surrounding region by up to 20%, depending


on the pore size and density. The influence radius, however,


is submicrometer-sized, i.e. the vicinity of an existing pore


experiences almost the whole field strength. The probability


for electroporation rises with temperature. If the immediate


vicinity of an LTR is heated up, electroporation occurs due


Fig. 6. Model for the electrothermally induced changes at stratum corneum.


(A) Stratum corneum before high-voltage pulse, (B) during electric current


flow with propagating heat front starting at the center of maximal current


density, and (C) partial recovery of the stratum corneum after pulse at sites


where the phase transition of the lipid structure was not reached.
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to the limited influence radius of existing pores and thus a


sufficient high field strength. This induces a propagating


heat (Fig. 6B) from the inside to the outside of the local


transport region (LDR). It is very likely that in the middle of


the LTR, the temperature rises to more than 70 jC, which
will yield vesicularization and thus water-rich pathways


across the lipid structure. Now, an electrophoretic transport


of even larger molecules becomes possible—a part of the


LDR converts to an LTR.


By introducing water laterally into the skin structure,


water-soluble molecules may spread out laterally. Because


the edges of corneocytes may be permeabilized by electro-


poration or even by the temperature-induced permeability, it


seems possible that water-soluble molecules can enter the


corneocytes, yielding the characteristic ring-like structure


around an LTR [8,9].


With ceasing pulse, the temperature decreases from the


outside in. By interpreting images from fluorescence micro-


scopy, it seems that a sharp border exist between the interior


of an LTR where after washing, only very little dye was


found. This means that pathways in the perpendicular


direction are still open (Fig. 6C). Around this center region,


a bright ring exists, indicating that the dye is trapped within


this region, which means that no perpendicular pathways


exist or are closed by recovery and the lateral pathway used


by introduction of the dye into the ring region is interrupted.


Otherwise, the dye would escape through the same way as it


entered. We propose that at the border of the transition


region (70 jC), the lipids are melted together, while in the


interior, nonrecoverable lipid phase changes, like vesicula-


rization, took place. The region around the LTR trapped the


dye because there is no driving force and no high-perme-


ability region. All this is supported by the comparison of the


ionic pathways during and after the application of high-


voltage pulses. During the HV-pulses, the LDR shows a


very high conductance while after pulsing, only the high


conductance in the LTR remains. Since the membranes


recover after electroporation and do not recover after a


temperature rise to more than 70 jC, an LTR involves a


region where the temperature reached more than 70 jC. In
contrast, an LDR is the region that is electroporated as well,


but no temperature rise above 70 jC occurred.


The temperature rise is not a linear function of the energy


dissipated in the skin but instead reaches a plateau (Fig. 4,


note the logarithmic scale). This means that with larger


pulsing parameters, an additional heat transfer mechanism


is responsible for the observed behavior. This can be


explained by a model using both conduction and convection


of heat as well as the phase transition latent heat of the lipids


[14].


4.2. Significance and limitations of the measured data


The overall quality of the data is suitable for interpreta-


tion. However, some sources of uncertainties should be


discussed. The infrared radiation used for the temperature


measurement is strongly absorbed by water. Therefore,


water on the surface of the skin might cause the measured


temperature to be below the actual temperature of the skin


during pulsing. However, only a very thin film of saline was


allowed on the skin surface to contact the electrodes. Experi-


ments for validating the electrical behavior of the chamber


were done with the electrodes touching the saline but not


immersed. Therefore, the electrical measurements made


allow us to estimate with a reasonable confidence (about


90%, taken into account the uncertainties in the chamber


resistance and the standard deviation of 10 independent


current measurements) the energy dissipation within the skin


or the peak power delivered to the skin.


The best color contrast with the Licristal is achieved on a


black surface. This could not be accomplished without


changing the properties of the skin. Specifically, if the skin


was painted black, it would influence the heat distribution


and the electrical properties, but it was found that the TLC-


slurry (about 5 Am thick) had no effect on the passive


electrical properties of the skin. Without the black back-


ground, only monochromatic images could be acquired


instead of a color image with information about temperature


gradients. Therefore, we did not seek an interpretation of the


red and blue components of the image. Another limitation of


the TLC is the time resolution, which is on the order of


millisecond. However, since the TLC is only at the skin


surface, it should heat up before color changes occur. The


resulting temperature distribution at the surface yields the


size and location of the LDR.


Our data clearly show that there is no large temperature


rise (c 102 jC), and from video imaging, we did not find


evidence for phase transition of the water within the skin.


This means that in the range of pulse parameters we used in


these experiments, the temperature levels off. We did not,


however, investigate the range of electrical effects associ-


ated with heavy injury like burning of the skin. For short


pulse duration protocols (50–150 V across the skin, 1-ms


duration), we could not detect any temperature rise during


pulsing with our IR detector. This has been addressed by


theoretical analysis [14].


The issue of biological significance of heating of the


stratum corneum for less than a second above the phase


transition temperature of sphingolipids (70 jC) is not under-
stood yet. In vivo experiments using hairless rats found no


significant skin irritation or damage for short (c 1 ms) and


long pulses ( > 500 ms) [15].


5. Conclusion


Electroporation of skin is associated with a temperature


rise within the highly localized dissipation regions (LDR).


As the transdermal voltage and pulse time constant increase,


the temperature tends to a plateau but does not reach the


phase transition of the water. The recovery of the skin’s


electrical resistance after pulsing cannot be explained as
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only a thermal phenomenon. Structural changes persist,


leaving small unrecovered central regions with a very high


electrical conductivity that is due to combined electrical and


thermal effects.
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Abstract


A simple statistical mechanical approach is applied to calculate the profile of the density of the number of particles and the profile of the


electrostatic potential of an electric double layer formed by a charged cylindrical surface in contact with electrolyte solution. The finite size of


particles constituting the electrolyte solution is considered by including the excluded volume effect within the lattice statistics while the


electrostatic interactions are considered by means of the mean electrostatic field. It is shown that the excluded volume effect decreases the


density of the number of counterions and increases the electrostatic potential near the charged cylindrical surface. The effect is more


pronounced for high area densities of charge of the charged surface and for larger counterions. Further, it is shown that the ratio between the


density of the number of the counterions near the charged cylindrical surface and the density of the number of counterions far from the


charged surface reaches a plateau at large linear charge densities for ions of finite size, while no plateau is reached for dimensionless ions.


The effective thickness of the electric double layer in cylindrical geometry is introduced. It is shown that the effective thickness increases


with increasing counterion size while its dependence on the area density of charge of the charged surface exhibits a minimum. The theoretical


approach presented in this work can be used for description of the electrostatics of the thin cylindrical structures in biological systems such as


DNA, protein macromolecules and charged micro and nano tubes. D 2002 Elsevier Science B.V. All rights reserved.


Keywords: Electric double layer; Canonical ensemble; Excluded volume effect; Counterion condensation; Cylindrical structures in biological systems


1. Introduction


The distribution of the ions in the electrolyte solution in


the vicinity of a charged object is mainly determined by the


competition between the interactions within the system and


the entropy of the particles that constitute the solution. As a


result, in thermodynamic equilibrium the counterions are


accumulated close to the charged object and the coions are


depleted from this region. A diffuse electric double layer is


created [1–3]. A well known example of the planar electric


double layer is a planar layer of phospholipid molecules


with charged headgroups in contact with the electrolyte


solution [3]. A spherical electric double layer may be


formed around a colloidal particle [4], while the cylindrical


electric double layer may be formed around a charged


polymer molecule (polyelectrolyte) [5–8]. The structure of


the counterion–coion atmosphere around the charged poly-


mer molecule importantly influences its internal electrostatic


stability. For example, in the case of deoxyribonucleic acid


(DNA) molecules, the conformational changes resulting


from the interaction between the DNA molecule and ions


in the surrounding electrolyte solution depend on the dis-


tribution of the counterion–coion charges around the phos-


phate groups, in the helical grooves, and around the base


pairs. These interactions affect also the flexibility and


curvature properties of the DNA molecules. The cylindrical


electric double layer may be also created in the system


composed of charged cylindrical parts of the cell membrane


or in the cylindrically shaped phospholipid bilayer struc-


tures, which are in contact with the electrolyte solution. It


was recently suggested that the electrostatic interactions


may significantly influence the bending properties of such


structures under physiological conditions [9].


Since the first description of the flat electric double layer


by Gouy [1] and Chapman [2] the description of the electric


double layer has been extended also to the cylindrical


geometry. The Poisson–Boltzmann (PB) differential equa-


tion for the mean electrostatic potential around the charged


cylindrical surface was solved [4]. The concept of the con-


densation of the counterions near the charged surface was


introduced in cylindrical geometry by Imai and Oosawa
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[5,6]. The counterion condensation was later thoroughly stu-


died by Manning [7,10]. The counterion distribution around


the charged cylindrical surface was treated in terms of the


linear charge density parameter n = lB/b, where lB = e0
2/


4pee0kT is the Bjerrum length, b is the cylinder length


containing one unit of charge, e0 is the elementary charge,


e is the permittivity of the solution, e0 is the permittivity of


the free space, k is the Boltzmann constant and T is the


temperature. Manning [10] found that in the case of highly


charged polyelectrolytes (n > 1/zi), the fraction [1�1/(zin)]
of the charge on the charged cylindrical surface is completely


neutralized by the counterions of the valency zi that condense


onto the charged cylindrical surface. It was shown for


polyelectrolyte solutions [11] that in the limit of infinite


dilution the solution of the Poisson–Boltzmann (PB) equa-


tion leads to the Manning condensation. Stigter [12] com-


pared the Manning condensation with the PB theory using


the free energy test. He showed that the PB theory gives the


lowest free energy and hence the most stable ion distribution.


The description of the electric double layer by the PB


theory has been improved by considering the molecular


Hamiltonian models that take into account direct interactions


between the charges in the system and solvent structure and


interactions. Approximate theories have been developed,


such as the modified Poisson–Boltzmann (MPB) theory


[13–16], generic density functional theories [17] and inte-


gral equation theories [18–20]. Theoretical results have been


compared with the results of the Monte-Carlo simulations


[14–16,21]. The description of the planar electric double


layer within the PB theory has been upgraded by considering


the effect of the finite size of the ions [22–24] and used for


description of various systems [25–28]. The importance of


the steric effects was supported by the results of the experi-


ments involving large trivalent tungstic ions [29].


In this work we used the PB theory that was upgraded by


considering the effect of finite size of ions [23] for the


description of the cylindrical electric double layer. We


improved the derivation of the consistently related expres-


sions for the equilibrium free energy of the system, the ion


and solvent distribution functions and the differential equa-


tion for the electric potential [23] by using the method of


undetermined multipliers within the canonical statistics. The


effective thickness of the electric double layer in the


cylindrical geometry is introduced. The influence of the


size of the counterions is studied.


2. Theory


2.1. Minimization of the free energy


We imagine a charged cylindrical surface of the radius r0,


length l and line charge density k. The line charge density


can be connected to the surface charge density of the


charged cylindrical surface r by the equation r = k/2pr0.
The length l of the charged cylindrical surface is assumed to


be much larger than r0. The charged surface is coaxially


enclosed in a cylindrical cell of the radius R, which is filled


with the electrolyte solution composed of solvent molecules


and M species of ions. At the distance R from the center of


the charged cylindrical surface the effect of this surface is


negligible. The system is described by the mean electrostatic


field while the finite size of the particles in the solution is


considered by means of the excluded volume effect.


The volume of the whole system is the sum of the


volumes occupied by the ions and the solvent molecules.


Within this description each particle in the solution occupies


one and only one site of a finite volume. A lattice with an


adjustable lattice constant a is introduced (Fig. 1), all sites of


this lattice being occupied. The density of the number of the


lattice sites in the system ns can be expressed as ns = 1/Vs,


where Vs is the volume of a three-dimensional lattice site.


The lattice sites may have different forms (Fig. 1), however,


we take that they have equal volumes Vs. The corresponding


lattice constant is a =Vs
1/3, so that


ns ¼
1


a3
: ð1Þ


Further, it is taken that the particles may approach the


charged surface only to the distance a/2. Hence, the density


of the number of the particles is defined in the interval


[r0 + a/2, R], while the electric field strength is defined in the


interval [r0, R]. However, in the interval [r0, r0 + a/2], the


electric field strength attains a constant value.


In deriving the expression for the free energy of the


system F subject to the local thermodynamic equilibrium,


the methods of statistical mechanics are used (Appendix A).


The free energy of the system F is obtained by starting from


the energies of the individual particles and treating the


particles as independent and indistinguishable (Eq. (A.10))


F ¼ W el þ kT


Z R


r0þa=2


XM
j¼0


njðrÞln
njðrÞ
nsq


0
j


 !
2prldr, ð2Þ


where


W el ¼ 1


2
��0E


2
0ðpðr0 þ a=2Þ2 � pr20Þl


þ 1


2
��0


Z R


r0þa=2


E2ðrÞ2prldr, ð3Þ


is the energy of the electrostatic field, E(r) is the electric


field strength, E0 is the electric field strength near the


cylindrical charged surface and nj is the density of the


number of particles of the j-th species. The index j = 0


denotes the solvent molecules while j= 1, 2,. . ., M denotes


ions of the j-th species. Further, qj
0 is the partition function


of the particle of the j-th species subject to no electrostatic


variable. The integrations are performed over the extension


of the system in the radial direction (r), 2prldr being the


volume element. Because of the cylindrical geometry there
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is a nonzero contribution to the electrostatic field only in the


radial direction.


The particle distribution functions nj, j= 0, 1,. . ., M and


the electric field strength are in general not known. In the


following, the explicit expressions for the functions nj(x),


j = 0, 1,. . ., M and E(r) are obtained by using the condition


for the free energy to be at its minimum in the thermody-


namic equilibrium of the whole system. The free energy can


be expressed by means of a function L, which depends on the


electric field strength E(r) and on the densities of all species


of the particles (represented by nj(r) = (n0, n1,. . ., nM)),


F ¼
Z R


r0þa=2


LðEðrÞ,n jðrÞÞ2prldr


þ 1


2
��0E


2
0ðpðr0 þ a=2Þ2 � pr20Þl, ð4Þ


where


LðEðrÞ,njðrÞÞ ¼
1


2
��0E


2ðrÞ


þ kT
XM
j¼0


njðrÞln
njðrÞ
nsq


0
j


 !
: ð5Þ


We simulated the size of the counterions by the choice of


the lattice constant a, which enters the above functional


through Eq. (1).


The condition for the global equilibrium


dF ¼ 0, ð6Þ


is subject to a global constraint requiring that


� the total number of the particles of each species is


constant


Z R


r0þa=2


ðnjðrÞ � KjÞ2prldr ¼ 0,


j ¼ 0,1,2, . . . ,M ,
ð7Þ


where Kj is a constant, and two local constraints


requiring
� the validity of the Gauss law at any r


��0
1


r


@ðrEðrÞÞ
@r


� e0
XM
j¼1


vjnjðrÞ ¼ 0, ð8Þ


Fig. 1. Schematic presentation of the electric double layer for a positively charged cylindrical surface. The anions are accumulated near the charged cylindrical


surface while the cations are depleted from this region. The electrolyte solution is presented within the lattice model.
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� and that all of the lattice sites are occupied


ns �
XM
j¼0


njðrÞ ¼ 0: ð9Þ


The valency of the ion of the j-th species is denoted by vj,


j = 1, 2,. . ., M.


To find the extremum of functional (4) by taking into


account constraints (7)–(9), the method of undetermined


multipliers is used. The function L*(r) is constructed,


L* EðrÞ,njðrÞ,
@EðrÞ
@r


,g1ðrÞ,g2ðrÞ
� �


¼ LðEðrÞ,njðrÞÞ þ
XM
j¼0


kjðnjðrÞ � KjÞ


� g1ðrÞ ��0
1


r


@ðrEðrÞÞ
@r


� e0
XM
j¼1


vjnjðrÞ
 !


þ g2ðrÞ ns �
XM
j¼0


njðrÞ
 !


, ð10Þ


and examined for the extrema. Here, kj, j= 0, 1,. . ., M are


the global Lagrange multipliers, while g1(r) and g2(r) are the
local Lagrange multipliers. The variation is performed by


solving a system of Euler equations


@L*


@E
� d


dr


@L*


@ @E
@r


� �
 !


¼ 0, ð11Þ


@L*


@nj
¼ 0, j ¼ 0,1,2, . . . ,M : ð12Þ


Far away from the charged cylindrical surface (at the


distance R from the center of the charged cylindrical sur-


face), the electrostatic field vanishes


dU
dr


				
R


¼ 0, ð13Þ


which means that the electrostatic potential U(R) is constant.


We chose


UðRÞ ¼ 0: ð14Þ


Eqs. (11) and (12) and conditions (13) and (14) give after


some calculation the particle distribution functions


njðrÞ ¼
nsðnjR=n0RÞexpð�vje0UðrÞ=kTÞ


1þ
XM
i¼1


ðniR=n0RÞexpð�vie0UðrÞ=kTÞ


j ¼ 0,1,2, . . . ,M ð15Þ


and the differential equation for U(r)


d2UðrÞ
dr2


þ 1


r


dUðrÞ
dr


¼
�e0ns


XM
i¼1


viðniR=n0RÞexpð�vie0UðrÞ=kTÞ
 !


��0 1þ
XM
i¼1


ðniR=n0RÞexpð�vie0UðrÞ=kTÞ
 ! , ð16Þ


where njR is the density of the number of particles of the j-th


species at r =R. The local Lagrange multipliers are


g1ðrÞ ¼ UðrÞ, ð17Þ


g2ðrÞ ¼ kT ln
nj


nsq
0
j


þ 1þ kj
kT


 !
þ e0vjUðrÞ: ð18Þ


The local Lagrange multiplier g1(r) is the electrostatic


potential (Eq. (17)).


In order to obtain the explicit dependencies of nj, j = 0,


1,. . ., M and U on the distance r, the differential Eq. (16) is


solved numerically. The condition


dUðrÞ
dr


jr0þa=2¼ � 2kTn
r0e0


, ð19Þ


where n = rr0e0/2��0kT and condition (14) are taken into


account.


2.2. A case of the univalent electrolyte


The solution under consideration consists of the solvent


molecules, univalent counterions and univalent coions. Far


from the charged cylindrical surface the density of the


number of counterions and the density of the number of


coions are equal and are denoted by nR, while the density of


the number of the solvent molecules is denoted by n0R.


We take positively charged cylindrical surface (r > 0).


The valency of counterions is vct =� 1, while the valency of


coions is vco = 1. The mean electrostatic potential is obtained


by solving the differential equation that follows from


expression (16)


d2UðrÞ
dr2


þ 1


r


dUðrÞ
dr


¼ 2e0nsnR


��0n0R


sinhðe0UðrÞ=kTÞ
1þ 2nR


n0R
coshðe0UðrÞ=kTÞ



 � , ð20Þ


subject to the boundary conditions (14) and (19).
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According to Eq. (15), the respective densities of the


number of counterions and coions are


nct ¼
nsnRexpðe0UðrÞ=kTÞ


n0R 1þ 2nR
n0R


coshðe0UðrÞ=kTÞ

 � , ð21Þ


nco ¼
nsnRexpð�e0UðrÞ=kTÞ


n0R 1þ 2nR
n0R


coshðe0UðrÞ=kTÞ

 � : ð22Þ


To study the counterion distribution, we solved Eq. (20)


and determined the distribution function given by Eq. (21).


The solution of Eq. (20) is obtained numerically by using


the fourth order Runge–Kutta method starting at r =R.


Fig. 2A shows the densities of the number of the


counterions and the coions, nct and nco, respectively, in


dependence on the radial distance (r) while Fig. 2B shows


the electrostatic potential e0U/kT in dependence on r. The


results obtained by considering a finite lattice constant a and


the results of the PB theory are given. In the vicinity of the


charged cylindrical surface the density of the number of


counterions is affected by the lattice constant, while far from


the charged cylindrical surface the density of the counter-


ions is insensitive to the lattice constant. We consider a


symmetric univalent electrolyte mct =� 1 and mco = 1. In the


limit of vanishing a the density of the number of counterions


nct calculated within the presented model including steric


effects converges towards the corresponding density of the


number of counterions obtained by the PB theory. For large


values of a the density of the number of counterions near the


charged cylindrical surface reaches a plateau (not shown).


The plateau is not so pronounced as in the case of planar


electric double layer.


Fig. 3A presents the calculated ratio between the density


of the number of the counterions at a distance of the closest


approach to the charged cylindrical surface (n0 = nct(r0 + a/


2)) and the density of the number of counterions far from the


charged surface nR, in dependence on the linear charge


density parameter n. The corresponding results calculated by


using the PB theory are also shown, where it is taken that


n0 = nct(r0). The discrepancy between the results obtained by


considering a finite lattice constant a and the results of the


PB theory increases with increasing parameter n. At high
values of the parameter n the ratio n0/nR obtained by


considering a finite lattice constant approaches the ratio


between the density of the number of lattice sites and the


density of the number of counterions far from the charged


surface (ns/n0). The corresponding ratio n0/nR in PB theory


increases without limit with increasing parameter n. Fig. 3B
presents the electrostatic potential at a distance of the closest


Fig. 2. (A) The density of the number of the counterions (nct) and the


density of the number of coions (nco) (full lines) and (B) the electrostatic


potential e0U/kT (full line) in dependence on the radial coordinate (r). The


results of the PB theory (broken lines) are also shown. The model


parameters are a= 0.8 nm, �= 78.5, T= 310 K, nR = 0.1 mol/l, r0 = 1 nm and


n= 2.7.


Fig. 3. (A) The ratio between the density of the number of counterions at a


distance of the closest approach to the charged cylindrical surface and the


bulk density of the number of counterions n0/nR (full line) and (B) the


electrostatic potential at a distance of the closest approach to the charged


cylindrical surface e0U0/kT (full line) as a function of the linear charge


density parameter n of the charged cylindrical surface. The broken lines


represent the respective results of the PB theory. The model parameters are


a= 1 nm, �= 78.5, T= 310 K, nR = 0.1 mol/l and r0 = 1 nm.
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approach to the charged cylindrical surface (U0 =U(r0 + a/2)


in dependence on the linear charge density parameter n. The
corresponding results calculated by using the PB theory are


also shown where it is taken that U0 =U(r0). At small values


of the parameter n the electrostatic potential near the


charged cylindrical surface for finite lattice constant coin-


cides with the corresponding results of the PB theory, while


the discrepancy between the two curves increases with


increasing parameter n, the value of U0 being larger for


finite lattice constant.


The ratio n0/rR and the electrostatic potential U0 are


compared to the respective limit cases where r0 is very


large, representing the planar electric double layer (Fig.


4A,B). For the limit case, we solved the differential equation


for the electric potential in the flat geometry [30]. The


results are calibrated to the same surface charge density r.
Fig. 4A shows the calculated ratio n0/rR while Fig. 4B


shows the electrostatic potential U0 as a function of the


parameter r0. With increasing r0, the results of the cylin-


drical geometry converge to the respective results of the


planar geometry.


The screening of the electrostatic field by the counterions


that accumulate close to the charged cylindrical surface can


be represented by the effective thickness of the electric


double layer [30]. In cylindrical geometry the effective


thickness of the electric double layer is defined as


nctðr0 þ r1=2Þ � nR ¼ 1


2
ðnctðr0 þ a=2Þ � nRÞ: ð23Þ


Eq. (23) assumes that at the distance r1/2 from the


charged cylindrical surface, the density of the number of


the counterions (calculated relative to its value far from the


charged cylindrical surface) drops to half of its value at the


closest approach to the charged cylindrical surface. Fig. 5


shows the parameter r1/2 in dependence on the dimension-


less linear charge density parameter n. Two choices of the


lattice constant a are considered. It can be seen in Fig. 5 that


the effective thickness of the electric double layer contain-


ing counterions of a finite size first decreases, then reaches a


minimum and then increases as a function of increasing


parameter n. The corresponding results of the PB theory


show a monotonous decrease of r1/2 with increasing n.


3. Discussion and conclusion


Starting with the energies of individual particles, we


obtained expressions for the equilibrium particle distribution


functions and the differential equation for the electrostatic


potential in cylindrical geometry. We considered the finite


size of particles by including the excluded volume effect.


Close to the charged cylindrical surface, the density of


the number of counterions is very high (Fig. 2A) while the


Fig. 4. (A) The ratio between the density of the number of counterions at a


distance of the closest approach to the charged cylindrical surface and the


bulk density of the number of counterions (n0/nR) (full line) and (B) the


electrostatic potential at a distance of the closest approach of the charged


cylindrical surface e0U0/kT (full line) as a function of the radius of the


charged cylindrical surface r0. For comparison, the respective results for the


planar geometry are given (broken lines). The model parameters are a= 1


nm, r = 0.4 As/m2, �= 78.5 and T= 310 K.


Fig. 5. The effective thickness of the electric double layer represented in


cylindrical geometry by the parameter r1/2 in dependence of the linear


charge density parameter n for two different lattice constants a. The result


of the PB theory is also shown. The model parameters are �= 78.5, T= 310


K, nR = 0.1 mol/l and r0 = 1 nm.
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corresponding density of the number of coions attains the


values which are at least two orders of magnitude smaller.


Therefore, in this region, the contribution of the counterions


to the excluded volume effect is considerable while the


contribution of the coions to the excluded volume effect is


negligible. The calculated density of the number of counter-


ions near the charged surface obtained by using the PB theory


is higher than the corresponding value calculated by taking


into account the excluded volume effect (Fig. 3A). The


differences between the respective ion densities and the


differences between the respective electrostatic potentials


can be attributed to the steric effect of counterions and solvent


molecules in a small region in the vicinity of the charged


cylindrical surface (Fig. 3A,B). However, in the cylindrical


electric double layer this effect is less pronounced than in the


planar electric double layer [30] since the decrease of the


electric field strength with increasing r is stronger in cylin-


drical geometry. In the cylindrical geometry the electric field


strength decreases in the free space as 1/r while the corre-


sponding electric field in the planar geometry is constant.


There is a difference in the qualitative behaviour of the


dependence of the ratio (n0/nR) on the parameter n when


calculated by using the PB theory and by considering the


finite size of ions (a nonzero lattice constant). For a > 0, the


dependence of the n0/nR on n reaches a plateau for large


values of the parameter n (Fig. 3A). In contrast, the


corresponding result of the PB theory shows a monotonous


increase of the ratio (n0/nR) with increasing n. A similar


effect of the finite size of ions was obtained in the planar


geometry [31]. Recently, these results were supported by the


experimental data [29].


The ratio n0/nR in the cylindrical geometry is lower than


the corresponding ratio in the planar geometry. The same is


true for the potential AU0A. For large r0 the results obtained
in the cylindrical geometry coincide with the results


obtained in the planar geometry (Fig. 4A,B). It can be seen


in Fig. 4B that regarding n0/nR the regime of the flat electric


double layer is for the data used reached already for radii as


small as f 1 nm.


The thickness of the electric double layer in the cylin-


drical geometry is described by the characteristic length r1/2,


i.e. the distance from the charged surface where the excess


of the counterions drops to half of its value at the distance of


the closest approach to the charged cylindrical surface


(Eq. (23)). Within the presented theory including steric


effects, the thickness of the diffuse layer r1/2 is always larger


than within the PB theory. When finite size of ions is


considered, the shielding of the electric field of the charged


surface is less effective than in the PB theory where there is


no limit regarding to the number density of counterions. For


small parameters n the effective thickness of the electric


double layer is decreasing with increasing n (Fig. 5) in both


models as the surface bearing higher charge attracts in its


vicinity larger number of counterions. Consequently, the


screening is more effective. If we further increase the


parameter n, the influence of the excluded volume effect


increases with increasing n. The effective thickness r1/2
after reaching its minimum, begins to increase with increas-


ing n. This is the result of the fact that the excluded volume


imposes an upper limit on the density of the number of


counterions. There is no upper limit of the density of the


number of ions in the PB theory and the effective thickness


in the PB theory decreases monotonously with n. No mini-


mum is reached (Fig. 5).


In our model we do not take into account the direct ion–


ion interactions. It was established [4,19], that for 1-1


electrolyte (that was studied in this work) the effect of the


direct interactions is negligible. However, this effect could


be important in the case of multivalent ions [4,18].


The force between two identical parallel charged rods


predicted by the PB theory was found to be repulsive at all


distances for all surface charge densities [4]. By including


the short range ion–ion interactions, the attractive forces


between identical parallel charged rods were obtained at


certain conditions such as in the limit of high electrolyte


concentrations in the case of multivalent counterions and/or


low bulk dielectric constant. Therefore, it would be interest-


ing in the future to study the influence of the ion size on the


force between two charged cylindrical structures in electro-


lyte solution.


To conclude, we showed that the effect of finite ion size


on the density of the number of counterions and on the


electrostatic field near the charged cylindrical surface is


considerable also in the cylindrical geometry although it is


weaker than in the flat geometry.


Appendix A. Free enery of the electrolyte solution in


contact with the charged cylindrical surface


Assuming local thermodynamic equilibrium and taking


into account energies of the individual particles in the


solution, the expression for the free energy within the mean


field approximation is derived.


We divide the system into cells of volume V c = 2prlDr,


where Dr is the dimension of the cell in the r direction. We


assume that Dr is small comparing to the distance over


which macroscopic properties change essentially. In the cell


we have Nj ions of the j-th species, j = 1, 2,. . ., M, and N0


solvent molecules. The finite size of particles is introduced


by means of the excluded volume effect. A lattice is


introduced with all sites occupied: the particles are distrib-


uted over Ns
c lattice sites of equal volume


XM
j¼0


Nj ¼ N c
s : ðA:1Þ


Any cell is open with respect to heat, and closed with


respect to matter. The cell is characterized by the volume


V c, the temperature T and the number of the particles of all


species Nj, j = 0, 1, 2,. . ., M.
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A particle in the cell is described by using the statistical


mechanical approach. The canonical partition function qmj j


of the mj-th particle of the j-th species is


qmj j ¼
X
i


expð��mj ji=kTÞ,


mj ¼ 1,2, . . . ,Nj, j ¼ 0,1, . . . ,M , ðA:2Þ


where �mj ji
=Kmj ji


+ ej(U(rmj j
)�Uref) is the energy state of


the mj-th particle, which consists of the electrostatic poten-


tial energy of the charged particles situated at rmj j
,


ej(U(rmj j
)�Uref), and other contributions Kmj ji


to the


energy; U(rmj j
) is the potential of the electric field, ej is


the charge of the ion of the j-th species, k is the Boltzmann


constant and i is the index that runs through all possible


energy states Kmj ji
of the mj-th particle. The electrostatic


potential energy of the ion is calculated relative to the


potential energy of the reference system in which the ions


are infinitely far apart, so that the electrostatic field in this


case vanishes and its potential is constant. For the reference


potential we chose Uref = 0.


We assume that the electrostatic field in the system does


not influence the contributions to the energy Kmj ji
. There-


fore, by inserting �mj ji
=Kmj ji


+ ejU(rmj j
) into Eq. (A.2) and


summing over all energy states of ions, the electrostatic


potential energy can be written before the sum,


qmj j ¼ q0mj j
expð�ejUðrmj jÞ=kTÞ, ðA:3Þ


where q0mj j
¼
X


i
expð�Kmj ji=kTÞ, mj ¼ 1,2, . . . ,Nj, j ¼


1,2, . . . ,M :
The solution in the chosen cell is a system with constant


volume V c, constant temperature T and constant number of


ions and solvent molecules. It is assumed that the particle–


particle correlations are described by the mean electrostatic


field and by the excluded volume effect so that the particles


in the cell are explicitly considered to be independent.


The particles of the j-th species are also considered to be


equal with respect to all energy states Kmj ji


q0mj j
¼ q0j , mj ¼ 1,2, . . . ,Nj, j ¼ 0,1, . . . ,M , ðA:4Þ


where qj
0 is the particle partition function subject to non-


electrostatic interactions. It is assumed that the solution in


the cell is in thermodynamic equilibrium. Taking into


account all possible nonequivalent distributions of particles


in the cell, the canonical partition function of the cell Qc can


be written as


Qc ¼ exp �DW el


kT


� �
!
M


j¼0
ðq0j Þ


Nj


� �
N c
s !


!
M


j¼0
Nj!


� � , ðA:5Þ


where


DW el ¼
X
k


ekUðrkÞ: ðA:6Þ


The summation is performed over all ions in the cell.


The expression for the free energy of the solution in the


cell can be obtained by the statistical mechanical relation


DF =� kT lnQc,


DF ¼ DW el þ kT
XM
j¼0


njln
nj


nsq
0
j


 !
2prlDr: ðA:7Þ


The Stirling approximation for large Nj was used while the


density of the number of particles of the j-th species nj, j = 0,


1,. . ., M and the density of the number of sites ns were


introduced


Nj ¼ nj2prlDr and N c
s ¼ ns2prlDr: ðA:8Þ


Eq. (A.7) represents the free energy of the chosen cell. To


obtain the free energy of the whole system, we sum the


contributions of all the cells. This summation can be


expressed by the integration over the extension of the


system in the radial direction. The expression for the


electrostatic potential energy of the system is calculated


by taking into account that the potential at the site of a given


ion is created by all other ions and the charged cylindrical


surface. We consider that the ions in the solution are


distributed with volume charge density .e(r) so that expres-


sion (A.6) can be transformed into


W el ¼ 1


2
��0


Z R


r0


E2ðrÞ2prldr: ðA:9Þ


Here � is the permittivity of the solution, �0 is the influence
constant, E is the electric field strength and E0 is the electric


field strength near the cylindrical charged surface. The


electric field strength is constant in the region [r0, r0 + a/2]


and is determined by Eq. (19). Therefore, the integral in Eq.


(A.9) is divided into two parts.


For the free energy of the whole system, subject to the


local thermodynamic equilibrium, we finally get


F ¼ 1


2
��0E


2
0ðpðr0 þ a=2Þ2 � pr20Þl


þ 1


2
��0


Z R


r0þa=2


E2ðrÞ2prldr


þ kT


Z R


r0þa=2


XM
j¼0


njðrÞln
njðrÞ
nsq


0
j


 !
2prldr: ðA:10Þ
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Abstract


The boundary element method (BEM) has been applied to the calculation of dielectric spectra of suspensions of rod-shaped cells using


two kinds of models: model-R consisting of a cylinder and two hemispheres and model-PU of prolate spheroid shape. Both models have an


insulating shell phase of a uniform thickness. The calculations were compared with those using a conventional spheroidal model with a


confocal shell (model-PC) and previous observations on rod-shaped yeast cells. The differences among the three models were not


considerable and all the models succeeded in interpreting the observed data on yeast cells. D 2002 Elsevier Science B.V. All rights reserved.


Keywords: Boundary element method; Complex permittivity; Dielectric relaxation; Interfacial polarization; Simulation


1. Introduction


Biological cell suspensions show dielectric relaxation


due to interfacial polarization in the radio-frequency region


[1–4]. Since the dielectric relaxation of this kind is sensitive


to cell shape, dielectric spectroscopy is effective in detecting


changes in cell shape in situ, such as those of yeast cells


with the growth [5–8] and of erythrocytes under high


pressures [9].


To assess the effects of cell shape on the dielectric


relaxation, an ellipsoidal cell model with a confocal shell


has been used [5,7,10–12]. These cell models, however,


cannot necessarily represent real shape of cells and do not


meet uniformity of thickness of the plasma membrane.


These discrepancies between cells and their models depress


reliability of the theoretical analyses. Recently, we devel-


oped a method for calculating dielectric spectra of suspen-


sions using the boundary element method (BEM) [13,14].


The calculations showed that the dielectric spectra for cell


models in the shape of doublet and biconcave could not be


imitated by the conventional spheroidal models [13], and


that the nonuniformity of the thickness of the shell phase in


w/o/w emulsions altered the dielectric spectra [14]. These


situations mean that theoretical calculations based on real-


istic cell models are needed for reliable analyses of dielectric


spectra. In the present study, theoretical calculations are


made by the BEM method to reexamine the dielectric


spectra of the suspensions of rod-shaped yeast cells that


were studied previously [7].


2. Models and method of calculation


2.1. Cell models


Biological cells that the cytoplasm is covered with the


plasma membrane may be represented by shelled models


consisting of an inner phase and a shell phase [1–4]. To


examine the effects of the cell shape and the uniformity of


the membrane thickness, we used three models R, PU, and


PC with diameter D and length L, as shown in Fig. 1.


Model-R is of rod shape with a cylinder of diameter D and


length L�D, and two hemispheres of diameter D. Model-PU


is a prolate spheroid characterized by semiaxes D/2 in xy-


plane and L/2 along z-axis. The thickness T of the shell


phase of model-R and -PU is made uniform. Model-PC,


which has been used in conventional theoretical calculations


[10–12], consists of two confocal prolate spheroids, the


outer one being the same as the outer surface of model-PU


and the inner one being characterized by semiaxes [(D/
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2)2�K]1/2 and [(L/2)2�K]1/2, where K is a parameter repre-


senting a family of the confocal surfaces. The shell phase is


the region between these two spheroidal surfaces and,


therefore, its thickness is not uniform.


2.2. Method of calculation


Because of Dlh symmetry of the model particles, the


complex permittivity e* of their suspension can be repre-


sented by the following relations when the particles are


randomly oriented [13,14]:


e*� ea*
e*þ 2ea*


¼ P


9
ð2bh þ bzÞ, ð1Þ


where ea* is the complex permittivity of the outer phase, P


the volume fraction of the suspension, bk (k=h, z) the


polarization coefficient for the particle defined by bk=ak/
(Vea*), ak the polarizability, and V the volume of the particle,


subscripts h and z denoting the directions in xy-plane and


along z-axis, respectively. The complex permittivities are


defined by e*= e+ j/(ixe0) with relative permittivity e,
electrical conductivity j, an imaginary unit i, angular


frequency x represented by x=2pf in terms of frequency


f, and the permittivity of vacuum e0.
When P<<1, Eq. (1) becomes [5]


eD* ¼ eD þ jD=ðixe0Þuðe*� ea*Þ=P ¼ 2eDh
*þ eDz


*,


ð2Þ
where


eDk
* ¼ eDk


þ jDk
=ðixe0Þ ¼ ea*bk=3: ð3Þ


This equation was used for assessing the effects of the cell


shape and the thickness uniformity on the dielectric spectra.


