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Abstract


It has been suggested that selective uptake of photosensitizers is due to significantly lower pH of the interstitial fluid in tumors compared


to normal tissue. Therefore, the cellular uptake of merocyanine 540 (MC 540) was examined at two pH values: 6.8F 0.1 and 7.4F 0.1. There


was no difference in spectral properties (absorption and fluorescence maxima positions, fluorescence intensity) of the drug in the presence of


increasing amounts of either human blood plasma or FCS (0–2%) at the two pH values investigated. Nevertheless, significantly higher


amounts of the drug were taken up by WiDr cells at pH 6.8F 0.1, both in the presence of 10% FCS and in the absence of FCS. The


absorption spectra of MC 540 in the presence of egg phosphatidylcholine (PC) liposomes turned out to be NaCl concentration-dependent


(0.00–0.30 mol l� 1). Membrane fluidity, as measured by fluorescence anisotropy of diphenylhexatriene (DPH), was unchanged within the


experimental error in the NaCl concentration range 0.01–0.30 mol l� 1. The spectral changes indicated an enhancement of the incorporation


of MC 540 into lipid membranes with increasing ionic strength. Such a salt concentration dependence suggests a possible involvement of the


surface potential in the interaction of MC 540 with lipid membranes. The results might provide an explanation of the pH dependency of the


cellular uptake of MC 540 observed in this study.


D 2002 Published by Elsevier Science B.V.
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1. Introduction


Selective uptake of photosensitizers by tumors has been


reported [1–3]. However, underlying mechanism has not


been satisfactorily explained. A role of different environ-


mental properties in the tumor versus the normal tissue has


been suggested [4]. In particular, significantly lower pH of


the interstitial fluid in tumors [5–7] might influence phys-


ico-chemical properties of photosensitizers and/or mem-


branes and, thus, cellular uptake of drugs.


Selective cellular binding and ability to sensitize photo-


dynamic killing of cells have been found in case of


merocyanine 540 (MC 540) [8–10]. MC 540 is a lip-


ophilic dye with high affinity for lipids. It is generally


accepted that the negatively charged sulphate group of MC


540 prevents the dye to penetrate cellular membranes of


intact cells [8]. As a result, the plasma membrane is


believed to be the main site of its localization [8]. MC


540 binds selectively (i.e. in a significantly higher content


than to normal cells) to leukemic and lymphoma cells (e.g.


Refs. [11–13]) circulating in the blood stream. However,


blood is very well buffered and substantial differences in


blood pH are not likely to occur. Therefore, even if pH


was a determinant for selective uptake of MC 540 by


tumor cells, additional factors could be expected to be


involved as well. MC 540 binds also to electrically
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excitable cells [14]. It belongs to a group of probes being


used for monitoring of the changes in transmembrane


potential (e.g. Refs. [15,16]). Such changes are connected


with variations in concentrations of different ions close to


the cell membrane. Accordingly, membrane potentials, ion


distributions in membrane proximity and their modifica-


tions due to possible special properties of cancer cells (e.g.


surface charge) should be considered as factors affecting


cellular uptake of MC 540 in addition to the factors


investigated until now (fluidity, lipid packing, surface


charge, phospholipid asymmetry).


The purpose of this study is to investigate the nature of


the interaction of MC 540 with the membrane lipid bilayer


of living cells and cell-like structures, and identify factors


that might influence interactions of MC 540 with cellular


membranes and result in selective cellular uptake. For


instance, detailed studies on the effects of perturbation of


the membrane structure of erythrocytes have been made by


Lagerberg et al. [17,18]. We focused our attention on the


effect of environmental factors on the interaction of MC 540


with solid tumor cells. Two pH values were chosen: pH 6.8,


which is a mean pH value reported in tumors [19], and pH


7.4, as a reference pH, usually reported for normal tissue.


The effects of both the pH in the incubation medium and the


presence of serum proteins have been investigated in a WiDr


cellular uptake study. pH modifications might affect differ-


ent components of the tumor, such as tumor cells themselves


or serum proteins in extracellular fluid. Therefore, the


effects of the pH value on the interaction of MC 540 with


serum proteins and with cells in the absence of serum


proteins have been examined. Moreover, in order to check


whether variations in ionic strength itself might influence


interaction of MC 540 with lipid membrane, the effect of


increasing salt concentration on incorporation of MC 540


into liposomes was examined. Model membranes were


chosen for this purpose because different competitive phe-


nomena might be involved in the case of cells. Such


phenomena are both difficult to be maintained under a strict


control and not easy to separate.


2. Materials and methods


2.1. Chemicals


Merocyanine 540 (Scheme 1) was obtained from East-


man Kodak (USA) and was used without further purifica-


tion. Stock solutions of 2 or 1.3 mg ml� 1 were prepared in


water or in the mixture of water/ethanol (4:1), respectively,


and were kept frozen until used. Fetal calf serum (FCS)


purchased from Saveen (Norway) and fresh human blood


plasma sampled in EDTA tubes were kept frozen until used.


L-a-Phosphatidylcholine from frozen egg yolk (egg PC),


1,2-dimyristoyl-sn-glycero-3-phosphate disodium salt


(DMPA) and soybean L-a-phosphatidylcholine (SBPC)


were purchased from Sigma, Fluka and Calbiochem, respec-


tively. All chemicals used were of the highest purity


commercially available.


2.2. Binding of MC 540 to blood proteins


Phosphate-buffered solutions of different pH values [20]


containing FCS or human blood plasma (concentrations are


specified in Results) were used for sample preparation. In


order to keep the ionic strength of all the samples constant,


0.14 mol l� 1 NaCl was added to phosphate-buffered sol-


utions.


Different amounts of FCS or human blood plasma were


pre-incubated with phosphate-buffered solutions of the


appropriate pH value for 1 h. The pH value of the sample


containing FCS or human plasma without drug was checked


before and after measurement, and was found to be constant


within experimental error. Within 1 h after preparation


significant changes in pH values of the samples were


observed only at high concentrations of FCS (>5% FCS)


at pH values < 6.3 and >8.0. MC 540 from a stock solution


was diluted in pre-incubated plasma to the final concen-


tration 0.5 Ag ml� 1.


The fluorescence emission and excitation spectra were


recorded using a Perkin Elmer Luminescence Spectrometer


LS50 B. According to the specifications of the instrument,


the emission spectrum was uncorrected while the excitation


spectrum was corrected up to about 610 nm. A quartz


cuvette (1.0� 0.4 cm2) was used for the measurements.


For excitation, 530 nm light was used. Fluorescence exci-


tation spectra were recorded at kem = 620 nm. A cut-off filter


was used to remove scattered light of k < 515 nm. The


fluorescence from the control (i.e. without MC 540) showed


no fluorescence under these conditions. The absorption


spectra were recorded using Specord M40 or Perkin Elmer


Lambda 40 spectrophotometers. Quartz cuvettes (1.0� 1.0


cm2) were used for the measurements. A Metrohm AG CH-


9101 Herisau pH-meter was used to measure pH values of


the samples. Measurements were performed at room temper-


ature immediately after the addition of the drug to the


sample.


2.3. Cellular uptake


Human colon adenocarcinoma cells of the line WiDr


were used for cellular uptake experiments. The cells were


grown in monolayers at 37 jC in a humidified incubator


with 5% CO2 and subcultured twice a week in RPMI-1640Scheme 1. Merocyanine 540.
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medium supplemented with 10% fetal calf serum, 1%


penicillin and streptomycin, 0.2% insulin and 1% L-gluta-


mine.


The carbon dioxide–bicarbonate buffer system was


used to adjust pH of the medium (manuscript in prepara-


tion). Briefly, different combinations of the CO2 partial


pressure in the incubator atmosphere and the bicarbonate


concentration in the medium were used to achieve different


pH values (0.5 g l� 1 bicarbonate and 19% CO2 for pH


6.8, 2 g l� 1 bicarbonate and 5% CO2 for pH 7.4). Plastic


tissue-culture flasks were inoculated with 5� 105 cells.


The cells were incubated for 48 h under the usual


conditions (37 jC, 5% CO2, RPMI 1640 medium with


10% FCS). Medium with (10%) or without FCS, with


appropriate concentrations of bicarbonate to achieve


desired pH, was used to wash the cells. The cells were


then pre-incubated in the medium to achieve desired pH in


the flask. MC 540 was added to the medium from the


stock solution afterwards. The pH value of the medium in


the flasks with cells was checked after pre-incubation and


after the measurements. It was found to be unchanged


within experimental error (F 0.1) within the time period of


the experiment. After incubation for different time periods


(specified in Results), the medium was removed and the


cells were washed three times with ice-cold phosphate-


buffered saline (PBS). After addition of PBS (3 ml), the


cells were removed from the bottom of the flasks by


means of a soft cell scraper (KEBO Lab., Norway).


Corrections for slightly different cell numbers in the


samples were performed by light scattering measurements


at 630 nm or absorbance measurements at 274 nm. Both


the light scattering as well as the absorbance were linearly


dependent on the number of cells. Neither the light


scattering nor the absorbance was influenced by fluores-


cence or absorbance, respectively, from the photosensitiz-


ing drug.


Binding of MC 540 to WiDr cells, after the incubation at


two different pH values, was assayed according to Lager-


berg et al. [17] with a slight modification. One hundred


microlitres of cell suspension in PBS was added to 2 ml of


n-butanol and vortexed for 10 s. The amount of MC 540 in


the butanol layer was determined from the fluorescence


emission spectrum (excitation 540 nm, emission 580 nm)


using a Perkin Elmer LS50 B Luminescence spectrofluorim-


eter. The absorption spectra were recorded in the region


200–700 nm, using a Perkin Elmer Lambda 40 spectropho-


tometer. The curve corresponding to the light scattering was


subtracted from the original spectrum of cell-bound MC


540.


A Metrohm AG CH-9101 Herisau pH-meter was used to


measure the pH values of the samples. All the measurements


were carried out at room temperature.


2.4. Liposomes


Multilamellar vesicles were prepared by vortexing the


lipid (egg PC, egg PC/DMPA, SBPC; 20 mg ml� 1) in the


presence of an appropriate salt solution (0.00 or 0.15 mol


l� 1 NaCl). In the case of egg PC/DMPA liposomes, lipids


(egg PC and DMPA) were first dissolved in chloroform,


solutions of lipids were mixed to give an appropriate molar


ratio (9.3 mol% of negative lipid) and chloroform was


removed afterwards. The lipid dispersion was subjected to


five cycles of freezing and thawing to achieve equilibrium


transmembrane solute distribution [21]. Large unilamellar


vesicles were prepared by extruding multilamellar vesicles


(19 times) through two (stacked) polycarbonate filters of


100 nm pore size using an extrusion device (LipoFast-Basic,


Avestin, Ottawa, Canada). SBPC liposomes were prepared


by sonication of multilamellar vesicles. Samples were


prepared by 70-fold (egg PC) or 100-fold (egg PC/DMPA)


dilution of the vesicle suspension into an appropriate salt


Fig. 1. Absorption and fluorescence emission spectra of MC 540 (0.5 Ag ml� 1) in 0.14 mol l� 1 NaCl with 0.3% (- - -) and without human blood plasma (—).


kexc = 530 nm.
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solution (0.00–0.30 mol l� 1). MC 540 was added after-


wards. As judged from the light scattering curve, stability of


the liposomes was not interrupted. The final concentration


of the drug in the sample was 20 Ag ml� 1. The absorption


spectra of liposome-bound MC 540 were recorded using a


Specord M40 spectrophotometer. The light scattering signal


in the region of the MC 540 main absorption was less than


5% of the MC 540 absorption. Thus, no subtraction of the


curve corresponding to light scattering was performed.


The fluorescent probe diphenylhexatriene (DPH) was


added to the lipid dispersion of large unilamellar egg PC


liposomes to a concentration 10� 6 mol l� 1. After 90-min


incubation in the presence of DPH in the darkness, the


liposomes without MC 540 were diluted in a salt solution


to the same concentration as used in other experiments


with liposomes, and fluorescence anisotropy was esti-


mated. For excitation of DPH, 360 nm light was used.


All the measurements were performed at 24–25 jC.


Fig. 2. FCS and human plasma concentration dependence of the fluorescence emission (A) and fluorescence excitation (B) peak position of MC 540 (0.5 Ag
ml� 1, kexc = 530 nm, kem = 620 nm). Data points were fitted to the exponential rise to maximum function (R2>0.99 for all fits of the curves). Each data point


represents meanF S.E.M. from four (FCS) or seven (human plasma) measurements.
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2.5. Statistical analysis


For curve fittings and statistical evaluation of data, Sigma


plot and Sigma stat softwares were used. In most cases, the


Student’s t-test with 1% significance level was applied for


statistical analysis. In cases when the normality test failed,


Mann–Whitney rank sum test was used instead. Kolmo-


gorov–Smirnov test with Lilliefors’ correction and 5%


significance level to test normality was automatically per-


formed by Sigma stat software. The data are expressed as


meansF standard errors of mean (S.E.M.).


3. Results


3.1. Interaction with blood plasma/serum


The absorption spectrum of MC 540 (0.5 Ag ml� 1) in


phosphate-buffered solutions in the presence of 0.14 mol


l� 1 NaCl without human blood plasma or FCS at pH


7.4F 0.1 showed peaks at 500.0F 0.8 and at 532.3F 0.7


nm (Fig. 1), respectively. The same peak positions, within


experimental error, were observed at pH 6.8F 0.1. Increas-


ing amounts of human blood plasma and FCS resulted in a


bathochromic shift of the absorption bands (Fig. 1). The


position of the long wavelength peak in the presence of


0.8% human blood plasma was localized at 561.5F 0.5


nm at pH 7.4F 0.1. Increasing the amounts of human


blood plasma above this concentration did not result in any


further shift of the absorption maxima. The same peak


positions, within experimental error, were detected at pH


6.8F 0.1. Concomitantly, the increase of the molar extinc-


tion coefficient of the latter peak (relative to the former


one) was observed (Fig. 1). Fluorescence emission and


excitation maxima of MC 540 in phosphate-buffered


solutions in the presence of 0.14 mol l� 1 NaCl at pH


7.4F 0.1 were detected at 573.7F 0.4 and 499.0F 1.1


nm, respectively. A gradual bathochromic shift of both


fluorescence maxima with an increase of human blood


plasma concentration (Figs. 1 and 2) was accompanied by


the increased fluorescence intensity (Fig. 3). Qualitatively


the same tendency was observed after the addition of FCS,


although higher amounts of FCS than those of human


blood plasma were necessary (Figs. 2 and 3). There was


no effect of a pH decrease from 7.4F 0.1 to 6.5F 0.1


(6.8F 0.1 in the case of FCS) on the above-mentioned


spectral changes.


The positions of the absorption and fluorescence maxima


of MC 540 in the presence of 0.3% human blood plasma or


1% FCS were independent of the pH in the range 5.8F 0.1


to 8.3F 0.1, within experimental error, as measured shortly


after sample preparation.


3.2. Cellular uptake


Cellular uptake of MC 540 was examined at two pH


values, 7.4F 0.1 and 6.8F 0.1, both in the presence and in


the absence of FCS. The absorption spectra of the cell


suspension in PBS following incubation in the absence of


FCS were recorded after removal of incubation medium by


Fig. 3. FCS and human plasma concentration dependence of fluorescence intensity of MC 540 (0.5 Ag ml� 1, kexc = 530 nm, fluorescence emission recorded at


585 and 586 nm, respectively). Data points were fitted to the exponential rise to maximum function (R2 = 0.9889 and 0.9899 for FCS and human plasma,


respectively). Each data point represents meanF S.E.M. from 6 to 10 measurements.
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Fig. 4. (A) Absorption spectra of MC 540 bound to WiDr cells, incubated in the medium without FCS, in PBS after removal of the incubation medium and


washing the cells with PBS. Incubation times are indicated in the figure. Cellular uptake of MC 540 as a function of incubation time at the indicated pH values


in the medium without (B) and with (C) 10% FCS. MC 540 from the stock solution was added to the incubation medium to the final concentration of 13.2 Ag
ml� 1. Data points were fitted to the exponential rise to maximum function (R2 = 0.9820 and 0.9937 for pH 7.4 and 6.8, respectively). Each data point represents


meanF S.E.M. from six independent measurements. The asterisks represent statistically significant difference (1% significance level). The Student’s t-test was


applied for statistical analysis. In cases when normality test failed (indicated by circle), Mann–Whitney rank sum test was used instead.
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washing the cells with PBS (see Materials and methods).


They confirmed a time-dependent increase of absorbance at


wavelengths corresponding to monomers [22,23] and non-


fluorescent species, as judged from the comparison with the


corresponding excitation spectrum of the same sample (Fig.


4A). The sensitivity of the instrument does not allow an


application of spectrophotometric analysis of the drug


uptake, especially after the incubation of the cells in the


presence of FCS. Therefore, the cellular uptake of MC 540


was evaluated after the extraction of cell-bound dye with n-


butanol. The presence of FCS resulted in significantly lower


amounts of MC 540 taken up by WiDr cells. Interestingly,


the cellular uptake turned out to be pH-dependent (Fig.


4B,C) after the incubation of the cells with as well as


without FCS.


3.3. Interaction with liposomes


Incorporation of MC 540 into liposomes was examined


in the presence of NaCl. Absorption spectra of liposome-


bound MC 540 were taken in the region 200–700 nm. No


absorption peaks indicating lipid oxidation damage were


detected. The lipid/drug ratio was chosen in such a way


that the absorption peaks corresponding to MC 540 species


in water phase were predominant in the sample without


NaCl. Increasing the ionic strength in the suspension


containing 100 nm egg PC large unilamellar vesicles led


to changes in the absorption spectra of MC 540 in the


presence of liposomes (Fig. 5). The absorption shoulder at


500.0F 0.8 nm, corresponding to MC 540 dimers in water


phase [22,23], diminished with an increase of NaCl con-


centration. Concomitantly, the absorbance at 565.0F 0.5


nm, corresponding to MC 540 monomers incorporated in


the lipid bilayer [22,24,25], increased. The same was


true 2 min, as well as 2 h after the addition of MC 540


to the dispersion of liposomes. Qualitatively similar results


(the lipid/MC 540 ratio was chosen so that the effect


of increasing NaCl concentration could be seen) were


obtained with egg PC/DMPA extrusion liposomes and


sonicated SBPC liposomes. There was a salt concentra-


tion-dependent decrease of the absorbance ratio A530/A565


irrespective of liposomes used (egg PC extrusion, egg PC/


DMPA extrusion, sonicated SBPC). Alternatively, lipo-


somes were prepared in 0.15 mol l� 1 NaCl. Dilution of


such dispersions unfortunately leads to contamination of


the sample with ions, which might influence the results,


especially at low ionic strength. However, a comparison of


the absorption spectra of MC 540 in such liposomes


(prepared in 0.15 mol l� 1 NaCl) diluted in 0.15 mol l� 1


NaCl showed no difference in the spectral shape as


compared to MC 540 in liposomes prepared in water


and diluted in 0.15 mol l� 1 NaCl. No absorption peak


corresponding to unbound MC 540 dimers or monomers in


water phase was detected. The fluidity, as measured by


fluorescence anisotropy of DPH in liposomes without MC


540, was unchanged, within the experimental error, in


NaCl concentration range 0.01–0.30 mol l� 1 (0.227F
0.009 and 0.231F 0.010 at 0.01 and 0.30 mol l� 1 NaCl,


respectively).