The calculations of bk at frequencies from 1 to 1010 Hz were


made for model-R and -PU using BEM [13] and for model-


PC using analytical equations [10].


Table 1 shows the parameter values used in the calcu-


lations. The values of D and L were chosen so as to imitate


the size of the yeast cells used in the previous experimental


study [7], T being typical of biological cells [15,6]. The


value of ja of the outer phase was comparable with that of a


30 mM KCl solution [16] used in the experimental study. To


focus the attention on the effects of the cell shape and the


uniformity of the membrane thickness, es, js of the shell


phase and ei, ji of the inner phase were assumed to be


independent of frequency, by neglecting their slight fre-


quency-dependent behavior [1,2]. The value of es was


chosen so that the membrane capacitance per unit area


(ese0/T) was 0.7 AF cm�2, which was typical of cell


membranes [1,2,5]. The values of ei and ji were made to


be the same as ea and ja for simplicity. Values of K in


model-PC were made so that the volume of the inner phase


was the same as that of model-PU, namely,


½ðD=2Þ2 � K�½ðL=2Þ2 � K�1=2 ¼ ½ðD=2Þ � T �2½ðL=2Þ � T �:
ð4Þ


Fig. 1. Models for rod-shaped cells.


Table 1


Parameter values used in calculations of dielectric spectra


Size of model-particles


Diameter, D 4.1 Am
Length, L from 2�D to 14�D


Thickness of shell phase, T 7.0 nm


Relative permittivity e and conductivity j of phases


Outer phase ea=80 ja=0.27 S m�1


Shell phase es=5.53 js =0
Inner phase ei =80 ji =0.27 S m�1


Table 2


Values of eD* (relative permittivity eD and conductivity jD) evaluated with


BEM using different meshes that have different numbers of elements NE


and nodes NN


NE NN 10 Hz 100 kHz 1 GHz


10�4 eD 10 jD/


(S m�1)


10�3 eD 10 jD/


(S m�1)


eD 102 jD/
(S m�1)


Model-R (q=14)


160 722 7.778 �4.444 7.341 �3.670 �2.615 �1.751


224 1010 7.778 �4.443 7.339 �3.674 �2.617 �1.752


312 1406 7.778 �4.443 7.338 �3.674 �2.616 �1.752


Model-PU (q=14)


160 722 6.797 �4.470 7.514 �3.621 �2.998 �2.003


192 866 6.795 �4.469 7.522 �3.619 �3.001 �2.003


312 1406 6.795 �4.467 7.517 �3.618 �3.000 �2.003
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3. Results and discussion


3.1. Accuracy of BEM calculations


Since the accuracy in BEM calculations depends on how


to divide the boundary into elements, we examined three


different meshes in the cases of model-R and -PU with the


axial ratio q (=L/D) of 14. The calculations of eD* provided


the same results with four significant figures (Table 2). This


indicates that the mesh size used was small enough to attain


sufficient accuracy.


3.2. Behavior of bk


Fig. 2(A) shows frequency dependence of the real (bkV)
and the imaginary (bkW) parts of bk (=bkV+ibkW) for model-R


with q of 14. As seen from this figure, bh shows a one-step
relaxation denoted by h1R. On the other hand, bz consists of


two relaxation terms, z1R and z2R. To obtain dielectric


relaxation parameters for these relaxation terms, we assumed


the Cole–Cole type relaxation [17], i.e., Db/[1+(ixsC
b)mC


b
],


where Db is the relaxation intensity, sC
b the relaxation time


and mC
b the Cole–Cole parameter. Fig. 3 shows the values of


the characteristic frequency f C
b (=1/(2psC


b)), Db, mC
b and the


limiting value Hb of bk at high frequencies.


As shown in Fig. 3, bh and bz for model-R consisted of


one (h1R) and two (z1R and z2R) relaxation terms, respec-


tively, irrespective of q. In the case of model-PU, similar


relaxation terms were found in bh (h1PU) and bz (z1PU and


z2PU) when qz9.0. In case qV7.1, it was difficult to


differentiate z2PU from z1PU, because Db of z2PU was


much lower than that of z1PU, as seen in Fig. 3(B). Both bh
and bz for model-PC consisted of two relaxation terms,


which were denoted by h1PC and z1PC for the low-


frequency terms, and h2PC and z2PC for the high-frequency


ones.


Fig. 2. Frequency-dependence of (A) polarization coefficients bh, bz (real
parts bhV, bzV and imaginary parts bhW, bzW), (B) real (eDh


V, eDz
V, eDV), and


(C) imaginary (eDh
W, eDz


W, eDW) parts of complex permittivities eDh
*, eDz


*,


and eD* for model-R with the axial ratio q of 14. Subscripts h and z denote


the directions in xy-plane and along z-axis, respectively. Values of eDh
W, eDz


W,
and eDW were obtained by subtracting the limiting values (Lh


e, Lz
e , Le) of the


conductivities (jDh
, jDz


, jD) at low frequencies, as eDW=(jD�Le)/(xe0).


Fig. 3. Change in relaxation parameters for b with q. (A) The characteristic


frequency f C
b, (B) the relaxation intensity Db, (C) the Cole–Cole parameter


mC
b , and (D) the limiting value H b at high frequencies.
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The relaxation terms can be classified into four types


based on the values of fC
b shown in Fig. 3(A). Type-h1


contains h1R, h1PU, and h1PC located near 2 MHz inde-


pendent of q. Type-z1 contains z1R, z1PU, and z1PC


shifting to lower frequencies with the increase in q. Based


on conventional theoretical considerations [5,7], type-h1


and -z1, respectively, can be related to the shape of the


particles in xy-plane and along z-axis. Type-2PC (h2PC and


z2PC) can be distinguished from type-z2 (z2R and z2PU)


by its much higher fC
b, being considered to be related to the


inner phase and not to be found in model-R and -PU


because of its very low intensity. The relaxation mechanism


for type-z2 is not made clear at this stage.


3.3. Behavior of eDk
* and eD*


Fig. 2(B) and (C), respectively, show the frequency


dependence of the real and the imaginary parts of eDk
*


and eD* for model-R with q of 14. As seen from the figures,


the frequency dependence of eD* can be represented as a


two-step relaxation consisting of z1R and h1R, because z2R


is hidden in the tails of these terms. This two-step relaxation


found in eD* is consistent with the experimental observa-


tions on rod-shaped yeast cells [7].


Fig. 4. Change in relaxation parameters for eD* with q. (A) The characteristic
frequency f C


e , (B) the relaxation intensity De, and (C) the Cole–Cole


parameter mC
e .


Fig. 5. Change in relaxation parameters for eD* with q. (A) The limiting


value of eD at high frequencies H e and (B) that of jD at low frequencies Le.


Fig. 6. Change in ratios (A) fC2


e / fC1


e and (B) D1
e/D2


e with q. The standard error


of the observed data is less than the size of the mark.
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To perform practical analysis of the frequency depend-


ence of eD*, eD* was expressed by a sum of two relaxation


terms of the Cole–Cole type [17] as


eD* ¼ He þ De
1


1þ ðixseC1
Þm


e
C1


þ De
2


1þ ðixseC2
Þm


e
C2


þ Le


ixe0
,


ð5Þ


where H e is the limiting value of eD at high frequencies, Le


that of jD at low frequencies, De the relaxation intensity, sC
e


the relaxation time and mC
e the Cole–Cole parameter. Sub-


scripts 1 and 2 denote the low- and the high-frequency


relaxation, respectively. Figs. 4 and 5 show the change in


these relaxation parameters with q. The characteristic fre-


quencies f C1


e and f C2


e in Fig. 4(A) were obtained from sC1


e and


sC2


e , respectively. Fig. 6 shows the plots of the ratios f C2


e /f C1


e


and D1
e/D2


e against q.


It is seen from Figs. 4–6 that neither of the shape of the


model and the uniformity of the shell-thickness produces


significant effects on the dielectric spectra of the suspen-


sions. The behavior of the ratios f C2


e /f C1


e and D1
e/D2


e for the


measured data [7] can be quantitatively explained using all


of the models. A remaining subject to be investigated in


future studies is how to deal with the distribution of cell


size, which is commonly found in cell populations used in


experimental studies. A value of 0.9 obtained for mC1


e and mC2


e


from the experimental data [7] could be due to the distri-


bution of cell size. For quantitative examinations of its


effects, modifications of the calculation method are neces-


sary.
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Department of Biophysics and Chemical Physics, Faculty of Mathematics, Physics and Informatics, Comenius University,
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Abstract


This work describes a logical discrete model of the spatiotemporal dynamics of amoebic movement (Logical Model of Autowave


Processes of Amoebic Movement (LoMAPAM)) based on finite automata (homogeneous structures) and specified for Physarum


polycephalum. The basic system of passing rules for the information and regulation levels of the model, describing the contractile behavior of


the ectoplasmic walls of P. polycephalum, enables a rhythmic generation of contractile waves and their propagation in the ectoplasmic wall


due to the created structure of the LoMAPAM model. The finite automata corresponds to elementary square planar elements. This


construction is alike homogeneous structures with the only exception is its finite. The planar element is assigned to the pair of integers (i, j).


The state vector defined for every element (i, j) in discrete time t will have three components. Each of them will be written in one of the


matrices B, C, or W. The information matrix B describes the state of the matter. The regulation matrix C, the local Ca2 + concentration. The


flow matrix W describes the local flow of endoplasm or ectoplasm. The passing rules for the state vector was written in the form of Boolean


functions. Six actomyosin generators placed on a circle and three and five neighbouring ectoplasmatic generators on a line and a layer of


endoplasm were analysed. D 2002 Elsevier Science B.V. All rights reserved.


Keywords: Physarum polycephalum; Autowave processes; Model of amoebic movement


1. Introduction


A discrete model of the spatiotemporal dynamics of


amoebic movement (Logical Model of Autowave Processes


of Amoebic Movement (LoMAPAM)) based on finite


automata (homogeneous structures) and specified for Physa-


rum polycephalum was constructed. The starting point for


the construction of LoMAPAM was the experimental data


and the local model by Teplov et al. [1].


The suggested three-level structure of LoMAPAM cou-


ples mechanical and chemical oscillations as suggested in


the model by Teplov et al. [1] and the conception that


autowave processes create the base for these oscillations


[2,3].


The basic system of passing rules for the information and


regulation levels of the model, describing the contractile


behavior of the ectoplasmic walls of P. polycephalum,


enables a rhythmic generation of contractile waves and their


propagation in the ectoplasmic wall due to the given


structure of the LoMAPAM model. This is because of the


local fluctuation of concentration of the regulation substance


(Ca2 + ). Such contractile waves cause the shuttle streaming


of endoplasm, which was observed experimentally as re-


ported (e.g. in Refs. [4–7]).


The autowave processes emerging and sustaining in a


nonlinear homogeneous environment create a starting point


for discrete modeling of spatiotemporal dynamics of the


amoebic movement. The construction of the model was


specified for the amoebic movement of P. polycephalum, a


multinuclear, unicellular organism that is widely used for


the experimental study of cell motility (e.g. Refs. [4–7]).


A strand segment of P. polycephalum excised from the


network of myxomycete plasmodium contracts and relaxes


in a certain rhythm and these oscillations become, after a


phase of chaotic movements, synchronous. Synchronous


contractions of the ectoplasmic walls accompanied by shuttle
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streaming of the endoplasm changing its direction within the


period of 1–2 min can be observed. Under the influence of


the surroundings, one of the directions can prevail.


The oscillatory behavior of P. polycephalum has been


studied excessively in the recent years, and papers (e.g.


Refs. [8–11]) report on it and on responses of the organism


to external signals. Other papers report on the internal


regulatory mechanism of the contraction mechanism based


on the actomyosin complexes (e.g. Refs. [12–14]).


The character of the mediator— the way how the syn-


chronization proceeds— is still unknown. The membrane of


P. polycephalum is not excitable and the rhythmic activities


also sustain in the systems with disintegrated membrane. It


is obvious that the membrane does not play the role of the


mediator necessary for the synchronization of local rhythms.


The mechanism for the cytoplasmic Ca2 + oscillator to


power shuttle streaming in strands of the slime mould P.


polycephalum uses a phosphorylation–dephosphorylation


cycle of myosin light chain kinase, based on a model, was


analysed by the Hopf bifurcation theory in Ref. [15].


2. Model


According to available experimental data, we can assume


the following.


(1) Each actomyosin system itself is an autowave sys-


tem. Single actomyosin systems—pressure generators—are


coupled via viscoelastic coupling with endoplasmic core


and create a complex autowave network of P. polycephalum.


The streaming of the endoplasm is carrying the information


about the activity of the single generators and takes part in


the synchronization process. The mediator can be chemical


(Ca2 + concentration) or mechanical (fluctuation of the intra-


cellular endoplasmic pressure) and is still not experi men-


tally specified. The amplitude and frequency of every ge-


nerator (actomyosin complex) is regulated by a number of


biochemical factors (presence or absence of some substan-


ces, calcium ions, molecules of ATP, regulation proteins


(fragmin, profilin). . .).
(2) The observed autowaves phenomena in isolated


protoplasmic strands and in the strands in which endoplasm


was replaced by an artificial medium allow us to assume


that a single network of pressure generators (actomyosin


complexes) and viscoelastic fluid can create an autonomous


autowave system.


In this way, we can construct a discrete model of the


autowave system of P. polycephalum in several steps. We


divide the model into parts on which the autowave phenom-


ena can be observed:


1. the model of the contractile activity of the actomyosin


system;


2. the model of the network of actomyosin generators


coupled in a short ectoplasmic fragment via


viscoelastic fluid.


In order to model the contractile behavior of P. poly-


cephalum, we decided to formulate a discrete model, allow-


ing to study the autowave phenomena not only locally, but


also globally. We used the fact that if a spatial model


describes an autowave structure, then the simplest discrete


model with the suitable coupling among the respective


autowave elements has a corresponding spatial nonhomoge-


neous solution. Conversed argumentation is generally not


valid because not all solutions obtained in a qualitative


analysis are stable [14].


The second level of the model is created by the so-called


passing rules or passing functions, modeling qualitative


changes of the state vector of the basic spatial two-dimen-


sional elements. The state vectors of the basic spatial


elements create the initial conditions for homogeneous


structure, and for each basic spatial element, its defined


surrounding consisting of basic spatial elements creates in


each time instant an input for the basic automaton of the


homogeneous structure. These are the changing and mutu-


ally influenced boundary conditions for the passing func-


tions of the basic automaton of the homogeneous structure.


When formulating the model of amoebic movement of P.


polycephalum, we have to understand the processes in the


elementary fragment of P. polycephalum, the origin and


synchronization of the contractions in the ectoplasmic tube


and the streaming of the endoplasm in the elementary


fragment. Therefore, we first followed the contractile behav-


ior of such an elementary fragment of P. polycephalum.


For simplicity, we first formulate the passing rules for a


longitudinal axis section of the strand and restrict ourselves


to two-dimensional space. We will operate with the area


covered by elementary square planar elements. Each of


them can be characterized in terms of the state vector.


Therefore, in our two-dimensional space, we can pass from


describing the area covered by elementary planar elements


of the square net to the square lattice: each elementary


planar element of the net creates one junction of the square


lattice. The state vector of the planar element is assigned to


the pertinent lattice junction. A pair of integers that define


the position of the lattice junction in the two-dimensional


space can be assigned to each lattice junction. Thus, we can


represent the lattice by a matrix. The matrix element (i, j)


belongs to the lattice junction with the coordinate (i, j).


The state vector will have three components: a regula-


tion, an information, and a flow one. Each of them will be


written in one of the matrices C, B, W. The regulation


matrix C describes the information about the local Ca2 +


concentration. The information matrix B describes the


information about the local state of the matter. The flow


matrix W describes the local vector flow of the ecto/


endoplasm (Fig. 1).


The aim of this work is to create a homogeneous


structure and study its behavior in order to study some


behavioral abilities of the P. polycephalum.


The homogeneous structure S will have three levels: the


information level described by matrix B, the regulation level
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described by matrix C, and the flow level described by


matrix W. Among the matrices B, C, W, we can identify


horizontal relations— the state of the element of the matrix


is determined by its surroundings in the given matrix and


vertical relations, the state of the element of a matrix is


determined by the states of the elements of one of the other


two matrices. Simplified relations between the matrices are


defined in the following way.


Horizontal–vertical relations— the state of the bij ele-


ment of the information matrix is determined by the sur-


roundings of the element bij and by the state of the cij
element of the regulation matrix.


Vertical relations—a change of the state of the informa-


tion matrix element bij influences the change of the regu-


lation matrix element cij; a change of the state of the flow


matrix element wij influences the change of the regulation


matrix element cij; a change of the state of the information


matrix element bij influences the change of the state of the


flow matrix element.


The system of the matrices C, B, W, whose elements are


from the sets Ec, Eb, Ew, will be called configuration.


The application of the set of the passing rules to every


element of the three matrices will be called evaluation of a


configuration.


We define the ordered surroundings of the first order


O1(i, j)={(i, j),(i, j + 1),(i� 1, j),(i, j� 1),(i + 1, j)}. The state


of the appurtenant lattice junctions will be assigned S0,


S1, S2, S3, S4.


Not violating the generality of the case, we will fix the z-


axis to the axis of the ectoplasmic strand and the x-axis to


the cross-section of the ectoplasmic strand.


We identify the states of the information, regulation, and


flow matrices that are given in the following tables.


The configuration and its change on the regulation level


will be coded in the following way. The first number codes


the state of the surroundings of the central element and the


state of the central element in time t. The number in


brackets codes the regulation substance concentration in


time t. The number written after the arrow codes the state


of the central element in time t+ 1 and the second number


in brackets codes the state of the regulation substance in


time t + 1.


The basic passing rules for the anterior wall of P.


polycephalum (in direction of the axis + z) are defined:


10111(0)! 5(0)— the endoplasm strikes the anterior


wall (the boundary between P. polycephalum and its


surroundings), the ectoplasm is being condensed;


10111(0)! 1(0)— the endoplasm in the area of in-


creased Ca2 + concentration stays fluid and P. poly-


cephalum moves forward;


50515(0)! 2(0)— the wave is reflected, the pressure


induces increase of Ca2 + concentration;


50525(1)! 1(0)— the anterior wall under influence of


increased Ca2 + concentration is being diluted, the


conditions for the forward movement of P. polycephalum


are created.


Fig. 1. Two-dimensional case with basic space element (c) and the


corresponding node of the lattice (b). (a) shows the distribution of the state


vector among three matrices: flow matrix W=(wij), regulation matrix


C=(cij), and information matrix B=(bij).


Information matrix


State 0 vicinity of P. polycephalum


State 1 surroundings of P. polycephalum


State 2 endoplasm, positive gradient of the


pressure in axis + z


State 3 endoplasm, positive gradient of the


pressure in axis � z


State 4 ectoplasm, contraction state


State 5 ectoplasm, noncontraction state


Regulation matrix


State 0 underthreshold Ca2 + concentration


State 1 overthreshold Ca2 + concentration


Flow matrix


State 0 no flow of the substance


State 1 flow of the substance in direction + z


State 2 flow of the substance in direction + x


State 3 flow of the substance in direction � z


State 4 flow of the substance in direction � x
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These passing rules will be written in the form of


Boolean functions:


ctþ1
0 ¼ gðbt01,bt02, . . . ,bt42,ct0Þ,
btþ1
0 ¼ ðbtþ1


01 ,btþ1
02 Þ ¼ ð f1, f2Þ,


where


f1 ¼ f1ðbt01,bt02, . . . ,bt42,ct0Þ, f2 ¼ f2ðbt01,bt02, . . . ,bt42,ct0Þ:


To describe the process on the information level, the states


0, 1, 2, 5 are sufficient.


Thus, the partial Boolean functions f1, f2, g with respect


to the basic behavioral rules for the anterior wall of P.


polycephalum are defined as follows:


g ¼ 0,


f1 ¼ x02x̄11x̄12x22x̄31x32x42yðx̄01x̄21x̄41 _ x01x21x41Þ,


f2 ¼ x̄01 _ x̄02 _ x11 _ x12 _ x̄21 _ x̄22 _ x31 _ x̄32


_ x̄41 _ x̄42 _ y,


where xij = bij
t , y = c0


t..


The basic passing rules for the rear wall of P. polyce-


phalum (in direction of the axis � z) are defined as:


52505(0)! 5(1)—reflection of the wave on the rear


wall;


52505(1)! 2(0)—melting of the rear wall;


22202(0)! 5(0)—condensation of the rear wall;


22202(1)! 2(0)—backward movement of P. polyce-


phalum.


The corresponding partial Boolean functions f1, f2, g for


the rear wall of P. polycephalum can be written as follows:


g ¼ x01x02x11x̄12x21x22x̄31x̄32x41x42ȳ,


f1 ¼ x̄01 _ x02 _ x̄11 _ x12 _ x̄21 _ x22 _ x31


_ x32 _ x̄41 _ x42 _ ȳ,


f2 ¼ x̄01 _ x̄02 _ x̄11 _ x12 _ x̄21 _ x̄22 _ x31


_ x32 _ x̄41 _ x̄42 _ ȳ:


Let us consider a simplified model with the ectoplasmic


cortex consisting of one layer. We introduce the reduced


surroundings Ored. The configuration and its change will be


coded in the following way: the first three numbers code the


reduced surroundings of the information matrix, the second


three numbers code reduced surroundings of the regulation


matrix. Basic passing rules:


555,010! 5(1)— local Ca2 + fluctuation in ectoplasm;


535,010! 3(0)—contractable ectoplasm relaxation;


535,101! 5(0)—change of a contractable state into a


noncontractable one;


535,101! 5(1)— increase of Ca2 + concentration stimu-


lated by contraction;


353,010! 3(1)—origin of contractable area in the


ectoplasm;


333,111! 3(1)—contraction area;


355,100! 5(1)— increase of Ca2 + concentration stimu-


lated by contraction;


553,011! 5(1)— increase of Ca2 + concentration stimu-


lated by contraction.


Basic passing rules can be written in the form of passing


functions:


btþ1
0 ¼ fekðbt0,bt1,bt3,ct0,ct1,ct3Þ,


ctþ1
0 ¼ gekðbt0,bt1,bt3,ct0,ct1,ct3Þ:


The corresponding partial Boolean functions can be written


as:


gek ¼x̄1 _ x̄3 _ ðx̄2 _ y1 _ y2 _ y3Þðx2 _ ðy1 _ ȳ2 _ y3Þ
ðȳ1 _ y2 _ ȳ3ÞÞ


fek ¼ ȳ2 _ ðx̄1 _ y3ðx̄2 _ x̄3 _ y1Þðx2 _ x3 _ ȳ1ÞÞ
^ ðx1 _ x3 _ ðx̄2 _ y1 _ y3Þðx2 _ ȳ1 _ ȳ3ÞÞ,


where xi= bi
t, yi = ci


t, i= 0,1,3.


In the case of endoplasm, we formulated only one basic


rule— the prevailing direction of the surroundings is being


expressed. Ca2 + concentration does not influence the men-


tioned.


3. Results


Involving the refracted state of endoplasm and the basic passing rules, we can generate contraction waves sustaining in a


modeling ectoplasmic wall. The local fluctuation of Ca2 + concentration plays the role of energy of P. polycephalum for this


generation.


The starting state is a relaxed ectoplasmic wall. The matrix elements describing the wall of the strand are in the state 5. The


corresponding regulation matrix elements are in the state 0 (underthreshold Ca2 + concentration value). The state of a net node


is coded x( y), where x is the code of an information matrix element, and y is the code of a regulation matrix element.
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3.1. Basic cycle of the ectoplasmic wall


A matrix node of a relaxed ectoplasmic wall is coded 5(0). In the local fluctuation of Ca2 + concentration, a matrix node is


coded 5(1). A contractable state, an increase of Ca2 + concentration, causes the node of the information matrix change its state


to state 3. A matrix node is described by 3(1). In a relaxation of a contractable state, calcium ions are closed into intracellular


stores, Ca2 + concentration decreases below the underthreshold value. A matrix node is described by 3(0). The decrease of


Ca2 + concentration leads to the change of the state 3 to the state 5. The viscous ectoplasmic wall is being built up again. A


matrix node is coded 5(0).


Thus, the basic cycle of the ectoplasmic wall can be written as:


5ð0Þ ! 5ð1Þ ! 3ð1Þ ! 3ð0Þ ! 5ð0Þ ! . . .


If the area of the contractable ectoplasm is wider than two elements of the surroundings, then good contraction conditions


(overthreshold Ca2 + concentration) sustain in such an area.


3.2. The rhythmic generation of ectoplasm contractions caused by a local Ca2+ fluctuation


Let us consider three neighbouring matrix nodes and the following starting configuration 5(0)5(1)5(0). Due to the passing


rules, the temporal evolution can be written as:


The cycle sustains.


3.3. The rhythmic generation of ectoplasmic contractions caused by local Ca2+ fluctuation and the streaming of endoplasm


Let us consider five neighbouring ectoplasmic generators on a line and a layer of endoplasm. (a)–(g) describes the temporal


development of such a configuration, (a) is the starting configuration with the local fluctuation of Ca2 + .


Cycle (g)–(j) sustains.


By (x), we denote that the flow of regulation substance is not considered. By 1_2, we denote the state of endoplasm when


the boundary conditions are not sufficient for the estimation of the state of endoplasm.
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4. Conclusion


The defined homogeneous structure allows the model-


ing of sustaining cyclical wave-like processes with the


coupling of only basic defined qualitative states of the P.


polycephalum with the notion of a regulation trigger (in


our case, we assumed fluctuations of Ca2 +, however, the


regulatory mechanism can be more complicated without


harming the usage of the model). A few simple initial


states were discussed. Further, we are aiming for deeper


computer simulations and study of the basic set of passing


rules.
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Abstract


We present a new ac device useful for simultaneous measurements of ionic charge movement (conductance) and gating charge


displacement (capacitance) in mitochondrial porin channels incorporated in two kinds of black lipid membranes (BLMs), made up of


phosphatidylinositol (charged surface) and oxidized cholesterol (neutral surface). In particular, we investigated the conductance/capacitance


variations during the process of porin incorporation (VDAC) at different porin concentrations. While conductance variations are present


throughout the porin concentration range investigated, a threshold value seems to be necessary in order to detect a significant capacitance


variation. A clear steady state in both conductance and capacitance is reached for the phosphatidylinositol bilayer, while for the oxidized


cholesterol membranes, the steady state is reached only for the conductance. The dependence of capacitance characteristics on the membrane


applied voltage Vm is investigated before porin incorporation and at the ionic current steady state. The results obtained confirm that before


porin incorporation, there is a small dependence on Vm
2, while afterwards we find evidence of a dual exponential voltage dependence (a


result similar to that found for conductance). Finally, we investigated the capacitance dependence on the radius of the hole separating the two


compartments of the cell used in the measurements. In this study, performed only with oxidized cholesterol, the radius was varied from 200 to


1050 Am. We observed a significant variation in the specific capacitance in particular for smaller radii. The results were interpreted by a


simple geometrical model taking into account the influence of the torus. D 2002 Elsevier Science B.V. All rights reserved.


Keywords: Capacitance; Phosphatidylinositol; Oxidized cholesterol; Gating mechanism


1. Introduction


As is well known, black lipid membranes (BLM) used as


model membranes can be characterized by two electrical


parameters: conductance and capacitance. The first is related


to the ionic current through the bilayer, while the second has


been associated to the gating current due to charge rear-


rangements in the membrane when voltage-dependent ion


channels have been incorporated [1,2]. While conductance,


especially when related to incorporation of different pro-


teins, has been widely investigated due to its evident relation


to channel formation, there is much less data on capacitance,


even though this would provide important new information


on functional properties at a molecular level.


Capacitance measurements, based on the discharge


through a known resistor, have been mainly limited to black


lipid membranes and used to gather information on thick-


ness, dielectric properties, capacitance voltage dependence


and capacitance dependence on the radius of the BLM [3–


17]. In the latter case, a simple model, based on the two


contributions from the bilayer in the center of the aperture


and the surrounding torus, has been proposed to interpret the


data [17].


New techniques for capacitance measurements have been


developed and used to collect data on the capacitance


variation during membrane bilayer formation [18].


Interest in the simultaneous measurements of conduc-


tance/capacitance has been growing recently and data have


been collected on various characteristics of gating mecha-


nism as a function of the applied voltage in the auditory


cells [19], of the Shaker K + channel in Xenopus oocytes


1567-5394/02/$ - see front matter D 2002 Elsevier Science B.V. All rights reserved.
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[1,2], of the onset of Alzheimer’s disease’s amyloid h-
peptides [20] and to investigate vesicle fusion events occur-


ring during exocytosis [21].


Chanturiya [22], and Chanturiya and Nikoloshina [23]


separate the capacitive and the reactive component of the


current by using a compensating capacitor. Such an


approach was used for investigating the correlation between


change in the membrane capacitance induced by changes in


ionic environment and the conductance of channels incor-


porated into the membranes due to toxins.


As far as we know, no simultaneous measurements exist


of the capacitive and reactive components of the total


current during protein incorporation.


In the current study, we briefly discuss a new method for


simultaneously measuring the conductance/capacitance


using an ac device and we report on the results obtained


in the following investigations:


(1) the conductance/capacitance variations during mito-


chondrial porin (VDAC) incorporation and the capacitance


dependence on porin concentrations. More data on the


conductance characteristics have been previously published


[24];


(2) the capacitance dependence on membrane applied


voltage under steady state conditions for the total current;


(3) the dependence of the capacitance, before and after


VDAC incorporation, on the radius of the hole separating


the cell used for the measurements. Such a study could shed


some light on the role played by the torus in the bilayer’s


capacitive characteristics and may add more information to


the result of our previous investigations into conductance. In


fact, we have demonstrated that the torus acts as a sort of


reservoir, which is important to reach the steady state


conductance [24].


The first two investigations were performed with two


kinds of BLM, namely phosphatidylinositol (PI) and oxi-


dized cholesterol (OxCh), which were chosen for their


different physico-chemical characteristics: (i) OxCh is


hydrophobic and has a rigid structure with a small neutral


polar head, while PI has a negative polar head; (ii) more-


over, from the functional point of view, it must be consid-


ered that PI is present in the outer mitochondrial membrane


[25] but at low concentrations, while sterols are fundamental


components with which porin is associated [26–28] and are


basically suitable for the proper folding of the mitochondrial


Fig. 1. Layout of the set-up used for the measurements. (a) A signal generator mixing 1 Hz of variable Vs amplitude and 1 kHz of 2-mV signals applies the


voltage to a Pt electrode situated on one side of the cell. The output voltage, acquired through a second Pt electrode, was electronically amplified and filtered in


order to separate the two frequency components Vll (1 Hz) and Vlh (1 kHz). These quantities are stored in an on-line computer and used for further analysis. (b)


The electrical circuit representing the membrane components (Rm, Cm) in series with the (Rl, Cl) amplifier elements, Vl (Vm) represents the amplified output


voltage (membrane voltage). A full discussion of the reasons for justifying the absence of the electrical contribution of aqueous phase is reported in Ref. [31].
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porin [28]. The third investigation was performed only with


the OxCh bilayers.


2. Experimental procedures


2.1. Lipids and other chemicals


PI was extracted from ox brain according to Folk’s me-


thod [29] and the purity was chromatographically checked


using TLC with chloroform/methanol/acetic acid/water


(100:50:16:2) as the solvent system. OxCh was obtained


following the method used by Tien et al. [5]. Porin purified


from bovine heart mitochondria [30] was kindly furnished by


Prof. Ferdinando Palmieri (Dipartimento Farmaco-Biolog-


ico, University of Bari, Italy). n-decane and octane were


from Fluka (Puriss, Buchs, Switzerland), squalene and n-


pentane (Sigma). KCl, chloroform, methanol, acetic acid


(RPE) from Carlo Erba (Milano, Italy). TLC from Merck,


(Kielsegel 60 Darmstadt). Water was double-distilled in a


commercial apparatus.


2.2. Preparation of thin lipid bilayers and electrical meas-


urements


The thin lipid bilayers in n-decane were made up as


described in our previous paper [31]; the solvent-free


bilayers were formed as described by White [32]. A dual-


compartment Teflon cell similar to that described by Läuger


et al. [8], was filled with a KCl (1 M) solution and


mechanically stirred. The bilayer membrane was formed


across a circular aperture separating the two compartments.


A generator mixing 1 Hz of variable amplitude (Vs) and 1


kHz of 2-mV signals applied the voltage to a Pt electrode


situated on one side of the cell. The output voltage, acquired


through a second Pt electrode, was electronically amplified


and filtered in order to separate the two frequency compo-


nents. The data were collected via PC computer interfaced


with two voltage-frequency converters and stored on floppy


disk for further analysis (Vernier software, http://www.ver-


nier.com). The layout of the set-up and the equivalent circuit


used as an electrical model are reported in Fig. 1a–b. The 1-


Hz (1 Kz) component of the Vl output signal called Vll (Vlh)


is mainly associated with membrane conductivity (capaci-


tance). The relation between Vlh and the capacitance was


experimentally obtained by simulating the membrane


capacitance with a discrete set of capacitances of known


values, Cn, which were measured with a precision of 3% and


measuring the corresponding Vlh. The data obtained


(reported in Fig. 2a) were then fitted by the formula:


Y ¼ A*X=ðBþ X Þ ð1Þ


with Y, X corresponding to Vlh and Cn, respectively, while A,


B are free parameters to be estimated by the fitting proce-


dures.


Finally, the values of parameters A and B were used


during on-line measurements of the membrane capacitance


to transform the Vlh values into capacitance data.


By using A= 105.4 (mV) and B = 20.63 (nF) we were able


to reproduce the known values of Cn for all the Rm values in


the range 0.05–20 MV at a level better than 6%: Only for


Cn= 2 nF and Rm = 0.05 MV (a situation never present in our


bilayer) we reach a discrepancy of 20%. An example of the


discrepancy obtained (discr.=(Cn�Ccalculated)/Cn) is repre-


sented in Fig. 2b. It is evident that for Cn larger then 2 nF, we


can be confident of our measurement approach of capacity.


The above-mentioned ranges for the Cn and Rm are


typical of what is found with the real bilayer under different


experimental conditions of porin incorporation. This sort of


calibration was repeated frequently during the measurement


phase in order to check the stability of the apparatus. The


system proved to be very stable. When we know the value


of membrane capacitance, Cm, we can estimate both the


voltage applied to the membrane, Vm and the membrane


conductance (see Refs. [24,31] for details on the formula


used).


Fig. 2. (a) Sample of the data obtained during the calibration. The


continuous line is the result of the best-fit discussed in the text in order to


relate the Vlh values to the capacitance (Cn). (b) An example of discrepancy


((Cn�Ccalculated)/Cn) as a function of Cn.
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2.3. Data analysis


The data were fitted by means of GraphPad Prism 2


(GraphPad Software; http://www.graphpad.com) software.


Results are expressed as meanF SE. Statistical significance


(P) was determined by Student’s t-test, performed by means


of the Instat program (GraphPad).


3. Results


By using the above apparatus, we performed different


kinds of measurements:


(1) Simultaneous investigation of conductance/capaci-


tance during the process of porin incorporation and its


dependence on porin concentration.


The kinetics of porin incorporation were investigated


with both bilayers (hole diameter of 1300 Am) and, owing


to its relatively different affinity, a porin concentration


ranging from 0.67 to 600 ng/ml (PI membranes) and from


0.3 to 62.7 ng/ml (OxCh membranes).


In Fig. 3, we report an example of the data obtained


during the process of VDAC incorporation.


In all cases, the time course of the conductance presents


an increase due to channel formation, and this increase


shows a co-operative behavior with a clear evidence of


steady state level, which was explained through an equili-


brium between channel incorporation and channel migration


in the torus [24]. These steady state characteristics seem to


be independent of the porin concentration and the bilayer


used. Moreover, the OxCh membrane shows a larger


affinity for the porin, as the process of incorporation is


more rapid even at lower porin concentrations.


During porin incorporation, when the porin concentra-


tion is greater than the threshold value, both capacitance


and conductance increase; however, when the conductance


Fig. 3. Time course of the membrane conductance (Gm, 5) and capacitance (Cm, o) during porin incorporation into bilayer lipid membranes. PI membranes,


porin concentration 62.7 ng/ml (a) and 600 ng/ml (b). OxCh membranes, porin concentration 1.25 ng/ml (c) and 5 ng/ml (d). Electrical resistance and


capacitance of the measuring circuit were Rl = 1 MV and Cl = 20 nF, hole diameter / = 1300 Am, KCl = 1 M, temperature 24F 0.5 jC. Source voltage 80 mV.


Table 1


Membrane capacitance variation as a function of porin concentration in PI


and OxCh membranes


Porin (ng /ml),


(Experiment


No.)


Cm0 (AF/cm
2)/


Gm0 (AS/cm
2)


Cmf (AF/cm
2)/


Gmss (AS/cm
2)


PI membranes


1.25 (8) 0.30F 0.04/3.29F 0.53 0.32F 0.04/4.25F 0.59


12.5 (3) 0.24F 0.03/2.10F 0.70 0.32F 0.04/3.20F 0.80


37.6 (2) 0.25F 0.01/2.30F 0.20 0.29F 0.03/17.8F 3.70


62.7 (41) 0.23F 0.01/2.70F 0.30 0.30F 0.04/138.0F 26.3


94.1 (5) 0.21F 0.03/3.30F 0.07 0.29F 0.04/768F 59.5


200 (4) 0.22F 0.02/2.11F 0.17 0.29F 0.03/1310F 314


300 (10) 0.25F 0.02/2.00F 0.10 0.68F 0.02* /1170F 242


450 (5) 0.28F 0.04/3.10F 0.78 0.64F 0.01** /1500F 234


600 (12) 0.23F 0.01/1.80F 0.01 1.08F 0.17*** /1260F 237


OxCh membranes


0.3 (7) 0.46F 0.02/2.20F 0.50 0.47F 0.03/114F 17


1.25 (17) 0.49F 0.02/3.73F 0.43 0.57F 0.03/445F 86.4


6.3 (12) 0.41F 0.01/5.00F 0.35 0.55F 0.09/702F 135


10.0 (9) 0.41F 0.01/5.76F 0.24 0.43F 0.02/845F 151


12.5 (9) 0.44F 0.02/4.73F 0.44 0.56F 0.04o/1650F 490


37.6 (7) 0.41F 0.04/5.05F 0.58 1.02F 0.24oo/1440F 298


62.7 (8) 0.36F 0.03/5.11F 0.63 1.29F 0.36ooo/1960F 30.5


Cm0 = bare membrane capacitance; Cmf =membrane capacitance at the last


values of the conductance monitored. To allow comparison, we reported the


conductance values of bare membrane (Gm0) and at the steady state of the


total current value of porin incorporation (Gmss).