4. Discussion


The present study shows that in order to explain selective


localization of drugs in tumors, it is necessary to consider


not only tumor cells but their environment as well. When


investigating a contribution of pH in drug uptake by tumors,


all the components of the system should be considered. The


pH value and its changes might influence photosensitizer


itself, the binding of the drug to blood proteins as well as


interaction of the drug with cells. A detailed study dealing


with spectral analysis of MC 540 water solutions at different


pH values has been reported previously. It indicated that the


protonation of SO3
� group in the molecule of MC 540,


resulting in neutralization of the charge of the drug, occurs


at very low pH values [26,27], far outside the pH range


examined in the present study. However, spectral changes


comparable to those occurring at low pH values (pH < 1.7)


have been observed in the presence of different cations even


at physiological pH values [27].


Binding of MC 540 to blood serum and plasma com-


ponents was judged from a gradual bathochromic shift of


all the visible spectra and an enhancement of fluorescence


Fig. 5. Absorption spectra of MC 540 in the presence of egg PC extrusion


liposomes—an effect of NaCl concentration. Liposome dispersion (20 mg


ml� 1) was after extrusion through 100 nm polycarbonate filters diluted 70


times in (a) 0.00, (b) 0.01, (c) 0.15 and (d) 0.30 mol l� 1 NaCl, and MC 540


was added afterwards. Spectra were recorded after 2-min incubation with


MC 540.
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and absorption with increasing human plasma and FCS


concentration in the sample (Figs. 1–3). Such changes


have been attributed to the incorporation of MC 540 into a


more hydrophobic environment as compared to water


[14,22]. The dependence of fluorescence intensity on the


human plasma concentration did not match the course of


the curve based on wavelength position shifts. Since the


fluorescence excitation spectra of MC 540 in the presence


of the human plasma differed significantly from the corre-


sponding absorption spectra (Fig. 4A), formation of non-


fluorescent or very weakly fluorescent species might


explain the observed difference. It is known that high


polarizability of the chromophore of MC 540 in water


containing environments allows concentration-dependent


formations of dimers and higher aggregates with very weak


fluorescence [23,28,29].


There was an obvious difference in the drug binding to


FCS as compared to human plasma (Figs. 2 and 3). Such a


difference is perhaps a consequence of different amounts of


HDL and LDL contents within human plasma as compared to


FCS [30] and/or species dependency of binding constants


[31,32]. The difference should be taken into account in


comparisons between in vivo and in vitro experiments.


Selective uptake and retention of photosensitizers by tumor


tissue in vivo is not always reproduced in experiments with


malignant cells in vitro.


Consistently with the titration results, there was no sig-


nificant difference in the binding ofMC 540 to human plasma


or FCS at the two pH values investigated (as measured shortly


after drug addition). Neither was there any shift in the


fluorescence spectra of MC 540 bound to human plasma/


FCS in pH range 6–8. Nevertheless, variations in the


interaction of MC 540 with different components and redis-


tribution of the drug at longer time periods cannot be


excluded.


As a result, the presence of the serum was expected to


influence the interaction of MC 540 with cells. Indeed,


significantly higher amounts of the drug were taken up by


WiDr cells in the absence of FCS (compare Fig. 4B and C).


Likewise, staining of external membranes of normal intact


cells, nonexcitable cells and normal healthy leukocytes by


MC 540 was abolished by the addition of serum [12,14].


Leukemic cells, however, fluoresced even in the presence of


2% autologous plasma [11,14]. It was presumed that this


difference resulted from specific properties of leukocyte


plasma membranes [14]. Because a pH effect on cellular


drug uptake was observed in the presence as well as in the


absence of FCS, and protonation of MC 540 is expected to


occur at much lower pH values, it is reasonable to assume


that higher cellular uptake of MC 540 at lower pH value is


related to cellular properties rather than to protonation of the


drug.


MC 540 has been used to monitor changes in trans-


membrane potential given by the concentrations of mobile


ions on both sides of the cellular membrane. Therefore, a


tentative explanation might concern a modification of the


transmembrane potential as a response to a different pH in


the extracellular space. The changes in the pH value of the


incubation medium were found to result in modifications of


the transmembrane potential1 in erythrocytes and microglial


cells [18,33]. Lagerberg et al. [18] showed that the pH


dependence of MC 540 uptake by leukemic cells and


erythrocytes is connected to transmembrane potential1 mod-


ification. Smith et al. [29] found that MC 540 was specif-


ically sensitive to the transmembrane potential portion of the


electrochemical gradient in submitochondrial particles.


However, whether transmembrane potential modifications


induced by pH occur in the case of WiDr cells remains to be


checked.


The local membrane electric field can be influenced not


only by transmembrane, but surface and dipole potentials as


well. Although in theory, different types of potential might


be distinguishable, a separation of particular responses to


them is not straightforward [34,35]. In order to check


whether surface potential, related to surface charge, could


be involved in cellular uptake of MC 540 and to avoid


artefacts due to competitive phenomena in cellular system,


experiments with liposomes were undertaken. An applica-


tion of protons and divalent cations was excluded in order to


avoid artefacts [36–42]. Increasing NaCl concentration in


the sample resulted in an increased incorporation of the drug


into liposomes of different physico-chemical characteristics.


This was judged from the formation of the absorption peak


usually attributed to monomeric species of MC 540 in lipid


environment (e.g. Refs. [22,23]) on the expense of the peak


assigned to MC 540 dimers in water environment (e.g. Refs.


[23,24]) (Fig. 5). The spectral properties of MC 540 in the


absence of liposomes are same, within experimental error, in


water and in 0.01 or 0.14 M NaCl [27]; still in the presence


of liposomes, obviously different spectral shapes were


observed. Qualitatively the same effect of NaCl was seen


with different types of liposomes—egg PC extrusion, egg


PC/DMPA extrusion and SBPC sonicated. Liposomes were


different in size and thus in the radius of curvature and lipid


packing [43], surface charge and also in osmotic character-


istics. Comparison of the spectra of MC 540 in liposomes


prepared and diluted in water with the spectra in liposomes


prepared and diluted in 0.15 mol l� 1 NaCl, as well as


qualitatively same results in osmotically insensitive [44]


sonicated liposomes, rules out significant contribution of


osmotic phenomena. This comparison also shows that the


effect of salts is still present even in the absence of


concentration gradient of Na+ ions across the lipid bilayer.


Other factors to be considered are membrane fluidity and


lipid packing. Fluidity (as measured by fluorescence aniso-


tropy of DPH) in egg PC liposomes was unchanged within


the experimental error in the NaCl concentration range


0.01–0.30 mol l� 1 (it might be different among individual


1 The authors [18,29,33] have used the term ‘‘membrane potential’’


instead of transmembrane potential.
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types of liposomes), and all the measurements were per-


formed above the Tt (temperature of phase transition) of the


lipids used. Nevertheless, an effect of ionic strength on lipid


packing in the proximity of the lipid headgroups and/or on


orientation of phosphatidylcholine headgroup dipoles [45]


might also be involved. Still, the similarity of results with


both large unilamellar and sonicated liposomes, which


certainly differ in the lipid packing in the proximity of the


lipid headgroups, indicates at least partial contribution of


surface potential in the interaction of MC 540 with bio-


logical membranes. A modification of interfacial potential


of liposomes by Na+ ions is a known effect [46]. As no


quantitative analysis is given, the results do not rule out


importance of other well documented factors in the inter-


action of MC 540 with lipid bilayers. The results only point


to another factor— surface potential, which should also be


taken into account. Contribution of surface potential alter-


ations in responses of MC 540 and related fluorescent


probes has already been mentioned [29, 35]. Thus, higher


cellular uptake of MC 540 by WiDr cells might be a


consequence of screening of negative surface charge by


increasing H+ concentration (i.e. lowering pH).


Based on our results, we conclude that the presence of


serum, pH, ionic strength and perhaps membrane potential


are important factors that might influence the uptake of MC


540 by cells. Variations of pH within the physiological


range are not expected to influence MC 540/membrane


interactions directly—through modification of chemical


structure of the drug or protonization of membrane-bound


charge in the main region of MC 540/membrane interaction


(which is the hydrophobic lipid region and not membrane


protein one [47]). Nevertheless, they might lead to changes


in screening of negative surface charges and perhaps in


membrane polarization. Such effects will certainly influence


the response of potential sensitive probes such as MC 540.
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Abstract


Glassy carbon (GC) electrode is modified with an electropolymerized film of N,N-dimethylaniline (DMA). This polymer (PDMA) film-


coated GC electrode is used to electrochemically detect dopamine (DA) in the presence of ascorbic acid (AA). Polymer film has the


positive charge in its backbone, and in neutral solution DA exists as the positively charged species whereas AA exists as the negatively


charged one. In cyclic voltammetric measurements, favorable ionic interaction (i.e., electrostatic attraction) between AA and PDMA film


causes a large negative shift of the oxidation potential for AA compared to that at the bare electrode. Oxidation potential for DA is


positively shifted due to the electrostatic repulsion. The PDMA film shows hydrophobicity by incorporating uncharged hydroquinone


molecule within the film. DA is also incorporated into the film due to hydrophobic attraction even though DA has a positive charge. The


responses of DA and AA at polymer-modified electrodes largely change with the concentration of the monomer (i.e., 0.2, 0.1 and 0.05 M


DMA) used in electropolymerization and thus with the film thickness. Hydrophobicity of the polymer film shows great influence on the


voltammetric responses of both DA and AA. In square wave voltammetric measurements, the PDMA film-coated electrode can separate the


DA and AA oxidation potentials by about 300 mV and can detect DA at its low concentration (e.g., 0.2 AM) in the presence of 1000 times


higher concentration of AA, which is close to the physiological level. AA oxidizes at more negative potential than DA. The electrode


response is not affected by the oxidized product of AA. So unlike the bare electrode, the fouling effect as well as the catalytic oxidation of


AA by the oxidized form of DA are eliminated at the PDMA film-coated GC electrode. The electrode exhibits the stable and sensitive


response to DA.


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


Neurotransmitters (NTs) are the chemical messengers


that transmit a message from one neuron to the next. This


transmission proceeds by the secretion of NTs from one


neuron and then their binding to the specific receptor


located on the membrane of the target cell [1]. This


interaction between NT and the receptor is one of the


major modes of communication between neurons [2].


Dopamine (DA), the most significant catecholamine,


belongs to the family of excitatory chemical NT [3] and


plays a very important role in the functioning of central


nervous, renal, hormonal and cardiovascular system [2,4].


Dysfunction of dopaminergic system in central nervous


system (CNS) is related to neurological disorders such as


schizophrenia, Parkinson’s disease and to HIV infection


[5,6]. The postsynaptic dopamine receptors have been


divided into two major subtypes, D1 and D2, based on


their adenylate cyclase-related activity [7]. Many attempts


were taken to discriminate the different selectivity of


dopamine analogs in binding with specific receptor. Bone


et al. [8] showed that hydrophobic factor is one of the


important factors that are responsible for selective DA


receptor– ligand binding (i.e., D1 receptor selectivity).


Dopamine was found to be a most potent neurotransmitter


competitor for those ligands that selectively recognize D1


receptor [9,10].


Electrochemical detection of DA has received much


interest because of its importance in CNS and easy


oxidation property. In the electroanalysis of NTs, carbon


1567-5394/02/$ - see front matter D 2002 Elsevier Science B.V. All rights reserved.
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electrodes have been widely used compared to metal


electrodes due to its biocompatibility with tissue, having


low residual current over a wide potential range and


having minimal propensity to show a deteriorated response


as a result of electrode fouling [11–13]. A major interfer-


ence is created by ascorbic acid (AA) which presents by


103 times at higher level than DA in human brain [14].


Although AA oxidizes by several hundred millivolts at


more positive potential than DA at carbon electrodes, in


the presence of DA, a homogeneous catalytic oxidation of


AA occurs by oxidized DA [15]. This results in an


incorrect measurement of DA. For selective detection of


DA, many different strategies have been used to modify


the electrode surface. These include modification by iodide


[16], ascorbic acid oxidase [17], polymer film [18–22],


and self-assembled monolayers of mercaptoalkanes [23–


26], electrochemical pretreatment [27] and covalent mod-


ification [28].


Polymer-modified electrodes (PMEs) prepared by elec-


tropolymerization have received extensive interest in the


detection of analytes because of its selectivity, sensitivity


and homogeneity in electrochemical deposition, strong


adherence to electrode surface and chemical stability of


the film [29,30]. Selectivity of PMEs as a sensor can be


attained by different mechanisms such as size exclusion


[31], ion exchange [21] and hydrophobic interaction [32].


Information concerning the hydrophobicity of the coating


films can help to better evaluate the sensitivity of the


examined sensor to the desired analytes.


Electropolymerization of N,N-dialkyl aniline (DAA) on


electrode surface has been studied by many groups [35–


37]. The anion exchange property and electrode kinetics of


metal complexes incorporated into the polymer films were


also studied [34–36]. This polymer film is considered to be


a promising material in modification of electrode surface


due to having some advantageous properties (e.g., pH-


independent anion exchange property, strong attachment


to the electrode surface and high chemical stability in air).


The present study is concerned with the simultaneous


detection of dopamine in the presence of ascorbic acid by


using poly (N,N-dimethyl aniline) (PDMA) film-coated


electrode (Scheme 1). The PDMA film was prepared by


electropolymerization of DMA on glassy carbon (GC)


electrode surface. Also, its cationic and hydrophobic behav-


ior was examined.


2. Experimental


2.1. Materials


Monomer used in electropolymerization, i.e., N,N-


dimethyl aniline (DMA), was purchased from Tokyo


Kasei Chemical Industry and used without further purifi-


cation. Dopamine hydrochloride (Kanto Chemical) and


ascorbic acid (Aldrich) were used as received. Phosphate


buffer solution (0.2 M, pH 7) was prepared by using


Na2HPO4�12H2O and NaH2PO4�2H2O (Kanto). All other


reagents were of analar grade and were used as received.


All solutions were prepared with deionized water purified


by Milli-Q system (Millipore, Japan).


2.2. Apparatus and procedures


Electrochemical measurements were performed at labo-


ratory temperature (25F 1 jC) by using a standard three-


electrode, two-compartment configuration with a glassy


carbon (GC, diameter: 3 mm) electrode as working elec-


trode, a Pt wire as counter electrode and a NaCl-saturated


AgjAgCl electrode as reference electrode which was used


with salt bridge. All electrochemical experiments (i.e.,


electropolymerization, cyclic voltammetry and square wave


voltammetry) were carried out using computer-controlled


electrochemical analyzer (BAS 50 B/W). To record square


wave voltammograms (SWVs), the following instrumental


parameters were used: step potential, 4 mV; square wave


amplitude, 25 mV; frequency, 15 Hz; quiet time, 2 s; and


sensitivity, 10 AA. The thickness of the polymer film was


measured by using Surface Profiler DEKTAK-3030


(VEECO Instruments Inc.).


The surface of electrode was polished first on fine emery


paper and then with 1.0 and 0.06 Am alumina powder, and


finally sonicated with Milli-Q water for 7–10 min. Before


electropolymerization, the polished electrode was electro-


chemically pretreated in 0.2 M phosphate buffer solution


(pH 7) by scanning repeatedly the electrode potential


between � 0.2 and + 2.0 V vs. AgjAgCljNaCl(sat) at 10 V


s� 1 for 20 min. The PDMA film was deposited on the


pretreated electrode surface by continuous electrooxidation


of the corresponding monomer of 0.2, 0.1 or 0.05 M in 0.5


M Na2SO4–H2SO4 solution (pH 1) in the potential range


� 0.2 to + 1.5 V at 50 mV s� 1 for 1 h. The film-deposited


Scheme 1. Structures of dopamine, ascorbic acid and poly (N,N-dimethyl aniline).
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electrode was washed with 0.05 M H2SO4 solution and then


with 0.2 M phosphate buffer solution (pH 7). All sample


solutions were deoxygenated by bubbling N2 gas before


each experiment.


2.3. Measurement of the film thickness


The film thickness (/) under dry state was measured


using the previously reported procedure [38,39]. Measure-


ment of the film thickness requires a sharp boundary


between the clean portion of the electrode and a part


covered by polymer film. Such type of boundary was


created by covering the GC plate electrode (26� 11 mm2)


with adhesive insulating tape, keeping a portion (6.35 mm2)


uncoated. This uncovered portion then acted as a working


electrode and the polymer film was electrochemically


deposited by the previously mentioned procedure. The


electrode was washed with milli-Q water and then dried in


silica gel for overnight. After that the adhesive tape was


stripped from the GC plate. The average difference in the


surface profile between the clean portion and polymerized


portion of GC plate, measured by the surface profiler, was


taken as the film thickness under dry state.


3. Results and discussion


3.1. Preparation of PDMA film


The typical cyclic voltammogram for continuous oxida-


tion of DMA was obtained, and agreed closely with that in


the previous reports [33–35]. Similar voltammograms were


obtained throughout the experiments, reflecting the reprodu-


cibility of the polymerization process. The GC electrode


surface was electrochemically pretreated prior to polymer-


ization. Such a pretreatment causes the formation of some


functional groups (e.g., –OH, –COOH) on the electrode


surface as well as increasing the surface roughness [40].


Thus, well deposition of the positively charged film was


achieved. This formed polymer film showed well cationic


property: the positively charged sites of the polymer film


strongly attract negative redox couple [Fe(CN)6]
3� /4 � into


the film and repel positive redox couple [Ru(NH3)6]
2+/3 +


from the film, which was confirmed based on cyclic vol-


tammograms demonstrating favorable [34,36] or unfavora-


ble incorporation of the redox species into the film (data not


shown). Note that the steady state incorporation reached was


observed to depend on the ionic interaction between the


polymer film and the analytes. As the positive charge of the


film is independent of the solution pH, similar behavior was


observed in acidic, neutral and alkaline solutions.


3.2. Oxidation of AA


Fig. 1 shows the cyclic voltammograms (CVs) of AA at


bare and PDMA film-coated GC electrodes. The pKa value


of AA is 4.17 [24], and thus it exists as a negatively charged


species at neutral pH. Oxidation of AA at bare electrode is


generally believed to be totally irreversible and requires high


over potential. Also, no reproducible electrode response is


obtained due to fouling of the electrode surface by the


adsorption of the oxidized product of AA. At the bare GC


electrode, AA oxidizes at 350 mV vs. AgjAgCljNaCl(sat),
while at the cationic PDMA film-coated GC electrode a large


negative shift (ca. 150 mV) of the oxidation potential as well


as increase in peak current were observed. This negative shift


of oxidation potential may be due to the favorable electro-


static attraction between the cationic film and anionic AA.


Such an interaction would lead to the increase in concen-


tration of AA within the film.


3.3. Oxidation of DA


Fig. 2A shows the CVs of DA at bare and PDMA film-


coated GC electrodes. At pH 7, DA exists as a cation with a


positively charged amino group (pKa 8.9) [24]. In both


cases, quasi-reversible responses were obtained. At the bare


electrode the peak separation, DEp, is 65 mV at potential


scan rate of 100 mV s� 1, while at the PDMA film-coated


GC electrode, DEp is 97 mV. Thus, the reversibility of the


electrode reaction decreased at the polymer-modified elec-


trode. Also at the polymer-modified electrode the current


response was decreased significantly. The peak potential for


the oxidation of DA was shifted to the positive direction of


potential at the polymer-modified electrode. These results


Fig. 1. Cyclic voltammograms (CVs) for 0.5 mM AA in 0.2 M phosphate


buffer solution (pH 7) at (a) bare and (b) PDMA film-coated GC electrodes.