Experimental conditions: Vs = 80 mV; / = 1300 Am; Rl = 1 MV; Cl = 20 nF;


F = 1 Hz. Values are the meanF SEM. * P= 0.019; ** P= 0.020;


***P< 0.0001; oP= 0.017; ooP= 0.029; oooP= 0.022. In all the other cases,


the variations are not statistically significant.
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has reached a steady state, a slight increase in capacitance


could still be observed (Fig. 3b,d), probably due to a delay


in the conformational change of the protein.


This aspect is reported in more detail in Table 1, where


we quote and statistically compare the capacitance variation


at the very beginning of the incorporation process (Cm0) and


when a stable steady state of the total current had been


reached (Cmf). With our apparatus, porin concentrations of


about 250 ng/ml (about 12.5 ng/ml) are required to detect a


moving charge process during porin incorporation into PI


(OxCh) bilayers.


As the same behavior is shown by porin incorporation


in the ‘‘solvent-free’’ membranes of PI, we can assume


that solvent leakage can be excluded as a primary cause of


the capacitance increase observed. In five experiments with


such membranes, an increase of Cm = 114.4F 40.1% is


already observed at 250 ng/ml of porin concentration. In


Fig. 4, we reported a representative experiment of porin


incorporation in solvent-free membrane.


VDAC is a voltage-gated protein and the membrane


potential is a pre-eminent factor conditioning the different


states. The open state is the preferred state at zero membrane


potential, while higher membrane potentials determine


channel closure and evidence exists that the structural


changes during state variations are large [33,34].


In order to evaluate if in the abovementioned conditions


(high porin concentration), the capacitance variation is due


to protein charge movements, we performed experiments


on PI membranes at a threshold concentration of porin


(250 ng/ml) and at different external applied voltages.


In Table 2, it can be observed that the main capacitance


variation (Cmf), at the steady state of total current flowing


through the membrane, is obtained at applied voltages of 20,


40, 60, 80 and 100 mV. We believe that at higher applied


voltages (Vs > 100 mV), the potential on the membrane (Vm)


is also high and will impede conformational variation of


VDAC responsible for the capacitance variation. However,


further experiments at the current steady state of porin


incorporation on voltage-dependent capacitance are reported


below.


(2) Voltage dependence capacitance of black lipid mem-


branes before porin incorporation.


In Fig. 5a–b, we report an example of the data obtained


when different voltages, Vm, are applied (hole diameter


1300 Am) to BLM of PI and OxCh. To allow comparison


with previous investigators [10,35,36] we fitted the data


with the equation: Cm =Co + bVm
2.


Excluding the first data points (Vm 3–16 mV), we ob-


tained data which can be fitted by a simple linear dependence


with small slope values of 0.0051�104 AF/cm2�mV2


(0.048� 10� 4 AF/cm2�mV2) and intercept values of 0.31


AF/cm2 (0.61 AF/cm2) for PI (OxCh), respectively. These


results are compatible with AA [10, 32,35–42] findings that


have been interpreted by means of a simple model including


electrostriction force.


(3) Voltage dependence capacitance of black lipid mem-


branes after porin incorporation.


In order to study the voltage-dependent capacitance of


VDAC, the experimental conditions used and the measure-


ment approach are the same as those reported in our previous


study on voltage-dependent conductance at the steady state


[24], because, as has been mentioned, our apparatus is able


to simultaneously monitor both capacitance and conduc-


tance.


The porin concentration was 0.67 ng/ml (PI membranes)


and 0.3 ng/ml (OxCh membranes) and the hole radius of


900 Am.


The total current flowing through the membranes was


monitored on-line until a steady state value was reached. We


then switched the Vs to a maximum value (220 mV). By


applying a series of decreasing voltages, each lasting 5 min,


Fig. 4. A representative experiment of time course of the membrane


conductance (Gm, 5) and capacitance (Cm, o) during porin incorporation


into solvent-free PI membranes. Experimental conditions were: KCl = 1 M,


Rl = 1 MV, Cl = 20 nF, Vs = 80 mV, porin = 250 ng/ml, hole diameter


/= 1300 Am, temperature = 24F 0.5 jC.


Table 2


Membrane capacitance variation as a function of external applied voltage


in PI membrane


Vs (mV)


(Experiment


No.)


Cm0 (AF/cm
2)/


Gm0 (AS/cm
2)


Cmf (AF/cm
2)/


Gmss (AS/cm
2)


20 (10) 0.24F 0.04/1.22F 0.09 0.58F 0.16* /2077F 461


40 (5) 0.20F 0.03/1.26F 0.20 0.38F 0.06** /1940F 507


60 (4) 0.18F 0.03/1.18F 0.23 0.55F 0.13*** /2069F 773


80 (7) 0.26F 0.03/1.64F 0.21 0.42F 0.07**** /1211F114


100 (9) 0.21F 0.03/1.93F 0.64 0.33F 0.04***** /1063F 271


120 (5) 0.24F 0.03/1.43F 0.38 0.30F 0.03/836F 370


140 (8) 0.20F 0.04/1.17F 0.18 0.22F 0.05/1373F 377


160 (5) 0.22F 0.18/1.10F 0.18 0.26F 0.01/897F 238


200 (4) 0.20F 0.02/1.14F 0.32 0.43F 0.18/1073F 551


Cm0 = bare membrane capacitance; Cmf =membrane capacitance at the last


values of the conductance monitored. To allow comparison, we reported the


conductance values of bare membrane (Gm0) and at the steady state of the


total current value of porin incorporation (Gmss).


Experimental conditions: PI Membranes; porin = 250 ng/ml (PI); / = 1300


Am; Rl = 1 MV; Cl = 20 nF; F = 1 Hz. Values are the meanF SEM.


*P= 0.041; **P= 0.023; ***P= 0.037; ****P= 0.042; *****P= 0.032.


In all the other cases, the variations are not statistically significant.
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very low values of membrane applied potential, Vm, were


reached. This timeframe was considered long enough to


allow the system to reach a new stable steady state. The


results are reported in Fig. 5c,d.


Following this procedure, we studied the Cm dependence


on the membrane applied voltage Vm. The results relative to


the capacitance ratio


Y ¼ ðCm � CoÞ=ðCh � CmÞ ð2Þ


(where Ch = the initial capacitance and Co = the capacitance


for the highest voltage value) are reported in Fig. 6 and


show a pattern similar to those obtained in the conductance


measurements [24].


The data have been parameterized with two exponential


forms:


Y ¼ A� e�a1ðVm�VoÞ þ ð1� AÞ � e�a2ðVm�VoÞ ð3Þ


where Vo indicates the potential at which the capacitance


ratio is equal to 1. The A parameter allows an estimation of


the contribution of the two mechanisms.


The value obtained for the two exponential coefficients


are a1 = 64.7F 17.5 V� 1 and a2 = 753.3F 174.3 V� 1 (a1 =
118.1F 37.3 V�1 and a2 = 549.4F 350.8 V�1) for PI (OxCh)


for a total of five (four) experiments, respectively.We suspect


that when VDAC is inserted, it is subjected to a polarization,


induced by membrane applied potential Vm, which in turn is


responsible for the capacitance variation. It is worth mention-


ing that applying tension or potential to the outer hair cell


(OHC) from the mammalian cochlea, has been found to be


responsible for the observed exponential capacitance varia-


tion and explained as a charge movement across the mem-


brane [19].


We point out that in the same voltage range ( < 100 mV


for PI and < 40 mV for OxCh membranes, respectively) of


Fig. 6, the variation of the bare BLM is less than 1% for PI


and less than 2.3% for OxCh membranes, respectively.


(4) Capacitance dependence on the radius of the hole


separating the two compartments.


Fig. 5. A representative experiment of specific capacitance (Cs) as a function of the membrane voltage in bare membranes (a and b) and at the steady state of the


total current value of porin incorporation (c and d) of PI and OxCh membranes, respectively. Experimental conditions: KCl = 1 M, Rl = 1 MV, Cl = 20 nF,


temperature 24F 0.5 jC, porin concentration 0.67 ng/ml and 0.3 ng/ml for PI and OxCh, respectively.
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In Fig. 7a, we show the data obtained with different


hole radii in the range 200–1050 Am. The data were


collected only for OxCh BLM since, as suggested by


AA [26–28], this BLM shows a stronger affinity for


VDAC. In this case, in order to highlight a dependence


on the radius, we report the values of the specific capaci-


tance Cs (i.e. the capacitance per unit area) normalized to


the highest value of radius utilized (1050 Am). There is


evidence, in the range of radius investigated, of a signifi-


cant variation with low radius values. These results can be


interpreted by means of the simple geometrical model


proposed by Seydel et al. [17]. In the model, it is assumed


that the bilayer is made up of a central region, allowing


ion movements (i.e. a KCl flow) between the two compart-


ments, surrounded by a zone that is a few orders of


magnitude thicker (i.e. annulus or torus). Therefore, the


effective bilayer area proves to be smaller than the geo-


metrical area associated with the hole diameter. From this


geometrical consideration, it is expected that the specific


capacitance dependence on the hole radius is approxi-


mately given by:


Cs ¼ Cl*ð1� 2*dr=r þ dr2=r2Þ ð4Þ


where Cl is the true specific capacitance when the effect of


torus is negligible, r is the hole radius and dr can be con-


sidered as a parameter representing the width of the torus. In


our case, the data have been fitted (see the continuous curve


in Fig. 7a) by Eq. (4) with a dr = 0.055F 0.008 mm. A


visual check of the torus width through a microscope con-


firms this estimate.


We also investigated, for OxCh membranes, whether


capacitance at steady state of the total current of the porin


incorporation, for fixed membrane applied potential Vm, was


dependent on hole radius. The results shown in Fig. 7b


Fig. 6. A typical example of the conductance/dependence ratio Y=(G�Go)/(Gm�G); (Gm= the initial conductance and Go = the conductance for the highest


voltage value) and of the capacitance/dependence ratio Y=(Cm�Co)/(Ch�Cm); (Ch = the initial capacitance and Co = the capacitance for the highest voltage


value) on the effective potential Vm acting on the membranes. Data were parameterized with the two-exponential equation Y=A� e� a1(Vm � Vo)+(1�A)�
e� a2(Vm� Vo). PI (a, c) and OxCh (b, d) membranes. Experimental conditions were: porin concentration 0.67 ng/ml and 0.3 ng/ml for PI and OxCh,


respectively, KCl=1 M, Rl= 1 MV, Cl= 20 nF, temperature=24F 0.5 jC.
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are similar to those reported in Fig. 7a before porin in-


corporation and have been fitted by formula (4) with


dr = 0.063F 0.005 mm.


4. Discussion


In this work, we present results obtained by means of an


instrument that has proved very useful in investigating


membrane conductance/capacitance simultaneously. The


technical aspect of our device was verified with VDAC, a


protein that when switching from an open to a closed state


undergoes conformational rearrangement associated with


pore dimension changes from 3 to 1.8 nm [43,44]. In fact,


recent studies have demonstrated that in the mechanism of


voltage gating a positively charged domain that is part of the


channel wall is pulled out of the channel by the electric field


created by potential variation [43,44,46]; besides, such a


sensor is influenced by ionic flow [47].


Moreover, the capacitance parameter is considered to be


the best tool for probing the stability and formal goodness of


the lipid bilayer membrane before any experiment concern-


ing the incorporation of different substances such as pro-


teins, peptides or drugs can be conducted.


Due to the fact that any protein or peptide incorporation


will bring charges into the bilayer or when already incorpo-


rated, potential-induced conformational variation of proteins


will take place, membrane capacitance assumes a further


role. In this contest, it can be considered as a useful probe


for monitoring dynamic phenomena such as conformational


variation in channel gating, or protein insertion into the


bilayer [1,2,20,48].


The results concerning bare BLM (before porin insertion)


indicate a small capacitance variation for PI membranes and


for OxCh membranes as a function of applied voltage, Vm.


So we can be confident that any geometrical variation at


different membrane voltages is limited. This conclusion is in


agreement with the results reported in previous investiga-


tions in the black lipid bilayer [10,32,35–42].


For each membrane used (PI and OxCh) a relation exists


between the porin concentration and capacitance variation.


In particular, a sort of threshold effect is evident: significant


capacitance variations start at porin concentrations of 250


ng/ml (12.5 ng/ml) for PI (OxCh), respectively. The capaci-


tance variation could be due to:


(1) dielectric change by the water flow through channels


inserted; but the small number of the channels incorporated


could only account for a small capacitance variation;


(2) to solvent leakage ‘‘squeezing’’ during protein inser-


tion, but this alternative hypothesis seems unlikely, owing to


the similar results obtained with ‘‘solvent-free’’ membranes;


(3) protein-induced polarization during fast insertion into


the bilayer. The observed capacitance variation at high


concentration of VDAC could indicate a voltage-dependent


conformational variation of the protein during the dynamic


insertion process, as suggested by Ghosh et al. [48].


Another example of voltage-induced translocation across


the membrane can be seen in the long stretches of channel-


forming colicin Ia [49,50]. Peptides such as alamethicin have


been found to induce capacitance changes in phospholipid


membranes [51]. Preliminary experiments of incorporation


of the amphipathic peptide, magainin 2, into bilayers utilizing


our device are giving indications of capacitance variation, a


finding that may help to shed light on their mechanism of


action.


Moreover, we believe that a certain protein/lipid ratio


must be reached in the bilayer before the phenomenon can


be observed.


The results after mitochondrial porin incorporation,


under steady state conditions for the total current, indicate


a relative variation of the capacitance on the membrane


applied voltage (around 30–40%). It must be remarked that


this variation is of substantial consistency as compared to


Fig. 7. Dependence of the specific capacitance Cs on the radius of the hole


before (a), and after porin incorporation (b). The data are relative to OxCh


membranes. Experimental conditions were: KCl = 1 M, Rl = 1 MV, Cl = 20


nF, porin = 1.25 ng/ml, temperature = 24F 0.5 jC. Cl corresponds to the


experimental mean value obtained at r = 1050 Am. The continuous lines are


the results of the best-fit obtained by using formula (4) (see text). Each


point represents the mean of at least four experiments.
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undoped membrane and can be related to the presence of


protein. Furthermore, the capacitance variation found is in


the same range as that obtained for conductance. Is worth


mentioning that Iwasa [19] reported a similar non-linear


variation in outer hair cell during application of membrane


tension or voltage, and suggested that this behavior may be


due either to a polarization effect or to a hydrophobic-


induced charge movement into the bilayer [52], or to a


charge movement in the protein channel triggered by con-


formational change in their cross-sections [19]. We believe


that the change in membrane capacitance found in our


experiments on voltage dependence capacitance has the


same origin and depends on the protein charges moving


during voltage variation. We can assume that the domain


contributing to the voltage sensor in VDAC in its movement


triggered by voltage change may involve a large portion of


the protein forming the wall of the pore; this result supports


AA findings [45]. Another classical well-known example of


a voltage-sensing domain moving in the electric field is


represented by S4 regions of plasma membrane cation


channels (Na, K, Ca) in which the sequence of events


leading to the opening of the channel is associated with


the movement of the charged groups which sense the


electric field applied to the membrane. In particular, when


ionic and gating currents from Shaker B K + channels were


studied, at the steady state of the total current, to establish


the voltage dependence capacitance, two components in the


charge movement were found and fitted by means of a


double exponential [1,2].


While we are aware of the different complexities of this


channel as compared to VDAC, the correlation capacitance/


conductance-voltage dependence fitted by a double expo-


nential equation could be indicative of a similar underlying


conformational rearrangement mechanism. This aspect can


be of practical importance from the biotechnological point


of view, as for example in electroporation.


Moreover, the capacitance dependence on hole radius


may be of greater importance when smaller hole radius are


used, since the torus’ contribution has been proved not to be


negligible. This result, together with that previously dis-


cussed on the role of the torus in membrane conductance


[24], calls for more investigations, both theoretical and


experimental, on the problem connected with interpreting


electrical parameters in measurements with a reconstituted


membrane bilayer.


Finally, our results stress the fact that important informa-


tion on gating charge movement into the membrane can be


obtained from capacitance measurements, an aspect which


is regaining interest, and that a device for simultaneously


measuring conductance and capacitance (as is the case in


our study) may be of use.
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Abstract


Simultaneous exposure of rat lymphocytes to 7 mT static magnetic field (SMF) and iron ions caused an increase in the number of cells


with DNA damage. The mechanism by which MF induces DNA damage and the possible cytotoxic consequences are not known. However,


we suppose that free radicals are involved. Potentially, the deterioration of DNA molecules by simultaneous exposure to 7 mT SMF and iron


ions may lead to cell death: apoptosis or necrosis. The possible prooxidative properties of these two agents may result in an induction of the


lipid peroxidation process as a marker of free radical mechanism in the cells. Experiments were performed on rat blood lymphocytes


incubated for 3 h in Helmholtz coils at SMF of flux density 7 mT. During SMF exposure, some samples were treated with ferrous chloride


(10 Ag/ml), the rest serving as controls. We used the dye exclusion method with the DNA-fluorochromes: ethidium bromide and acridine


orange. No significant differences were observed between unexposed lymphocytes incubated with medium alone and lymphocytes exposed


to 7 mT SMF. Three-hour incubation with FeCl2 (10 Ag/ml) did not affect cell viability. However, when lymphocytes were exposed to 7 mT


SMF and simultaneously treated with FeCl2, there was a significant increase in the percentage of apoptotic and necrotic cells accompanied by


significant alterations in cell viability. As compared to lipid peroxidation, there is a significant increase in the amount of lipid peroxidation


end products MDA+ 4 HNE in rat lymphocytes after simultaneous exposure to 7 mT SMF and FeCl2 (vs. to the control samples and those


exposed to SMF alone). This suggests that 7 mT static magnetic field in the presence of Fe2 + ions can increase the concentration of oxygen


free radicals and thus may lead to cell death. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction


Weak static or extremely low-frequency magnetic fields


may interact with biological systems. One of the potential


mechanisms by which static magnetic fields (SMFs) may


interact with the living organism is through electronic


interactions, i.e. radical pairs mechanism. Magnetic fields


(MFs) influence the kinetics of reactions with radical pair


intermediates [1,2]. External MF can increase the concen-


tration of free radicals in living cells. Transition metals, e.g.


iron or copper, are among the most important agents that can


cause damage of DNA, RNA and other macromolecules


through the production of oxygen free radicals (ROS), by


Fenton reactions or by interaction with cellular thiols [3].


When ROS react with nonradicals, new free radicals can be


formed, which leads to chain reactions, i.e. lipid peroxida-


tion. In our earlier study, we demonstrated that 5 mT static


magnetic field and iron ions increased lipid peroxidation in


isolated rat liver microsomes [4].


At the cellular level: lipids, proteins, carbohydrates and


nucleic acids may be damaged by reactions with ROS.


Moreover, the increase of the concentration of ROS may


give rise to functional and morphological disturbances in the


cell through the oxidative stress leading to reversible or


irreversible tissue injury, e.g. DNA damage [3,5]. Data by


Singh and Lai [6,7] support the hypothesis that exposure to


a power frequency (60 Hz) magnetic field at flux densities


of 0.1, 0.25 and 0.5 mT cause DNA damage in the cells (rat


brain cells) with the involvement of oxygen free radicals


processes. Similarly, exposure to 7 mT magnetic field, static


or 50 Hz, can induce DNA damage in rat lymphocytes if the


cells were simultaneously treated with FeCl2. The mecha-


nism of this effect remains unknown. Potentially, the level


of ROS induced by Fe2 + ions could be additionally
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+48-42-678-8398.


E-mail address: jmjajte@pharm.am.lodz.pl (J. Jajte).


www.elsevier.com/locate/bioelechem


Bioelectrochemistry 57 (2002) 107–111







enhanced by the exposure to SMF as a result of the effect of


magnetic fields due to radical pairs mechanism [8].


One of the most important biological consequences of


the macromolecules damage by ROS could be cell death.


ROS may directly or indirectly participate in the initiation of


apoptotic or necrotic cell death. Cell death induced by either


physiological or nonphysiological agents, including chem-


ical (drugs, environmental toxicants) and physical (ionising


radiation) factors, could be related to ROS production [9–


12].


It has been found that an extremely low-frequency MF


can induce apoptosis mainly in transformed cells, in vitro


[13–15]. Recently, Blumenthal et al. [16] reported that low-


frequency magnetic field (0.25 mT DC) could initiate


apoptosis in rat tendon fibroblast cell cultures.


In the present study, we show that the deterioration of


DNA molecules by simultaneous exposure to 7 mT SMF


and Fe2 + ions may result in cell death: apoptosis or


necrosis. The possible prooxidative properties of these two


agents may lead to an induction of lipid peroxidation


process, marking free radical mechanism in the cells.


2. Materials and methods


2.1. Isolation of lymphocytes


The experiments were performed on male albino Wistar


rats (outbreed stock Imp: DAK), aged 3–4 months, weigh-


ing 260–280 g. The animals were fed on laboratory chow


(MURIGRAN, Biowet, Poland) and given tap water ad


libitum. Blood samples were collected by femoral vein


puncture into heparinized tubes for cell death evaluation


or into vacutainer tubes containing K3EDTA for lipid


peroxidation assay, pooled from a few (6–10) rats and


immediately processed. Lymphocytes were separated from


polymorphonuclear leukocytes and erythrocytes by layering


5 ml of whole blood onto 4 ml of Histopaque gradients


(Sigma, St Louis, MO) and centrifuged at 2000 rpm for 30


min at room temperature. Lymphocytes were aspirated from


the gradient–plasma interfaces and washed twice in phos-


phate-buffered saline (PBS). The final cell pellets were


resuspended in RPMI 1640 medium with L-glutamine.


Viability of cells was checked by supravital staining with


0.1% trypan blue and only the samples containing at least


95% viable lymphocytes were accepted for the experiments.


2.2. Magnetic field exposure


Exposure to MF was performed inside a pair of Helm-


holtz coils (35 cm in diameter), which provided a highly


homogenous field (F 5%). For measurements of flux den-


sity (magnitude and distribution), a gaussmeter, model 9500


A, with STF 99-0404 probe (F.W. Bell, USA) was applied;


the range of measurements was 3 AT–30 T, accuracy


F 0.1% for static field.


As described earlier in detail [10], lymphocyte suspen-


sions were exposed to MFs in a small water bath (with no


metal parts) at 37.0F 0.2 jC, which was placed inside the


coils. An identical water bath with control samples was


placed in the natural static magnetic field (about 50 AT).
Both baths were coupled with a thermostat to form a closed


system of water circulation and temperature control.


2.3. Cell treatments


Two milliliters of suspension of lymphocytes (each


containing 106 lymphocytes) and 3 ml of RPMI 1640


medium with L-glutamine were added to each tube. Part of


the samples was treated with ferrous chloride (final concen-


tration: 10 or 20 Ag/ml), while the rest served as controls.


The exposed samples were placed in the bath inside the coils


and the control samples were kept in water bath outside the


coils. The 3-h incubation and/or exposure to SMF at 7 mT


flux density was initiated.


After 3-h exposure, the cells were washed twice in RPMI


1640 medium, resuspended in the same medium and imme-


diately used for cell death evaluation or lipid peroxidation


assay.


For cell death evaluation, two samples were prepared for


each experimental point and the experiment was repeated


twice. For lipid peroxidation assessment, the experiment


was repeated three times and the final results were repre-


sented as the mean values from the two samples for each


experimental endpoint. Statistical analysis of the experimen-


tal data was performed with Student’s t-test for comparison


of controls (medium) and static magnetic field or ferrous


ions. Results with levels of p < 0.05 were considered as


statistically significant.


2.4. Fluorescence microscopy analysis of cell death


(apoptosis, necrosis)


For studying cell death and morphological changes in the


nucleus, we used dye exclusion method in which viable


(intact plasma membrane) and dead (damaged plasma


membrane) cells can be visualised by fluorescence micro-


scopy after staining with the DNA-fluorochromes (fluores-


cent DNA-binding dyes): ethidium bromide and acridine


orange. Ethidium bromide does not penetrate the plasma


membrane in viable cells and only stains the nonviable cells,


but acridine orange penetrates the plasma membrane with-


out permeabilisation and stains viable and nonviable cells.


Apoptotic cells were identified by morphological features,


such as nuclear fragmentation and chromatin condensation.


Morphological characteristics of necrosis include swelling


of the cytoplasm and organelles, which are associated with


membrane lysis. Fluorescence microscopy with differential


uptake of fluorescent DNA binding dyes is a method of


choice for its simplicity, rapidity and accuracy [17].


Immediately after the 3 h exposure to a 7 mT static


magnetic field, ethidium bromide (1 Ag/ml) and acridine
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orange (1 Ag/ml), were added to cell suspension in medium


(2� 106 cells/ml) and incubated at room temperature for 5


min [18]. In all samples, 100 cells were scored and analysed


by fluorescence microscopy (Olympus BX 40, UV 410).


Viable cells fluoresced green, whereas nonviable cells had


orange nuclei.


2.5. Lipid peroxidation assay


Immediately after the 3-h incubation and/or exposure to a


7 mT static magnetic field, the cell suspension in medium


(containing 6� 106 cells) was washed twice with PBS and


lysed three times by freezing and thawing in 20 mM Tris–


HCl, pH 7.4. The level of lipid peroxidation was expressed


as the amount of malondialdehyde (MDA) + 4-hydroxyno-


nenal (4-HNE) (in nM/mg protein), as major lipid perox-


idation end products. The amounts of MDA+ 4-HNE were


determined with BIOXYTECH LPO-586 Assay kit (OXIS


Int.), exactly as described by the manufacturer. This assay is


based on the reaction of a chromogenic reagent N-methyl-2-


phenylindole with MDA and 4-hydroxyalkenals at 45 jC to


yield a stable chromophore with maximal absorbance at 586


nm. The concentration of MDA+ 4-HNE was measured


spectrophotometrically with 4-hydroxynonenal as standard.


In the assay, we added 5 mM (final concentration) butylated


hydroxytoluene (BHT) to prevent sample autooxidation.


Protein was determined by the Bio-Rad assay kit (BIO-


RAD Lab.), with bovine serum albumin as a standard. This


kit, based on the Bradford dye-binding procedure, is a


simple colorimetric assay for measuring total protein con-


centration, e.g. in cell suspension.


3. Results


The percentages of viable and nonviable: apoptotic or


necrotic, rat lymphocytes after 3-h in vitro exposure to a


static magnetic field (7 mT) and/or ferrous chloride (10 Ag/
ml) are presented in Fig. 1. We did not find any statistically


significant differences between unexposed lymphocytes


incubated for 3 h with medium alone and lymphocytes


exposed to 7 mT SMF for 3 h. Incubation of lymphocytes


for 3 h with FeCl2 (10 Ag/ml) did not affect cell viability. At


this concentration, ferrous chloride alone did not induce any


noxious effect on rat lymphocytes, in line with previous


results [19]. Similarly, exposure of lymphocytes suspended


in medium to a 7 mT SMF for 3 h did not affect cell


viability. However, when lymphocytes exposed for 3 h to a


7 mT SMF were simultaneously treated with FeCl2 (10 Ag/
ml), there was a significant increase in the percentage of


apoptotic and necrotic cells, accompanied by significant


alterations in viability.


Table 1 demonstrates the changes on the level of lipid


peroxidation (expressed as amount of MDA+ 4-HNE) in rat


blood lymphocytes after in vitro exposure (3 h) to Fe2 + ions


and/or 7 mT SMF. We did not find any statistically signifi-


Fig. 1. Detection of apoptosis and necrosis (percent of cells) of rat


lymphocytes after a 3-h in vitro exposure to 7 mT static magnetic field and/


or to ferrous chloride (10 Ag/ml). Data (the meansF S.D. from two


independent experiments) are shown for: control (medium) (1), ferrous


chloride (2), 7 mT static magnetic field (3), 7 mT static magnetic field and


ferrous chloride (4). Statistically significant effects with pV 0.05 are


indicated in the figures by one asterisk, highly statistically significant


effects with pV 0.001 are indicated by two asterisks, as compared to the


control (medium). Statistical analysis was carried out using Student’s t-test.


Table 1


Lipid peroxidation (expressed as amount of MDA+ 4-HNE in nmol/mg


protein) in rat blood lymphocytes exposed in vitro (3 h) to the 7 mT static


magnetic field (SMF) and/or FeCl2 (meanF SD)


Unexposed cells


(nM MDA+


4-HNE/mg protein)


Cells exposed to


SMF, 7 mT


(nM MDA+


4-HNE/mg protein)


Control group


(medium RPMI 1640)


10.21F 0.52 10.41F 0.57


FeCl2 (10 Ag/ml) 18.22F 0.53a 19.02F 1.11a


FeCl2 (20 Ag/ml) 25.77F 0.52a,b 31.70F 1.67a,b,c


MDA=malondialdehyde, lipid peroxidation product.


4-HNE= 4-hydroxynonenal, lipid peroxidation product.
a Statistically significant compared to cells exposed or unexposed to


SMF and incubated with RPMI 1640, P < 0.05.
b Statistically significant compared to cells exposed or unexposed to


SMF and incubated with RPMI 1640 and FeCl2 (10 Ag/ml), P < 0.05.
c Statistically significant compared to cells incubated with RPMI 1640


and iron ions (FeCl2, 20 Ag/ml), P< 0.05.


J. Jajte et al. / Bioelectrochemistry 57 (2002) 107–111 109







cant differences between the amount of lipid peroxidation


products (MDA+4-HNE) in the samples incubated for 3 h


with medium alone and the samples exposed to 7 mT SMF.


This assay, as had been expected, showed the induction of


lipid peroxidation by Fe2 + ions. The amount of MDA+ 4-


HNE in the samples exposed to FeCl2 was about two times


higher than in controls. Moreover, in cells exposed to 7 mT


SMF and FeCl2 at the concentration of 10 Ag/ml, no


statistically significant changes in the level of lipid perox-


idation were observed, as compared to the samples unex-


posed to SMF. When we added FeCl2 at the concentration of


20 Ag/ml, significant changes occurred. No changes in


protein content were observed for rat lymphocytes exposed


to the 7 mT static magnetic field and/or iron ions, compared


with the control samples (data not shown).


4. Discussion


The 3-h exposure to the 7 mT static magnetic field in the


presence of ferrous ions (FeCl2, 10 Ag/ml) significantly


enhances lymphocytes death, both apoptotic and necrotic.


This effect was not caused by either 7 mT SMF or ferrous


ions alone, respectively. The mechanism by which 7 mT


SMF could affect cell death is not known. However, we


suppose that these effects may involve free radicals, similar


to the increase in the number of cells with DNA damage after


simultaneous exposure of lymphocytes to FeCl2 and 7 mT


SMF or FeCl2 and 50 Hz MF (7 mT rms) [8]. FeCl2 at the


concentration tested (10 Ag/ml) or 7 mT SMF did not induce


any noxious effect on the cells. Therefore, the level of ROS


induced by iron ions could be additionally enhanced by the


exposure to SMF as a result of the magnetic fields effect due


to radical pairs mechanism. The involvement of oxygen free


radicals in the MF effects is also suggested for 60 Hz


magnetic field-induced DNA strand breaks, blocked by free


radical scavengers [20]. EMF exposure leads to crosslink


formation (DNA–protein and DNA–DNA) in brain cells of


the rat [7].


The biological effect of SMF on the basis of determi-


nation of lipid peroxidation level in the cells is suggested as


a specific process inducing toxic effect through the free


radical formation. In the membrane, polyunsaturated fatty


acid can generate the aldehydes upon decompositions via


the free radical reaction: malondialdehyde (MDA) and 4-


hydroxynonenal (4-HNE). MDA and 4-HNE has been used


as an indicator of lipid peroxidation. For the initiation of the


lipid peroxidation process, we used FeCl2. The Fe
2 + ions is


well known to be one of the key factors of free radical


processes as well as one of the initiators lipid peroxidation


in membrane [3,21]. Recently, Schafer et al. [22] have


shown that Fe2 + –dioxygen chemistry mechanism is even


more important in initiating lipid peroxidation in cell


membrane than the OHB-dependent reaction.


The results indicate that exposure to 7 mT SMF for 3 h


combined with simultaneous treatment of cells with Fe2 +


ions stimulates lipid peroxidation in rat blood lymphocytes.


Significant changes in the level of lipid peroxidation were


observed in cells exposed to 7 mT SMF and FeCl2 at the


concentration of 20 Ag/ml; a discrete tendency, without sig-


nificant changes, were detected in the samples exposed to 7


mT SMF and treated with FeCl2 at the concentration of 10


Ag/ml, as compared to the samples unexposed to SMF. The


oxygen free radical production by Fe2 + ions appears further


enhanced by MF, when lipid peroxidation is stimulated by


10 Ag/ml FeCl2 and SMF. When we measured with very


reactive aldehydes, as end-products of this process, we were


not able to detect changes. Exposures of rat lymphocytes to


the 7 mT 50 Hz MF and 10 or 20 Ag/ml of FeCl2 gave si-


milar results. The number of cells with DNA damage was


the same, i.e. no significant differences between 10 Ag/ml of


FeCl2 and MF or 20 Ag/ml of FeCl2 and MF were observed


(Zmyślony et al., unpublished data).


Previously, we demonstrated that 5 mT static magnetic


field under iron ions stimulation increased lipid peroxidation


in isolated rat liver microsomes [4]. Aristarkhov et al. [23]


demonstrated a 9% increase of lipid peroxidation level in


liposomes (1,2-dioleophosphatidylcholine) exposed to a 8


mT SMF. SMF can, under in vitro chemical stimulation,


influence lipid peroxidation kinetics in liposomes and can


enhance the production of oxygen free radicals in human red


blood cells [24,25].


In summary, we conclude that exposure of lymphocytes


to a 7 mT SMF and iron ions may simulate free radical


reactions involving ROS, e.g. lipid peroxidation, leading to


increased cell death. Therefore, it is suggested that 7 mT


static magnetic field in the presence of iron ions can increase


the concentration of oxygen free radicals. The data support


the hypothesis that lipid peroxidation plays an important


role in cell death. The product of lipid hydroperoxide


degradation are responsible for damaging the DNA in the


cell [5]. Fe2 + ions at a higher concentration catalyse the


Fenton reaction and OHB radicals production, crosslinks in


DNA leading to cell death [26].
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[4] M. Zmyślony, J. Jajte, E. Rajkowska, S. Szmigielski, Weak (5 mT)


static magnetic field stimulates lipid peroxidation in isolated rat liver


microsomes in vitro, Electro-Magnetobiol. 17 (2) (1998) 109–113.


[5] H.C. Box, A.C. MacCubbin, Lipid peroxidation and DNA damage,


Nutrition 13 (10) (1997) 920–921.


[6] H. Lai, N.P. Singh, Acute exposure to a 60-Hz magnetic field in-


creases DNA strand breaks in rat brain cells, Bioelectromagnetics


18 (1997) 156–165.


[7] N. Singh, H. Lai, 60 Hz magnetic field exposure induces DNA cross-


links in rat brain cells, Mutat. Res. 400 (1998) 313–320.


J. Jajte et al. / Bioelectrochemistry 57 (2002) 107–111110
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Abstract


Reducing agents are potential inhibitors of the microbial growth. We have shown recently that dithiothreitol (DTT), NaBH4 and H2 can


modify the proton motive force of resting cells of Escherichia coli by increasing the membrane protons permeability [Eur. J. Biochem. 262


(1999) 595]. In the present work, the effect of reducing agents on the resting cells of Lactococcus lactis ssp. cremoris, a species widely


employed in dairy processes was investigated. DTT did not affect the acidification nor the DpH, in contrast to the effect previously reported


on E. coli. The DW was slightly increased (30 mV) at low pH (pH 4) in the presence of 31 mM DTT or 2.6 mM NaBH4. In the case of


Na2S2O4, small amounts (0.9 mM) drastically decreased the acidification range and this product was shown to abolish the DpH. These results


are discussed in terms of the diversity of action of the chemical reagents and strain sensitivity. D 2002 Elsevier Science B.V. All rights


reserved.
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1. Introduction


Optimal redox ranges have been observed for the growth


of several microorganisms [1–3]. This has stimulated


researches on the use of redox reagents to inhibit the


microbial growth [4]. Such compounds are also used in the


microbial mediated biotechnological processes such as the


reduction of fumarate [5,6], technetium [7] or uranium [8]


using lactate, hydrogen or even the electrically reduced


neutral red as the electron donor. In these processes, redox


compounds make the reaction possible but in the mean time


and due to their toxic effect, they alter the cellular metabo-


lism. A better understanding of the mechanisms of action of


the reducing reagents on the bacteria is thus of particular


interest both to increase the yields of production in the bio-


technological processes using microorganisms in extreme


reducing environments and to elaborate strategies to inhibit


the growth of the undesired microorganisms.


The mechanisms of growth inhibition can be divided into


three groups: (i) reduction of medium molecules lowering


the accessibility to the substrate or increasing the toxicity of


some compounds [9], (ii) modification on the cell surface,


altering transports [10] and (iii) decrease in the intracellular


oxido-reduction potential modifying, for instance, disulfide


bond formations and thus enzyme activity [11] or lowering


the cofactor reoxidation. The latter two groups have obvious


implication on the cell energetics and particularly on the


proton motive force. Recently, we have shown that due to an


increased proton membrane permeability, Escherichia coli


was not able to maintain its intracellular pH in reducing


environments [12]. Moreover, such conditions, maybe


through the lowered intracellular pH, have an effect on the


activity of some enzymes, and following, on the carbon and


electron flow [13].


Among the bacteria of great significance in biotechnology,


lactic acid bacteria play a major role especially in the food


industry. Lactococcus lactis spp. cremoris, for instance, is


used inmany dairy processes mainly for its great acidification


capacity and for its role in the generation of the aminoacid-


derived aroma compounds [14]. It is also used for its ability to


produce exopolysaccharides [15] or bacteriocines [16].