Dotted-dashed line (c) shows the CV of the PDMA film-coated GC


electrode in 0.2 M phosphate buffer solution (pH 7). Potential scan rate: 100


mV s� 1.
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may be attributed to the electrostatic repulsion of cationic


DA with the PDMA film. Fig. 2B shows the CV response


obtained for the PDMA film-coated electrode at 10-min


intervals during continuous potential scanning in DA sol-


ution. Both the oxidation and reduction peak currents were


observed to increase with potential scanning and finally,


well-defined steady-state redox response was obtained.


After that, when the electrode was transferred to the fresh


supporting electrolyte solution, a stable redox response was


found (Fig. 2A, curve c). From this it can be stated that DA


is confined stably in the PDMA film by stronger hydro-


phobic attraction than electrostatic repulsion between them.


3.4. Hydrophobic behavior of PDMA film


Fig. 3A shows the CV responses of neutral species,


hydroquinone (HQ), at bare and PDMA film-coated GC


Fig. 2. (A) Cyclic voltammograms for 0.5 mM DA in 0.2 M phosphate


buffer solution (pH 7) at (a) bare and (b) PDMA film-coated GC electrodes.


Dotted-dashed line (d) shows the CV of the PDMA film-coated GC


electrode in phosphate buffer solution (pH 7). (c) CV response for PDMA


film-coated electrode obtained after continuous potential scanning in 0.5


mM DA solution and transfer to the fresh supporting electrolyte solution.


(B) CV response obtained for PDMA-film coated electrode at every 10-min


intervals during continuous potential scanning in 0.5 mM DA solution.


Potential scan rate: 100 mV s� 1.


Fig. 3. (A) Curve a: cyclic voltammogram for 0.5 mM HQ in 0.2 M


phosphate buffer solution (pH 7) at bare GC electrode; Curve b: cyclic


voltammogram recorded after incorporation of HQ into PDMA film and


then transfer of PDMA film-coated GC electrode into 0.2 M phosphate


buffer solution (pH 7). (B) CV response obtained for PDMA film-coated


electrode at 20-min intervals during continuous potential scanning in 0.5


mM HQ solution. Potential scan rate: 50 mV s� 1.
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electrodes. HQ was observed to be gradually incorporated


into the film with the increase in redox peak currents as well


as the decrease in the separation between anodic and catho-


dic peak potentials (Fig. 3B). After reaching the steady state,


the electrode was washed with buffer solution and then the


CV response was measured in the solution containing only


supporting electrolyte (Fig. 3A, curve b). Then the electrode


gave a well-defined redox wave. So, HQ is well incorporated


within the film as in the case of [Fe(CN)6]
3� / 4�. In the


latter case, the incorporation occurred via anion exchange


with SO4
2 �, the supporting electrolytic anion that was


incorporated into the film during the electropolymerization


process [35]. On the other hand, in the case of HQ, such an


ionic exchange may not be involved. Instead, the incorpo-


ration of HQ into the film is considered to occur via a


hydrophobic interaction between them. So, the PDMA film


posses both ionic (anion exchange) and hydrophobic proper-


ties, which enable to favorably incorporate anionic and/or


neutral hydrophobic species in its matrix.


In in vivo dopamine–dopamine receptor binding strategy,


hydrophobic aromatic interaction is an important factor that


is responsible for selective binding in comparison with other


factors, (e.g., ionic interaction and hydrogen bond interac-


tion) [9,41]. The PDMA film-coated electrode gave a redox


response of DA even when it was used in DA solution and


then transferred into the solution containing only supporting


electrolyte (Fig. 2A, curve c). That is, DA was found to be


confined stably in the PDMA film by stronger hydrophobic


attraction than electrostatic repulsion between them. The


aromatic ring moiety of DA may be involved in the hydro-


phobic interaction. On the other hand, in the case of AA,


such a hydrophobic interaction was not observed. Thus, the


electrochemical response of DA at the PDMA film-coated


GC electrode is based on the net contribution of electrostatic


repulsion and hydrophobic attraction.


3.5. Effect of DMA concentration used for electropolyme-


rization on electrochemical behavior of DA and AA


Fig. 4 shows the CVs of DA and AA at the PDMA film-


coated GC electrodes prepared by electropolymerization at


different monomer concentrations, (i.e., 0.05, 0.1 and 0.2


M). In the case of DA, the current response was increased


and the peak separation was slightly decreased (i.e., DEp’s:


90, 97 and 107 mV for 0.2, 0.1 and 0.05 M DMA,


respectively) with the increasing the monomer concentra-


tion. In the case of AA, both the peak current and potential


were observed to change with the monomer concentration.


The peak current response for AA is increased with the


increasing the film thickness of such kind of anion


exchange polymer [42]. Increasing the monomer concen-


tration causes the increase in the thickness of the PDMA


film on the electrode surface. The measured values of the


film thickness were 0.3, 0.16 and 0.087 Am for 0.2, 0.1 and


0.05 M monomer concentrations, respectively. Thus, the


surface coverage of DA on the electrode surface increases


with increasing thickness of the PDMA film. Electropoly-


merization at higher concentration of monomer may cause


an increase in net positive charge within the resulting film


and lead to enhanced electrostatic attraction between the


cationic film and anionic AA. Thus, the peak current for


AA is increased and the peak potential is shifted to less


positive potential with an increase in monomer concentra-


tion.


Fig. 4. Cyclic voltammograms for (A) 0.5 mM DA and (B) 0.5 mM AA in


0.2 M phosphate buffer solution (pH 7) at PDMA film-coated GC


electrodes prepared from different monomer concentrations. Monomer


concentrations: (a) 0.2, (b) 0.1 and (c) 0.05 M DMA. Potential scan rate:


100 mV s� 1.
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3.6. Simultaneous detection of AA and DA


The above results indicate that both the cationic and


hydrophobic behavior of PDMA film may mainly contribute


to the response of DA and AA at this electrode. The next


attempt was taken to detect AA and DA simultaneously by


using the PDMA film-coated GC electrode. Fig. 5B shows


the square wave voltammograms (SWVs) of AA and DA


coexisting in a solution at bare and PDMA film-coated GC


electrodes. The bare electrode cannot separate the responses


of DA and AA and gave a large response due to homoge-


neous catalytic oxidation of AA by the oxidized DA (Fig.


5B, curve c). The PDMA film-coated electrode gave two


peaks (Fig. 5B, curve d). One peak at + 230 mV corre-


sponds to the oxidation of DA. Then the current response at


Fig. 6. (A) Square wave voltammograms of AA and DA at PDMA film-


coated GC electrode in 0.2 M phosphate buffer solution (pH 7). [DA] and


[AA] were simultaneously changed. [AA]=[DA]: (a) 500, (b) 510, (c) 530,


(d) 540, (e) 550 and (f) 555 AM. Dotted line shows the SWVof the PDMA


film-coated GC electrode in phosphate buffer solution (pH 7). (B)


Relationship between the anodic peak currents and the concentrations of


AA and DA. Data were taken from Fig. 6A. (.) is for DA and (o) is for


AA.


Fig. 5. (A) Square wave voltammograms (SWVs) for (a) 0.5 mM AA and


(b) 0.5 mM DA at PDMA film-coated GC electrodes in 0.2 M phosphate


buffer solution (pH 7.0). (B) SWVs for the homogeneous solution of 0.5


mM AA and 0.5 mM DA at (c) bare and (d) PDMA film-coated GC


electrodes.
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this potential is approximately the same as that given by DA


in the absence of AA (Fig. 5A, curve b). The peak current at


+ 150 mV was not found though AA was oxidized at + 150


mV in the absence of DA (Fig. 5A, curve a). Instead of this


peak, another one was observed at ca. � 68 mV. To confirm


that these two peaks are for DA and AA, respectively, both


concentrations of DA and AA are simultaneously increased


at micromolar level. Fig. 6A represents the SWVs at differ-


ent concentrations of DA and AA. Fig. 6B shows concen-


tration dependences of peak current of DA, DIp(DA), and of


AA, DIp(AA) (the data were taken from Fig. 6A). Both DA


and AA were initially present at 0.5 mM and then both


concentrations were simultaneously changed at micromolar


level. Both of the peak currents were observed to increase


linearly with the increase in concentration with the correla-


tion coefficient and sensitivity of 0.998 and 0.041 AA
AM� 1, respectively, for DA, and 0.996 and 0.018 AA
AM� 1 for AA (Fig. 6B). Interestingly the peak current for


DA which was corrected by substracting the background


current, DIp(DA), was increased linearly with the increase in


concentration of DA, while that for AA, DIp(AA), was


increased linearly but at much slower rate. This is probably


due to the fact that the diffusion of DA through the polymer


film is faster compared to that of AA. It was also observed


that the electrode can sense the increase in low level of DA


(0.2 AM) in the presence of high concentration of AA (0.2


mM). Fig. 7 represents the SWVs at different concentrations


of DA where the concentration of AA was kept constant.


Here also the peak current for DA was increased linearly


with the increase in DA concentration with the correlation


coefficient of 0.997 and sensitivity of 0.094 AA AM� 1 (Fig.


7B). Thus, the peak at � 68 mV was found to be the


response for AA. DA was found to be hydrophobically


incorporated within the film (Fig. 2A, curve c) and the


number of moles of DA that is entrapped in the polymer was


found to be ca. 16% of the total positive charge in the


polymer film. The entrapping of DA into the polymer film


causes an increase in net positive charge within it, because


the aromatic part of DA is involved in hydrophobic inter-


action and its cationic amino part is protruded outward


(Scheme 2). This may be the reason for the peak potential


shift of AA to more negative potential in the presence of


DA. Furthermore, the attachment of DA or incorporation


into the film causes retardation of the permeation of AA


through the film. Thus, the current level of AA at the


PDMA film-coated GC electrode is lower in the presence


of DA compared to that in its absence. AA was oxidized by


300 mV at less positive potential than DA and the peak


currents for DA in the absence and presence of AA were


found to be almost the same. This suggests that the


oxidation of AA mediated by the oxidized DA cannot occur


at the PDMA film-coated GC electrode. It can also be noted


Fig. 7. (A) Square wave voltammograms of AA and DA at PDMA film-coated GC electrode in 0.2 M phosphate buffer solution (pH 7). [DA] was changed and


[AA] was kept constant (i.e., [AA] = 0.2 mM, [DA]: (a) 0.2, (b) 1.2, (c) 2.4, (d) 4.6, (e) 6.8, (f) 8.6, (g) 10.4, (h) 12.8, (i) 14.8, (j) 17.2, (k) 20.6, (l) 28, (n) 32


and (o) 36 AM). (B) Relationship between the anodic peak current and the concentration of DA. Data were taken from Fig. 7A.
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from this result that in the presence of AA at millimolar


level, the electrode can sense the increase of DA at micro-


molar concentration which is close to the physiological


condition. Thus, the selective and sensitive detection of


DA in the presence of high concentration of AA was


achieved at this electrode. The stability of the electrode


was checked by dipping it in phosphate buffer solution for


24 h and then measuring its response to AA after 24 h. AA


oxidized at the same potential and the current response was


found to be same as that obtained by the freshly polymer-


ized electrode, so the electrode showed a stable response.


In the case of the electrode modified with NafionR, an
anionic and hydrophobic polymer, selective detection of DA


was achieved as the cationic DA is greatly attracted to the


polymer film both by electrostatic and hydrophobic inter-


actions [43]. Such an electrode that selectively detects DA


as well as removes the interference of AA is more advanta-


geous over those electrodes that only selectively detect DA


or only separate the oxidation peaks of AA and DA. The


PDMA film-coated GC electrode can be considered to be


such an electrode that selectively senses DA and also


removes the influence of AA at the same time.


4. Conclusions


The polymer (PDMA) film of N,N-dimethyl aniline has


been electrochemically deposited on GC electrode surface by


continuous electrooxidation of the corresponding monomer.


The electroanalysis of AA and DA has been performed at


this PDMA film-modified electrode. Favorable electrostatic


interaction between positively charged film and negatively


charged AA shifts its oxidation peak potential to less positive


direction of potential, while that of DA shifts to positive


direction due to electrostatic repulsion. DA also shows a


hydrophobic attraction to the film. The PDMA film-coated


GC electrode can simultaneously detect AA and DA which


coexist in a homogeneous solution, and the separation of the


oxidation peak potentials for AA and DA is about 300 mV.


Also it can detect DA of low concentration (0.2 AM) in the


presence of 1000 times higher concentration of AAwhich is


close to the physiological level. The electrode shows a stable


response without fouling of the electrode surface by the


adsorption of the oxidized product of AA. The anionic


interfering molecule AA is attracted by the positively


charged film. However, its permeability through the polymer


film to the electrode surface is retarded in the presence of


DA. The selective detection of DA is achieved at the PDMA


film-coated GC electrode in the presence of AA.
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Abstract


Recent studies have focused on the structural features of DNA–lipid assemblies. In this paper, we take methyl green (MG) as a probe


molecule to detect the conformational change of DNA molecule induced by dimethyldioctadecylammonium bromide (DDAB) liposomes


before the condensation process of DNA begins. DDAB-induced DNA topology changes were investigated by cyclic voltammetry (CV),


circular dichroism (CD) and UV–VIS spectrometry. We find that upon binding to DNA, positively charged liposomes induce a


conformational transition of DNA molecules from the native B-form to the C motif. Conformational transition in DNA results in the binding


modes of MG to DNA, changing and being isolated from DNA to the solution. More stable complexes are formed between DNA and DDAB.


That is also proved by the melting study of DNA.


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


The interaction between cationic lipids and various DNA


is well documented. Interaction between DNA and lipids has


become an active area of research recently due to the


fundamental importance and various applications of such


interaction. The ability of DNA to influence the structure of


membranes and to initiate polymorphic phase transitions in


bilayers might have important biological implications [1–4].


Cationic lipids can easily form stable complexes with DNA


owing to the attraction forces between the opposite net


charges of the lipid and DNA. In addition, DNA–lipid


complexes are used as a non-viral system for gene delivery


to target cells [5]. Nucleic acids are electroactive species


producing reduction and oxidation signals in various polaro-


graphic and voltammetric techniques. Electrochemical meth-


ods have been successfully applied in the analysis of nucleic


acids and their components. The oxidation of both guanine G


and adenine A at carbon electrodes is expected to follow a


two-step mechanism involving the total loss of four electrons


and four protons [6,7]. The DNA-trapped compounds can


either be detected directly if they are electroactive molecules


or via changes in electrochemical DNA signal [8–12].


Recently, Wang et al. [13] and Tomschik et al. [14] showed


that the sensitivity of DNA and RNA analyses could be


greatly increased if the constant current chronopotentiometry


and voltammetry with sophisticated baseline correction are


used. These techniques are now applied to the development


of DNA hybridization sensors and ultratrace measurements


of nucleic acids [6,13–18]. Our group had studied the


interaction between DNA and cationic surfactant cetyltrime-


thylammonium bromide (CTAB) [19]. We found that the


complex MG–DNA–CTAB was formed. CTAB had the


characteristic of surfactant behavior that can form micelle-


like structure in solution. However, DDAB can form SUVs


(liposome), which is the structure of bilayer lipid membrane.


As it is known, a variety of bilayer structures formed by


synthetic lipids have been used to mimic membrane proper-


ties, and they furnish unique opportunity to investigate the


relationship between structure and function. The vesicle


system is a self-closed bilayer aggregate and constitutes


one of the most explored models of membranes. Compared


to micelles, liposomes have a different intrinsic curvature


and related bilayer structure exhibits their unique character to


interact with DNA. Methyl green (MG) is a good redox and


1567-5394/02/$ - see front matter D 2002 Elsevier Science B.V. All rights reserved.
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optical probe for the study of the interaction of DNA and


liposome. On one hand, it can give fine amperometric


response on the GCE, on the other hand it also has the


intrinsic character whose spectrum signal range do not


overlap with DNA’s in absorption and CD spectrum. The


most important is that it can interact with DNA by outside


binding mode that is sensitive to the conformation of DNA.


That is to say its control and release by DNA pertain to the


conformational change in DNA.


In this paper, the small molecule MG was used as a probe


to study small unilamellar vesicles (SUVs) formed by a


simple artificial cationic lipid, dimethyldioctadecylammo-


nium bromide (DDAB), to interact with calf thymus DNA


(CT DNA) based on voltammetric and spectroscopic (UV–


VIS and CD) methods. The results show DDAB liposomes


induce a conformational transition of the DNA molecules


from the native B-form to the C motif. The compact


structure of C motif induced by DDAB liposomes makes


MG isolated from DNA and a new complex between DNA


and DDAB was formed. The complex formation also


resulted in the increase of Tm on DNA, which indicates a


more stable complex between DNA and DDAB. The


process in which MG molecule was separated from DNA


by DDAB lipid vesicles and the new complex formed


between DNA and DDAB has also been discussed.


2. Experimental and methods


2.1. Reagents


Calf thymus DNA (sodium salts, CT DNA) was obtained


from Sigma (USA), dimethyldioctadecylammonium bro-


mide (DDAB) was obtained from Aldrich (USA); all were


used without further purification. Stock solution of DNAwas


prepared by dissolving commercial nucleic acid in buffer and


stored at 4 jC for more than 24 h with occasional gentle


shaking to get homogeneity and used within 2 days. The


concentrations of nucleic acid were calculated according to


the absorbance at 260 nm by using eDNA= 6600 M� 1 cm� 1.


MG was obtained from Shanghai No. 1 Chemical


(Shanghai, China), and used after recrystallization from


ethanol. Chloroform was analytical grade. Buffer solutions


used in all experiments were prepared using analytical grade


reagents: Na2HPO4�12H2O, NaH2PO4�2H2O, NaCl and


doubly purified water from Milli-Q system.


2.2. Sample preparation


For the preparation of DDAB vesicles, a dry film of 50


mg lipid was produced under rotary evaporation from a


stock solution in chloroform and then organic solvent was


removed by purified nitrogen. The lipid film was hydrated


to the desired concentration with 10 mM phosphate buffer,


pH 6.66. The resulting multilamellar liposome suspension


was sonicated for several hours (in average about 2 h) in a


bath sonicator, until a clear suspension of SUVs was


obtained [20]. The vesicle sizes of a few representative


samples were determined by dynamic light scattering meas-


urement on a DynaPro-MS/X dynamic light scattering


instrument. The DDAB lipid vesicles had diameters ranging


from 40 to 70 nm. The molar ratios of lipid to DNA used for


the experiments were lower than 5, which resulted in


positively charged complexes avoiding a precipitation [21].


2.3. Electrochemical methods


CV was carried out with a CHI 630A electrochemistry


workstation (CHI, USA). All electrochemical experiments


employed a three-electrode cell (5 ml, single electrolyte


compartment) with a glassy carbon electrode (GCE) work-


ing electrode, a platinum wire auxiliary electrode and an


AgAAgCl (sat. KCl solution) reference electrode. The


potential of AgAAgCl (sat. KCl solution) was taken as


0.198 V versus SHE. The buffers were purged with purified


nitrogen (N2) for 20 min prior to a series of experiments. A


nitrogen environment was kept over solutions in the cell for


exclusion of oxygen.


The electrochemical titration was conducted by keeping


the concentration of MG or/and MG–CT DNA constant,


and varying the DDAB concentration.