Moreover, the generation and physiological significance of


the proton motive force of this strain have been widely


studied [17–19]. From our previous results [12,13] and from


those described in other studies using the reducing com-


pounds [5–8], we can expect a strong impact in the applica-


tions of L. lactis ssp. cremoris when modifying the redox


environment. As a first step, we investigated in this study the
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effect of some reducing agents on the acidification capacity


and on the intracellular pH of these lactic acid bacteria


encountered in both biotechnological processes and in food


contamination.


Since most of the reducing agents are chemo selective,


i.e. they are selectively attacking one functional group in the


presence of other groups, we used three different com-


pounds, dithiothreitol (DTT), sodium borohydride (NaBH4),


and sodium dithionite (Na2S2O4). DTT is a compound used


to reduce the disulfide bonds or to protect thiols from the


oxygen oxidation. NaBH4 is widely used to reduce ketones


and aldehydes, and Na2S2O4 reduces ketones, aldehydes,


and quinones but also double bonds in unsaturated con-


jugated ketones and diunsaturated acids. It is used notably to


reduce the redox enzymes.


We have observed that in contrast to E. coli, the intra-


cellular pH of L. lactis ssp. cremoris was unaffected by DTT


and NaBH4. However, these compounds slightly increased


DW in the acid conditions. Na2S2O4 for its part, even in far


lower concentration, affected the DpH and inhibited the


growth and acidification. We discussed these results in


terms of their chemical and biological diversity.


2. Experimental


2.1. Strain and media


L. lactis ssp. cremoris SC09 (INRA, Jouy-en-Josas,


France) was used in this study. It was precultured on a mo-


dified MRS medium [20] containing 10 g/l of lactose as the


carbohydrate source. Cells were grown in 150-ml flasks


containing 100 ml of medium inoculated with 0.045 g/l


(OD580 = 0.1) of cells. For the resting cell experiments, cells


were harvested in late log phase, centrifuged for 10 min at


4000� g and washed with potassium phosphate buffer (pH


7.0, 50 mM). For the monitoring of acidification, 110 mg/l


(OD580 = 0.25) of cells were suspended in distilled water


containing 9 g/l of sodium chloride and 1 g/l of lactose. The


acidification kinetics of the resting cells, in the presence of


lactose as the only carbon source, was followed at 26 jCwith


a combined electrode (Inlab 427, Metler-Toledo) connected


to a pH-meter (C834-Consort, Bioblock Scientific).


2.2. Reducing agents


Dithiothreitol, sodium borohydride, and sodium dithionite


were used as the reducing agents at the concentrations used in


the previous study with E. coli (3 or 13 mMDTTand 2.6 mM


Na2BH4) [12] or when no effect was detected at higher con-


centrations of DTT (31 mM). Na2S2O4 was used at a lower


concentration (0.9 mM) able to significantly decrease the


oxido-reduction potential. Solutions were prepared before the


experiment to avoid the oxidation or degradation of the re-


actants and the reduced state of the compounds was checked


by measuring the oxido-reduction potential with a redox-


combined electrode (Pt 4805-DXK, Metler-Toledo) com-


bined to a redox controller (P507 Consort, Bioblock Scien-


tific). Media were deaerated by sparging N2 to avoid the


interactions between oxygen and the reducing compounds or


electrodes. The response of the electrodes was checked after


the use of each reducing compound. Before each measure-


ment, the redox-combined electrode was polished with a 15-


Am average diameter aluminum oxide powder to restore the


platinum surface. NaBH4 was manipulated under the hood


and dissolved in a NaOH (30 g/l) aqueous solution as it


decomposes with water more quickly in the acid solution


forming the toxic diborane gas and flammable, explosive


hydrogen gas. However, it was not used in the acidification


experiments because of its ability to react with water forming


NaOH.


2.3. Proton motive force evaluation


For the intracellular pH evaluation, the probe 5(6)CFDA,


SE (5-(and 6-)carboxyfluorescein diacetate, succinimidyl


ester) (Molecular Probes, Eugene, OR, USA) was used. This


electrically neutral compound is permeant to cell mem-


branes, and upon hydrolysis by the intracellular nonspecific


esterases, forms carboxyfluorescein, which has a pH-


dependent spectral response. Carboxyfluorescein is preferred


to fluorescein because of its extra negative charges enabling


a better retention of the probe in cells. Bacteria were charged


with the probe (2 AM) in HEPES buffer (50 mM, pH 8) for


30 min. After washing, they were incubated with 1 mM


lactose in potassium phosphate buffer (50 mM, pH 7.0) for


30 min to facilitate the efflux of probe excess and, even-


tually, probe-containing cells were suspended at 340 mg/l


(OD580 = 0.75) in TRIS-MES buffer (50 mM) at various pH


in the presence or in the absence of the reducing compounds.


The dual measurement of fluorescence (Ex: 440 nm (pH


independent) and 490 nm (pH dependent), Em: 520 nm) was


used to evaluate the intracellular pH, as described in Ref.


[21]. Calibration was carried out in the buffer at a different


Fig. 1. Extra cellular pH monitoring for resting cells of L. lactis ssp.


cremoris in the presence of dithiothreitol (w ), dithionite (n) or without the


reducing agent (E). Data presented are averages from two or three


independent experiments. Standard deviation is less than 10%.
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pH, with or without the reducing agents, with cells equili-


brated with the external medium by incubation with 1 AM
nigericin and valinomycin.


The membrane potential (DW) was evaluated by monitor-


ing the distribution of the lipophilic cation tetraphenylphos-


phonium (TPP + ) across the cell membrane. This was done by


measuring the external concentration with a TPP + selective


electrode. The nonspecific binding of the probe, evaluated


using 2% toluene treated cells, was taken into account [22].


Cell concentration in the measured vessel was of OD580 = 2.5.


For calculation, the internal volume of L. lactis ssp. cremoris


cells was supposed to be 2 Al/mg of dry cells, assuming that


no significant change occurred in the different conditions.


The TPP + selective electrode and a calomel reference elec-


trode (Radiometer Analytical, Villeurbanne, France) were


connected to an ion meter (P507 Consort, Bioblock Scien-


tific) and a chart data recording system. The permeability of


the selective membrane to the TPP + and the response of the


electrode were routinely checked particularly in the presence


of the reducing agents and the electrode membrane was


changed as soon as the response ratio was altered.


The proton motive force (Dp) was calculated as follows


Dp ¼ DW � ZDpH


where Z is equal to 2.3RT/F (with R: gas constant, T:


temperature (K), and F = 96500 C mol � 1).


Fig. 2. Intra cellular pH vs. extra cellular pH for resting cells of L. lactis ssp.


cremoris in the presence of dithiothreitol (5), NaBH4 (D), dithionite (.) or
without the reducing agent (y). Data are from at least 10 independent


experiments and each point results from one experiment.


Fig. 3. (A) ZDpH, (B) DW and (C) Dp for the resting cells of L. lactis ssp. cremoris with (2) DTT, (3) NaBH4 or (1) without the reducing agent. Data are from at


least 10 and 6 independent experiments for ZpH and DW, respectively. Curve fitting data (second order and first order polynomial for ZpH and DW,


respectively) have been chosen without the physiological significance to calculate (C) Dp and R2 are given in the figure.
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3. Results


As L. lactis ssp. cremoris is widely used for its acid-


ification capacities, we first investigated the effect of the


reducing agents on this property (Fig. 1). We did not use


NaBH4 because of its ability to modify the pH by producing


NaOH.


In half an hour, pH fell from 6.5 to 4.2 with nearly the


same rate without the reducing agent and with DTT. After


30 min, the rates became different and the acidification went


on to 3.5 without DTT and to 3.8 with DTT. With dithionite,


the pH decreased slowly to 4.5.


To investigate the effect of the reducing agents on the


proton motive force, the two components of this force (DpH


and DW) were monitored in a 3.9–7.5 extra cellular pH


range and in the presence of DTT (up to 31 mM), NaBH4


(2.6 mM), or Na2S2O4 (0.9 mM). Fig. 2 shows the intra-


cellular pH of the resting cells with or without the reducing


compounds. Without the redox agents, the intracellular pH


was well maintained above pH 6.5, for extra cellular pH was


low as 4. For lower values, the intracellular pH decreased to


the value of the medium. This pH maintenance was unaf-


fected by DTT or NaBH4, whereas the DpH was equal to 0


with Na2S2O4. ZDpH, the component of the proton motive


force varied thus from about 30 mV at pH 7 (low DpH) to


160–170 mV at pH 4 (higher DpH) with almost no differ-


ence in the presence DTT or NaBH4 (Fig. 3A). Na2S2O4 had


such an effect on the main component of the proton motive


force that it did not seem necessary to go further with the


DW evaluation, the more so because this product altered the


TPP + selective membrane permeability. Fig. 3B shows the


DW of L. lactis ssp. cremoris resting cells. Without the


reducing compounds, the DW value was about 40 mV at


near neutral pH and decreased to 0 at pH 4. In the presence


of DTT or NaBH4, DW was similar at near neutral pH but


was slightly better maintained at lower pH (30 mV at pH 4).


The resulting proton motive force (Dp =DW� ZDpH) is


given in absolute value in Fig. 3C. At near neutral pH and


without the reducing agents, Dp was equal to 90 mV and


DW and ZDpH both accounted approximately for half of the


value. In contrast, at lower pH, Dp was enhanced to a value


of 170 mV due to the increase in DpH and the account of


DW was null. Dp was even higher at low pH with DTT or


NaBH4 as DW was better maintained.


4. Discussion


Acidification by L. lactis ssp. cremoris is a reaction


widely used in the dairy processes for the milk gelification


which corresponds to the casein precipitation at pH 4.65.


The pH decrease is linked to the production of lactic acid


from sugar. Growing cells in the MRS medium can acidify


to around the pH 4 in excess of lactose (results not shown).


The slowing down of the acidification can be due to an


alteration of the metabolism by the pH. Lactic acid is a weak


organic acid that is not charged at low pH and can easily


pass the cell membrane in the protonated form dissociating


then at the cytoplasmic pH [19] making the intracellular pH


regulation very difficult at low pH. With this lactic acid-


derived effect, limits of the acidification and thresholds of


the intracellular pH maintenance should be very close. That


is what we observed since the acidification stopped between


pH 3.5 and 4 and the intracellular pH was maintained for the


extra cellular pH above 4. Acidification and the intracellular


pH maintenance are linked to the cell energetics. It has been


shown, for instance, that in L. lactis ssp. cremoris (syn.


Streptococcus cremoris), Dp is generated by the lactate


efflux [18,23–25] and is thus involved in the ATP synthesis


[17]. Moreover, ZDpH is, at low pH, the main component of


the proton motive force (Fig. 3). This has an implication on


the sugar entry inside the cell. Different sugar transport


systems have been described in L. lactis, a secondary trans-


port with a symport proton/sugar and a PEP–PTS system. For


lactose, both transports coexist, a lactose-PTS, being highly


inducible [26] and a lactose permease system [27]. Galactose


systems can also transport lactose with various affinities [28]


and the transporter is coupled to the proton motive force [29].


Major differences exist between the lactose-PTS and galac-


tose-PTS as the first is inhibited by p-chloromercuribenzoate


and the latter is insensitive to sulfhydric agents [29]. Such


diversity might explain the differences encountered in acid-


ification by differences in the sugar transport. Without


reducing agents, lactose-PTS would be the main transporter


but because of its sensitivity to redox compounds, galactose-


PTS would take its place with DTT but not with dithionite


which annihilates the protonmotive force. In this latter case, a


permease with different kinetic properties could eventually


transport lactose for near neutral pH.


It can be noted that, contrary to E. coli, only a slight


effect of DTT and NaBH4 is observable on the intracellular


pH of this lactic acid bacteria and these compounds also


have a slight stimulating effect on the DW.


The sensitivity of E. coli to DTT, NaBH4, or dihydrogen


has been explained as being due to an increased proton


permeability at lower pH [12]. This permeability due to the


redox environment could be linked to the modification of


the thiol–disulfide balance in the bacterial surface as also


discussed by Bagramyan et al. [10]. According to Robillard


and Konings [30], such a thiol–disulfide modification has


an implication on transport and cell energetics. Although


this point is still unclear, more and more results suggest that


E. coli responds directly to the redox potential [31]. It has


been noted for instance that many important functions in the


bacteria are catalyzed by redox-sensitive transporters and


enzymes whose redox state of disulfide groups could


determine their affinity to the substrate [32].


In the case of L. lactis ssp. cremoris, the effect of


reducing agents is weaker. We can expect the same thiol–


disulfide balance involvement to be responsible for this


effect. The difference in intensity with E. coli could be


explained by the different surface (Gram-positive vs. Gram-
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negative) and the more acidophilic character of the lactic


acid bacteria. We can also mention that, recently, Alakomi et


al. [33] have shown that lactic acid permeabilizes the Gram-


negative bacteria by disrupting the outer membrane which is


not present in the lactic acid bacteria.


However, L. lactis ssp. cremoris is very sensitive to


dithionite. This reagent has a chemo selectivity quite similar


to NaBH4 but in contrast to borohydride in our study, it had


a very strong effect against the DpH. It can be noted that, on


the contrary to what have long been thought, most cellular


membranes are relatively permeable to it [34]. So, although


the function conferring its toxicity to Na2S2O4 is not clear, it


might be linked to its capacity to pass the membrane and


react inside the cell.


This work shows that the reducing compounds can have


very different effects on the microbial cells depending on


the properties of the reagent (chemo selectivity but also the


behavior towards membranes) and of the properties of the


cell itself (especially membrane, cell wall and transporter


system). This diversity of effects results in a diversity of


possibilities to use microorganisms in reducing environ-


ments. For instance, it might be possible to force a substrate


to follow a specific metabolic pathway in order to change


the rate or product of the reaction. Thanks to their different


effects on the different strains, maybe due to the diversity in


transporters systems, reducing compounds could also be


used as selection pressure agents.
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Abstract


Peptaibol-type ampullosporins B (2) and D (4) are capable of forming ion-conducting pores in planar lipid bilayer membrane prepared


from soybean phosphatidylcholine in a similar manner as it was shown for ampullosporin A (1). However, the isomeric ampullosporin C (3)


was required in 20-fold higher concentration to afford a comparable effect. In contrast to 1, 2, 3 and 4, the desacetyltryptophanyl


ampullosporin A (5) failed to form ion channels. The results suggest that the sequence of amino acids especially at positions 8–10, the


nitrogen-terminal acetyl residues and tryptophane are major factors determining ion-channel formation within bilayer membranes. The


differences in membrane activities were comparable to the observed biological activities.


D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction


Peptaibols are microbial peptides containing up to 21


amino acids [1,2]. Due to their nonribosomal formation,


even nonprotein amino acids such as a-aminoisobutyric


acid can be constitutive parts of their linear peptide chain


[2]. Usually, the peptaibols form helices, which aggregate in


artificial bilayer membranes to form ion-conducting pores


[3,4]. As a prerequisite of pore formation, the peptaibols


display an alcoholic group at the carbon terminus and the


nitrogen terminus is usually acetated [3,4]. Pore formation


has been discussed as the reason for the antimicrobial and


other activities of peptaibols [5]. Although more than 200


peptaibol-type compounds were reported so far, up to now


only few information is available about the influence of


structural variations on pore formation, stability of mem-


brane pores, ion selectivity and biological activity.


Recently, we described the discovery of ampullosporins


A (1), B (2), C (3), and D (4) (Fig. 1) as new peptaibols in


cultures of the fungal strain of Sepedonium ampullosporum


[6,7] and their activities as inducers of fungal pigment


formation and neuroleptic drugs. In contrast to ampullospor-


ins A, B and D (1, 2 and 4), the isomeric compound


ampullosporin C (3) displayed a much lower activity against


the fungus Phoma destructiva as inducer of pigment for-


mation, and the observation of neuroleptic activity in mice


required much higher concentration of 3 [7]. It has been


suggested that the observable differences among the ampul-


losporins could be due to alterations in membrane channel


formation. In this paper, we report the membrane activity of


2, 3 and 4 in comparison to ampullosporin A (1) and


semisynthetic desacetyltryptophanyl ampullosporin A (5,


Fig. 1) [8].


2. Experimental


2.1. Materials


Ampullosporins A (1), B (2), C (3) and D (4, Fig. 1) were


prepared by preparative HPLC as pure compounds from the


culture extract of S. ampullosporum as was described [6,7].


Desacetyltryptophanyl ampullosporin A (5) was prepared


from ampullosporin A (Fig. 1) by sequence-specific chem-


ical cleavage of the peptide bond between the terminal L-


tryptophane and L-alanine moieties using N-bromosuccini-


1567-5394/02/$ - see front matter D 2002 Elsevier Science B.V. All rights reserved.


PII: S1567 -5394 (02 )00056 -7


* Corresponding author. Tel.: +49-3641-656635; fax: +49-3641-


656620.


E-mail address: ugraefe@pmail.hki-jena.de (U. Gräfe).
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mide as cleaving agent. Desacetyltryptophanyl ampullo-


sporin A (5) was thus obtained in 20% yield from 1 after


purification by preparative HPLC.


2.2. Measurements employing lipid bilayer membranes


Planar bilayer lipid membranes (BLM) were prepared


from soya bean phosphatidylcholine (Sigma, P5638; 20 mg/


ml n-heptane) by the ‘painted’ method [8]. The measuring


glass cell (25 ml of total volume) was equipped with a


Teflon cylinder (1 cm diameter), which contained a hole of


0.5 mm diameter to harbour (BLM). Formation of the BLM


was controlled by the use of a binocular microscope. Both


the measuring cell (10 ml outside (cis)-volume) and the


inner side of Teflon cylinder (trans-volume, 1 ml) were


filled with a solution of potassium, sodium or rubidium


chloride ranging from 100 to 1000 mM depending on the


type of experiment.


Membrane current was measured by the voltage-clamp


method. The current measuring device consisted of an


operational amplifier model Keathly 301 (USA). Amplitude


current noise of the amplifier was less than 10� 13 A in the


frequency range 0.1–20 Hz. The output of the operational


amplifier was connected to the pen chart X–Y plotter


(Endim-622, Germany). Ampullosporins B (2), C (3), D


(4) and desacetyltryptophanyl ampullosporin A (5) (1–10 Al
of 0.5 mg/ml in DMSO stock solution) were added into 10


ml constantly stirred volume of electrolyte, at the cis side of


BLM. To avoid the noise caused by the BLM vibration, the


magnetic stirrer was switched off during recording of the


single ion channel currents.


In general, the membrane current started to increase within


about 1 min after addition of the antibiotic and reached a


relatively stable level after approximately 3–4 min, whereby


it changed less then 10%/min. The values of the membrane


currents were used for plotting the conductance versus


elaiophylin concentration dependence.


The currents of single channels were recorded at 0.2–


0.4 Ag/ml of the antibiotic concentration at cis side of the


BLM.


3. Results and discussion


The concentration dependence of macroscopic conduc-


tance induced by ampullosporins B (2), C (3), D (4) and


desacetyltryptophanyl ampullosporin A (5) is shown in Fig.


2. In comparison with the results reported for ampullosporin


A (1) [8], the peptaibols 2, 3 and 4 displayed the same


channel-forming properties as shown in Fig. 3 for ampullo-


sporin B (2). It can be suggested that transitions of single


channel current between different levels, as shown in Fig. 3,


correspond to a barrel-like structure of the ampullosporin


channel [5,8].


However, ampullosporin C (3) was required in a 20-fold


higher concentration to afford the same effect as the isome-


ric compounds 2 and 4 (Fig. 2; open circles). The power of


the semilog plot of the membrane conductance as function


of concentration (see cf. Fig. 2; open and filled circles)


amounted to n = 10–15, which means that the conducting


oligomeric pores include at least 10 monomer units.


In contrast to 1, 2, 3 and 4, no formation of membrane


channels was observed with the semisynthetic desacetyl-


tryptophanyl ampullosporin A (5). These results suggest that


formation of channels in an artificial bilayer membrane by


ampullosporins is strongly dependent on both the quality


and sequence of amino acids and the presence of an N-


acetylated nitrogen terminus. These findings are comparable


with available results on other peptaibols showing the


influence of structural characteristics on membrane activity


[10–12]. The observed relations in membrane activities of


compounds 1, 2, 3, 4 and 5 coincided well with their


biological activities. Thus, compounds 2 and 4 induced


pigment formation by the fungal strain of P. destructiva in


the same concentration as ampullosporin A (1) [6,7]. How-


ever, compound 3 was needed in approximately 20-fold


higher concentration to afford a positive effect during the


Fig. 1. Chemical structures of ampullosporins A (1), B (2), C (3) D (4) and


desacetyltryptophanyl ampullosporin A (5). All amino acids possess L-


configuration.


Fig. 2. Membrane conductance as a function of ampullosporins 1, 2, 3, and


4 and desacetyltryptophanyl ampullosporin A (5) concentration. Con-


ditions: 200 mM NaCl, pH 7,unbuffered solution, membrane voltage: � 40


mV, samples were added at cis side of the bilayer. Filled circles: 1, 2 and 4;


open circles: 3; and filled triangles: 5.
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agarplate diffusion assay [6,7]. The same quantitative differ-


ences among 1, 2, 3, 4 and 5 were found in neuroleptic


activity as measured with mice after intraperitoneal admin-


istration [6,7]. Compound 5 was completely inactive both


against P. destructiva and mice. The results are thus com-


parable with the view that membrane activities of ampullo-


sporins and their chemical derivatives are correlated to their


observable biological effects as inducers of fungal pigment


formation and neurolepsy in mice.
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[2] H. von Döhren, H. Kleinkauf, Research on nonribosomal peptide


systems: biosynthesis of peptide antibiotics, in: H. Kleinkauf, H.
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Abstract


The effect of electric field on chlorophyll fluorescence is considered on the basis of the reversible radical pair model. The hypothesis is


presented that the electric fields generated by photosynthetic charge separation in reaction centers and propagated laterally through the


thylakoid lumen are associated with changes in chlorophyll fluorescence yield. D 2002 Elsevier Science B.V. All rights reserved.


Keywords: Chlorophyll fluorescence; Photosystem II, photochemical quenching; Photo-electrochemical quenching; Electric potential


1. Introduction


Chlorophyll fluorescence is a valuable tool for probing


the energetics of photosynthetic systems. Fluorescence


emission in light-collecting antenna systems is a competitive


path to photochemical energy conversion in photosynthetic


reaction centers resulting in fluorescence quenching. Mon-


itoring of fluorescence kinetics provides an experimental


means to study the mechanism and dynamics of the primary


and secondary photosynthetic events on a time scale ranging


from ns to tens of seconds. Application of fluorescence


methods in research on photosynthetic performance of


plants relies on the complementary relation between the


chlorophyll fluorescence yield and the yield of electron


transport generated in the reaction centers. This comple-


mentary relation was first demonstrated in photosynthetic


bacteria [1] and later confirmed for photosystem II (PS II) in


algae and higher plants [2]. Nowadays and, in particular,


after the availability of several sophisticated fluorescence-


monitoring and -imaging instruments, fluorescence is a


standard method in fundamental and applied plant research.


Although recognized as a control parameter, the effect of


electric fields on the fluorescence yield of PS II has not


received much attention, mainly because the effects in vivo


have been presumed to be relatively small [3]. Recently,


experimental evidence was obtained that the chlorophyll


fluorescence yield in plant chloroplasts with impaired PS II


activity is substantially increased in association with


changes in the transmembrane electric potential generated


by PS I [4]. Here, we will present as a hypothesis that, in


general, electric fields generated by photosynthetic charge


separation in reaction centers and propagated laterally


through the thylakoid lumen are associated with changes


in chlorophyll fluorescence yield.


2. Background and theory


Changes in fluorescence yield that cannot easily be


explained in terms of a quenching mechanism can be


accommodated into a concept that electric fields in the


vicinity of the reaction center have a discernible effect on


chlorophyll fluorescence [4–9]. The electric field exerts its


effect on the quasi-equilibrium between the excited state of


reaction center chlorophyll (P680*), which is in exciton


equilibrium with that of the antennas (Chl*), and the


reaction center radical pair (P680 + Pheo � ). This equili-


brium is determined by the rate constants of primary


electron transfer reactions, amongst which the radical pair


recombination. The PS II reaction center (RC) has been


recognized as being particular and different from others in a


sense that the energy difference between P680* and


P680 + Pheo � is relatively low (0.04� 0.12 eV) [9–12].


This makes the primary photochemical reactions in this RC


sensitive to changes in electric field strength (potential).
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This sensitivity is due to a direct effect of the electric


potential on the probabilities for radical pair recombination,


photochemical trapping and for nonradiative recombination


of P680 + Pheo� plus P680 + -triplet formation, affecting the


effective rate constants k� 1, kp and kd, respectively. Under


assumed dynamic equilibrium between P680* and the


radical pair, kp and k � 1 are related by the Boltzmann


equation


kp=k�1 ¼ expð�ðu � uoÞF=RTÞ ¼ expðwo � wÞ, ð1Þ


in which u and uo (in mV) represent the difference in


electric potential across the membrane section between


P680 and Pheo and midpoint redox potential for P680*


and Pheo, respectively. w ( =uF/RT) is a (dimensionless)


relative potential and F/RT (at 20 jC) is about 25 mV/unit.


The fluorescence yield U then can be described, as outlined


in detail elsewhere [4], by the following relation


U ¼ 1= 1þ kt


kf
þ kd


kfN
expðWo � WÞ


�


þ ke


kfN
hexpðwo � wÞ


�
, ð2Þ


in which h is the fraction of semi-open and closed centers


(the extreme values 0 and 1 correspond to 100% closed and


open centers, respectively), N is the number of chlorophyll


molecules per PS II reaction center (antenna size), and ke, kf
and kt are rate constants for electron transfer to the primary


quinone acceptor QA and for fluorescence emission and for


nonradiative losses of the antennas, respectively.


Fig. 1 shows the relation [U(w)] between fluorescence


yield and the electric potential for some discrete values of


the fractional closure of the RC. The following parameter


values were substituted in Eq. (2) for obtaining [U(w)]:


kf ¼ 3, kd ¼ 5, ke ¼ 100, kt ¼ 10 ðin 108 s�1Þ,
N ¼ 100 and wo ¼ 4 ðuo ¼ 100 mVÞ:


The figure and its U(w) curve give the following informa-


tion with corresponding conclusions. (1) The fluorescence


yield at constant photochemical quenching alters with a


change in the electrical potential. (2) The magnitude of the


change in fluorescence yield at a fixed change in the


potential depends on the degree of RC closure, i.e. compare


O–OV and I–P for the extremes (open and closed), respec-


tively. (3) Saturation of photochemistry does not necessarily


result in saturation of the change in fluorescence yield.


Fig. 1 points to the fact that changes in chlorophyll


fluorescence yield accompanying photochemical activity of


the photosynthetic system can be the result of at least two


mechanistically different processes. Therefore, we introduce


the following definitions to discriminate between the two. A


change in fluorescence yield at a constant potential in the


vicinity of the reaction center is ascribed to (a change in)


photochemical quenching. The change in fluorescence yield


occurring at a constant photochemical activity of the elec-


tron transport system is ascribed to photo-electrochemical


control of the primary reactions in the reaction center.


Evidence for photo-electrochemical control of the chlor-


ophyll fluorescence yield has come from photocurrent and


fluorescence measurements in isolated chloroplasts of


Peperomia metallica and Chenopodium album [4]. These


showed that, in the absence of PS II activity and after


restoration of PS I activity, substantial changes in chloro-


phyll fluorescence yield with kinetics similar to those of


photocurrents associated with PS I activity. The fluores-


cence changes were interpreted to be caused by changes in


photo potentials generated by PS I and propagated laterally


to PS II reaction center sites. This propagation, as yet,


cannot be described analytically because of uncertainties


about number and size of components in the internal


electrical circuit of the thylakoid and its architecture. How-


ever, the close correspondence between the kinetics of the


increase in lumenal resistance and increase in fluorescence


is suggestive of a lateral propagation mechanism.


3. Photo-electrochemical control of chlorophyll


fluorescence of PS II


The low energy equilibrium between the singlet excited


and the charge-separated state of the PS II reaction center


and the dependence of the antenna chlorophyll fluorescence


yield on this equilibrium (Eq. (2)) lead us to the following


hypothesis. The chlorophyll fluorescence yield of PS II in


Fig. 1. The effect of potential (w =uF/RT) on fluorescence yield (U) under


conditions differing in the degree of RC closure (h) is shown (Eq. (2); for a


quantitative description see Ref. [4]). Fluorescence and photocurrent


measurements (not shown) in chloroplasts indicate a lower time constant for


lateral (photo-) potential propagation (f 2 s�1) than for full closure of RCs


(f 30 s�1). As a consequence, release of photochemical fluorescence


quenching (O–J–I phase) and photo-electrochemical stimulation (I–P


phase) become distinguishable in F(t) curve. I and P are fluorescence levels


at saturated photochemistry in absence and presence of a photo-electro-


chemical effect, respectively; O and OVare at ceased photochemistry (dark)


in absence and presence of a photo-electrochemical effect, respectively.
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green cells is under photo-electrochemical control that is


exerted by the electric field in the vicinity of and sensed by


the reaction center. The electric field can originate from the


transmembrane electric potential or from single local


charges or dipoles. Whichever the origin, photo-electro-


chemical control differs from photochemical quenching in


a sense that it can in principle occur independent of


chemical quenching of any sort. In some cases, but as yet


not in all, the effect of electrochemical control and chemical


quenching can be distinguished and resolved due to the


difference in turnover and recovery time of the underlying


reactions.


We will now give examples of cases in which we believe


that the fluorescence yield is clearly and, for the major part,


under photo-electrochemical control. (i) Changes in the dark


fluorescence yield [UF]0 caused by single turnover preexci-


tation(s). (ii) ns-fluorescence changes upon ps-excitation


and possibly related to the first case. (iii) Increase in the


fluorescence yield in the light in the 30- to 500-ms time


range above the maximal level in the presence of DCMU


(I–P rise). (iv) Recovery of the fluorescence yield in the


dark after a 100-Hz train of 25–30 single turnover flashes or


after a short saturating multi-turnover flash (Fm–Fo tran-


sition) and upon shutting off the actinic light under steady-


state light conditions (F–FoVtransition).


3.1. Changes in Fo


It has been reported that the 15–25% increase in the dark


fluorescence yield [UF]0, which persists in a time domain of


minutes after preexcitation of a dark-adapted system with


single turnovers, is caused by an increase in the efficiency of


radical pair recombination in open reaction centers [5] due


to control by electric fields in the vicinity of the RC [13,14].


The likeliness and effectiveness of this kind of electro-


chemical interaction have come from measurements of


flash-induced photocurrents in combination with measure-


ments of (changes in) [UF]0 in P. metallica [15–17]. These


measurement showed for a single chloroplast a decrease in


the electrical conductance of the thylakoid lumen and for a


leaf a 15–25% increase in [UF]0, both induced by a single


turnover flash and with a dark recovery time of several


minutes. The lumen conductance change has been inter-


preted to be caused by a contraction of the lumen, which


will alter the proximity of membrane proteins and is likely


to be accompanied by changes in energy transfer within and


between light-harvesting complexes [17]. The change in


k� 1 has been interpreted to be due to an altered electrostatic


interaction of single charges (or dipoles) in the close vicinity


of the RC [5]. A 25% increase in [UF]0 would, according to


Eq. (2), suggest that the field responsible for this increase is


equivalent to one associated with a local potential of about


7.5 mV. Reasonable arguments have been given that


changes in any type of chemical quenching can be excluded


for causing the increase in [UF]0 of the kind as discussed


here.


3.2. Fluorescence changes in the ns time region upon ps-


excitation


There are numerous reports, starting with the pioneering


work of Mauzerall [18], which show that the chlorophyll


fluorescence yield in chloroplasts and PS II preparations


upon laser excitation increases biphasically [19]. The fast


ns-phase goes parallel with the reduction of P680 + , which


was taken as evidence that this increase reflects the release


of photochemical quenching of P680 + . A subsequent sec-


ond phase of the fluorescence rise in the As time range has


been attributed to release of triplet quenching [19]. There is


as yet no direct experimental evidence for an alternative


interpretation. However, similarities of the ns-fluorescence


changes with those in [UF]0, in particular with respect to size


(i.e. 25� 35% of Fo), saturation, 4 periodic oscillation and


dark recovery, would not violate an alternative interpreta-


tion. In this conceptual view, the ns-fluorescence change


would reflect a photo-electrochemical effect on the antenna


fluorescence associated with a change in the local electric


field at the RC site caused by charge displacement from


Fig. 2. Fluorescence induction F(t) in C. album leaf upon illumination with


1-s light pulse of 100% (f 600 W m�2), 50% and 25% intensity (from top


to bottom). Symbol curves are calculated with Three-State Trapping Model


(TSTM), with fixed rate constants for electron transport at donor and


acceptor sides, and excitation rate kL proportionally variable with intensity


[20]. The close correspondence of simulated and experimental curves


indicates that the release of photochemical quenching (O–J– I) is completed


after about 30 ms with approximately 100%, 67% and 51% full closure of


RCs at intensities used. The final rise (I–P) in the 30–300-ms time range is


attributed to photo-electrochemical stimulation of the fluorescence, which in


confirmation with theory (see Ref. [4]) is supplementary to the release of


photochemical quenching.


W.J. Vredenberg, A.A. Bulychev / Bioelectrochemistry 57 (2002) 123–128 125







P680+ to the secondary donor YZ The second As-phase then
would reflect the release of YZ


+ quenching associated with


oxidation of the quencher by the oxygen-evolving complex


[20].


3.3. Increase in the fluorescence yield in the light in the 30-


to 500-ms time range (I–P phase)


The final slow phase of the light-induced increase in


fluorescence before the decline starts in prolonged actinic


illumination occurs in the 30- to 500-ms time range [21,22].


This phase is easily seen in intact leaves as a separate I–P


phase and is above the maximal fluorescence level in the


presence of DCMU [23]. It has been attributed to additional


static quenching by plastoquinone [24]. It has been shown in


Ref. [22] and illustrated in Fig. 2 that (i) the I–P phase as


fraction of the total increase in the fluorescence yield (O–J–


I–P phase) increases when the actinic light intensity is


lowered. In addition, (ii) the kinetic pattern of the I–P


phase shows a relatively steep rise in the time range above


100 ms. These data support the hypothesis that the I–P rise


is a reflection of photo-electrochemical stimulation of the


fluorescence yield supplementary to photochemical quench-


ing during the O–J–I rise. In confirmation with the theory


(see Fig. 1), the electrochemical component of the fluores-


cence rise increases when the chemical quenching mecha-


nism becomes limited. This of course is only true as long as


the electric potential responsible for the electrochemical


fluorescence stimulation has not changed much, which


apparently is the case due to a high turnover rate of PS I.


3.4. Recovery of the fluorescence yield in the dark after


illumination ( Fm–Fo, FmV–F and F–FoVtransitions)


The dark recovery of the fluorescence yield after a


saturating light pulse will follow, as illustrated in Fig. 1,


the P–OV–O pattern within the context of our hypothesis. If


the recovery time of the chemical quenching (P–OVphase) is
different from that of the electrochemical control, then this


should show up in the light-off kinetics. And it does. Fig. 3,


reproduced from one of Schreiber’s publications [21],


shows that the Fm–Fo decline in the dark after a saturating


light pulse of minimum 200-ms duration (left-hand upper


trace) has a slow phase, which is 30–40% of the total


variable yield. Its time of completion of a few tens of


seconds is comparable with recovery times of changes in


electrical conductance of the thylakoid lumen measured in


Peperomia chloroplasts [4,15,16]. The slow recovery phase


of the variable fluorescence is absent (left-hand lower curve)
Fig. 3. Recordings and kinetic details of the polyphasic fluorescence rise


upon onset of a multi-turnover saturating light pulse in a dark-adapted and


illuminated leaf. In the text, the levels I1 and I2 are replaced with J and I,


respectively. The difference in the kinetics of the recovery of the


fluorescence yield after a multi-turnover saturating flash (SP) and in the


rise kinetics in a dark-adapted and illuminated leaf are interpreted in terms


of a difference in electrochemical effects (reproduced from Ref. [21]).


Fig. 4. Time course of the fluorescence yield in a 100-Hz train of 30 single


turnover flashes of 150-s duration in Chlorella cells. Fluorescence signals


were collected at the end (upper curve) and 10 ms after each single turnover


flash (lower curve), respectively. Data of lower curve indicate a low light


requiring substantial increase in the fluorescence yield in the dark, which is


independent of (a release of) photochemical quenching. See further text


(data reproduced from Ref. [26, Fig. 6] with kind permission of authors).
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in steady-state actinic light (FmV–F decline), when as


expected, the electrical events have come to a saturated


steady-state equilibrium. In this case, the slow component in


the dark recovery of the fluorescence yield shows up in


light-off response (F–FoVresponse) after shutting off the


actinic light (data not shown, but see, for instance, Ref.


[25]). Taken together, the multiphasic recovery kinetics of


the variable fluorescence yield are in agreement with our


hypothesis that part of this yield is under control of photo-


electric events.


4. Conclusion, controversies and outlook


Available data strongly suggest that the chlorophyll


fluorescence yield of photosystem II is, in addition to


regulation by variable photochemical quenching, under


control of photo-electric events. We call this photo-electro-


chemical control. Evidence in support of this hypothesis has


come from the response of the dark fluorescence yield [UF]0
to single turnover flashes [5,17] and from photocurrent and


fluorescence measurements in chloroplasts under conditions


at which photochemical activity of PS II is inhibited and


electrochemical activity of PS I was promoted [4]. A closer


look to some theoretical aspects and to kinetics of particular


fluorescence responses under various conditions gives sup-


port to the hypothesis as well. For instance, supporting


evidence of a slowly recovering light-induced increase in


fluorescence yield related to photo-electrochemical stimula-


tion rather than to release of photochemical quenching can


be obtained from elegant experiments with single turnover


flashes done in Falkowski’s group [26]. Fig. 4 shows


fluorescence values collected at the end (FmV) and 10 ms


after each excitation (FV), respectively, in a 100-Hz


sequence of 30 single turnover flashes of 150-s duration.


The figure clearly shows after the fifth flash a cumulative


increase in each subsequent flash of a slowly recovering


dark-fluorescence component up to a more than 2.5-fold


value of Fo, saturated after 25 flashes. A similar but smaller


increase is also observed in Fm. Contrary to the interpreta-


tion given by the authors, this increase in Fo (FV) an FmV
cannot be ascribed to the release of quenching concomitant


with PQ reduction. The 10-ms dark interval between flashes


and the number of flashes do not warrant an accumulation of


PQH2. The figure also nicely shows and confirms the 20–


30% increase in Fo after the first flash [5] and the (addi-


tional) 4 periodic oscillatory pattern in the first four flashes


[27,28].


So far, the effect of electric potential on fluorescence


yield could only be studied under conditions at which the


chloroplast membranes were subjected to artificially


imposed potentials [13,14]. Simultaneous fluorescence and


photocurrent measurement in isolated chloroplasts under


voltage clamp so far failed. They need perfection with


respect to the limit of the potential that externally can be


imposed across the thylakoid membrane and to the time


resolution. It is felt that there is need for experimental


confirmation of the suggestion, based on the hypothesis,


that the ns-fluorescence increase in ps-excitation is a


response to a change in electrical field strength at the site


of the reaction center associated with charge transfer from


P680+ and YZ. If experimentally confirmed, the ns-fluo-


rescence response is unlikely due to or associated with (a


release of) photochemical quenching. Its association with


charge transfer then would mean that, contrary to current


views, YZ
+ is a quencher of PS II fluorescence. This would


be in agreement with observations and conclusions that the


increase in fluorescence yield is limited at the donor side of


PS II by the rate of oxidation of the oxygen-evolving


complex [20].


If our hypothesis is confirmed and found to be correct the


photo-electrochemical component of the fluorescence yield


should be incorporated in fluorescence parameters like FvV/
FmV(Genty factor) that routinely is used as a linear param-


eter of the actual photochemical efficiency of PS II. There


are several reports that show strong deviations of this


parameter value at low actinic intensities with the actual


rate of electron transport [29]. Research in which the FmV
value by subtraction is corrected for an electrochemical


component is currently in progress (Kromkamp, personal


communication). This would help to clarify an as yet unre-


solved problem.
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Abstract


In airway myocytes, like in many cells, Ca2+ signaling is controlled by inositol 1,4,5-trisphosphate (InsP3) via InsP3 receptors (InsP3R)


located in the sarco–endoplasmic reticulum. Three types of InsP3R exist, labeled Types 1, 2, and 3, which differ in their gating kinetics. We


analyze a possible impact of the different gating kinetics of Type 1 and Type 3 InsP3R on the time course of cytosolic Ca2+ concentration in


tracheal smooth muscle cells upon agonist stimulation. Previous experimental data in rat tracheal myocytes showed that upon gradually


increased stimulation with acetylcholine (ACh), a contractile agonist that acts via InsP3 production, signal spikes, several spikes with


declining maxima, and sustained oscillations appear. Our model reproduces the time courses of cytosolic Ca2+ measured in tracheal


myocytes. Moreover, by postulating slight variations in the model parameters which determine the total number of receptors expressed and


the ratio between Type 1 and Type 3 InsP3R, it offers an explanation to the experimental observation of qualitatively different responses of


cells within a presumably homogeneous tissue. D 2002 Elsevier Science B.V. All rights reserved.


Keywords: InsP3 receptor subtypes; Ca
2+ oscillations; Smooth muscle cells


1. Introduction


In many cells, including smooth muscle cells, Ca2+


signaling is controlled by inositol 1,4,5-trisphosphate


(InsP3) via InsP3 receptors (InsP3R), Ca
2+ channels located


in the sarco- or endoplasmic reticulum membrane [1]. The


opening of this channel depends on Ca2+ and InsP3 binding


to its respective binding sites, which is referred to as Ca2+ -


induced Ca2+ release (CICR) and InsP3-induced Ca2+


release (IICR), respectively. We prefer to stress the fact


that there is actually only one process which is dependent


on both Ca2+ and InsP3 by using the term Ca2+ - and InsP3-


induced Ca2+ release (CIICR). When stimulated by InsP3
or by agonists acting via InsP3 production, cells exhibit a


variety of Ca2+ response patterns. Stimulation may result in


a biphasic response, i.e. a single transient Ca2+ increase,


followed by a steady-state phase, during which cytosolic


Ca2+ concentration ([Ca2+ ]cyt) remains stable above the


resting [Ca2+ ]cyt value. In cells with adequate physiological


properties, sustained oscillations also may occur upon


stimulation. Under other conditions, the Ca2+ concentration


rests at a low level, but a small increase in [Ca2+ ]cyt
triggers a large pulse of [Ca2+ ]cyt. This property is known


as Ca2+ excitability [2–4] and is responsible for the


propagation of Ca2+ waves at sub-, intra-, and intercellular


levels [5].


There is no doubt that at least three types (isoforms) of


InsP3R exist, labeled Types 1, 2, and 3 (InsP3R1, InsP3R2,


and InsP3R3) [6–9]. They differ in their gating kinetics, i.e.


in their opening probability, which depends on cytosolic


Ca2+ and InsP3 concentrations [10–15]. All receptor sub-


types are activated by Ca2+ in the cytoplasm at concen-


trations higher than about 0.05 AM. Only Type 1 receptor is


inactivated by [Ca2+ ]cyt of more than 0.3 AM, whereas


Types 2 and 3 receptors stay open at high [Ca2+ ]cyt.


The physiological significance of the expression of dif-


ferent receptor subtypes remains largely unknown, although
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recent experiments on genetically engineered B cells have


shown that cells expressing different choices of InsP3R


subtypes react differently to stimulation by Ca2+ , InsP3,


and ATP [15]. It has been hypothesized that the oscillatory


response of cells requires the presence of receptors that are


inhibited at high Ca2+ , thus Type 1 InsP3 receptors.


However, this is not a mathematical necessity. Several


theoretical models may explain calcium oscillations without


an inhibitory effect on InsP3Rs [3,16–18]. This should, in


principle, allow to observe calcium oscillations in tissues


(or cells) that express only noninhibited InsP3R2 and/or


InsP3R3 or different fractions of InsP3R1. It should be


expected that the characteristics of calcium oscillation


(frequency and amplitude) will depend upon the ratio


between Ca2+ -inhibited and -noninhibited InsP3 receptors.


2. Experimental evidences


We have recently published results of experiments done in


freshly isolated tracheal smooth muscle cells [19], in which


individual cells were stimulated with graded concentrations


of acetylcholine (ACh). Fig. 1 shows examples of typical


cellular responses to such stimulation: upon weak stimu-


lation, a transient increase of [Ca2+ ]cyt is followed by a stable


state at an elevated level of Ca2+ concentration. Then


damped oscillations with two, three, or even more spikes


of increased Ca2+ are observed. At rather high [Ca2+ ]cyt,


some cells show an initial phase of oscillations with declin-


ing amplitudes, followed by sustained oscillations with


lower amplitudes (not shown). The oscillation frequency


increases with the agonist concentration [19]. Such oscillat-


Fig. 1. Examples of typical cellular Ca2+ responses to stimulation with acetylcholine at (a) 10�7 M, (b) 2.10�7 M, (c) 3.10�7 M, (d) 10�6 M, and (e and f) 10�5


M. Note that trace (e) is a typical oscillatory response, whereas trace (f ) is non-oscillatory despite of the same intensity of stimulation.
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ing patterns have been observed in airway myocytes in res-


ponse to various agonists acting via G-protein-coupled


receptors and InsP3 production in a variety of species


[20–22]. In our measurements, several cells under identical


experimental conditions did not show the same responses on


agonist stimulation. Different levels of stimulation were


needed for different cells to oscillate. Some cells did not


oscillate even upon very strong stimulation. Plotting the


fraction of oscillating cells with respect to agonist concen-


tration gives a Michaelis–Menton-like curve, with a max-


imum around 60% [19]. We showed that the Ca2+ response


pattern, including the occurrence of sustained Ca2+ oscil-


lations, did not depend on extracellular Ca2+ influx, but


on the release of intracellular calcium involving InsP3
receptors [19].


The question arises on how cells of an identical cell type


from the same tissue, i.e. the tracheal smooth muscle, in


which Ca2+ responses involve largely identical structure, can


show such different dynamical behaviors. One possibility is


that we have actually measured two subpopulations of cells


with different physiological properties. However, one should


consider that even a homogenous biological population is


characterized by interindividual variations. Our hypothesis is


that one or more parameters, which have a crucial role on the


mechanisms involved in the generation of Ca2+ oscillations,


may differ slightly within a cell population so that slight


quantitative changes between cells in these parameters may


lead to qualitatively and quantitatively different behaviors.


An obvious candidate to account for the various Ca2+


responses lies in the ratio of different InsP3R subtypes. This


assumption is strongly supported by the central role of InsP3
receptors in the dynamics of Ca2+ concentration and by the


essentially different gating properties of the different sub-


types, especially the inhibition of only InsP3R1 by high


[Ca2+ ]cyt. In addition, a varied overall density of receptors


expressed may change the Ca2+ response pattern signifi-


cantly. The following study has been done to examine the


sensitivity of Ca2+ dynamics resulting from changes in these


quantities in order to determine whether such a mathematical


model may account for the characteristics of Ca2+ response


of airway myocytes, i.e. the characteristics of the various


response patterns and the respective proportion of cells


exhibiting them, depending on the level of cell stimulation.


3. Mathematical model


The model we propose is sketched in Fig. 2. It describes


the exchange of Ca2+ between the cytosol, the sarcoplasmic


reticulum (SR), and buffering protein-binding sites in air-


way smooth muscle cells. The origin for the buffering is the


ligands to which Ca2+ binds. Examples are Ca2+ -binding


proteins, such as calreticulin and calsequestrin, but also


certain phospholipids, and virtually any compound contain-


ing oxyanionic groups [23]. As in Goldbeter’s models [3,4],


Ca2+ is pumped into the SR by sarco- or endoplasmic


reticulum ATPase (SERCA) pumps and released back into


the cytosol through Ca2+ channels, which are governed by a


CIICR mechanism. We also include Ca2+ binding proteins


in the same way as it has been done before in various


models [24,25]. In this first approach, we do not take


exchange of Ca2+ with the extracellular medium into


account. This is supported by our experimental results


showing that extracellular calcium influx is not directly


involved in Ca2+ signaling in the cell types analyzed here.


Furthermore, there is no experimental evidence of any


mitochondrial significance in the calcium-signaling pathway


in airway smooth muscle cells; thus, we also neglect


calcium uptake and release by mitochondria. We wished


to limit the number of equations in our model in order to


bring out the mathematical mechanisms necessary to explain


our observations. Pursuing the idea of the great influence of


the expression of different receptor subtypes, we concen-


trated our study on the SR membrane processes and, more


particularly, on the release of Ca2+ from the SR through


InsP3 receptor Ca
2+ channels.


For the flux of Ca2+ through these channels, we assumed


that both Ca2+ -inhibited (Type 1) and Ca2+ -noninhibited


(Type 3) InsP3 receptors are present in the cell, with a given


ratio. We omit in this first approach Type 2 receptors, which


have a similar gating kinetics as InsP3R3, i.e. no inhibitory


effect at high [Ca2+ ]cyt on the open probability. Thus, we do


not expect significant qualitative differences in the results in


case of the inclusion of InsP3R2. The limitation to only two


receptor types, one with and one without inhibition, allows


us to emphasize the model predictions based on the variety


of InsP3R subtypes variability.


In our model, the cytosolic and reticular Ca2+ concen-


trations, which we denote as Cacyt and CaSR, respectively,


are changed according to the following differential equa-


tions:


dCacyt


dt
¼ �JSERCA þ ð1� rÞJR1 þ rJR3 þ Jleak


þ k�CaPr � kþCacytPr ð1Þ


dCaSR


dt
¼ bSR


qSR


ðJSERCA � ð1� rÞJR1 � rJR3 � JleakÞ ð2Þ


Fig. 2. Schematic presentation of the model system.


T. Haberichter et al. / Bioelectrochemistry 57 (2002) 129–138 131







Here, the parameter r stands for the fraction of Type 3


receptors expressed, with respect to the total number of


receptors. The concentrations of free and occupied sites on


buffering proteins are denoted as Pr and CaPr, respectively.


These variables are not independent because exchange of


Ca2+ and buffering proteins with the extracellular medium


is neglected; hence, conservation relations apply for the


concentration of total cellular calcium, Catot,


Catot ¼ Cacyt þ
qSR


bSR


CaSR þ CaPr; ð3Þ


and for the total concentration of protein-binding sites, Prtot,


Prtot ¼ Pr þ CaPr: ð4Þ


With k � and k + , the off- and on-rate constants are


addressed. The parameter qSR represents the ratio of the


reticular with respect to the cytosolic volume. A constant


factor bSR describes the effect of buffering in the SR.


For the Ca2+ uptake into the SR, JSERCA, we assume a


sigmoid dependency on cytosolic Ca2+ , following the


approach proposed by Lytton et al. [26],


JSERCA ¼ kSERCA
Ca2cyt


d2SERCA þ Ca2cyt
: ð5Þ


In this equation, kSERCA is the maximal rate of the ATPase


and dSERCA represents the half-saturation for Ca2+ .


The flux through Type 1 InsP3 receptor channels is


determined by the expression


JR1 ¼ kdenscR1
P2


d2R1 þ P2


Ca3cyt


ðKdiss þ CacytÞ3
h3ðCaSR � CacytÞ:


ð6Þ


Basically, Eq. (6) is identical to the expression of Li and


Rinzel [2]. However, in accordance with the most recent


experimental results for the activity of a single Type 1


receptor in dependence on InsP3 concentration published


by Moraru et al. [11], we take into account factor cR1P
2/


(dR1
2 +P2), with cR1 and dR1 being the maximal rate and the


half-saturation for Ca2+ , respectively, and P stands for the


InsP3 concentration. The parameter kdens reflects the total


number of channels in the SR membrane. The sigmoid


dependency on Cacyt, with the dissociation constant Kdiss,


corresponds to the instant activation of the channel, whereas


the delayed inactivation, i.e. the inhibitory effect of InsP3R1


at high concentrations of Ca2+ , is taken into account by an


extra variable h. It is determined by the equation


dh


dt
¼ q1


P þ q2


P þ q3
ð1� hÞ � q4hCacyt: ð7Þ


The constants q1, q2, q3, and q4 intrinsically contain con-


stants determined by the velocities of binding and unbinding


of Ca2+ and InsP3 to the receptor subunits. The derivation of


the kinetics applied here from a physiological model of


Ca2+ and InsP3 binding to the receptor published by De


Young and Keizer [27] is comprehensively explained in the


work of Li and Rinzel [2].


The Type 3 InsP3 receptor has a different gating kinetics


than that of the InsP3R1. First, there is no inactivation of the


channel by high [Ca2+ ]cyt, which is taken into account for


by omitting the respective variable h in the description of


InsP3R1 Ca2+ flux. Second, its activity has a different


dependency on InsP3. Here, the measurements of Hagar


and Ehrlich [14] are the source of the maximal rate cR3 and


half-saturation for Ca2+ dR3. Copying the rest of the term


from above (Eq. (6)), the InsP3R3 flux reads


JR3 ¼ kdenscR3
P2


d2R3 þ P2


Ca3cyt


ðKdiss þ CacytÞ3
ðCaSR � CacytÞ:


ð8Þ
Experiments with thapsigargin have also unmasked a rather


small Ca2+ leak from the SR that is independent of InsP3


Fig. 3. Ca2 + fluxes through Types 1 and 3 InsP3 receptors at equilibrium.
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activation [19,28]. In the model, this is taken into account


by the term


Jleak ¼ kleakðCaSR � CacytÞ, ð9Þ


with kleak being the leak rate constant.


Assuming an equilibrium state, the Ca2+ release fluxes


from the sarcoplasmic reticulum into the cytosol through the


two types of InsP3 receptors, JR1 and JR3, show the bell-


shaped (InsP3R1) and sigmoid (InsP3R3) dependencies on


Cacyt depicted in Fig. 3, which correspond to the curves


experimentally yielded by Moraru et al. [11] for InsP3R1


and by Hagar and Ehrlich [14] for InsP3R3.


4. Results


The model equations have been integrated numerically


using the set of parameter values given in Table 1, but


varying the parameters that stand for the overall density of


receptors on the SR surface (kdens), the fraction of channels


that correspond to the kinetics of InsP3R3 with respect to the


total number of InsP3 receptors (r), and the concentration of


InsP3 (P). Of these control parameters, kdens and r represent


the quantities which we assumed to vary among different


cells. The behavior of these slightly varying cells upon


various intensities of stimulation, expressed by the param-


eter P, was the focal point of our study.


Within the parameter region analyzed, each choice of


parameters leads to only one steady state. The regions of


stability and instability are separated by Hopf bifurcations


which, in the subspace of the three bifurcation parameters, r,


kdens, and P, form two-dimensional surfaces. Fig. 4 shows


projections of them, with the value of r fixed at 0.2 (solid


lines) and 0.4 (dotted lines), respectively, i.e. Hopf bifurca-


tion lines in different planes of P and kdens. In our model, the


Hopf bifurcations are rather close to the boundaries of limit


cycle oscillatory behavior, which means that sustained oscil-


lations are found between the Hopf bifurcation lines, and only


there. This holds for a large region of pairs of kdens and r, so in


the following, we use the terms ‘‘region of (sustained)


Table 1


Model parameters for which all results are calculated


Parameter Value


Catot total cellular Ca2+ concentration 9 AM
Prtot total concentration of cytosolic proteins 12 AM
kdens overall density of InsP3 receptors in


the SR membrane


(see text)


r fraction of Type 3 InsP3 receptors (see text)


qSR volume ratio between the SR


and the cytosol


0.01


bSR ratio of free Ca2+ to total Ca2+ in the SR 0.0025


P concentration of InsP3 (see text)


kSERCA rate constant of ATPases 0.9 s�1


dSERCA half-saturation for Ca2+ of ATP pumps 0.1 AM
kleak rate constant of Ca2+ leak flux through


the SR membrane


0.02 s�1


cR1 Ca2+ permeability of Type 1 receptor 0.03


cR3 Ca2+ permeability of Type 3 receptor 0.08


dR1 half-saturation for InsP3 of Type 1 receptor 0.5 AM
dR3 half-saturation for InsP3 of Type 3 receptor 3.2 AM
Kdiss 1/8 saturation for Ca2+


of Types 1 and 3 receptors


0.08 AM


q1 kinetic constant determining


InsP3R1 inhibition


0.2048 AM�1


q2 kinetic constant determining


InsP3R1 inhibition


0.13 AM�1


q3 kinetic constant determining


InsP3R1 inhibition


0.9434 AM�1


q4 kinetic constant determining


InsP3R1 inhibition


0.2 AM�1


k + on-rate constant of Ca2+ binding to proteins 0.005 AM�1 s�1


k� off-rate constant of Ca2+ binding to proteins 0.0024 s�1


Values for kdens, r, and P are given in the text and in the figure captions.


Fig. 4. Hopf bifurcation lines with respect to InsP3 concentration ( P) and overall receptor channel density (kdens), with two different values for the ratio of


differential receptor subtype expressions, r= 0.2 (solid lines) and r = 0.4 (dotted lines). The horizontal line corresponds to a constant kdens = 55 s�1. The crosses


represent parameter values for which the resulting Ca2+ time courses (with r = 0.2) are displayed in Fig. 5.
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oscillatory behavior’’ and ‘‘outside stable steady-state behav-


ior’’ synonymously.


A closer look at Fig. 4 illustrates the different response


patterns of model cells that differ in the quantities kdens and


r. The horizontal line in the diagram corresponds to a


constant overall density of InsP3 receptors, kdens = 55 s�1.


If the system is calculated with r= 0.4, which means 60%


Type 1 and 40% Type 3 receptors, there is a transition from


a stable focus, i.e. damped oscillations, to limit cycle, i.e.


sustained oscillations, at P= 2.68 AM. At P= 6.91 AM,


there is a transition back to a stable steady state at which


[Ca2+ ]cyt stays at a higher level than in the lower stable


region. This [InsP3] dependency of the dynamical behavior


of the Ca2+ concentration has been observed in a variety of


cell types, but not in tracheal smooth muscle cells. There,


some cells also show oscillations above a certain threshold


of InsP3 stimulation, but they retain this oscillatory behav-


ior also at very high stimulation. Therefore, in the frame-


work of this model, they rather correspond to a situation


with either a lower r (lower fraction of InsP3R3) or a lower


Fig. 5. Exemplary time courses of [Ca2+ ]cyt upon InsP3 stimulation of different intensities. (a) [InsP3] = 2.3 AM, (b) [InsP3] = 2.5 AM (c) [InsP3] = 3 AM, (d)


[InsP3] = 5.5 AM.


Fig. 6. Frequency of [Ca2+ ] spikes as a function of InsP3 concentration in the region of sustained oscillations with r = 0.2.
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kdens (lower overall receptor density). For example, for


kdens = 55 s�1 and r = 0.2, the system shows sustained


oscillations for any InsP3 concentrations higher than 3.36


AM; there is no transition back to stable steady-state


behavior even at very high concentrations of InsP3. Leaving


r = 0.4, the receptor density would have to be lower than


kdens = 31.4 s�1 to explain the experimental observation that


there is no transition to a stable steady state at high [InsP3]


in tracheal smooth muscle cells.


We have calculated the model equations with r = 0.2 and


kdens = 55 s�1 at different levels of InsP3 concentration (P),


which are marked by crosses on the horizontal line in Fig. 4.


The transition between stable focus and sustained oscillation


behaviors takes place at the intersection of this line with the


solid curve, standing for Hopf bifurcations in the case of


r = 0.2. In our calculations, we set P= 0 at the beginning, so


the system was at rest. Then the InsP3 concentration was set


to a given fixed value, and the resulting time course of


Fig. 7. Situation of the Hopf bifurcation lines (i.e. boundaries of sustained oscillatory behaviour) in the r–kdens plane with varying intensity of stimulation P.


The rectangles represent a population of cells that are equally distributed in overall InsP3 receptor density and fraction of Type 1 receptor expressed between


kdens = 30, . . ., 50 s�1 and r = 0.2, . . ., 0.3. Percentages of the cells that lie in the oscillatory regime at the given InsP3 stimulations are indicated.
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cytosolic Ca2+ was plotted. This procedure was repeated


with different values of P. Fig. 5a–d shows some exemplary


time courses of [Ca2+ ]cyt, with increasing [InsP3] applied in


the described manner. The system shows a behavior which


is in very good agreement with our experimental observa-


tions [19]: very low [InsP3] has almost no effect on the Ca2+


trajectory; the system is slightly distorted, but falls back to a


resting state immediately (not shown). An InsP3 concen-


tration of 2.3 AM leads to a single Ca2+ spike and a decay


back to elevated resting level (see Fig. 5a). This behavior is


due to the excitability of the system at this value of P, as


described by Li et al. [29]. Further increase of [InsP3] leads


to two, three, and even more spikes (Fig. 5b and c) so we


speak of damped oscillations due to a stable focus. At higher


InsP3 concentrations, an initial phase of declining spikes


leads to an infinite phase of sustained limit cycle oscillations


(see Fig. 5d). The frequency of the limit cycle oscillations as


a function of InsP3 concentration is shown in Fig. 6: it rises


sharply at lower [InsP3] and remains almost constant after


reaching a certain saturation level. This is also in accordance


with our observations [19].


With the different behaviors of [Ca2+ ]cyt explained by


our model in the various parameter regions, we give an


answer to the question why in experiments with cells that


are presumed to exist under identical conditions show


different behaviors upon stimulation with InsP3. We propose


that cells differ slightly both in the density of InsP3 receptors


as well as in the ratio of Type 3 to Type 1 receptors, which


corresponds to individual variability in these parameters in a


homogeneous population of tracheal smooth muscle cells.


Within the framework of our model, this means that cells


occupy a parameter region in the r–kdens plane, in which


some part leads to sustained oscillation above a threshold of


P and some part always remains at stable steady-state


behavior for all InsP3. The regions of this plane which lead


to oscillations for a confined interval of P and to stability for


lower and higher P do not belong to the physiological


situation of tracheal smooth muscle cells.


It is imaginable that the cells are distributed around some


average values for r and kdens, for example, with a Gaussian


distribution. A quantitative example of the simpler case of


equal distribution is demonstrated in Fig. 7a–f. In each of


these diagrams, a section of the r–kdens plane is shown,


where the InsP3 concentration P is fixed at 4, 6, 8, 10, 20,


and 105 AM, respectively. The limits between stable and


limit cycle behavior are plotted. The rectangle appearing in


each of these pictures represents a cell population with


parameter values of 0.2 < r < 0.3 and 30 < kdens < 50 s� 1.


Assuming a constant distribution of cells within these


parameter intervals, the fraction of cells showing sustained


oscillations at the given InsP3 concentrations correspond to


those parts of the rectangles that lie in the parameter region


of oscillatory behavior in the respective diagram. According


to this, no cells show sustained oscillations for stimulations


with [InsP3] below 2.9 AM. Then the number of oscillating


cells increases sharply. At an InsP3 concentration of 20 AM,


the saturation level is almost reached. Further increase of


[InsP3], even to very high values, does not yield further


significant changes. This is in agreement with the results of


our experiments [19] (see also Fig. 1).


5. Discussion


In this paper, an explanation is given to the question why


cells of an identical cell type from the same tissue, in which


Ca2+ responses involve a largely identical structure, can


show qualitatively different dynamical behaviors in response


to agonist stimulation. Therefore, we employ a minimal


model based on recent measurements of the gating kinetics


of two isoforms of the InsP3 receptor [11,14]. The mean-


ingfulness of this model is underlined by the fact that it


reproduces the different patterns of cytosolic Ca2+ curves


which we have measured on individual cells [19], like single


spikes followed by an elevated rest state, two andmore spikes


with declining amplitudes (damped oscillations), and sus-


tained oscillations. The experimentally observed phenom-


enon that, with increasing agonist concentration, the number


of cells responding with oscillations of cytosolic Ca2+ con-


centration grows in the beginning, but does not exceed a


certain saturation limit, whatever the intensity of stimulation,


which is sufficiently explained by the assumption that indi-


vidual cells differ slightly in the total density of InsP3
receptors as well as in the ratio of the two isoforms InsP3R1


and InsP3R3 expressed.


The idea to combine the kinetics of the opening and


closing of different InsP3 receptor subtypes in a model to


analyze their effect on the dynamics of cytosolic Ca2+


concentration is unprecedented. Although there is a much


more detailed theoretical study on the different receptor


isoform published by Moraru et al. [11], that work does not


deliver a model of the whole cell. Our model contains only a


simplified version of the description of InsP3R subtypes, but


it includes a minimal choice of processes that suffice to


explain oscillations of the cytosolic Ca2+ concentration;


thus, the time courses yielded by the model can be com-


pared to Ca2+ curves which we have measured [19].


Indeed, assuming that increase in agonist concentration


results in an increase in InsP3 concentration, it is relevant to


compare our experimental data with modeling predictions.


Although the model is a simplified one, its predictions are


rather close to our experimental observations on the char-


acteristics of a single cell response as well as on the


behaviors of a population of cells. In our experiments, the


percentage of oscillating cells increases with agonist con-


centration up to a maximum of 50–60% of oscillating cells.


The prediction of the model is in accordance with these


experimental data. In other species, however, the occurrence


of both oscillating and non-oscillating responses in cells


from the same airway smooth muscle has not been evi-


denced, though similar structures seem to be involved in


these different calcium responses. In bovine trachea, all cells
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exhibit non-oscillating profile [30]. In contrast, oscillating


patterns have been described in pig and guinea pig tracheal


cells [21,22]. The interest of our theoretical approach, i.e.


the analysis of the behavior of a population of cells, is that a


single model may account for different qualitative and


quantitative characteristics of the calcium response includ-


ing from different species.


The differences in calcium response between airway


myocytes from various species may be explained by differ-


ences in the regions occupied by the cell populations in the


space of the parameters. The consequence of such an


approach is that experiments should not focus only on the


identification of specific structures associated with specific


responses, but also on the determination of the parameters


that may play a critical role in the occurrence of oscillations.


In our case, the total density and the relative ratios of the InsP3
receptor subtypes are critical parameters. Northern blot


analysis and in situ hybridization in mouse tissues demon-


strated that InsP3 receptor mRNAwas located in great amount


in smooth muscle including in bronchioles [31]. However, to


our knowledge, there is no data available about InsP3 receptor


density and expression of the various isoforms in airway


smooth muscle. Some results have been published about


other smooth muscle. In artery myocytes, immunolocaliza-


tion showed that the three isoforms of InsP3 receptors were


expressed and that their relative amount varied during devel-


opment and cell proliferation [32,33]. Both InsP3 receptor


Types 1 and 3 were detected by immunoblotting in rat aorta;


Type 3 has been predominant in neonatal (4–6 days) and


Type 1 in developed (6 weeks) aorta [34]. Ratio polymerase


chain reaction in vascular [35] and myometrial [36] smooth


muscle showed that the mRNA of all three isoforms were


present, with Type 1 representing about 70–85%. This ratio


is in the range that has been chosen in our theoretical study. It


is likely that in airway smooth muscle, various InsP3R iso-


forms may be expressed in a similar range and that their


relative amount may also vary between species, location in


the respiratory track, and pathophysiological conditions.


Since our model showed that InsP3R isoform expression


may be critical in Ca2+ response, it would be of great interest


to determine the level of expression of these isoforms in


airway smooth muscle cells. Varying the strength of stim-


ulation with fixed kdens and r, which corresponds to the


experimental stimulation of a single cell with various agonist


concentrations, results in our model an increase in the


amplitude of the first Ca2+ rise and in the frequency of


oscillations. This is in accordance with our experimental data


in response to increasing concentrations of ACh. However,


the maximum oscillation frequency predicted by our model,


though in the same range of order, is a little smaller than that


experimentally observed in a variety of species, which is


about 10 oscillations per minute [37].


The simple model presented here has a great potential for


improvement to yield more realistic predictions. Future


studies should concentrate on the inclusion of several struc-


tures that have not been taken into account. In our model, we


have included only two types of InsP3 receptors, Type 1


as Ca2+ -inhibited receptor and Type 3 as non-Ca2+ -inhibited


one. However, a second Ca2+ -noninhibited InsP3 receptor


exists, and though its gating kinetics is close to that of Type 3,


it should be included in the model. Moreover, in parallel with


InsP3 receptors, Ca
2+ may also be released from the sarco-


plasmic reticulum through another calcium channel, the


ryanodine-sensitive channel (RyR). Functional RyRs have


been shown to be present in a variety of airway smooth


muscle cells including human bronchi. However, its physio-


logical implication in the calcium response to agonist stim-


ulation remains unclear since controversial results have been


published on this topic [22,37,38]. Therefore, it would be of


interest to include the RyR in themodel in order to evaluate its


possible effect on calcium signaling. Another structure that


we have not included in the model, and whose potential role


in calcium response is a matter of debate, is represented by


mitochondria. Experimental as well as theoretical studies


have demonstrated that mitochondria may be of great impor-


tance in calcium signaling [39,40], in particular, as an


excitable organelle capable of fast calcium uptake. However,


to the best of our knowledge, the putative implication of


mitochondria in calcium signaling in airway smooth muscle


cells has not yet been studied. Some results have been


published on other smooth muscle cells like gastric, intesti-


nal, and arterial myocytes [41–44]. Taken together, these


experimental results indicate that mitochondria may act as a


low kinetic buffer compartment with the ability to increase


calcium concentration upon cell stimulation, but without


evidence of any mitochondrial CICR. These results suggest


that mitochondria may not play a primary role in calcium


response to agonist stimulation in airway smooth muscle


cells. However, further experimental studies are needed to


investigate the involvement of mitochondria in calcium


dynamics in airway myocytes and whether it is relevant to


include mitochondrial terms in the model.


In conclusion, our model gives an explanation of the


occurrence of various Ca2+ response patterns in airway


smooth muscle cells, i.e. oscillating and non-oscillating


responses. Though the model used is a simplified one, its


qualitative and quantitative predictions are close to exper-


imental data. Future development is oriented into the study


of other structures in airway smooth muscle cells and is


associated with further experiments in order to determine


experimental values that are presently missing.
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Abstract


When Escherichia coli B was cultivated under an inhomogeneous magnetic field of 5.2–6.1 T, a significant 100,000-fold suppression of


cell death was observed [Bioelectrochemistry 53 (2001) 149]. The limited magnetic field exposure for 12 h after logarithmic growth phase


was sufficient to observe similar suppressive effects on cell death [Bioelectrochemistry 54 (2001) 101]. These results suggest some possible


changes in either the medium or the cells during the magnetic field exposure. When the cell-free filtrate of the broth cultured under the


magnetic field for 10 h and the cells of E. coli cultivated under the geomagnetic field for 30 h were mixed, and the mixture was subsequently


cultivated under the geomagnetic field, the number of cells observed in the filtrate exposed to the high magnetic field was 20,000 times


higher than that in the filtrate exposed to the geomagnetic field. When the cells cultivated under the magnetic field for 10 h and the cell-free


filtrate of the broth culture exposed to the geomagnetic field were mixed, only a 50-fold difference in the number of cell between under the


magnetic field and under the geomagnetic field was observed. This suggests that the filtrate of the broth culture exposed to the magnetic field


is primarily responsible for the cell death suppression. It was also revealed that the small difference in pH of the filtrates of the broth culture


between under the magnetic field and under the geomagnetic field was critical for the cell death suppression. D 2002 Elsevier Science B.V.


All rights reserved.
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1. Introduction


We have previously studied the magnetic field effect on


biological reactions using the superconducting magnet bio-


system (SBS), and the suppression of death of Escherichia


coli cells [1–4], the inhibition of the sporulation of Bacillus


subtilis cells [5], and the absence of a significant effect on


mammalian cells [6] were reported.


The drastic 100,000-fold suppression of E. coli cell death


was observed in one-fourth concentration of the Luria-


Bertani (LB) medium supplemented with 1.5 g/l glutamic


acid under an inhomogeneous 5.2–6.1 T magnetic field [1].


This suppressive effect was observed when the magnetic


field exposure time was restricted to 12 h after the loga-


rithmic growth phase [2]. These data suggest that the


factor(s) suppressing cell death emerged during the 12-h


magnetic field exposure. In this study, we separated the cell-


free filtrate of the broth culture and cells of E. coli and the


contribution of the two factors on the magnetic field effect


was investigated. The effects of accelerating water vapor-


ization under a magnetic field and change in pH on cell


death suppression were also analyzed.


2. Materials and methods


2.1. Bacterial strain and media used


E. coli B (wild-type strain), which does not exhibit an


auxotrophic genotype, was used throughout the experi-


ments. A Luria-Bertani (LB) medium containing 10 g of


polypepton (Nihon Pharmaceutical, Tokyo), 5 g of yeast


extract, and 5 g of NaCl (per liter of distilled water; pH 7)


was used in the preculture of E. coli. The LB/4 + 1.5 E


medium which contains one-fourth concentration of the LB


medium supplemented with 1.5 g/l glutamic acid was used


in the main culture because significant suppression of cell
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death of E. coli under an inhomogeneous magnetic field was


observed in this LB/4 + 1.5 E medium [1]. A LB agar


medium, in which 1.5% agar was added to the LB medium,


was used to count the viable cells at 37 jC which was


expressed in colony-forming units (CFU).


2.2. Suppression of cell death in supernatant of broth


culture prepared after exposure to magnetic field


E. coli B was cultivated in a LB medium overnight in a


shaking unit at 43 jC, and 0.05 ml of the broth culture was


inoculated into 5 ml of a fresh LB/4 + 1.5 E medium and


cultured for about 2 h in order to obtain cells in the


logarithmic growth phase. This broth culture was inoculated


into the fresh LB/4 + 1.5 E medium at an initial cell


concentration of 102–103 cells/ml, and the mixture was


cultivated at 43 jC for 20 h under a geomagnetic field.


Then, 15 ml of this broth culture was transferred into two


identical conical flasks (nominal volume, 50 ml) and one


flask was exposed to a high magnetic field and the other to a


control geomagnetic field. These flasks were further shaken


at 120 strokes per minute (spm) at a controlled temperature


of 43 jC for 10 h. This 10-h cultivation period corresponds


to the shaded area shown in Fig. 1. The broth cultures under


the high magnetic field and the geomagnetic field were


centrifuged at 6000� g for 5 min, and the supernatant of


each culture was obtained. Separately, the cells were recov-


ered from the 10-ml broth culture grown in the LB/4 + 1.5 E


medium at 43 jC for 30 h under geomagnetic field and were


suspended in each of the recovered supernatants in the same


flask described above. The flasks were shaken at 43 jC
under a geomagnetic field. From the start of this cultivation,


the cultivation time was defined as 0 h, and the change in


the number of cells was determined periodically.


2.3. Suppression of cell death by cells obtained from broth


culture exposed to high magnetic field


The cells of E. coli B were cultivated for 20 h under the


geomagnetic field by the same method described in Section


2.2, and the following 10-h cultivation was carried out under


either a high magnetic field of 5.2–6.1 T or a geomagnetic


field. Cells of a 10-ml broth culture exposed to the magnetic


field or to the geomagnetic field were recovered by cen-


trifugation, and the cells recovered under each exposure


condition were suspended in 10-ml supernatant in a flask


prepared from the broth culture of the LB/4 + 1.5 E medium


at 43 jC which was cultivated for 30 h under the geo-


magnetic field. These flasks were further cultivated under


the geomagnetic field and the change in the number of cells


was determined periodically from the start of this cultiva-


tion.


2.4. Counting of viable cells


Viable cells were counted as follows: the periodically


sampled broth culture was diluted appropriately in 0.05 M


phosphate buffer (pH7) and was spread on the LB agar


medium following a 12-h incubation at 37 jC. The colonies
that appeared on the plates were counted and expressed in


colony-forming units (CFU).