2.4. Spectra methods


UV–VIS absorption spectra were measured on a Carry


500 Scan UV–VIS–NIR Spectrophotometer (Varian, USA)


using a 1.0-cm path length cell.


Melting temperatures (Tm) for free DNA, DNA–MG and


DNA–liposome complex were measured by following the


changes in absorption at 260 nm (A260) as a function of


temperature in a Carry 500 Scan UV–VIS–NIR Spectro-


photometer (Varian). Tm was calculated by the software in


the Carry WinUV software package (Varian).


Circular Dichroism (CD) for the difference in absorbance


of left and right circularity polarized light was measured


using a 62A DS CD spectrometer (AVIV, USA) with a 1.0-


cm path length rectangular quartz cell at 25 jC controlled by


a thermoelectric cell holder (AVIV). Four scans were


averaged per spectrum.


The spectrum titration was conducted in the same way as


the electrochemical one shown in Section 2.3. The spectrum


obtained was subtracted from the background arising from


the lipid vesicles alone.


3. Results


3.1. Cyclic voltammetry


The cyclic voltammograms (CV) of MG at the potential


range of 0 to � 0.9 V are shown in Fig. 1, curve a, dot line.


Free MG yielded one irreversible electrochemical redox
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process, with the anodic peak potential (Epa) at � 0.23 V,


the cathodic peak potential (Epc) at � 0.59 V and the peak


separation DEp was 0.36 V. In the presence of CT DNA, the


peak current of MG decreased and the peak potential shifted


negatively (shown in Fig. 1, curve b, dot line). The current


decrease was due to very small concentration of the free


MG itself when binding to DNA compared with that of the


free MG in the absence of DNA. When DDAB lipid


vesicles were added to the solution, a positive shift of peak


potential and a continuing increase of peak current were


found which, finally, was almost the same with free MG


alone (shown in Fig. 1, curves c and d, solid line). From the


results, we can see that in the presence of DDAB, the


equilibrium concentration of free MG in the solution


increased. There was a competitive binding to DNA


between DDAB and MG. The outside binding of MG to


DNA was even more weakened in the presence of DDAB.


So the DDAB can break the complex between DNA and


MG. The interaction between DNA and DDAB made the


MG isolated from DNA and a new complex between DNA


and DDAB was formed. Actually, we have found that the


CVof MG did not show obvious changes in the presence of


DDAB SUVs (data not shown). It indicated that adsorption


of DDAB did not affect the result from Fig. 1. The reason


could be the hydrophobic surface of GCE repulsed the


liposome, which was hydrophilic in outside layer. The


applied potentials for CV measurement were done below


0 V. In these applied potentials, the surface of GCE was


negatively charged and it also repulsed the negatively


charged DNA molecules. This lessened the chance of


adsorption of DNA to GCE.


3.2. Absorption spectra studies


Fig. 2 shows the visible spectra of MG in the absence and


presence of CT DNA. MG interacting with CT DNA led to


substantial red shifts of the maximum absorption wave-


length (kmax) from 632 to 641 nm with the largest hypo-


chromicity of 23% (Fig. 2, curves a and b). Two isosbestic


points (data not shown) were observed indicating the


interaction of MG and CT DNA forming a complex without


any intermediate. Hypochromism was suggested due to


strong interaction between the electronic state of the chro-


mophore and that of DNA base pairs [20–23].


When DDAB lipid vesicles were added into the solution


(Fig. 2, curves c and d), with increasing concentration of


DDAB, a blue shift of kmax from 641 to 632 nm and the


largest hyperchromic effect was observed, and the spectrum


recovered to be almost the same with free MG. The absorb-


ance increase can be interpreted as a release of the MG from


the double helix into the buffer in the presence of DDAB and


MG recovered to the original state (free MG) in the solution.


It may imply that a change in DNA conformation has


occurred. Conformation change in DNA caused a drop of


outside binding MG molecules from DNA to the solution.


3.3. CD spectral studies


It is considered that MG does not display CD spectrum in


the absence of nucleic acids, but the CD spectrum can be


Fig. 2. UV–VIS absorption spectral change of MG on the addition of CT


DNA and DDAB, 0.11 mMMG. The spectra recorded in 10 mM phosphate


buffer solution (pH 6.66) in the presence of (a) 0, (b) 6.4� 10� 5 M CT


DNA, (c) (b) + 12.6� 10� 5 M DDAB, and (d) (c) + 17.4� 10� 5M DDAB.


After the interacting substances were introduced, the solution was allowed


to stand for 30 min each time before measurements were taken in order to


make sure that the measurements were done under equilibrium conditions.


Fig. 1. Cyclic voltammograms of MG (1.1�10� 5 M) in 10 mM phosphate


buffer at pH 6.66 with 0.1 mol l� 1 KCl at 25 jC. In the presence of (a) 0,


(b) 6.4� 10� 6 M CT DNA, (c) (b) + 12.6� 10� 6 M DDAB, and (d)


(c) + 17.4� 10� 6 M DDAB. The scan rate is 50 mV s� 1. After the


interacting substances were introduced, the solution was allowed to stand


for 30 min each time before measurements were taken in order to make sure


that the measurements were done under equilibrium conditions. The molar


concentration of DNA is related to the monomer content and it is the same


as below.
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induced in the visible region based on MG interaction with


nucleic acids. The induced CD spectra of MG provide


significant information about microenvironment surround-


ing the DNA molecule. The nucleic acids had no absorption


bands in visible region, only the induced CD spectrum of


MG was observed.


The induced CD of the MG was observed as shown in


Fig. 3A. MG did not display CD spectrum in the absence of


nucleic acids (shown in Fig. 3A, curve a, solid line). In the


presence of DNA (shown in Fig. 3A, curve b, solid line), a


positive band at 658 nm and a negative band at 628 nm


were observed in the induced CD spectrum corresponding


to the characteristic spectrum of the groove binding with


stacking. The result shows that the MG was bound on the


outside of the helix and stacking [22–25]. When DDAB


was added to the solution (shown in Fig. 3A, curves c and


d, dot line), the induced CD spectrum of MG disappeared


gradually and no obvious CD signal was found at last with


the increasing concentration of DDAB. It indicates that


there is no obvious interaction between MG and DNA. MG


was driven out of grooves of DNA to solution because of


the strong interaction between DDAB and DNA. The same


result was obtained from the absorbance spectrum shown


above.


The CD spectrum in the UV range can be used to monitor


the conformational transition of DNA [22–24]. When MG–


DNAwas titrated with DDAB, the positive Cotton effect of


B-form DNA at 270 nm and the negative Cotton effect at


245 nm were all shifted to long wavelength (shown in Fig.


3B). At the same time, the De value was decreased gradu-


ally. The spectrum showed a positive Cotton effect at 285


nm and a negative Cotton effect at 251 nm, which are


characteristics of C-form DNA in aqueous solution [26,27].


B-form DNA is most common which shows a stereochem-


ical double helical structure with C-electron-rich base-pair


stacking. Prive et al. [28] reported that water molecules were


important to form B-structures of DNA in which water


molecules interacted with oxygen of ribose and phosphate


and minor or major groove of DNA strands. In low


humidity, B-form DNA helix can change to C-form rever-


sibly [29]. B to C secondary conformational change makes


DNA collapse into a tightly packed phase. The compact


spatial structure gave MG a spatial hindrance and squeezing


effect in grooves of DNA. There was no enough space for


MG outside binding in grooves of DNA, and electrostatic


repulsion between MG and DDAB also existed; these made


MG isolated from DNA. Furthermore, DNA and DDAB can


form a kind of sandwich-like complex [30]. The complex


structure gave no chance for MG to approach the DNA


molecule anymore. The result necessarily proves that bind-


ing state changes of MG can imply conformation change of


DNA induced by DDAB lipid vesicles.


Fig. 3. (A) CD spectra of MG (0.11 mM) on the addition of CT DNA and DDAB in 10 mM phosphate buffer solution (pH 6.66) in the presence of (a) 0, (b)


6.4� 10� 5 M CT DNA, (c) (b) + 12.6� 10� 5 M DDAB, and (d) (c) + 17.4� 10� 5 M DDAB. (B) CD spectra of DNA (6.4� 10� 5 M) on the addition of MG


and DDAB in 10 mM phosphate buffer solution (pH 6.66) in the presence of (a) 0, (b) 1.1�10� 4 M MG, (c) (b) + 12.6� 10� 5 M DDAB, and (d)


(c) + 17.4� 10� 5 M DDAB. After the interacting substances were introduced, the solution was allowed to stand for 30 min each time before measurements


were taken in order to make sure that the measurements were done under equilibrium conditions.
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3.4. UV-melting study


Tm increase was actually used to prove that there is


strong binding of a ligand to the helical form of DNA [31].


Fig. 4 shows the melting curves for free DNA, DNA–


DDAB and DNA–MG. CT DNA in aqueous solution has a


melting temperature of 75 jC (curve a). This means that


with the increase of temperature the double-helical structure


of DNA is disturbed, and DNA melts, or undergoes a helix-


coil transition of its secondary structure; the thermal dena-


turation curve for CT DNA was 88 jC when mixed with


MG (curve b), and the thermal denaturation curve for CT


DNA was 92 jC when mixed with DDAB (curve c). From


the result, we can see that when mixed with DDAB, DNA


displayed an increase of A260 at about 4 jC than that when


mixed with MG. It indicates that a stronger interaction


between DNA and DDAB began than it did between


DNA and MG. The stronger interaction between DNA


and DDAB resulted in a more stable complex between


DNA and DDAB.