2.5. Structure of superconducting magnet biosystem (SBS)


As the features of the SBS were described in detail in a


previous paper [7], specifications important in this experi-


ment are described here. SBS is composed of three parts,


namely, a superconducting magnet, a temperature control


unit and a shaking unit. The superconducting magnet has a


16-cm (diameter) bore in the horizontal direction which can


produce a magnetic field strength of 0.5–7 T. The area F 10


cm from the center of the magnet is the homogeneous


magnetic field region, outside of which the strength of the


magnetic field gradually decreases with a maximum gra-


dient of 23 T/m. If bacterial cultivation is operated in this


area with a magnetic field gradient, the cultivation can be


exposed to an inhomogeneous (time-varying) magnetic


field. In this experiment, an inhomogeneous magnetic field


of 5.2–6.1 T was used. A control experiment without


exposure to the high magnetic field was carried out under


the geomagnetic field, which was covered with a double-


walled cylindrical shell of Permalloy to shield the culture


from the high magnetic field. The flasks containing the


broth culture were shaken horizontally at 120 spm with an


amplitude of shaking width of F 2 cm to completely mix


the culture and supply sufficient oxygen. The temperature


difference between the two incubators as detected by


thermometers was fed back to the temperature control unit


Fig. 1. Change in number of viable cells of E. coli B grown under the


inhomogeneous magnetic field of 5.2 –6.1 T (x) and under the


geomagnetic field as control (5). Shaded area indicates the period when


magnetic field was applied: 20–32 h.
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so as to regulate the temperature difference within F 0.1 jC
using a computer.


3. Results


3.1. Cell death suppression in supernatant prepared from


broth culture exposed to high magnetic field


Fig. 1 shows that magnetic field exposure for a limited


time of 12 h after the end of the logarithmic growth phase


suppressed cell death by 100,000-fold at 48 h compared


with the control.


Since the cell death suppression continued even after the


cessation of the magnetic field exposure, we speculated that


significant change may have occurred in either the cells or


the medium during the magnetic field exposure. First, the


supernatant from the broth culture cultivated under the


magnetic field was used for further analysis.


The supernatant from the broth culture that was exposed


to the inhomogeneous magnetic field of 5.2–6.1 T for 10 h


after the end of the exponential growth phase or that from


the control broth culture under the geomagnetic field was


prepared. Then, the cells harvested from the broth culture


grown under the geomagnetic field were suspended in the


two supernatants, and incubation at 43 jC was continued.


Fig. 2 shows the change in the number of viable cells. The


number of viable cells was about 20,000 times higher than


that detected in the cell suspension prepared from the high


magnetic-field-exposed broth culture compared to the geo-


magnetic-field-exposed control. The same experiment was


repeated four times. The initial pH values at the start of the


cultivation in Fig. 2 were measured to be 9.35F 0.01 for the


cell suspension exposed to the high magnetic field, and


9.42F 0.02 for that exposed to the geomagnetic field after


four independent experiments. A difference of 0.07 in the


two pH values was significantly large compared with the


experimental error.


3.2. Cell death suppression by cells prepared from broth


culture cultivated under high magnetic field


The supernatant prepared from the broth culture culti-


vated under the high magnetic field showed to be a primary


factor for the suppression of cell death as described in


Section 3.1. Then, the cells grown under the high magnetic


field were investigated with respect to the suppression of


cell death. The cells recovered from the broth culture


incubated under the high magnetic field and under the


geomagnetic field were suspended in the supernatant pre-


pared from the broth culture grown under the geomagnetic


field culture, and the incubation was started. As shown in


Fig. 3, 22 h after the start of cultivation, about 50 times


higher number of cells was detected in the culture of cells


grown under the magnetic field compared with that of the


cells grown under the geomagnetic field. This suppressive


effect on the cell death, however, was significantly smaller


than that observed in the supernatant, in which about 20,000


times higher number of viable cells was observed. The


initial pH values of the two cell suspensions at the start of


the cultivation for the four independent experiments were


9.35F 0.03 and 9.35F 0.04. The differences in pH values


among the four experiments were almost identical.


Fig. 2. Change in number of viable cells of E. coli B under the geomagnetic


field when the cells grown under the geomagnetic field were suspended in


the supernatant of the culture grown under the inhomogeneous magnetic


field of 5.2–6.1 T (x) or in the supernatant of the culture grown under the


geomagnetic field (5). Initial pH values of the supernatant: magnetic field,


9.35F 0.01 (averageF SD, n= 4); geomagnetic field, 9.42F 0.02 (aver-


ageF SD, n= 4). SD: standard deviation, n: number of experiments.


Fig. 3. Change in number of viable cells of E. coli B grown under the


geomagnetic field when the cells recovered from culture grown under the


inhomogeneous magnetic field of 5.2–6.1 T (x) and the cells grown under


the geomagnetic field (5) were suspended in the supernatant of the culture


grown under the geomagnetic field. Initial pH values of the supernatant:


magnetic field, 9.35F 0.03 (averageF SD, n= 4); geomagnetic field,


9.35F 0.04 (averageF SD, n= 4). SD: standard deviation, n: number of


experiments.
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3.3. Effect of the water evaporation from the culture broth


on the suppression of the cell death


Since the acceleration of water vaporization under a high


magnetic field was reported [8], water vaporization from the


LB medium under the magnetic field as well as the geo-


magnetic field was measured, the results of which are as


shown in Fig. 4 where the LB media were incubated at 43


jC at the shaking speed of 120 spm. The rate of water


vaporization was determined as follows: each flask contain-


ing the LB medium was weighed periodically and the


reduction in weight was divided by the initial value and


was expressed in % (w/w). After 12-h incubation, the water


vaporization rate of the control was about 3%, whereas that


under the magnetic field was about 10%; thus a clear


acceleration in vaporization under the magnetic field was


observed. The vaporization of water may have an effect on


the degree of cell death suppression. To examine this


possibility, the experiment described in Section 3.1 was


modified as follows: the difference in the amount of


vaporized water after 10-h incubation between magnetic-


field- and geomagnetic-field-exposed cultures was about 1


g, thus distilled water was added to the flask under the


magnetic field to compensate for this water loss at the initial


period of cultivation. The weight of the water added was


precisely determined using an electronic balance. Then, the


same experiment as that in Section 3.1 was conducted. The


number of viable cell under the high magnetic field was


15,000 times higher than that under the geomagnetic field as


shown in Fig. 5.


3.4. Effect of pH on suppression of cell death


When the significant suppression on cell death under the


high magnetic field was observed as shown in Fig. 2, the pH


value of the broth culture showed only 0.07 difference


between the magnetic field exposed and the control cultures


after 10-h cultivation. To investigate the effect of pH on cell


death suppression, the initial pH of the supernatant obtained


from the culture cultivated under the magnetic field was


adjusted to that cultivated under the geomagnetic field by


Fig. 4. Change in the ratio of water vaporization in the LB medium


incubated under the inhomogeneous magnetic field of 5.2–6.1 T (x) and


under geomagnetic field (5).


Fig. 5. Change in number of viable cell of E. coli B grown under the


geomagnetic field when the cells grown under the geomagnetic field were


suspended in the supernatant of the culture grown under the inhomoge-


neous magnetic field of 5.2–6.1 T (x) or in supernatant of the culture


grown under the geomagnetic field (5). Cells recovered from the


geomagnetic-field-exposed culture were suspended in both supernatants.


At the start of incubation, about 1 g of distilled water was added to


compensate for the amount of evaporated water. *: lower than the detection


limit.


Fig. 6. Change in number of viable cells of E. coli B grown under the


geomagnetic field when the cells grown under the geomagnetic field were


suspended in the supernatant of the culture grown under the inhomoge-


neous magnetic field of 5.2–6.1 T (x) or in the supernatant of the culture


grown under the geomagnetic field (5). At the start of incubation, the pH of


the supernatant from the culture grown under the magnetic field was


adjusted to that of the control by adding 50 mM NaOH solution, where a


pH difference of 0.07F 0.01 was detected in the experiment described in


Section 3.1. *: lower than the detection limit.
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adding 50 mM NaOH, and the same experiment as that


described in Section 3.1 was conducted.


The number of viable cells in the supernatant prepared


from the magnetic-field-exposed culture was about 200


times higher than that prepared from the geomagnetic-


field-exposed culture (control) after 12-h incubation as


shown in Fig. 6. This showed a significant increase in the


number of dead cells by only the adjustment of the initial


pH values.


4. Discussion


Factors leading to the suppression of death of E. coli cells


were found both in the supernatant and the cells from the


broth culture grown under the magnetic field. In particular,


for the supernatant from the broth culture grown under the


magnetic field, about 20,000 times more cells survived than


that for the control. This suppressive effect on cell death was


almost the same as that observed in the experiment, in


which the broth culture was exposed to the magnetic field


for 12 h after the end of the logarithmic growth phase as


shown in Fig. 1. On the other hand, the cells prepared from


the culture grown under the high magnetic field showed


about 50 times higher number of viable cells which was


significantly lower than that 20,000 times higher in the case


of the supernatant. From these results, the suppressive effect


on cell death after the cessation of the magnetic field


exposure was thought to be mainly due to the change in


the medium during the 10-h magnetic field exposure after


the exponential growth phase.


When the inhomogeneous magnetic field was applied to


the medium during incubation, evaporation of water from


the medium was enhanced leading to the concentration of


the medium. This concentration of the medium may have an


effect on cell death suppression. This effect was tested by


adding distilled water to the medium to compensate for the


water lost through vaporization. The number of cells deter-


mined under the high magnetic field in this experiment was


about 15,000 times higher than that of the control. Com-


pared with about 20,000 times higher number of cells


observed in Fig. 1, the effect of water evaporation on cell


death suppression was assumed to be insignificant.


When a significantly large magnetic field effect was


observed, a slight pH difference between the broth culture


under the high magnetic field and that under the control


geomagnetic field was observed. The high magnetic field


effect was reduced by the two orders of magnitude when the


pH values of the two media were adjusted. The reduction in


the degree of suppression by two orders of magnitude


indicates that the main factors causing the significant cell


death suppression are associated with the change in pH of


the medium.


The pH changes in the culture are caused by several


factors. One of them is inferred as the metabolic change in


the cells. Amino acids in the LB medium were converted to


alkaline products through their metabolism [9]. In particular,


glutamic acid, which was one of the main components of the


medium, is reported to produce ammonia and basic amino


acids such as arginine, which are produced from ornithine


and citrulline [10]. These metabolites shifted the medium’s


pH to the alkaline region. During the period of the decrease


in the number of viable cells, the pH of the medium was in


the alkaline region. If the amino acid metabolic pathways


that cause the pH change to alkaline were affected by the


high magnetic field, the pH of the broth culture under the


high magnetic field would be lower than that of the broth


culture under the geomagnetic field.


Another possible explanation for the lower pH of the


medium under the high magnetic field is the physico-


chemical effect of the magnetic field on the supernatant of


the broth culture. As a high magnetic field under 10 T


was reported to enhance the dissolution of carbon dioxide


(CO2) by 27% in the presence of oxygen [11], the H+ ions


generated through the equilibrium reaction of CO2+


H2OfHCO3
� +H+ are expected to increase [H+ ] that will


result in lower pH. According to the equilibrium constant of


CO2 pKa 6.51 at 30 jC in water and 27% increase in


solubilized CO2 concentration, the decrease in pH was


calculated to be about 0.1.


The movement of water molecules to the lower magnetic


field under the high magnetic field was reported [12].


During vigorous shaking in this study, the contribution of


the movement of water molecules is not clear, but it is


presumed that the increase in the water surface area exposed


to the magnetic field due to this effect may enhance the


solubilization of CO2 or vaporization of ammonia, if any,


which will reduce the pH of the medium.


Even after the pH of the supernatant from the broth


culture exposed to the magnetic field was adjusted to that of


the control, about 200 times higher number of cells was


detected. This suggests the existence of other factors


involved in the full suppression effect of the magnetic field


on cell death. For further analysis on the change in metab-


olism, a DNA array analysis or protein identification as well


as a chemical analysis of the medium will be necessary.
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Abstract


Polarized attenuated total reflection (ATR)-FTIR measurements were carried out on aligned multibilayers of dipalmitoyl phosphatidyl


choline (DPPC) under the influence of high electric fields. The electric fields varied from 0 up to 5.5� 106 V/cm in the hydrocarbon layer


and up to 1.1�106 V/cm in the polar layer of the aligned multibilayer, when the applied potential across the 1-Am-thick multibilayer plus the


0.5-Am-thick air gap reached the value of 1000 V. At relatively low applied potentials of less than 100 V, when the electric fields in the


hydrocarbon and in the polar layer were below 5.5� 105 and 1.1�105 V/cm, respectively, the inhomogeneous field between the two layers


is adequate to start driving the polar groups into the hydrocarbon layer, exerting a pressure and penetrating them. This results in distortion of


the orientation of the hydrocarbon chains. Only at much higher potentials above 600 and 700 V starts the direct reorientation of the dipoles of


the different polar residues by the electric field. D 2002 Elsevier Science B.V. All rights reserved.


Keywords: ATR-FITR; Dichroic ratio; Dipole orientation; DPPC


1. Introduction


Lipid monolayers, adsorbed on electrodes, are stable


around the zero charge point, when the electric field across


the lipid layer is low. At higher polarizations, either positive


or negative, a potential is eventually reached when the


monolayer is desorbed, giving rise to a desorption pseudo-


capacitance peak. This peak results from the flow of charge


across the interface when the low dielectric lipid phase is


displaced by the high dielectric aqueous one. Consequently,


the square of the desorption potential can be correlated with


the free energy of adsorption [1]. Also the contribution of


the electric fields to the pore formation energy in lipid


bilayers and in biological membranes is assumed to result


from its effect on the displacement of a low capacitance by a


high capacitance domain [2,3].


The thermodynamic consideration does not provide a


sufficient clue for the mechanism of the displacement


process. In order to elucidate the role of the reorientation


of the dipoles in the electric field or of their migration in an


inhomogeneous electric field, exerting pressure on the low


dielectric hydrocarbon domain, I determined the dichroic


ratios of the transition moments of the different vibration


bands in oriented multibilayers of phosphatidyl choline


(PC), using polarised attenuated total reflection (ATR)-


FTIR, as a function of an applied electric field strength.


A similar study has been published recently on multi-


layers of dioleoyl phosphatidylcholine and melittin [4].


However, instead of dichroic ratios they measured the effect


of electric field intensity on the changes in the differences


between parallel and perpendicular polarised spectral bands,


cancelling by arbitrary choice the area of the CMO band.


This approach does not yield any information on the effect


of the electric field on the orientation of the different


residues of the aligned phospholipid molecules. To obtain


this kind of information I preferred to determine the effect of


the electric field on the dichroic ratio of the vibration bands


of the different residues as they are related to the orientation


of their transition dipoles.


I believe that this method renders a better way to


elucidate the effect of electric fields on the phospholipid


layer structure and stability.


2. Experimental


Dipalmitoyl phosphatidyl choline (DPPC) was purchased


from Sigma (St. Louis, MO). Aligned multibilayers of PC
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were prepared by spreading a suspension of 0.8 mg PC in


0.1 ml water on an area of 8 cm2 (10 cm long and 0.8 cm


wide) on the two sides of a trapezoidal germanium crystal


and aligning it with an Eppendorf tip, while it dried.


Germanium served as one electrode, while a 100-nm-thick


gold layer sputtered on microscope glass plate was the


counter electrode. To eliminate Faradaic current with sub-


sequent corroding of the Ge surface, the counter electrode


was not allowed to contact the PS layer, but was separated


from it by a f 0.5-Am-thick air gap. This gap was formed by


spreading on the glass plate a 1.6-Am-thick formvar layer


which secured a 1.5-Am distance between the gold and the


Ge surfaces, and a 0.5-Am distance between the gold


electrode and the PS layer, as shown in Fig. 1. The range


of the homemade DC power supply was 1500 V. Above


1100 V sparking discharge was observed, which ceased


after a while, leaving a smooth strip on the slightly corroded


surface of the Ge crystal underneath the electrode after the


field evaporation of the protrusions in course of sparking.


The dichroic ratios undergo above this potential an irrever-


sible change. The electric field between the germanium and


the gold electrode surfaces is not uniform, but varies with


the dielectric coefficients of the different domains (D = 1


for the air gap, D = 2 for the hydrocarbon layers, and


D = 10 for the polar layer) see inset of Fig. 1. The value


of D = 10 for the polar layer is a mean estimate [5,6] and


it can be lower (f 8) in a completely dry state and higher


(f 12) in a hydrated state with > 12 H2O molecules per PS


[7]. In the present experiments, the number of water mole-


cules per PC varied between 6 and 8. Under these conditions,


every 100 Von the power supply produces field strengths of


about 11�105 V/cm in air, 5.5� 105 V/cm in the hydro-


carbon layer and 1.1�105 V/cm in the polar layer.


The hydration state or the number of water molecules


retained per molecule of PC in the multilayer was calculated


from the ratio of the intensities of the water OH stretching


peaks at 3250 cm� 1 to the asymmetric CH2 stretching


peaks at 2920 cm � 1 [7].


3. Results


In Fig. 2A, the dichroic ratios of the spectral bands of the


different polar and nonpolar residues are given as a function


of applied potential. The dichroic ratios measured when the


potentials were increasing were the same as when measured


in course of decreasing potentials, unless an irreversible


change occurred at very high potentials. From the dichroic


ratios, the angle b between the fiber axis of the transition


moments of the specific vibrations and the normal to the


crystal surface plane can be calculated. (Note that the crystal


surface plane is nearly parallel to the lipid bilayer plane.)


The dichroic ratios of CH2 wagging are not presented in


the figures as even its largest amplitude at 1375 cm� 1 is low


in comparison with the neighboring bands and their accuracy


is relatively low ( + 8%). Moreover, the values are affected by


the corresponding changes in the strong neighbor bonds.


Nevertheless, the dichroic ratio at 1375 cm � 1 changes from
f 1.17 at 0 to V to f 1.52 at very high potentials (>500 V),


which corresponds to a change in orientation angle (Eqs. (1)–


(3)) from f 70j at no electric field to f 61j at high electric
fields, if the wagging is strictly parallel to the chain. Neither


of these angles is keeping up with the angles derived from the


stretching and bending bands. This eliminates the possibility


that the wagging vibration giving rise to the band at 1375


cm� 1 is parallel to the hydrocarbon chain.


Fig. 1. Experimental setup for the polarized ATR-FTIR measurements on phospholipid multibilayers under the influence of electric fields. Inset: Blown up view


of the multibilayer with the air gap and the gold strip electrodes.
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The relation between the order parameter f (b), and the


angle b is given by [8]:


f ðbÞ ¼ 1=2ð3cos2b � 1Þ ð1Þ


and f (b) is related to the dichroic ratio R, in the case of a Ge


crystal, for the polar residues assumed to be oriented along


the fiber axis by:


f ðbÞ ¼ ðR� 2Þ=ðRþ 1:45Þ ð2Þ


and for the CH2 stretching or bending transition dipoles,


assumed to be oriented perpendicular to the fiber axis:


f ðbÞ ¼ �2ðR� 2Þ=ðRþ 1:45Þ ð3Þ


The values of the transition moment angles b calculated in


this way are presented in Fig. 2B as a function of the applied


potential.


It is evident from Fig. 2A and B that the dichroic ratios


and thus also the angles of the transition moments of the


stretching and bending vibrations of CH2 and to some extent


also that of the transition moment of the vibration of CO are


affected by lower applied electric potentials than those of


the other polar residues.


4. Discussion


These results can be explained as follows. In the polar


region, the electric fields are relatively low, e.g. at an


applied potential of 100 V between two electrodes at a


distance of 1.5 Am the electric field is only about 1.1�105


V/cm. The interaction energy of this field with a fairly large


dipole moment of 2 Debye units is less than 0.075 kT. In the


case of interlinked dipoles like those of the different


residues in the polar headgroup, every dipole can orient


independently in a uniform electric field. However in a


nonuniform electric field, there is a translational movement


along the field gradient and the interlinked dipoles move in


concert. At an applied potential of 100 V, the electric field


varies between f 1.1�105 V/cm in the polar region and


5.5� 105 V/cm in the nonpolar region over a fraction of a


nanometer. The dipoles of all the residues in a polar head-


group sum up to at least 6 Debye units and are driven across


this inhomogeneous region by a force of the order of


5� 10� 7 dyn and the transfer energy of a whole polar


group from the polar to the nonpolar region would amount


to about 0.9 kT. This energy is probably considerably lower


as the transferred polar groups affect their new environment,


increasing its dielectric coefficient. If the dielectric coeffi-


cient of the initially nonpolar phase should rise from 2 to 4


by the influence of the incorporated polar residues, the


transfer energy would be only about 0.44 kT and it would


reach 1 kT only at around 230 V. In any event the head-


groups are exerting a pressure on the hydrocarbon layer of


the same molecules distorting their orientation. The change


in the orientation of the hydrocarbon chains affects the


orientation of the transition dipoles of CH2 also, and to a


lesser extent also that of CO. Thus, the dichroic ratios of the


vibration bands of CH2 and also of CO are more affected by


lower applied potentials than those of the residues in the


more polar region. The effect of the potential on the dichroic


Fig. 2. Effect of an electric field on the orientation of different polar and nonpolar residues of DPPC as demonstrated by its influence on their vibration bands:


o asymmetric stretching of CH2, . symmetric stretching of CH2, � bending of CH2, D stretching of CMO, E asymmetric stretching of PO2, 5 symmetric


stretching of PO2, n stretching of CO[P]. (A) The effect on the dichroic ratio R. (B) The effect on the angle b.
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ratio and on the orientation of CH2 seems to reach saturation


above 400 V.


At this potential, the distorted orientation of the molecule


also starts affecting the dichroic ratios of the vibration bands


of the polar residues. At still higher potentials, the direct


effect of the electric field on the orientation of the polar


residues starts. This happens only after their penetration into


the lower dielectric environment, starting between 600 and


700 V for the different vibrations of the polar residues


having different dipole moments. If this occurs when the


interaction energy between the uniform electric field and the


vibrating dipole is around 1 kT and the dipole moment about


2 Debye units, then the estimated dielectric coefficient varies


between 3 and 4. These values may be somewhat higher if


the reorientation of the dipoles can be discerned at lower


interaction energies than 1 kT. In any event, they are keeping


up with the measured dielectric constants of long chain


phospholipids [9]. The present discussion is only of qual-


itative value as neither the local dielectric coefficients nor the


dipole moments of the different polar residues are known


exactly. It helps however to understand the nature of the


driving forces acting on the different parts of a lipid mem-


brane or surface layer under the influence of an electric field.
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Abstract


A new method of immobilizing deoxyribonucleic acid (DNA) was developed based on sol–gel technique, the resulting DNA-modified


electrode was characterized with the cyclic voltammetry. The electrode was used to study the electron transfer of DNA in 1.0 mM potassium


ferricyanide system in different concentrations of lanthanum(III), europium(III), and calcium(II). The heterogeneous rate constants of the


reduction of Fe(CN)6
3� with and without the above cations were calculated by Tafel equation. The results show that lanthanide ions can


increase the electron transfer rate much more than calcium ion. D 2002 Elsevier Science B.V. All rights reserved.


Keywords: DNA immobilization; Zirconia gel; Modified electrode; Lanthanide; Electron transfer


1. Introduction


The interaction between deoxyribonucleic acid (DNA)


and other molecules is an important fundamental issue in


life sciences which is related to the replication and tran-


scription of DNA in vivo, mutation of genes and related


variations of species in character, action mechanisms of


some DNA-targeted drugs, origins of some diseases, etc.


Great attention was paid to the interaction between DNA


and some coordination complexes with redox activity in


electrochemistry. For example, Bard studied the voltam-


metric behaviors of DNA with Co(phen)3
3 +, Co(bpy)3


3 +,


Fe(phen)3
2 + in solution [1,2], immobilized DNA on an


aluminum(III) alkanebisphosphonate thin film and detected


ss-DNA by electrochemical luminescence [3,4]. Pang and


Abruna [5] developed a microscale and surface-based


method for investigating the interaction of DNA with


Co(III)-tris-chelated complexes and calculated the binding


site size, binding constant, etc. The interaction of DNA


with other probe molecules [6–8] was also reported.


Sol–gel technique was rapidly developed owing to its


applications in electroanalysis, biosensing, electrocatalysis,


gas electrodes and energy storage cells. The technique can


combine organic molecules with inorganic materials to form


organic–inorganic hybrids [9]. Since the biomolecules con-


tains organic groups, the hybrid can be extended to bio-


molecule-inorganic hybrids, such as the immobilization of


glucose oxidase in a silicate composite [10], preparation of


immunosensor [11], etc. Zirconia is an inorganic oxide with


the thermal stability, chemical inertness, lack of toxicity [12]


and affinity for the groups containing oxygen [13,14], so it


is an ideal candidate of materials for immobilization of


biomolecules with oxygen groups.


Lanthanide and its complexes were often used as a


structure and function probe of DNA [15–19] and used as


a hydrolytic enzyme for the cleavage of nucleic acid for


designing the gene drugs [20]. It is obvious that lanthanide


can interact with DNA, however, to the best of our


knowledge, the impact of lanthanide ions on the electron


transfer of DNA has not been reported. Here, we present a


new method of immobilization of DNA, characterize it by


cyclic voltammetry and investigate the effect of lanthanide


on the electron transfer behavior of DNA.


2. Experimental


2.1. Reagents and apparatus


Calf thymus DNA was obtained from Sino-American


Biotechnical. All chemicals (zirconium oxychloride, potas-


sium ferricyanide from Second Chemical Reagent Factory of


Shanghai) were of analytical reagent grade without further
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purification. All solutions were prepared with doubly dis-


tilled water. A glassy carbon (GC) disk electrode of 3.0-mm


diameter (from EG&G in USA) was used as a matrix of


working electrode. It was polished to a mirror on sand paper


and then 0.3- to 0.05-Am alumina. The bare electrode was


rinsed with water. Finally, it was cleaned thoroughly in an


ultrasonic cleaner with doubly distilled water.


The cyclic voltammetric (CV) experiments were carried


out with a CHI660A electrochemical workstation (CH


Instrument, Texas, USA) in a three-electrode system at room


temperature (about 25 jC). A ZrO2 gel-derived DNA-modi-


fied electrode was used as the working electrode, and a


platinum sheet as the counter electrode, a saturated calomel


electrode (SCE) as the reference electrode. All potentials are


reported vs. SCE.


2.2. Preparation of ZrO2 gel


ZrO2 gel was prepared by means of the hydrolysis [21]:


0.10 M NH3j�H2O was dropped gradually (1 drop per 6 s)


into a 45.0 ml 1.0� 10 � 2 M ZrOCl2�8H2O solution


under the stirred condition, A ZrO2 gel can be seen as a


white floccus, the dropping was stopped at pH c 9.5. The


top light aqueous solution was poured and the floccus at


the bottom was remained for the further separation.


The resulting ZrO2 gel was transferred into a 10 ml


centrifugal tube, then the centrifugal separation was per-


formed for five times at a rate of 2500 cycles per min. For


3 min, before each centrifugal separation, the gel was


washed with 8 ml pH 7.0 doubly distilled water. The final


gel contained 0.30 M ZrO2 (percentage of weight of ZrO2


is 3.69%) with pH 7.0; XRD measurements confirmed that


it is amorphous [12,21].


2.3. Preparation of ZrO2 gel-derived DNA-modified elec-


trode


A 5.0 Al pH 7.0 ZrO2 gel was added on a bare GC


electrode in air for 2 h, and then 5.0 Al 2.0 mg/ml DNAwas


covered on the ZrO2 gel surface for 10 h at 4 jC, before used,
the electrode was immersed in 5 mM pH 7.10 Tris–HCl with


10 mM EDTA buffer solution for 40 min for the removal of


unadsorbed DNA, and kept it in the solutions studied for 5


min for reaching chemical equilibrium.


3. Results and discussion


The cyclic voltammograms of a bare GC electrode, a GC


electrode covered with ZrO2 gel (denoted as GC–ZG elec-


trode) and a GC–ZG electrode modified with DNA (denoted


as GC–ZG–DNA electrode) in 1.0 mM Fe(CN)6
3� were


shown in Fig. 1, from which we can see that the peak current


decreases in the order of GC, GC–ZG and GC–ZG–DNA,


and it shows that ZrO2 gel and DNA were immobilized on


the GC and GC–ZG electrodes, respectively. The immobi-


lization process is easily understood that GC electrode is


hydrophilic due to the surface with carboxyl and hydroxyl


group, and ZrO2 gel is hydrophilic too, so ZrO2 gel is readily


adsorbed on GC surface. Because ZrO2 is affinity for


phosphoric group [13,14], the scheme can be outlined as


follows


The peak current of GC–ZG electrode is less than that


of GC electrode due to the ZrO2 gel taking some sites of


the conductive glassy carbon surface, furthermore, the


peak current of GC–ZG–DNA electrode is still much


less than that of GC–ZG electrode in Fe(CN)6
3� solution.


It is clear that DNA is immobilized on the GC–ZG


electrode. The decrease of current could be attributed to


the electrostatical repulsion of DNA immobilized on GC–


ZG electrode to Fe(CN)6
3� owing to both of negative


charges [22].


The resulting electrode can be utilized to explore the


electron transfer behavior of DNA. The studies show that


lanthanide ions can affect strongly the electron transfer rate


of DNA in Fe(CN)6
3� solution. Fig. 2 shows the electro-


chemical change with and without Eu3+ , the peak current


increased as the concentration of Eu3+ was increased


gradually. The further investigations revealed that the


La3+ and Ca2+ can also affect the electron transfer behav-


iors of DNA in Fe(CN)6
3� solution shown in Fig. 3. Under


the same condition, the increase of current was different


from each other after these metal ions were added, respec-


tively. The relationship between the enhancement of the


cathodic peak current and the concentration of these metal


ions was shown in Fig. 4. When the concentration of


lanthanide is less than 2.5� 10�5 M, the addition of


Eu3+and La3+ has a great impact on the peak current;


while the concentration is more than 2.5� 10�5 M, the


peak current almost keeps unchanged; and the peak current


is obviously blunt to the addition of calcium compared


with that of lanthanide. The increase order of current is


Eu3+ > La3+HCa2+, which indicates that the lanthanide


ions have stronger interaction with the immobilized DNA


than calcium ion, and this order is consistent with the ratio


of charge to ionic radii [23].


The further studies showed that pH value does not


affect obviously the peak current in the pH range of 4.5–


7.5 except that peak potential shifts slightly with pH (peak


potential shifts positively when pH decreases). In order to
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prevent from the hydrolysis of these metal ions, the pH


values of the solutions studied were adjusted to pH 5.60.


To confirm the influence of these metal ions on the


electron transfer behavior of the DNA-modified electrode


(rather than ZrO2 modified electrode), a GC–ZG electrode


was used for the electrochemical experiments, the results


showed that no obvious change of the peak current was


Fig. 3. The effects of different metal cations: (A) cyclic voltammogram of


GC–ZG–DNA electrode in 1.0 mM Fe(CN)6
3� solution with 10 mM


NaAc–HAc pH 5.60 buffer but without any deliberately added metal


cation; (B) in solution (A) + 1.0� 10 � 5 M Ca2 + ; (C) in solution


(A)+ 1.0�10�5 M La3+; (D) in solution (A) + 1.0�10�5 M Eu3+. The scan


rate was 20.0 mV/s.


Fig. 4. (A) The relationship between the value of current increment and


lanthanide concentration; (B) the relationship between the value of current


enhancement and calcium concentration.


Fig. 1. Cyclic voltammograms of: (A) a GC electrode in 1.0 mM


Fe(CN)6
3� + 10 mM NaCl supporting electrolyte solution with 10 mM


Tris–HCl pH 7.10 buffer; (B) a GC–ZG electrode in the above solution;


(C) GC–ZG–DNA electrode in the above solution. The scan rate was 20.0


mV/s.


Fig. 2. The effect of lanthanide Eu(III). (A) GC–ZG–DNA electrode in 1.0


mM Fe(CN)6
3� + 10 mM NaAc–HAc pH 5.60 buffer solution; (B) GC–


ZG–DNA in solution (A) + 2.5� 10� 6 M Eu3 + ; (C) GC–ZG–DNA in


solution (A) + 3.0� 10� 6 M Eu3 + . The scan rate was 20.0 mV/s.
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observed in 1.0 mM ferricyanide with and without 3.0�
10� 6 M Eu3 + , and the similar behavior was observed for


lanthanum and calcium ions; these phenomena showed


that the metal ions have a great impact on the electron


transfer of DNA-modified electrode, rather than GC–ZG


electrode.


In order to estimate quantitatively the effect of these metal


on the electron transfer of DNA during the reduction of


Fe(CN)6
3� , and make a comparison with that of calcium ion,


the apparent heterogeneous rate constant k0 of Fe(CN)6
3�


reduction can be calculated by using Tafel plot [24].As-


suming i ¼ ia þ ic; i ¼ i0
CRð0;tÞ
CR


� eð1�aÞnf g � COð0;tÞ
CO


� e�anf g
n o


,


where g =E�Eeq, f=F/RT, when the currents are kept low,


the surface concentrations do not differ from the bulk values,


then the equation becomes


I ¼ i0½eð1�aÞnf g � e�anf g



if the anodic component of the current (ia) is negligible when


polarity overpotential is negative enough, then


I ¼ �ic ¼ nFAk0C0
Oexpð�anFg=RTÞ


or log i ¼ log i0 � anFg=2:3RT


where g is the overpotential, Eeq is the equilibrium potential,


equal to the potential of the point at i = zero and i0 the


exchange current.


Fig. 5. (1) Tafel plot of GC–ZG–DNA electrode in 1.0 mM Fe(CN)6
3�


solution with 10 mM NaAc–HAc pH 5.60 buffer. (A) No Eu3 + ; (B)


containing5.0� 10 � 6MEu3 + ; (C)containing1.0� 10 � 5MEu3 + . (2)Tafel


plot of GC–ZG–DNA electrode in 1.0 mM Fe(CN)6
3� solution with 10


mMNaAc–HAcpH5.60buffer. (A)NoCa2 + ; (B) containing 1.0� 10� 5M


Ca2 + ; (C) containing 1.0� 10� 4 M Ca2 + .


Fig. 6. Relationship between the cathodic peak current and the sweep rate.


Table 1


k0 values for the reduction of Fe(CN)6
3�


Cations Concentration


(M)


k0


(� 10� 4 cm s� 1)


kM
0/kN


0a


No deliberately


added metal


1.16 1.00


Ca2 + 1.0� 10� 5 1.68 1.45


La3 + 1.0� 10� 5 2.62 2.26


Eu3 + 1.0� 10� 5 3.37 2.91


a kM
0 is the heterogeneous rate constant of the reduction of Fe(CN)6


3�


in the presence of Ca2 +, La3 + and Eu3 +, respectively, kN
0 is the


heterogeneous rate constant of the reduction of Fe(CN)6
3� without these


metal ions.
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Fig. 5 shows the Tafel plot of log i vs. g obtained from


the linear sweep voltammetric experiments. To avoid the


effect of diffusion limitation, extrapolation of the line of


the plot to zero overpotential yields the log i0.


The values of k0 at the concentration of 1.0� 10� 5 M for


Eu3 + , La3 + and Ca2 + , respectively, can be calculated by the


equation ic = nFAk
0CO


0 owing to CO =CR [24] and the data


are listed in Table 1. By comparing k0 for lanthanide and


calcium with that of no deliberately added metal, it is seen


that the rate constant k0 is greatly increased after these metals


were added, respectively. Namely, Eu3 + , La3 + and Ca2 + can


expedite the electron transfer rate of DNA in the system by


elevation of the rate constant k0 of heterogeneous electron


transfer. The possible reasons for the effect of lanthanide ions


for the current enhancement are due to the electrostatic effect


and weak coordination of lanthanide ions to DNA. The


experiments showed that cathodic peak current of the


DNA-modified electrode is proportional to the square root


of the sweep rate in the range of 10–150 mV/s in 1.0 mM


ferricyanide solution containing 2.0� 10� 5 M Eu3 + shown


in Fig. 6, that means that Fe(CN)3� cannot be adsorbed to


the surface of the electrode in this system. The possible


mechanism for the current enhancement after lanthanide ions


and calcium ion were added is as follows. First, DNA and


these metals formed a non-stable complex (easy dissociation


complex, for example, the binding constant K of DNA–


Ca2 + is small, equal to 0.5–0.6 [25], which can reach to a


fast adsorption–desorption equilibrium). Then, the negative


charge on the phosphate backbones of DNAwas neutralized


by the metals with the positive charges, which decreased the


repulsion of the DNA-modified electrode surface to


Fe(CN)6
3� , and led to the current increase. When the sites


on DNA were occupied completely with metal ions, the


repulsion of the surface to Fe(CN)6
3� decreased to a mini-


mum, that is, the current reached to a maximum. When the


amount of metal ions continued to increase, the current did


not continue to increase more, and a plateaus appeared


(shown in Fig. 4).


4. Conclusion


DNA is immobilized successfully for the first time by


the sol–gel method, and the studies of electrochemistry on


the immobilized DNA showed that Eu(III), La(III) and


Ca(II) can promote the electron transfer rate of DNA


during the reduction of ferricyanide by the elevation of


rate constant k0, the order of rate constant k0 is Eu(III)>


La(III)Ca(II) under the same condition.
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Abstract


Purple membrane (PM) fragments were adsorbed on a dioleoylphosphatidylcholine (DOPC) monolayer supported by mercury to


investigate the kinetics of light-driven proton transport by bacteriorhodopsin (bR). PM fragments were also adsorbed on a mercury-supported


triethyleneoxythiol (TET) monolayer. On both monolayers, the light-on current exhibits a finite, potential dependent stationary component


that decreases linearly with a positive shift in the applied potential. The light-on and light-off capacitive photocurrents were interpreted on the


basis of a simple equivalent circuit, which accounts for the potential dependence of the stationary light-on current. The potential of zero


stationary current is about equal to + 0.010 V vs. saturated calomel electrode (SCE) on DOPC-coated mercury. The absolute potential


difference across the PM fragments adsorbed at this applied potential was estimated on the basis of extrathermodynamic considerations and


amounts to about + 260 mV; it compares favorably with the value, + 250 mV, of the transmembrane potential of zero stationary current


across an oocyte plasma membrane incorporating bR [Biophys. J. 74 (1998) 403.]. The effect of the proton pumping activity of photoexcited


PM fragments on the electroreduction kinetics of ubiquinone-10 incorporated in the DOPC monolayer underlying the PM fragments was


investigated.


D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction


Bacteriorhodopsin (bR) is a proton pump present in the


purple membrane (PM) isolated from Halobacterium sali-


narium, which pumps protons from the intracellular side of


the membrane, where the electrochemical potential of pro-


tons is lower, to the extracellular side, where it is higher.


The energy required to pump protons is provided by light,


which converts the chromophore all-trans retinal, attached


to the amino group of a lysine residue as a protonated Shiff


base, into the 13-cis isomer. This isomerization brings the


proton of the Shiff base close to the carboxyl group of an


aspartate residue, starting a cyclic sequence of conforma-


tional transitions and protonation–deprotonation steps,


which cause the translocation of a proton from the intra-


cellular to the extracellular side. An exhaustive description


of the structure of bR and of the molecular mechanism of its


function can be found in the literature [1–9].


PM fragments are readily adsorbed on thiol/lipid mixed


bilayers supported by gold [10] or by mercury [11,12], as


well as on phospholipid monolayers supported by mercury


[13], with the extracellular side turned preferentially


towards the metal. If the PM fragments adsorbed on a


mixed bilayer or a lipid monolayer are illuminated with


green light, protons flow from the solution towards the


metal side of the PM. This flux must be compensated for by


a flux of electrons to the metal surface along the external


circuit, to keep the applied potential E constant. This results


in a negative capacitive light-on current. Interrupting illu-


mination causes a smaller positive capacitive light-off


current.


In the present work, PM fragments were adsorbed on a


phospholipid monolayer self-assembled on mercury. This


lipid film, whose polar heads are directed towards the


solution, has a high mechanical stability, a high resistance


to electric fields and a notable reproducibility [14–16]. Over
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the potential range from � 0.2 to � 0.75 V/SCE, it behaves


like a half-membrane. Thus, it is impermeable to inorganic


ions and its differential capacitance is twice that of a black


lipid membrane. The capacitive photocurrents were inter-


preted on the basis of an equivalent circuit that accounts for


the potential dependence of the stationary light-on current.


Fitting the equivalent circuit to the photocurrents allowed an


electrical characterization of the (lipid monolayer)/PM sys-


tem. The absolute potential difference across the adsorbed


PM fragments at the potential of zero stationary light-on


current was estimated on the basis of extrathermodynamic


arguments. These arguments were also extended to a further


system consisting of PM fragments adsorbed on a triethy-


leneoxythiol (TET) monolayer covalently anchored to the


mercury surface. The effect of the local pH change produced


by the pumping activity of bR in the cleft between the PM


and the phospholipid monolayer upon the kinetics of a


lipophilic redox couple incorporated in the latter monolayer


was investigated.


2. Experimental section


The water used was obtained from light mineral water by


distilling it once, and by then distilling the resulting water


from alkaline permanganate. Inorganic salts were purchased


from Merck. Merck reagent grade KCl was baked at 500 jC


before use to remove any organic impurities. Octadecyl-


amine from Fluka as well as dioleoylphosphatidylcholine


(DOPC) from Lipid Products (South Nutfield, Surrey,


England) were used as received. PM fragments prepared


by the standard protocol [17] were kindly provided by the


Max-Planck-Institut für Biophysik, Frankfurt/Main, Ger-


many. Triethyleneoxythiol was kindly provided by the


Centre for Self-Organising Molecular Systems, University


of Leeds, UK. Monolayers of DOPC were self-assembled


on mercury as described earlier [14–16]. The self-assembly


of TET on mercury was carried out by keeping a hanging


mercury drop electrode (HMDE) immersed in a 4� 10� 2


M solution of the thiol in ethanol for half an hour. The drop


was then kept in air for 3 min to allow ethanol to evaporate.


The experimental set-up used in the present measure-


ments is shown in Fig. 1. The whole set-up was contained in


the water-jacketed box D, thermostated at 25 jCF 0.1. The


electrolytic solutions in the two cells, A and C, were


deaerated by purging with high purity argon for no less


than 20 min. The homemade HMDE employed in the


measurements is described elsewhere [15,16,18–20]. It


was housed in a water-jacketed sleeve on the top of the


box, so as to permit the mercury reservoir to be effectively


thermostated. A Faraday cage F was used to avoid electrical


noise. The vertical movements of the HMDE through the


argon/solution interface were realized by means of an


oleodynamic system; this ensured the complete absence of


Fig. 1. Experimental set-up. F: Faraday cage; D: water-jacketed box; S: movable support; HMDE: hanging mercury drop electrode; A: three-electrode


electrolysis cell; C: two-electrode cell; B: vessel; LS: light source; L: optical fiber coupler; SH: shutter; OF: optical fiber; A: current amplifier; R: recorder.
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vibrations while permitting an appreciable range of veloc-


ities. A second oleodynamic system was used for the


horizontal movements of the movable support S, on which


the two cells, A and C, and vessel B were placed; this


permitted the HMDE to be positioned above, and then


lowered into, any of these three vessels.


The glass cell A was used for monolayer formation and


characterization: it contained a platinum counter-electrode, a


reference saturated calomel electrode (SCE) and, when


required, the working HMDE. With this cell, all measure-


ments were carried out in aqueous 0.1 M KCl. The differ-


ential capacitance C of the working electrode was measured


in cell A by AC voltammetry with a Metrohm Polarecord


E506 (Herisau, Switzerland), and was directly obtained from


the quadrature component of the AC current. The AC signal


had a 10-mV amplitude and a 75-Hz frequency. The system


was calibrated with a precision capacitor. Vessel B contained


an aqueous dispersion of PM fragments; it was used to adsorb


these fragments on DOPC-coated or TET-coated mercury


drop electrodes by immersing the electrode in this dispersion


for about 10 min. The plexiglass cell C contained an Ag/


AgCl (1 M KCl) reference electrode and, when required, the


HMDE; it was provided with a quartz optical fiber OF, 0.6


mm in diameter, whose tip was positioned on the cell bottom


and was pointed vertically towards the HMDE for its illumi-


nation [20]. To attain a good alignment of the optical fiber


with the mercury drop, the cell was fixed on an x–y slide. A


syringe connected to a lateral outlet of cell C via silicon


tubing (not shown in the figure) allowed electrolytic solu-


tions to be removed from, or injected into, cell C. A small cell


containing a composite pH electrode was inserted in line


between the syringe and the cell, inside the thermostated box,


for an accurate control of pH after the addition of buffered


solution. Before each experiment, the stock suspension of


PM fragments was sonicated for 1 min to destroy aggregates.


The monochromatic light source LS (Helium-Neon Laser,


543.5 nm, Uniphase, model 1675) was focused and colli-


mated using an optical fiber coupler L (Newport, model F-


915T) with a maximum output power of i1.45 mW at the


exit of the optical fiber. Incidentally, the absorbance peak of


bR has a half-height width of about 100 nm and a maximum


at 568 nm [21]. Light pulses were produced using the


electromechanical shutter SH (blade shutter and digital


shutter controller, Model 845, Newport), which was con-


trolled by the computer PC through a digital-to-analog


converter (IOtech DAC488/2). With the above set-up, the


maximum light intensity on the mercury drop was attained


after about 220 As. The current generated by illuminating the


PM fragments adsorbed on the coated mercury drop under


potentiostatic conditions was amplified (Current Amplifier,


Keithley 428), filtered (usually 1-kHz low-pass filter),


recorded (16-bit analog–digital converter, IOtech ADC488/


85A), visualized (Oscilloscope, Tektronix TDS 340A) and


stored (Power PC G3, Macintosh). Operation of the exper-


imental set-up and data acquisition were carried out under


computer control (GPIB interface, National Instruments


board) using a homemade acquisition program written in


LabView environment. To increase the signal-to-noise ratio,


current vs. time curves were stored upon averaging no less


than 15 current transients. The signal was usually sampled at


100-As intervals over a 3-s time window. The surface area of


the mercury drop was of 1.41�10� 2 cm2. All potentials are


referred to the SCE unless otherwise stated.


3. Results


Before adsorbing the PM fragments on a DOPC-coated


HMDE, the good quality of the DOPC monolayer was


checked by measuring its differential capacitance in cell


A. A compact DOPC monolayer should have a differential


capacitance C of 1.75–1.80 AF cm� 2 over a potential range


from � 0.30 to � 0.65 V [14–16], as shown by curve a in


Fig. 2. After adsorbing PM fragments in vessel B, the


HMDE was transferred to cell C, whose solution did not


contain PM, and the differential capacitance was measured


again. Adsorption of PM fragments causes an increase in C


other than over the intermediate potential range from


� 0.350 to � 0.550 V, were C remains practically unaltered


(see curve b in Fig. 2). This behavior indicates that the PM


fragments tend to disorganize the DOPC monolayer by


penetrating into the hydrocarbon tail region and/or by tilting


the hydrocarbon tails with a resulting decrease in monolayer


thickness. Such a behavior is different from that observed by


adsorbing PM fragments on mixed hexadecanethiol/DOPC


bilayers [11], where the differential capacitance decreases


upon PM adsorption throughout the whole potential range


investigated. The capacitance remained stable for several


hours, just as the bR photoresponse, thus confirming the


stability of PM adsorption on the DOPC monolayer even in


the absence of PM fragments in the bathing solution.


Illuminating DOPC-coated mercury in the absence of PM


fragments produced no electrical signal, thus excluding


possible photoartefacts. The initial photoelectrical measure-


Fig. 2. Plots of the differential capacity C of a mercury-supported DOPC


monolayer in 0.1 M KCl against the applied potential E, both in the absence


(a) and in presence (b) of adsorbed PM fragments.
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ments with adsorbed PM fragments were carried out with


DOPC monolayers incorporating 4 mol% octadecylamine,


which is commonly considered to favor the adsorptivity of


PM fragments on BLMs as well as their preferential


orientation with the extracellular side turned towards the


BLM [22,23]. Subsequently, however, it was observed that


octadecylamine has no appreciable effect on the sidedness


and extent of PM adsorption on mercury-supported DOPC


monolayers, nor on the bR photoresponse. Hence, in what


follows, no mention will be made to the possible presence of


octadecylamine in the DOPC monolayer.


Fig. 3 shows the light-on and light-off currents obtained


from PM fragments adsorbed on DOPC-coated mercury at


three different applied potentials. The sign of the light-on


current is negative, indicating that illumination causes the


PM fragments to pump protons from the aqueous solution


towards the DOPC monolayer. As in the case of BLMs [23–


25], the adsorbed PM fragments are preferentially oriented


with the extracellular side towards the monolayer. The


translocation of protons across the PM fragments tends to


generate a potential difference across them. Under potentio-


static conditions [22,26,27], an equal and opposite potential


difference across the whole interphase must, therefore, build


up. In other words, a flow of electrons from the reference


electrode to the HMDE along the external circuit is required


to compensate for the positive charge that is accumulating


on the metal side of the PM fragments. This flow of


negative charge constitutes the capacitive current detected


in the present measurements. Conversely, the light-off


current is positive, namely corresponds to a flow of elec-


trons in the opposite direction. This is induced by the


movement of the protons, accumulated on the metal side


of the PM fragments during illumination, towards the


aqueous solution. The light-on current has a stationary


component that depends upon the applied potential E, as


appears from Fig. 4, which shows a plot of the stationary


current Ist vs. E (solid circles). Ist is practically zero at


+ 0.010 V. As the applied potential is shifted towards


negative values, it increases linearly up to about � 0.250


V, then decreases with a further negative shift up to about


� 0.600 V, where it starts increasing again. This behavior


differs from that exhibited by the light-on photocurrent of


PM fragments adsorbed on hexadecanethiol/DOPC mixed


bilayers [11], which has no stationary component through-


out the whole potential range investigated.


Adsorbing PM fragments on a TET-coated mercury


electrode causes a decrease in its differential capacitance


at � 0.400 V from f 24 to f 5 AF cm � 2. This indicates


that PM fragments have a strong tendency to be adsorbed on


top of the TET monolayer. Fig. 5 shows the light-on and


light-off currents obtained by shining PM fragments


adsorbed on TET-coated mercury at different potentials.


The thiol coating allows the recording of stable photo-


Fig. 3. Negative light-on currents and corresponding positive light-off


currents obtained from PM fragments adsorbed on a DOPC-coated mercury


electrode immersed in a pH 6.75 buffered solution of 0.1 M KCl + 1 mM


KH2PO4 + 1 mM K2HPO4. Applied potential: 0.00 (a), � 0.100 (b) and


� 0.250 V/SCE (c). Markers are experimental values and the dashed curves


are the best fits to the equivalent circuit of Fig. 7. For the parameters


employed, see the text.


Fig. 4. Plot of the light-on stationary current Ist vs. E on DOPC-coated


mercury under the conditions of Fig. 3 (solid circles) and on TET-coated


mercury under the conditions of Fig. 5 (open circles). Both plots are


normalized at the maximum negative light-on stationary current, set equal


to unity.


Fig. 5. Negative light-on currents and corresponding positive light-off


currents obtained at different applied potentials from PM fragments


adsorbed on a TET-coated mercury electrode immersed in a pH 6.75


buffered solution of 0.1 M KCl + 1 mM KH2PO4 + 1 mM K2HPO4.
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currents up to potentials as positive as + 0.300 V, in spite of


a decrease in the signal-to-noise ratio. No hysteresis or


change in the background current (i.e. the time-independent


current recorded before illumination) is observed when


carrying out repeated measurements on the same TET-


coated drop. The photocurrents in Fig. 5 are qualitatively


similar to those on DOPC-coated mercury in Fig. 3. How-


ever, the linear portion of the plot of the light-on stationary


current Ist vs. E intersects the potential axis at f + 0.230 V


(open circles in Fig. 4).


Photocurrent measurements were also carried out on PM


fragments adsorbed on a mercury-supported DOPC mono-


layer incorporating 1.5 mol% ubiquinone-10 (UQ). These


measurements aimed at verifying the effect of the local


decrease of pH produced by the proton pumping activity of


bR in the cleft between the PM fragments and the lipid film


upon the pH-dependent kinetics of UQ electroreduction to


ubiquinol-10 (UQH2). The formal potential of the UQ/UQH2


redox couple in aDOPCmonolayer in contact with the pH 8.6


buffered solution adopted in these measurements amounts to


� 0.220 V [28]. Before each measurement, the electrode was


kept at � 0.150 V to allow the complete oxidation to UQ of


any UQH2 molecules formed in previous measurements. The


electrode was then kept at the potential of measurement until


the background current was stabilized; this required usually


from 3 to 5 min. Fig. 6 shows a number of light-on currents at


different potentials obtained by illuminating this electrode.


The light-on current attains its maximum value after about 50


ms of illumination. The presence of UQ starts affecting the


light-on current only at potentials negative of about � 0.350


V. The open circles in the inset of Fig. 6 are values of the


excess charge due to the presence of UQ, which flows during


the first 50 ms of illumination. This charge first increases


rapidly and then tends to a saturation value.


4. Discussion


A significant difference between the bR light-on currents


on a DOPC monolayer and on a mixed hexadecanethiol/


DOPC bilayer [11], both supported by mercury, is repre-


sented by the presence of a nonzero stationary component in


the former case, but not in the latter. In Ref. [11], to explain


the presence of a finite light-off current on the mixed


bilayer, it was necessary to assume the presence of a


nonzero stationary component bp of the pump current, i.e.


a stationary proton flux across the photoexcited PM frag-


ments. The fact that this continuous proton flux does not


give rise to a stationary light-on current along the external


circuit was explained by the following assumption: at some


time before interrupting illumination, a steady state is


attained in which the number of protons being pumped into


the cleft between the PM fragments and the mixed bilayer is


equal to those reaching the PM rim and moving towards the


bulk solution in the same time. In practice, the latter proton


movement completely bypasses the stationary pump current


bp. Consequently, no electron flow along the external circuit


towards the mercury surface is required to keep the applied


potential constant, and the light-on stationary current van-


ishes. This interpretation is supported by the experimental


finding that protons move very rapidly along the surface of


PM fragments suspended in an aqueous solution [29] and,


more generally, along the polar heads of well-organized


phospholipid monolayers [30–35].


The finite, potential-dependent stationary light-on current


observed on a mercury-supported DOPC monolayer implies


a continuous flow of electrons to the mercury surface along


the external circuit, and therefore a continuous accumulation


of protons between the PM fragments and the mercury


surface, to keep the applied potential constant. In other


words, the protons are no longer able to reach the PM rim


rapidly, thus bypassing the stationary pump current. This


behavior can be explained by considering that phospholipid


monolayers on Hg are compact and impermeable to inor-


ganic ions over a potential range from � 0.200 to � 0.75 V


[14–16]. At more positive potentials, they become less


organized, as denoted by an increase in differential capacity.


This disorder may be increased by the adsorbed PM frag-


ments, which may squeeze the monolayer or even penetrate


into the hydrocarbon tail region. While protons are known to


move very rapidly along a well-organized polar head region,


this is no longer true with a disorganized lipid film, which


may also allow an easy access of protons to the mercury


surface. Naturally, the accumulation of protons cannot pro-


ceed indefinitely. The maximum stationary light-on current


recorded for 2 min corresponds to the accumulation of a


Fig. 6. Light-on currents obtained from PM fragments adsorbed on a


mercury electrode coated with a DOPC monolayer incorporating 1.5 mol%


UQ and immersed in a pH 8.6 buffered solution of 0.1 M KCl + 5 mM


H3BO3 + 1.2 mM NaOH. Applied potential: � 0.360 (a), � 0.380 (b),


� 0.400 (c) and � 0.420 V (d). In the inset, the open circles are values of


the integral, over the first 50 ms of illumination, of the photocurrent in the


presence of UQ in excess to that in its absence at the same potential; the


solid circles are values of the faradaic charge following a series of potential


steps of the 50-ms length from Ei =� 0.150 V to progressively more


negative potentials E in the absence of PM fragments, under otherwise


identical conditions. Both plots in the inset are normalized at their


maximum value, set equal to unity.
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charge density of 3.4 AC cm� 2. This is much less than the


maximum charge density, about 40 AC cm � 2, due to specific


adsorption on mercury of a typical inorganic ion such as


chloride [36]. The constancy of the stationary (or, better,


quasi-stationary) current during an illumination period of 2


min is therefore justified, even though the current is expected


to decrease as illumination is prolonged to a sufficient extent.


The increase in the light-on stationary current with a


negative shift in the applied potential from + 0.010 to


� 0.250 V is explained by the translocation of protons across


the membrane fragments being assisted by an electric field


increasingly directed towards the electrode. At potentials


negative of about � 0.250 V, the DOPC molecules start to


become more organized, with a resulting decrease in the


differential capacitance Cm (see curve b in Fig. 2) and an


increase in the resistance Rm of the lipid monolayer. This


causes an increasing fraction of the potential difference


across the interface to accumulate in the lipid film. As long


as a negative shift in the applied potential E improves such an


organization of the lipid monolayer, the potential difference


across the PM may well become less negative, thus explain-


ing the decrease in the stationary light-on current between


� 0.250 and � 0.600 V. Such a decrease may also be favored


by a more rapid movement of the pumped protons along the


polar head region of the lipid monolayer. At potentials


negative of � 0.600 V, the lipid film tends again to become


less compact and permeable to inorganic ions. Hence, the


stationary current starts increasing again with a further


negative shift in the applied potential, as shown in Fig. 4.


4.1. Fitting of bR photocurrents to an equivalent circuit


The behavior of the bR photocurrent on DOPC-coated


mercury at potentials positive of � 0.250 V (Fig. 3), with


particular regard to the potential dependence of the sta-


tionary current Ist, can be interpreted on the basis of an


equivalent circuit similar to that adopted to explain the


behavior of bR photocurrents at a mercury-supported hex-


adecanethiol/DOPC bilayer [11]. However, in that circuit,


bR was represented as a current source. Such a representa-


tion required the expression for the pump current Ip to be


ascribed a priori. In particular, Ip was set equal to the sum of


an exponentially decaying contribution apexp(� t/s) and of


a stationary contribution bp. This representation does not


lend itself to the determination of the potential dependence


of the stationary current Ist flowing along the external


circuit. To achieve this goal, herein bR will be represented


as a voltage source Ep, in series with a resistance R2 and


with a parallel arrangement of a resistance R1 and a


capacitance C1 (Fig. 7). A gate function activates Ep at time


t = 0, when illumination is started, and deactivates it at t = T,


when illumination is interrupted. The PM consists of the


whole branch representing the bR, with in parallel, the


resistance Rp and capacitance Cp of the PM. The branch


representing the whole PM is in series with a parallel


arrangement of the resistance Rm and capacitance Cm of


the supporting phospholipid monolayer. The whole system


is closed on the external applied potential E. The analysis of


this equivalent circuit is summarized in Appendix A. In the


absence of the RmCm mesh that simulates the DOPC


monolayer, the branch representing bR generates a pump


current Ip that consists of an exponentially decaying con-


tribution and of a stationary one:


Ip ¼ apexpð�t=spÞbp ¼
R1Ep


R2ðR1 þ R2Þ


� exp �t
R1R2


R1 þ R2


C1


� �� �
þ Ep


R1 þ R2


ð1Þ
�


This equation shows that representing bR as a voltage


source is equivalent to representing it as a current source.


Eq. (1) allows the parameters R1, R2 and C1, which depend


exclusively upon the intrinsic properties of bR, to be


estimated from the ap, sp and bp values of the current-source


representation of bR adopted in Ref. [11], once the pump


voltage Ep is known. The latter can be reasonably regarded


as equal and opposite to the transmembrane potential, + 250


mV, which must be applied across an oocyte membrane


incorporating bR to annihilate the stationary pump current


[23]. From the current-source parameters ap =� 500 nA


Fig. 7. Equivalent circuit adopted to interpret the photocurrents of PM fragments adsorbed on DOPC-coated mercury.
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cm � 2, sp = 7.7 ms and bp =� 200 nA cm � 2, as derived


from the equivalent circuit employed to fit the photocurrents


on a hexadecanethiol/DOPC bilayer at pH 6.4 [11], the


voltage-source parameters R1 = 0.89 MV cm2, R2 = 0.36 MV


cm2 and C1 = 30 nF cm� 2 are obtained.


Due to the presence of the supporting DOPC monolayer,


the light-on current I flowing along the external circuit


is obviously different from Ip. In particular, it has a sta-


tionary contribution k[(R1 +R2)E/Rp +E +Ep], where ku
(s1s2abRm)


� 1 is a constant that depends on all elements of


the equivalent circuit. On the other hand, the stationary


contribution to the light-off current is equal to k[(R1 +R2)E/


Rp +E]. Hence, the latter contribution is the background


current Iback, namely the current that flows along the


external circuit both in the absence and in the presence of


illumination. The light-on stationary current, as measured


with respect to the background current, is therefore equal to


kEp, and does not depend on the applied potential E, in


disagreement with experiment. As a matter of fact, the


equivalent circuit adopted herein blocks the voltage source


as illumination is interrupted, but allows the current driven


by the external applied potential E to continue flowing


through the ion pump even in the dark. To exclude the


latter event, which is expected to be hindered by an


unfavorable conformation of bR in the dark, the stationary


light-off current must be set equal to k[(R1 +R2)E/Rp], thus


excluding the E-driven current, kE, that flows along the


same bR channel as the current, kEp, driven by the voltage


source. Incidentally, the resulting background current,


Iback = k[(R1 +R2)E/Rp], tends to E/(Rm +Rp) for Rm! 0


and Cm!l, i.e. in the absence of the supporting lipid


film, as expected. It should be noted that this change in


background current involves an approximation in the


analysis of the light-off current, since it is introduced into


the expression for this current only a posteriori. On the


basis of this approximation, the light-on stationary current


measured with respect to the background current is now


equal to k(E +Ep). Therefore, it varies linearly with E, in


accordance with experiment. This confirms the statement


that no external applied potential can drive a current


through bR in the dark.


To fit the equivalent circuit of Fig. 7 to the photocurrents


on DOPC-coated mercury over the potential range from


+ 0.010 to � 0.250 V, the same PM resistance Rp = 7.44


kV cm2 and capacity Cp = 1.8 AF cm � 2 as used to fit the


photocurrents on a hexadecanethol/DOPC bilayer [11] were


adopted, together with the voltage-source parameters R1, R2


and C1 extracted from the same independent fitting. More-


over, Ep was set equal to � 250 mV. Therefore, only the


resistance Rm and capacity Cm of the DOPC monolayer


remained to be adjusted. The best fit to the experimental I


vs. t curves, shown in Fig. 3 for three different applied


potentials, was obtained for Rm = 2.5� 104 V cm2 and


Cm = 1�10� 5 F cm� 2. This Rm value is in fairly good


agreement with the resistance, 1.5� 104 V cm2, obtained


from the linear dependence of the background current


density upon the applied potential over the potential range


from � 0.250 to + 0.050 V. As expected, the calculated


light-off currents are appreciably different from the exper-


imental ones, because of the approximation involved in their


estimate. Conversely, the calculated light-on currents are in


good agreement with the experimental ones, since they are


not affected by this approximation. The low resistance and


high capacitance of the DOPC film, as compared to those of a


compact DOPCmonolayer (Rmi5MV cm2 andCm= 1.8 AF
cm � 2) confirm its disorganization over this positive poten-


tial range, most likely enhanced by the presence of PM


fragments. In spite of the relatively low value of the time


constant, sm =RmCm, of the supporting lipid film, this is more


than one order of magnitude greater that those, s1 =R1C1 and


s3 =R2C1, of the proton pump. Consequently, the exponential


decay of the photocurrent is mainly controlled by bR. Since


the values of the circuit elements R1, R2 and C1, representing


bR as a voltage source on a supporting lipid monolayer, were


extracted from the circuit elements representing bR as a


current source on a supporting thiol/lipid mixed bilayer, this


confirms the consistency between the results obtained with


these two different supporting materials by using two differ-


ent equivalent circuits.


4.2. Extrathermodynamic absolute potential difference


across the mercury/water interphase


The light-on stationary current of PM fragments adsorbed


on a mercury-supported DOPC monolayer vanishes at an


applied potential E of about + 0.010 V, while that of an


oocyte membrane incorporating bR vanishes for a trans-


membrane potential of + 250 mV [23]. It is therefore reason-


able to assume that at E= + 0.010 V the potential difference


across the PM fragments is approximately equal to + 250mV.


To verify this point, extrathermodynamic assumptions are


required. In fact, only the transmembrane potential is ther-


modynamically significant and experimentally accessible


without recourse to modelistic assumptions, being the poten-


tial difference between two phases of identical composition


(i.e. the aqueous phases that bath the two sides of the


biomembrane). This is no longer true for the potential differ-


ence across a PM fragment adsorbed on a solid support. The


first step consists in estimating the extrathermodynamic


absolute potential difference / across the whole mercury/


solution interphase. If mercury is coated with a self-


assembled lipid monolayer having a neutral polar head, such


as DOPC,/ can be approximately expressed by the equation:


/ ¼ ve þ vm þ 4p
b
eb


þ c
ec


� �
rM þ /d ð2Þ


Here rM is the charge density on the metal, b and c are


the thickness of the hydrocarbon tail and of the polar head


region, eb and ec are the corresponding distortional dielectric
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constants, ve is the surface dipole potential due to the


electron spillover, vm is the surface dipole potential due to


the oriented polar heads, and /d is the potential difference


across the diffuse layer (Fig. 8) [20]. At physiological ion


concentrations, /d can be disregarded as a good approx-


imation. Moreover, the orientation of the polar heads of the


lipid film is hardly affected by changes in rM. The differ-


ential capacitance C of the electrode can, therefore, be


written:


d/
drM


u
1


C
¼ �4pxim þ 4p


b
eb


þ c
ec


� �


with :
dve
drM


¼ �4pxim;
dvm
drM


i0 ð3Þ


Here, the contribution dve/drM to the reciprocal of the


interfacial capacitance from the inhomogeneous electron gas


is expressed on the basis of the jellium model by � 4pxim
[37], where xim is the ‘‘position of the effective image


plane’’, i.e. the distance from the surface atoms of the metal


at which the idealized, perfectly conducting metal-surface


plane should be placed to account for electron spillover. xim
is always positive, ranging from 0.5 to 1 Å, and hence


makes a positive contribution to C. In the presence of a lipid


monolayer, whose hydrocarbon chain has a length b of the


order of 20 Å and a dielectric constant eb of about 2, this


contribution is negligibly small; this is even more true for its


possible changes with a change in rM. Within the limits in


which both the differential capacitance C and the dipole


potential vm due to the orientation of the polar heads at a


given potential E can be regarded as independent of poten-


tial over the potential range from E to the potential of zero


charge (pzc), from Eqs. (2) and (3), it follows that the


absolute potential difference / at the applied potential E is


given by:


/ � ve ¼ rM=C þ vm ð4Þ


In deriving Eq. (4), /d and 4pxim were disregarded on the


basis of the previous considerations. As long as the metal is


coated with a self-assembled film, the dipole potential ve
due to the electron spillover can be regarded as constant for


the given metal in view of its small rate of change, � 4pxim,
with a change in the charge density rM on the metal.


However, in passing from the bare metal in contact with


an aqueous solution to the same metal coated with a self-


assembled film, a certain change in ve cannot be excluded.


For the present purposes, the dipole potential ve for a given
metal will be regarded as approximately constant with


varying the solution side of the interphase. Within the limits


of this approximation, the expression of /� ve in Eq. (4)


can be regarded as an extrathermodynamic absolute poten-


tial difference across the whole interphase between the


given metal and the bulk aqueous phase: it will be denoted


by w. Both rM and C in Eq. (4) are experimentally


accessible and thermodynamically significant. If vm can be


determined independently on the basis of extrathermody-


namic arguments, then the extrathermodynamic absolute


value of w(E) at the given applied potential E is obtained.


Once w(E) is known, it holds independent of the particular


nature of the interphase interposed between the metal and


the bulk aqueous phase. Moreover, the absolute value of the


potential w(EV) at a different applied potential EV differs


from that, w(E), at E by the difference, (EV�E), between the


two applied potentials relative to the same reference elec-


trode.


An accurate estimate of the charge density rM at a


mercury electrode coated with a DOPC monolayer and


immersed in aqueous 0.1 M tetramethylammonium chloride


at � 0.450 V/SCE yields a value of � 0.75 AC cm � 2 [38].


Application of Eq. (4) to this electrode yields:


wð�450 mV=SCEÞ ¼ rM


C
þ vm


¼ �0:75 AC cm�2


1:8 AF cm�2
þ ð200F50Þ mV


i� ð200F50Þ mV ð5Þ


where the differential capacity of a DOPC monolayer was


set equal to 1.8 AF cm� 2 [14–16]. The dipole potential vm


Fig. 8. Schematic picture of the model of a neutral phospholipid monolayer deposited on mercury. The solid curve schematically represents the profile of the


average potential against the distance from the mercury surface. For clarity, the diffuse-layer thickness has been compressed and xim has been enlarged with


respect to the monolayer thickness.
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due to the oriented polar heads of the DOPC monolayer has


been estimated by different procedures both on BLMs [39–


42] and on a mercury electrode [43], and the literature


values range from + 150 to + 250 mV, positive towards the


hydrocarbon tails. An average value of + 200 mV was


therefore adopted in Eq. (5). The absolute potential differ-


ence between mercury and the aqueous phase can, therefore,


be obtained by increasing the applied potential vs. the SCE


by about 250 mV.


From the above arguments, it follows that the absolute


potential difference w across the whole mercury/(aqueous


solution) interphase at + 0.010 V, where the bR stationary


light-on current vanishes, amounts to about + 260 mV.


This value is in fairly good agreement with the corre-


sponding transmembrane potential, + 250 mV, across an


oocyte plasma membrane incorporating bR [23]. From


such a comparison, it follows that, at potentials positive


of � 0.250 V, the PM fragments experience by far the


majority of the whole potential difference across the


interphase. Since the surface dipole potential of the polar


heads of a well-organized DOPC monolayer amounts to


about + 200 mV, this confirms the conclusion that at


potentials positive of � 0.250 V, the film is strongly


disorganized, particularly in the presence of adsorbed


PM fragments. Quite probably, the lipid molecules are


strongly tilted and, possibly, almost flat on the mercury


surface, thus making a small contribution to the surface


dipole potential. It is also possible that at these positive


potentials, the PM squeezes out the lipid film coming in


direct contact with the electrode.


On TET-coated mercury, the light-on stationary current


vanishes at about + 0.230 V, as shown in Fig. 4. At this


potential, bare mercury undergoes bulk oxidation to


Hg2Cl2 in a chloride solution. To understand this behavior,


the limiting value of the charge that flows at + 0.250 V on


TET-coated mercury was measured by carrying out a


potential step from � 0.500 to + 0.250 V. After about 3


min, the resulting charge attains a maximum limiting value


of about + 3 mC cm � 2, which corresponds to the


formation of about 40 Hg2Cl2 monolayers. Therefore, at


these far positive potentials, the PM fragments are practi-


cally adsorbed on a more or less disordered TET mono-


layer on top of an Hg/Hg2Cl2/(0.1 M KCl) electrode. The


potential of this calomel electrode is about 90 mV more


positive than that of a saturated calomel reference elec-


trode. Hence, the potential difference across the system


(TET monolayer + PM fragment) at + 0.230 V amounts to


about + 0.320 V. In view of the complex and probably


disordered structure of the interphase at these positive


potentials, this potential difference can be regarded as


not too far from the transmembrane potential, + 250 mV,


across an oocyte plasma membrane incorporating bR [23].


However, a small contribution from the surface dipole


potential of the TET monolayer cannot be excluded. It is


interesting to observe that PM fragments are directly


adsorbed on mercury at potentials positive of + 0.100 V,


even in the absence of a TET or DOPC coating. The


resulting electrode, once photoexcited, yields scarcely


reproducible photocurrents.


4.3. Effect of bR photocurrent on ubiquinone-10 electro-


reduction


The incorporation of 1.5 mol% UQ in the DOPC


monolayer causes a rapid increase in the peak current


and in the charge under the light-on current transient at


potentials negative of � 0.350 V (Fig. 6). This behavior


is explained by considering that the UQ molecules


incorporated in the portion of DOPC monolayer covered


by PM fragments are prevented from being electrore-


duced to UQH2 at potentials negative of the formal


potential of the UQ/UQH2 couple during the 3–5 min


required to stabilize the background current. This is due


to the difficulty encountered by the protons involved in


the rate-determining step UQ � S+H + !UQHS [44] to


penetrate into the lipid film covered by the PM frag-


ments. This difficulty was proven by adsorbing PM


fragments on a pure UQ monolayer self-assembled on


mercury. Upon PM adsorption, the voltammetric peak IIIc
for UQ electroreduction was notably depressed and


shifted in the negative direction, as shown in Fig. 9.


Moreover, peaks I and II, due to phase transitions of the


UQ film [45], were completely suppressed. The solid


circles in the inset of Fig. 6 are values of the chrono-


Fig. 9. Cyclic voltammogram of a pure UQ monolayer supported by a


mercury electrode immersed in a pH 8.6 buffered solution of 0.1 M KCl


with (solid curve) and without (dashed curve) PM fragments adsorbed on


top of the monolayer. The monolayer was obtained by immersing an


HMDE in the electrolyte solution on whose surface 0.2 Ag cm� 2 of UQ


had been previously spread. In the dashed curve, peaks I and II are due to


two-dimensional phase transitions of the UQ monolayer [45], peak IIIc is


due to UQ electroreduction, and peak IIIa to UQH electrooxidation.
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coulometric faradaic charge for the electroreduction of 1.5


mol% UQ incorporated in a mercury-supported DOPC


monolayer in contact with a pH 8.6 buffered solution, as


a function of the applied potential E. This curve was


obtained by recording the charge, Q(E,t = 50 ms), follow-


ing a series of steps from a fixed initial potential


Ei =� 0.150 V to progressively more negative potentials


E; the charge was recorded after 50 ms from the instant


of each potential step. The curve of Q(E,t = 50 ms) vs. E


closely parallels that of the excess photocharge due to the


presence of 1.5 mol% UQ vs. E. This indicates that the


pumping activity of the photoexcited PM fragments


provides the underlying UQ molecules with a proton


activity in the cleft between the PM and the lipid film


that is comparable with that in the bulk solution, at least


during the first 50 ms of illumination.
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Appendix A


Node analysis applied to nodes A, B and C in the


equivalent circuit of Fig. 7 yields the three differential


equations:


I ¼ v2


R2


þ Cp


dðE � vmÞ
dt


þ E � vm


Rp


ðaÞ; I ¼ Cm


dvm


dt
þ vm


Rm


ðbÞ; v2


R2


¼ C1


dv1


dt
þ v1


R1


ðcÞ


ðA1Þ


with : E ¼ �EpGðt; TÞ þ v1 þ v2 þ vm ðA2Þ


Here G(t,T) is a gate function. Eqs. (A1) and (A2) are


combined to obtain a differential equation for vm, which is


Laplace transformed making use of the relationship


L{dG(t,T)/dt}=[1� exp(� sT)]/s. Inverse Laplace transfor-


mation and substitution of the resulting expression for vm(t)


into Eq. (A1-b) yields the following expression for the


current:


I ¼ b=a � aþ vmð0�Þa
ða � bÞRm


ð1� asmÞe�at


� b=b � aþ vmð0�Þb
ða � bÞRm


ð1� bsmÞe�bt þ b


abRm


� Ep


s1s2abRm


Sðt � TÞ � Ep


s2ða � bÞRm


� 1


s1a
� 1


� �
ð1� asmÞe�aðt�TÞ � 1


s1b
� 1


� ��


� ð1� bsmÞe�bðt�TÞ
�
Sðt � TÞ


where S(t� T) is a step function and:


RuRpRm=ðRp þ RmÞ;CuCp þ Cm; suRC;


s1uR1C1; s2uR2C; s3uR2C1; smuRmCm


pus�1 þ s�1
1 þ s�1


2 þ s�1
3 ;


quðss1Þ�1 þ ðss3Þ�1 þ ðs1s2Þ�1


au p�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 � 4q


p� 	
=2; bu pþ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 � 4q


p� 	
=2


au
E


RpC
þ vmð0�Þ


s3


R2


R1


þ 1


� �
þ E þ Ep � v1ð0�Þ


s2
;


bu
1


s1s2


R1 þ R2


Rp


E þ E þ Ep


� �


It follows that the background current, i.e. the current


flowing in the dark, is given by:


Iback ¼
1


s1s2abRm


R1 þ R2


Rp


E þ E


� �
uk


R1 þ R2


Rp


E þ E


� �


In the absence of the supporting lipid film, i.e. for


Rm! 0 and Cm!l, the expression of the current sim-


plifies as follows:


I ¼ R1Ep


R2ðR1 þ R2Þ
exp �t


R1R2


R1 þ R2


C1


� �� �
þ E


Rp


�


þ E þ Ep


R1 þ R2


� Ep


R1 þ R2


Sðt � TÞ � R1Ep


R2ðR1 þ R2Þ


� exp �ðt � TÞ R1R2


R1 þ R2


C1


� �� �
Sðt � TÞ


�


The pump current Ip, which flows in the time interval


from 0 to T, is obtained from the above equation by setting


E = 0; it is given by Eq. (1) in the text.
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Abstract


Electrochemotherapy is a technique where electric pulses in combination with chemotherapeutic agents are applied to tumor cells. In


general, patients find electrochemotherapy tolerable, in spite of unpleasant sensations associated with contraction of muscles located beneath


or in the vicinity of the electrodes. These contractions are due to the intensity of the electric pulses required for effective


electropermeabilization of tumor cell membranes. Since a train of eight electric pulses with repetition frequency of 1 Hz is usually


applied to the tumors, each pulse in the train excites underlying nerves and provokes muscle contractions. Therefore, for patients involved in


electrochemotherapy, the use of pulses with repetition frequency higher than the frequency of tetanic contraction would represent reduced


number of muscle contractions and associated unpleasant sensations. Our results of the uptake of Lucifer Yellow into electropermeabilized


cells in vitro show that with increased repetition frequency the uptake stays at similar levels even at frequencies up to 8.3 kHz. On the basis of


these results the possibilities for the clinical use of pulses with high repetition frequency in electrochemotherapy are considered.


D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction


Electropermeabilization is a process where a transient,


high-permeability state of cell membrane occurs due to cell


exposure to high voltage, short-duration electric pulses.


Increased membrane permeability allows ions, small mole-


cules and drugs to cross cell membranes, otherwise imper-


meable for them [1]. In experiments involving electro-


permeabilization, a single pulse or a train of rectangular or


exponentially decaying pulses is most often used. In case of


a train, the repetition frequency of the pulses is usually 1 Hz,


which is the frequency probably chosen because of the


limitations of commercially available electropulsators. To


investigate the effect of higher pulse repetition frequencies


on electropermeabilization, some authors have used pulse


generators to obtain continuous waveforms of various


shapes with frequencies from several hundred Hz to 1


MHz [2–6]. Because of the continuity of these waveforms,


change in the frequency always resulted in corresponding


change of the duration of the pulses.


In contrast, only few authors have attempted to vary the


frequency of the pulses by adjusting only the delay between


two consecutive pulses in a train, thus keeping the duration


and number of pulses constant. One of these studies was


performed by Vernhes and co-workers [7], where the effect


of the repetition frequency (ranging from 0.5 to 100 Hz) on


cell viability and permeabilization was investigated. This


study has shown high permeabilization and survival of the


cells can be obtained even at 100 Hz. We decided to


investigate the effect of different pulse frequencies on the


uptake of exogenous molecules at even higher frequencies.


For this purpose, at the University of Ljubljana, we devel-


oped an electropulsator, which permits to vary the repetition


frequency of the pulses keeping the number and duration of


pulses constant [8].


The purpose of our study was to examine the possibilities


of using pulses with repetition frequencies higher than 1Hz in


electrochemotherapy. Electrochemotherapy is a technique
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where electric pulses in combination with chemotherapeutic


agents (e.g., bleomycin, cisplatin [9–13]) are applied to


tumor cells. This technique was found to be effective in


treatment of cutaneous and subcutaneous tumors in patients


[14–17]. In the most comprehensive study [14], the results of


five different research groups (France, USA, and Slovenia)


were summarized and patient responses evaluated. Objective


responses (absence of any trace of tumor, complete response,


or more than 50% reduction in tumor volume, partial


response, for at least 30 days after the treatment) were


obtained in 85.3% of the 273 evaluable tumors. Local clinical


complete responses were obtained in 56.4% (154) tumors,


and partial responses in 28.9% (79) tumors. A high rate of


local objective responses was obtained regardless of the


histological type of the treated tumors. In general, the patients


found electrochemotherapy tolerable, although some com-


plained about unpleasant sensations associated with the


delivery of electric pulses. Because of the relatively low


repetition frequency of the pulses used (1 Hz), each individ-


ual pulse in the train of pulses (usually 4, 6 or 8 pulses)


provokes muscle contraction. Since such individual muscle


contractions are disagreeable, any reduction of these sensa-


tions would be an improvement for the patients. The use of


pulses with repetition frequency exceeding the frequency of


tetanic contraction (where successive muscle contractions


fuse into smooth motion) would already represent an


improvement in sense of reducing the pain associated with


electrochemotherapy. To study the possibilities for the use of


higher pulse repetition frequencies in experiments in vivo, the


first step is to investigate these conditions in vitro. Because


electrochemotherapy is based on enhanced uptake of chemo-


therapeutic agents (e.g., bleomycin, 1500 g/mol) into tumor


cells, we examined the effect of repetition frequency of


electric pulses on the uptake of Lucifer Yellow, a small


nonpermeant hydrophilic molecule (like the bleomycin, but


not toxic) into electropermeabilized cells in vitro.


2. Materials and methods


2.1. Cells


DC3F cells—spontaneously transformed Chinese hamster


fibroblasts [18]—were grown in Eagle’s Minimum Essential


Medium (EMEM) with added 10% Fetal bovine serum (both


from Life Technologies, USA). After trypsination, cells were


centrifuged for 5 min at 1000 rpm at 4 jC and resuspended in


Spinner’s minimum essential medium (SMEM, Life Tech-


nologies, USA) to obtain 2� 107 cells/ml.


To determine the uptake of molecules into the permea-


bilized cells, the nonpermeant fluorescent dye Lucifer


Yellow (MW 522 g/mol, Sigma, USA) was added to the


cell suspension before electropermeabilization in quantity


that led to 1 mM concentration of Lucifer Yellow in the cell


suspension. Because Lucifer Yellow can enter the permea-


bilized cell and stay inside the cell after pores reseal, the


quantity of Lucifer Yellow taken up by the cell (the uptake)


can be determined by measuring the fluorescence. As


Lucifer Yellow is not cytotoxic its presence should not


affect cell viability.


Cells were kept at 4 jC until electropermeabilization.


2.2. Electropermeabilization


A50-Al (F 0.8%) droplet of the cells suspended in SMEM


(f106 cells) was taken and placed between two parallel plate


stainless steel electrodes 2 mm (F2.5%) apart. The entrapped


droplet was cylindrically shaped with concave sides. In


comparison with the cross-section area of the ideal cylinder,


the area at the electrode/medium contact was f 2% larger,


while at the narrowest point of the droplet (in the middle


between the electrodes), the actual cross-section area was


f 15% smaller. In the first experiment, eight rectangular


pulses with each 100-As duration, with amplitudes from 80 to


400 V, and repetition frequencies of 1, 10, 1000, and 2500 Hz


were delivered. With our electropulsator, 2500 Hz was the


highest frequency that could be generated for 100-As pulses
[8]. To obtain higher pulse repetition frequencies, shorter


pulses were used. This was a consequence of the limitation of


the electropulsator, where the delay between two consecutive


pulses is limited by the duration of the pulse (the shortest


delay is three times longer than the duration of the pulse).


Therefore, in the second experiment, twenty-six 30-As rec-
tangular pulses were delivered, with amplitudes from 80 to


400 V and repetition frequencies of 1 Hz and 8.3 kHz.


Twenty-six pulses were used in order to have the same


cumulative length of the pulses, thus the product N�T of


the number N and duration T of the pulses was constant in


both experiments. After 10min of incubation at room temper-


ature, 950 Al of SMEM was added to prevent drying. After


additional 30 min, cells were diluted in 5 ml of phosphate


buffer saline (Life Technologies, USA) in order to remove


extracellular Lucifer Yellow, and centrifuged at 1000 rpm.


The washing procedure was repeated twice, which proved


sufficient in preliminary experiments. Cells were then broken


down by ultrasonication (Sonifier 250, Branson Ultrasonics,


USA) and fluorescence was measured on a spectrofluorom-


eter (SFM 25, BioTek, USA). Excitation was set at 418-nm


wavelength and emission was detected at 525 nm. The


remnants of the extracellular Lucifer Yellow together with a


small amount of Lucifer Yellow taken up by cells with


endocytosis represented the background fluorescence, which


was measured at 0 V (no pulses). The fluorescence of cell


fragments and phosphate buffer saline was considerably


lower than the background fluorescence and was thus not


taken into consideration.


2.3. Data processing


All experiments were repeated at least three times on


different days. Due to scattering of the measured fluores-


cence, the results were normalized to the value of the uptake
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at 8� 100 As, 1 Hz, U = 200 V in each experiment, which


represented 100 arbitrary units of fluorescence. Results from


different repetitions of experiments were pooled together


and are presented as the mean and standard deviation of the


mean (S.D.). On these data, three-parameter Gaussian peaks


were fitted,


yðuÞ ¼ ymaxexpð�ðuC � uÞ2=2b2Þ ð1Þ


where y is the uptake, u is the pulse amplitude, ymax is the


maximum concentration of Lucifer Yellow in cell suspen-


sion, uC denotes the value of u, corresponding to y = ymax,


and b determines the width of the peak. All fits were


obtained by least-squares nonlinear regression using Sigma-


Plot 5.0.


3. Results


The results of the uptake of Lucifer Yellow into electro-


permeabilized cells as a function of pulse amplitude and


repetition frequency of electric pulses are shown in Figs. 1


and 2. As the figures show, increasing the amplitude of the


pulses results in an increase of the uptake of Lucifer Yellow,


which reaches its maximum value at a certain pulse ampli-


tude. With further increase of the pulse amplitude the uptake


decreases. The decrease in the uptake induced by higher


amplitudes is a result of irreversible cell electropermeabili-


zation. Cells either disintegrate or do not reseal, therefore


allowing the leaking of Lucifer Yellow from the cells after


dilution with SMEM (see M&M above).


In the first experiment, where eight 100-As pulses were


used, the highest uptake was obtained at the frequency of 10


Hz, while no significant difference was obtained between


the maximum uptake values at 1 Hz, 1 kHz, and 2.5 kHz


(Fig. 1). However, higher pulse amplitudes seem to be


required to obtain the maximum uptake with an increase


of the repetition frequency of electric pulses. For frequen-


cies 1 Hz, 10 Hz, 1 kHz, and 2.5 kHz, these pulse


amplitudes (uC) are 234, 273, 304, and 313 V, respectively.


Also, with an increase of the repetition frequency of electric


pulses, the uptake peaks are wider.


In the second experiment where 30-As pulses were used,
the maximum uptake at the frequency of 8.3 kHz is


comparable with the uptake at 1 Hz (Fig. 2). Again, higher


pulse amplitudes are required to obtain maximum uptake


values at the higher frequency (uC = 219 V for 1 Hz and


uC = 335 V for 8.3 kHz) and the uptake peak is wider at the


higher frequency.


4. Discussion


4.1. Electropermeabilization in general


Increased efficiency of high frequency unipolar or bipolar


waveforms compared to a single rectangular pulse was


already reported for fusion and gene transfection by different


authors. For example, Tekle and co-workers examined the


transfection efficiency of NIH 3T3 cells electropermeabilized


by a single rectangular pulse and a high frequency unipolar or


bipolar rectangular waves (60 kHz, 250 kHz, 1 MHz) [3].


They reported increased transfection efficiency and also


higher survival of the cells with high frequency bipolar and


unipolar waves with respect to a single rectangular pulse.


Chang studied poration of COS-M6 cells and fusion of


human red blood cells by radio frequency (RF) sinusoidal


waves (several kHz–1 MHz) superimposed onto a rectangu-


lar pulse [4]. He found that pulsed RF field is more efficient in


both cell fusion and cell poration than a DC rectangular pulse.


He also found that electropermeabilization with RF pulses


results in higher percentage of cells surviving the exposure to


electric field compared to a DC rectangular pulse. With the


Fig. 1. The uptake of Lucifer Yellow (LY) as a function of pulse amplitude


U at pulse repetition frequencies of 1 Hz (.), 10 Hz (5), 1 kHz (o), and 2.5


kHz (n) (8 pulses of 100-As duration). Each point on the figure represents


the mean of three valuesF S.D.


Fig. 2. The uptake of Lucifer Yellow (LY) as a function of pulse amplitude


U at pulse repetition frequencies of 1 Hz (.) and 8.3 kHz (n) (26 pulses of


30-As duration). Each point on the figure represents the mean of three


valuesF S.D.
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same type of pulses (40-kHz frequency), Chang and co-


workers have also reported increased efficiency of gene


transfection of COS-M6 cells by electropermeabilization [5].


According to the results of the above-mentioned studies,


high-frequency waveforms seem to be more efficient in cell


electropermeabilization and also less damaging to the cells


than a single rectangular pulse. Because these authors were


using amplified signals from common pulse generators,


continuous waveforms were generated instead of a train of


consecutive pulses that is typically used in electrochemother-


apy and electrogenetherapy. This resulted in a frequency-


dependent number and duration of the pulses in a train. On the


contrary, in our studywe varied the frequency of the pulses by


changing the delay between two consecutive pulses in a train,


thus keeping both the duration and number of pulses constant


(except for 8.3 kHz, see below). The effect of different pulse


repetition frequencies (from 1Hz to 8.3 kHz) on the uptake of


Lucifer Yellow into electropermeabilized cells was therefore


examined. Because 2.5 kHz was the maximum frequency


generated by our electropulsator at 100-As pulses, we short-
ened the duration of the pulses to 30 As, increased the number


of pulses (to keep the total cumulative length of the pulses


N� T constant) and therefore increased the maximum gen-


erated frequency to 8.3 kHz.


Our results (Figs. 1 and 2) show that the increase in the


repetition frequency of the pulses does not significantly


reduce the maximum value of the uptake even at the highest


frequencies applied (8.3 kHz), while different voltages


correspond to the maximum uptake at a given frequency.


The frequency of 10 Hz seems to be the optimum frequency


for the maximum uptake, which we are not able to explain at


this time.


A study where the duration and the number of consec-


utive unipolar rectangular pulses in a train were kept


constant regardless of the pulse frequency was performed


by Vernhes and co-workers [7]. The frequency effect on cell


viability and permeabilization of Chinese hamster ovary


cells was investigated in the range from 0.5 to 100 Hz. Their


results show biphasic dependence of cell viability on pulse


frequency, viability increased from 0.5 to 10 Hz and then


decreased, while the percentage of permeabilized cells


increased with the frequencies above 10 Hz. If we consider


that the increasing part of the uptake curves in Fig. 1


corresponds to an increase in the fraction of the permeabi-


lized cells, while the decreasing part corresponds to


increased fraction of irreversibly electropermeabilized cells,


our results are in agreement with these results, at least up to


10 Hz frequency. In both studies, the 10 Hz frequency


seems to be the optimum frequency for the highest viability


of the cells (Vernhes), or the highest uptake (our study).


4.2. Prospects of using high frequency pulses in electro-


chemotherapy


The main purpose of our study was to investigate the


possibilities of the use of pulses with higher frequencies in


electrochemotherapy in order to reduce the painful sensa-


tions caused by low-frequency (1 Hz) electrochemotherapy.


For efficient electrochemotherapy, electric pulses of appro-


priate amplitude must be delivered to the electrodes. Typ-


ically, 1000-V pulses are applied to the electrodes having a


distance of 8 mm. Besides electropermeabilization of tumor


cell membranes, these pulses also excite the nerve fibers


located beneath or in the vicinity of the electrodes. In the


form of action potential, the excitation is then carried along


the nerve fiber to neuromuscular junctions to cause muscle


contraction.


After the first pulse, the membrane of the nerve axon


cannot be excited for the refractory period of the axon


membrane [19–21]. If a train of pulses is used, with the


delay between two consecutive electric pulses shorter than


the combined duration of the action potential and the


refractory period, each pulse in the train will not be able


to initiate a new action potential. In addition, if the duration


of the whole train of pulses is shorter than the duration of


the action potential including the refractory period, only a


single action potential will be generated (Fig. 3). Skeletal


muscles are mostly innervated by myelinated nerve fibers


for which the maximum frequency of generated action


potentials (inverse value of the duration of the action


potential and the refractory period) ranges from 400 to


2500 Hz [19–21], depending on the diameter of the nerve


axon.


As mentioned above, after excitation of the nerve, the


action potential is carried to neuromuscular junctions to


provoke muscle contraction, which typically lasts for tens


(e.g., ocular muscle) up to hundreds of miliseconds (e.g.,


soleus). Since the pulse repetition frequency of 1 Hz is most


Fig. 3. The duration of the whole train of pulses in comparison with the


duration of the action potential considering refractory period.
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often used in electrochemotherapy [11–14,22,23], each


individual pulse in the train of pulses causes the contraction


of muscles innervated by the excited neurons. Increasing the


frequency of electric pulses would increase the frequency of


generated action potentials in the excited nerve, shorten the


delay between two consecutive muscle contractions, and


eventually increase the force of muscle contraction (Fig. 4).


At a certain frequency of excitation (f 40 Hz [19,20])


successive muscle contractions will fuse into smooth


motion-tetanic contraction (Fig. 4). Electrochemotherapy


with pulse repetition frequencies above the frequency of


tetanic contraction would therefore reduce the number of


individual muscle contractions but also increase the force of


muscle contraction, while at frequencies lower than tetanic,


the muscle response to the excitation will not be smooth


(Fig. 4).


Suppose the pulses are delivered at the frequency for


which the duration of the whole train of pulses is shorter


than duration of the action potential with the refractory


period (Fig. 3), the response of the muscle to the high


frequency of excitation would probably be the same as if the


muscle were excited by a single pulse. Considering the train


of eight pulses with duration of 100 As, the repetition


frequency of electric pulses generating a single action


potential, and thereby a single muscle contraction, is


expected to be in the range of a few kHz, but not higher


than 20 kHz even for the fastest muscles.


Although many electropulsators are unable to generate


100-As pulses at this frequencies, the use of pulses with


considerably lower repetition frequencies would still result


in a decreased muscle response with respect to a typical 1


Hz exposure because: (a) the refractory period of the axon


membrane consists of the absolute refractory period (during


which it is impossible to initiate a new action potential) and


the relative refractory period (during which a stronger


stimulus can initiate a new action potential). Because the


data on the maximum frequency of generated action poten-


tials mentioned above were calculated regarding to the


absolute refractory period only, the maximum frequency


of generated action potentials considering both refractory


periods can be lower; (b) the pulses with repetition frequen-


cies higher than the frequency of tetanic contraction (f 40


Hz) will already reduce the number of consecutive muscle


contractions and thereby, reduce the number of unpleasant


sensations; (c) the pulses with frequencies higher than the


maximum frequency of generated action potentials (>400


Hz) will reduce both, the force and the number of muscle


contractions, considering finite duration of the train of


pulses (filled circles in Fig. 4). For example, the total


duration of a pulse train (eight 100-As pulses) at 1 Hz


repetition frequency is 8 s, while at 1 kHz pulse repetition


frequency the total duration of the train is 8 ms.


Besides the nerves that innervate the muscles, electric


pulses could also excite pain receptors or nerve endings


located nearby. An increased pulse repetition frequency


could also eliminate these side effects.


In a recent study by Daskalov and co-workers [25],


electrochemotherapy with high frequency pulses was per-


formed on basal cell and spin cell carcinoma and on


melanoma metastases in patients. They have compared


8� 100 As, 8� (50 + 50 As), both 1-Hz rectangular pulses


and a burst of eight bipolar rectangular pulses (50 + 50 As,
pulse repetition frequency 1 kHz). No difference between


tumor responses on treatment protocols was observed.


However, electrochemotherapy with higher pulse frequen-


cies was better accepted by the patients, because of only one


electrical excitation instead of eight. Our theoretical consid-


erations are in agreement with these results, while results of


our in vitro study further substantiate that electrochemother-


apy could be effectively performed with higher pulse


repetition frequencies. In addition, the total duration of the


pulse train is important in the case of treating large tumors


with arrays of multiple electrodes, since the total treatment


duration can be reduced.


In summary, the uptake at the highest repetition frequen-


cies examined (2.5 kHz for 100 As and 8.3 kHz for 30-As
pulses) stays at similar levels as the uptake at 1 Hz, while


different voltages correspond to the maximum value of the


uptake at the specific frequency. However, with pulses of


longer duration or increased number of pulses, an additional


increase in the uptake can be obtained [26,27]. If we refer to


the previously mentioned study [14] where muscle contrac-


tions and painful sensation were presented as the most


disagreeable side effects during electrochemotherapy, on


the basis of our theoretical considerations and in vitro


results, we suggest the use of pulses with higher frequencies


as an improvement in a sense of reduced force and number


Fig. 4. The dependence of the force of muscle contraction on the pulse


repetition frequency and the occurrence of tetanic contraction for continuous


muscle stimulation. The filled circles (.) represent the force of contraction
due to excitationwith a pulse train (8� 100 As) at a given frequency (partially
adapted from Ref. [24]). duration of a pulse train (8� 100 As) at a
given repetition frequency.
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of muscle contractions for the patients. Certainly, before


clinical applications, the results obtained in our study in


vitro should be verified on animal tumor models in vivo.
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M.J. Jaroszeski, S. Orlowski, D.S. Reintgen, Z. Rudolf, M. Belehradek,


R. Gilbert, M.P. Rols , J. Belehradek Jr., J.M. Bachaud, R. DeConti, B.
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Abstract


An electrochemical system consisted of Gluconobacter oxydans as a microorganism and 2-hydroxy-1,4-naphthoquinone (HNQ) as a


mediator has been setup to examine the effect of initial carbon sources on the detection of glucose. Catalytic current due to the oxidation of


glucose was observed only when both G. oxydans and HNQ were present. From amperometric measurements, it was found that the


sensitivity strongly depended on the initial carbon sources. The sensitivity was highest for the cells cultured in a fructose-containing medium


and decreased in the order, mannitol > sucrose>glucose>galactose>glycerol. The difference in sensitivity was explained by considering the


current rising pattern at an initial stage of a microbial fuel cell constructed with the same components. The rising time, not the fuel cell


efficiency, could directly be related to the sensitivity order. A sensor where G. oxydans was confined at the vicinity of the electrode by the


semipermeable membrane was constructed. A linear response over a millimolar range of glucose concentration was observed with a cell


grown in galactose-containing medium. This work demonstrates that the initial carbon source play an important role on glucose sensoring and


should be considered in a real application.


D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction


Microbial sensors utilize living microorganisms to detect


substrates through the metabolic sequences of enzymes


within the cell [1,2]. Despite the relatively poor selectivity


compared with single enzyme-based biosensors, microbial


sensors have several advantages such as physical robustness,


stability, easy handling, and cheap preparation cost. Works


so far have mostly been concentrated on the development of


biosensors for the environmental monitoring using various


detection systems, which include a Clark-type oxygen sensor


[3–5] or potentiometric ammonium [6] or pH electrodes [7]


as a transducer. Redox mediator-based detection systems


have also been developed in which the mediator functions as


an electron-shuttle between the cell and the electrode [8–10].


Particularly notable in this regard is the work by Ikeda et al.


[11]. They have developed various mediated electrocatalysis


systems, for example, to detect ethanol, to follow in vivo


reconstruction of glucose dehydrogenase in Escherichia coli


[12], and to measure the oxidizing activity of acetic acid


bacteria [13]. It was found that the sensor performance


strongly depended on the kind of mediators.


Since many enzymes are involved, the response of micro-


bial sensors quite depends on the physiological state of living


cells, and thus, it is expected that microorganisms grown in a


different culture medium exhibit different sensor response


even for the same substrate. However, the study of culture


medium dependency is rare. Ikeda reported that Acetobacter


pasteurianus had a higher response to ethanol and acetalde-


hyde when grown in ethanol-containing medium than in


glucose-containing medium [13]. In our microbial fuel cell


study [14], we have already demonstrated that the cell


performance varied depending on the initial culture condi-


tions. In this paper, we extended our previous work on the


fuel cell to the microbial sensor to investigate the initial


carbon source dependency of sensor sensitivity. Some com-


mon mono- and disaccharides as well as glycerol have been


used in a culture medium. We chose glucose oxidation as a
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model system as this is one of the most extensively studied


systems and has important clinical implications. An electro-


chemical cell made of Gluconobacter oxydans and 2-


hydroxy-1,4-naphthoquinone (HNQ) was constructed, and


voltametric and amperometric measurements were carried


out to see the effect of initial culture conditions. Also, we


constructed a fuel cell using the same components to compare


with results from a sensor.


2. Experimental


2.1. Preparation of microorganisms


G. oxydans (ATCC 621) was obtained from the culture


collection of Korean Collection for Type Cultures (KCTC)


and grown aerobically at 30 jC. To test initial carbon source


effects on the fuel cell efficiency, the microorganism was


cultured in a medium that contained 10 g of trypton, 6.8 g of


KH2PO4, and 10 g of a carbon source per liter. Fructose,


galactose, glucose, sucrose, mannitol, and glycerol were


used as an initial carbon source. Each culture containing a


carbon source was daily subcultured with 5% inoculums for


3 days. Cells were harvested by centrifugation at 3000� g


for 10 min at their early stationary phase and washed three


times with 0.05 M of phosphate buffer of pH 7.0 at 4 jC.
The washed microorganisms were resuspended in a buffer to


give 20 mg (dry wt.) per ml for experiments.


2.2. Electrochemical measurements


The choice of mediator was made after testing its fuel


cell performance. 2-Hydroxy-1,4-naphthoquinone (HNQ)


was chosen because it gave higher coulombic output than


commonly used mediators such as resazurin or thionine.


A conventional electrochemical setup with a potentiostat


(Autolab PGSTAT 30, ECO CHEM) and three-electrode


system (AgAAgClAKCl(sat) reference, graphite working,


and Pt counter electrodes) was employed for electrochemical


measurements. All the chemicals were of reagent grade and


used without further purification. The solution containing a


microorganism and a mediator was prepared in 0.1 M


phosphate buffer at pH 7.0 after degassing with N2. A


microorganism suspension was prepared by ultrasonicating


a clod of G. oxydans (0.24 g or 3� 1010 cells/g) in a buffer


solution (25 ml). HNQ concentration was maintained to be


0.5 mM. Amperometry of glucose oxidation was carried out


at a fixed potential determined from cyclic voltammetry in the


presence of HNQ and G. oxydans. Current was measured by


adding a glucose stock solution to the system. For the rapid


mixing of glucose, the electrode was rotated at 1500 rpm. A


sensor was constructed according to the literature [9] where


G. oxydanswas confined at the vicinity of the electrode by the


cellulose acetate membrane (pore size 0.2 Am) and current


was measured as a function of glucose concentration at a


fixed potential.


2.3. Fuel cell experiments


A fuel cell assembly was constructed according to our


previous design [14]. The cell is composed of anode and


cathode compartments separated by a cation exchange


membrane (Nafion, Aldrich, USA). A reticulated vitreous


carbon (RVC) plate was used as an anode. RVC has a


physical structure that can allow easy access of organisms


and mediators to the electrode surface through the open


network and provide a high surface area for the reaction.


Anolyte and catholyte were composed of 0.05 M sodium


bicarbonate buffer and 0.1 M ferricyanide solutions, respec-


tively. G. oxydans and HNQ were added to the anodic


compartment. A platinum plate was used as a cathode. Each


compartment was sealed by 1.5-mm-thick silicone rubber


gaskets. During the experiments, nitrogen was flowed


through the cell compartments to keep oxygen from entering


the cell and to effectively mix the solution. Operation


temperature was maintained constant in a water bath.


The cell discharge was done by the 560-V external


resistor between an anode and a cathode. The discharge


curve was recorded only after the open circuit voltage was


stabilized with nitrogen gas flowing through the cell. The


cell voltage with time was then recorded with a personal


computer equipped with an analogue-to-digital board (Com-


puter Boards, Mansfield, MA, USA). Coulombic efficiency


was calculated by the equation, g =Qdis/Qth, where Qdis and


Qth are charges experimentally obtained by the integration


of a discharge curve and theoretically calculated for the


complete oxidation of a substrate, respectively.


3. Results and discussion


Curve a in Fig. 1 shows cyclic voltammetry of HNQ in


the presence of G. oxydans. A set of redox peaks with a


formal potential at � 0.36 V indicates a typical reversible


Fig. 1. Cyclic voltammetry of HNQ in pH 7.0 phosphate buffer containing


G. oxydans in the absence (curve a) and in the presence (curve b) of


glucose. CHNQ = 0.5 mM, Cglucose = 2.0 mM. Scan rate = 5 mV s� 1.
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electron transfer reaction of the quinone group in HNQ to


hydroquinone involving two electrons.


Glucose itself does not undergo any electrochemical


reactions within the potential range examined. Glucose


oxidation is observed only when both G. oxydans and


HNQ are present in the solution (curve b). Curve b is


exactly the same as curve a except there is offset current.


Two kinds of current contribute to the overall shape: (i) the


current due to the direct redox reaction of HNQ at the


electrode, and (ii) the catalytic current due to the glucose


oxidation mediated by HNQ (Scheme 1). If the catalytic


current prevails as in the case of enzyme-modified electro-


des where a large current from the glucose oxidation is


usually observed, the voltammogram should be in sigmoidal


shape. In our case, however, the fact that the voltammogram


is shifted upward indicates the relatively small contribution


of catalytic oxidation of glucose, which in turn implies that


the glucose oxidation by G. oxydans is slow.


G. oxydans grown at various initial carbon sources was


tested by amperometric experiments. Here we denote Glu-


ini, for example, to indicate the condition in which glucose


was used in an initial culture medium. Likewise Gal-ini,


Fru-ini, Suc-ini, Man-ini, and Gly-ini indicate that galac-


tose, fructose, sucrose, mannitol, and glycerol were initially


used as a carbon source. The working electrode was


polarized at 0.1 V to detect glucose by oxidation. Fig. 2 is


the current–time curve with Gal-ini condition as the con-


centrated glucose solution is added as indicated by arrows.


G. oxydans was suspended in a whole electrochemical cell


under 0.1 M phosphate buffer at pH 7.0.


Oxidation current increases in response to the increase in


glucose concentration but it takes ca. 10 min to reach the


plateau. This slow response, which has also been observed


by other researchers, is typical of a sensor composed of


microorganisms. The identical measurements were done


with other conditions. Fig. 3 is the plot of current vs.


glucose concentration for various initial culture conditions,


showing the glucose oxidation is quite dependent of initial


carbon sources. While somewhat large oxidation current


was resulted when hexoses such as glucose and sucrose


were used in a culture medium, very little oxidation current


was observed with Gly-ini condition, indicating glycolytic


pathway was not effectively developed in this condition.


When the cell was treated glycerol initially, metabolic


reactions inside the cell should be adapted to this triose.


Claret et al. reported on the results that only two catabolic


pathways are involved in glycerol dissimilation by this


microorganism [15]. The only enzyme responsible for


dihydroxyacetone (DHA) production is membrane-bound


glycerol dehydrogenase, which employs O2 as the final


acceptor of reduced equivalents without NADH mediation.


As the glycolytic and carboxylic acid pathways are absent,


the pathway provided by the membrane-bound enzyme is


indispensable for the energy requirements of G. oxydans.


Therefore, initially glycerol-cultured G. oxydans cells are


less preparative as well as less sensitive for the added


glucose comparing with other glycolytic substrates such as


galactose and glucose. The best sensitivity was achieved


with Fru-ini condition although current was not linearly


increased with concentration. According to recent studies of


Tkachenko et al. [16], the respiratory activity of G. oxydans


was stimulated in phosphate buffer supplemented with


fructose. Stimulated respiratory activity by the fructose


Scheme 1. Electrochemical detection of glucose by the mediator.


Fig. 2. Amperometric measurements of glucose oxidation by G. oxydans on


the electrode polarized at + 0.1 V vs. AgAAgClAKCl(sat). Concentrated
glucose solution was injected while rotating the electrode at 1500 rpm. The


injection is indicated by arrows, which correspond to 0.1, 0.5, 1.0, and 2.0


mM of glucose, respectively. Cells were cultured under Gal-ini condition


and suspended in a whole electrochemical cell under 0.1 M phosphate


buffer at pH 7.0 for the measurements. CHNQ = 0.5 mM.


Fig. 3. Plot of oxidation current vs. glucose concentration using values


obtained from amperometric measurements under Glu-ini (E), Gal-ini (.),
Man-ini (n), Fru-ini (D), Suc-ini (o), and Gly-ini (5) conditions. Other


conditions are the same as those in Fig. 2.
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treated cell will be responsible more efficiently to the added


glucose. Another report by Elisashvili and Loitsyanskaya


[17] on the levansucrase of this bacterium indicated that the


highest activity of the enzyme was observed with fructose


whereas the lower activity occurred with ethanol, glucose,


or galactose. These previous reports might explain why the


higher sensoring response to glucose could be achieved


when this bacterium was initially cultured with fructose. In


the meantime, Glu-ini condition gave a medium response to


glucose. This result implies that the identical carbon source


with the desired substrate is not necessarily used in an


initial culture badge to obtain the highest sensitivity. The


initial culture condition dependency has also been exam-


ined from the fuel cell point of view. We already demon-


strated that the fuel cell efficiency strongly depended on the


initial carbon sources [14]. Fig. 4 shows the charging–


discharging curves from a microbial fuel cell consisted of


the same components as those used in this electrochemical


measurement as a function of initial culture conditions.


Coulombic efficiencies are summarized in Table 1. The


lowest efficiency (5.3%) for Gly-ini explains the lowest


sensitivity for glucose. It could be explained by an ineffi-


cient metabolic adaptation by the initial treatment of


glycerol as described above. However, in most cases, the


Fig. 4. Variation of current outputs of a microbial fuel cell constructed with HNQ and G. oxydans upon the injection of glucose as a substrate. Cells were grown


under the condition where glucose (E), galactose (.), mannose (n), fructose (D), sucrose (o), and glycerol (5) were used as an initial carbon source. Inset:


The rising part of the figure.


Table 1


Charging time, coulombic efficiency (g), and sensitivity order of glucose


detection for different initial culture conditions


Initial culture


condition


Rising time


(min)


ga (%) Sensitivity


order


Glu-ini 11.2 24.3 4


Gal-ini 12.0 25.3 5


Man-ini 8.7 9.0 2


Fru-ini 7.0 12.7 1


Suc-ini 10.2 14.3 3


a The standard deviation is about 5%.


Fig. 5. Voltametric response of a sensor with G. oxydans confined at the


vicinity of the electrode by a cellulose membrane in (a) pH 7.0 phosphate


buffer only, (b) buffer +HNQ, (c) b + 5 mM glucose, (d) b + 6 mM glucose,


and (e) b + 7 mM glucose solutions. G. oxydans was cultured in a galactose-


containing medium. CHNQ = 0.5 mM. Scan rate = 5 mV s� 1.
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coulombic efficiencies do not follow the sensitivity order


shown in Fig. 3. The highest efficiency found in Gal-ini


condition (25.3%) does not mean the highest sensitivity.


Actually, Gal-ini condition gave the worst glucose sensitivity


except for glycerol. This seemingly contradictory result


could be solved by considering the current rising pattern at


the initial stage of the fuel cell operation (Fig. 4). Upon the


injection of glucose, current rises to the maximum value and


then decreases as glucose is being consumed. The rising


pattern varies depending on the kind of initial medium in


which the cell was cultured. For example, although Gal-ini


condition shows the highest coulombic efficiency, the cur-


rent rising takes rather long time, indicating that the cells are


slowly responding to glucose. Actually, this discrepancy


between fuel cell efficiency and sensor responsibility for


the cells grown in the galactose-cultured medium would be


explained by their unique property of galactose oxydase


inside the cell. When the cell is initially treated with


galactose as a carbon source, it actively induces the galatose


oxidase which oxidizes galactose to DHA [18]. DHA is


known to actively participate in the further metabolic path-


way such as respiratory electron transport reactions. Its final


effect would eventually increase the coulombic efficiency in


the microbial fuel cell by way of redox mediators. However,


as DHA inhibits the glycolytic pathway, the glucose-sensing


ability of initially galactose-cultured cells could be decreased


despite the highest fuel cell efficiency. The shortest rising


time found for Fru-ini condition despite the low fuel cell


efficiency (12.7%) explains why this cell gave the best


glucose sensitivity. In the sensor application, the rising time


should be taken into consideration more importantly than the


fuel cell efficiency as measurements are usually finished in a


short period of time. In this sense, the coulombic efficiency


may not be a good indicator for the sensor as integration of


charge over the entire discharging curve is needed to


calculate the efficiency, which easily takes more than an


hour. For this reason, we measured time until current reaches


90% of the maximum value, though rather arbitrarily, after


the injection of glucose for each initial condition (Table 1)


and compared them with the amperometric results (Fig. 2).


Surprisingly, they exactly coincide with each other except for


Gly-ini case. Since very low sensitivity and coulombic


efficiency were resulted from Gly-ini condition, the direct


comparison with other conditions is not meaningful. Based


on these results, a glucose sensor has been constructed in


which a microorganism was confined at the vicinity of the


electrode surface by the membrane. Fig. 5 shows cyclic


voltammetry of glucose oxidation with galactose-cultured G.


oxydans in the presence of HNQ. The voltametric shape is


more sigmoidal than when microorganisms are dispersed in


solution (Fig. 1), indicating that the catalytic oxidation of


glucose is a main contributor to the overall current. The


direct reaction of HNQ is minimized because microorgan-


isms that cover the electrode surface prevent the free access


of HNQ molecules to the electrode. Oxidation current


increases as the glucose concentration increases as expected.


Without G. oxydans or HNQ, no oxidation current was


observed. Fig. 6 shows the amperometric measurements of


glucose with the cells cultured in Gal-ini condition while


rotating the electrode at 1500 rpm. G. oxydans was physi-


cally confined at the electrode surface by the cellulose


membrane (pore size 0.2 Am). Purely based on sensitivity,


a linear response over a millimolar range of glucose indicates


that this type of glucose sensor may find applications in a


clinical field if some means of giving selectivity is provided.


In conclusion, we have demonstrated that the changes in


carbon sources in an initial culture medium induce different


glycolytic pathways within a microorganism, which in turn


exhibits different sensitivities toward the substrate. With an


electrochemical cell consisted of G. oxydans and HNQ, the


best sensitivity was obtained with Fru-ini condition. While


the coulombic efficiency of a microbial fuel cell may not be


a good indicator for the sensitivity, the current rising time at


the injection of substrate could be directly related to the


sensitivity. Our results show that it is possible to maximize


the sensor sensitivity simply by tuning the initial carbon


sources for the microorganism.
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