4. Discussion


DNA–cationic liposome assemblies become the subjects


of intensive studies due to their unique properties and their


high efficiency in acting as vehicles for DNA delivery into


eucaryotic cell. Two interaction processes were shown to


occur between positively charged liposome and DNA: a


DNA-induced membrane fusion and a liposome-mediated


DNA condensation [32]. The liposome-mediated B to C


transition could be suggested on the basis of the high


positively charged density and reduced relative humidity


prevailing near the surface of the charged lipid bilayer, which


was reported previously [33]. Some small molecules are


good probing molecules to interact with nucleic acid at the


molecular level by specific mode detected by voltammetric


and spectroscopic methods [19]. Actually, MG molecule has


outside-binding mode to DNA. This property was used here


to probe the interaction of DDAB lipid vesicles with double-


stranded DNA in this interaction that will change the DNA


conformation. Moreover, the conformation change of DNA


can influence the binding state of MG to DNA. In other


words, we can get the information about conformational


change of DNA by detecting the binding state changes of


MG to DNA. Combining our cyclic voltammograms, UV–


VIS and CD spectrum results, we propose the process shown


in Fig. 5. MG can interact with DNA by outside-binding


mode (shown in A), as is proved by CV (Fig. 1), UV–VIS


(Fig. 2) and CD (Fig. 3). Anyway the interaction cannot


change B conformation of DNA. However, when DDAB


cationic lipid vesicles were added to the solution (shown in B


of Fig. 5) at this kind of binding state of MG, we can get the


increasing concentration of free MG in solution through the


CVand UV–VIS results, accompanied by the increase of the


concentration of DDAB. With the sandwich-like complex


(shown complex A in Fig. 5) formed by DNA with DDAB,


DNA changed its conformation from B to C gradually.


Because of the conformation transition of DNA, the grooves


Fig. 4. UV melting of the thermal denaturation of CT DNA in 10 mM


phosphate buffer solution (pH 6.66) in the presence of (a) 0, (b) 1.1�10� 4


M MG, (c) 3.0� 10� 4 M DDAB. Melting temperatures (Tm) for free DNA,


DNA–MG and DNA–liposome complex were measured by following the


changes in absorption at 260 nm (A260) as a function of temperature.


Fig. 5. The process of the competitive interactions between MG and DDAB


with DNA. A represents the interaction between DNA and MG. MG


interacts with DNA by outside-binding and DNA still keeping its B


conformation. B represents the competitive interaction between DDAB and


MG with DNA. DDAB breaks the binding of MG to DNA by forming a


sandwich-like complex with DNA and induces DNA to change its


conformation from B to C.
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of DNA became crowded and it cannot accommodate the


MG anymore; MG fell off from the DNA to the solution and


recovered to the free MG while a more stable complex was


formed between DNA and DDAB. This was proved by CD


and melting results. At the same time, the lipid membrane


outside of DNA prevented the MG from crossing the


membrane and reaching the surface of DNA molecule.


However, the limitation of the new protocol is that it is an


indirect way to learn the conformation change of DNA


induced by DDAB SUVs by detecting the change of signal


of the probe on electrochemistry and spectroscopy. In order


to know where the specific conformation change of DNA


begins, we have to combine the CD spectrum of DNA in the


UV region.


5. Conclusion


The probe molecule was used to detect positively charged


liposome to induce a secondary conformational transition of


the DNA molecules from the native B-form to the C-form by


CV, UV–VIS and CD methods. The process was simplified


by introducing probe molecule to the system. The changes of


the binding mode of the probe molecule to DNA reflected


the secondary conformational transition induced by DDAB


cationic lipid vesicles. The redox and optical probe was


sensitive to the conformation change of DNA. Its control and


release by DNA reflect the conformation change of DNA.


The characters give us a way in which we can detect the


sensitive change of signal of the probe on electrochemistry


and spectroscopy to know whether the conformation of


DNA changed or not induced by DDAB SUVs indirectly.


In the meantime, it makes up the deficiency of lipids that


have the ill-defined voltammetric and spectroscopic charac-


ters and that make it easy to study the interaction of lip-


osomes with DNA by voltammetry and spectroscopy.
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Abstract


Immobilization of invertase in conducting copolymer matrices of 3-methylthienyl methacrylate with pyrrole and thiophene was achieved


by constant potential electrolysis using sodium dodecyl sulfate (SDS) as the supporting electrolyte. Polythiophene (PTh) was also used in


entrapment process for comparison. Kinetic parameters, Michaelis–Menten constant, Km, and the maximum reaction rate, Vmax, were


investigated. Operational stability and temperature optimization of the enzyme electrodes were also examined.
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1. Introduction


An enzyme is a substance that acts as a catalyst in living


organisms, regulating the rate at which chemical reactions


proceed without itself being altered in the process. Enzymes


also have valuable industrial and medical applications. The


fermenting of wine, leavening of bread, curdling of cheese,


and brewing of beer have been practiced from earliest times,


but not until the 19th century were these reactions under-


stood to be the result of the catalytic activity of enzymes.


Immobilization of enzyme is undertaken either for the


purpose of basic research or for use in technical processes


of commercial interests. Immobilization means that enzyme,


while retaining their catalytic activity, is confined within a


certain space or is bound to solid carriers or to one another.


Immobilization of enzyme has several advantages. These


are: (i) the stability of the enzyme by protecting the active


material from deactivation; (ii) repeated use; (iii) significant


reduction in the operation cost; (iv) easy separation and


recovery of the enzyme. Advantages of immobilization of


enzymes in conducting polymer by electropolymerization


are an easy one-step procedure, accurate control of the


polymer thickness via the electrical charge passed during


the film formation process, localization of the electrochem-


ical reaction exclusively on the electrode surface allowing


precise modification of micro electrodes and surfaces of


complex geometry and the possibility to build up multi-


layer structures.


Invertase or h-fructofuranosidase (EC No.3.2.1.26) cat-


alyses the hydrolysis of sucrose to glucose and fructose


which is known as invert sugar. The immobilization of


invertase on polyethylene [1], polyaniline [2] corn grifts


[3], gelatin [4], carbohydrate moieties [5], polyelectrolytes


[6], porous cellulose beads [7], diazonium salt of 4-amino-


benzoylcellulose [8] and poly (ethylene-vinylalcohol) [9]


has been studied. The invertase enzyme has been immobi-


lized into conducting copolymers by electropolymerization


[10–12].


In this study, immobilization of invertase via electro-


polymerization within poly (3-methylthienyl methacrylate)


(PMTM), polythiophene (PTh) and PMTM/PTh copolymer


matrices was investigated. The synthesis and characteriza-


tion of conducting copolymers of PMTM/PPy and PMTM/


PTh were reported in an earlier study [13]. Kinetic param-


eters (reaction rate, Vmax, and Michaelis Menten constant,


Km) of enzyme electrodes were determined. Temperature


optima curves and operational stabilities of immobilized


invertase were examined. It was found that PPy and PTh


were better matrices for invertase enzyme.
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2. Experimental


2.1. Materials


Invertase (h-fructofuranosidase) type V (EC No.3.2.1.26)


was purchased from Sigma and used as received without


further purification. Pyrrole (Sigma) and thiophene (Sigma)


were distilled before use and stored at 4 jC. Sodium dodecyl


sulfate (SDS) (Sigma) and tetrabutylammonium tetrafluor-


oborate (TBAFB) were used as received. For the preparation


of Nelson reagent, sodium carbonate, sodium potassium


tartarate, sodium bicarbonate, sodium sulfate, copper sulfate


and for the preparation of arsenomolibdate reagent, ammo-


nium heptamolibdate, sodium hydrogen arsenate were used


without any purification.


2.2. Synthesis of copolymers


Electropolymerization of PMTM was achieved in the


presence of pyrrole and thiophene by constant potential


electrolysis (Scheme 1).


2.3. Preparation of enzyme electrodes: 1-PPy/SDS, 2-


PMTM/PPy/SDS, 3-(PMTM/PPy)/SDS, 4-(PMTM/PTh)/


PPy/SDS and 5-(PTh)/PPy/SDS


Immobilization of invertase was accomplished by elec-


tropolymerization of pyrrole either on bare or previously


PMTM coated platinum (Pt) electrode (enzyme electrodes 1


and 2). The electrolyses were carried out at + 1.0 V in


buffer that contains invertase, sodium dodecyl sulfate


(SDS) and pyrrole. For the preparation of enzyme electrode


3, PMTM/PPy copolymer was prepared in acetonitrile–


TBAFB solvent–electrolyte couple at + 1.0 V for 60 min;


then it was reduced in the same system at + 0.1 V for 30


min. The reduced copolymer film was immediately moved


into the buffer containing invertase and SDS, and oxidized


at + 1.0 V for 100 min. As to the enzyme electrodes 4 and


5 (Table 1), PMTM/PTh copolymer and PTh films were


again prepared in acetonitrile–TBAFB, solvent–electrolyte


pair at + 1.9 V for 30 min, since thiophene is not soluble in


buffer. Then, freshly prepared films were transferred into


another cell containing 15 ml acetate buffer, 0.6 mg/ml


SDS, 0.6 mg/ml invertase and 0.01 M pyrrole. Electrolyses


were performed at + 1.0 V for 100 min. Immobilization


was performed in a one compartment cell, consisting of Pt


working and counter electrodes and a Ag/Ag+ reference


electrode. A potentioscan Wenking POS-73 model poten-


tiostat was used for electropolymerization. All electrolyses


were carried out at room temperature and under nitrogen


atmosphere. After immobilization was achieved, electrodes


were removed and washed several times with distilled


water to remove the supporting electrolyte. Next, the


electrode was placed in acetate buffer for 10 min and


solution was examined for the enzyme activity due to


unbound enzyme. This procedure was repeated for several


times with the acetate buffer until no activity was observed.


Electrodes were stored in acetate buffer at 4 jC when not in


use.


2.4. Activity determination of invertase


The activities of immobilized invertase activity were


determined by using Nelson’s method [14]. Different con-


centration of sucrose solutions prepared in acetate buffer


(pH 7) were placed in test tubes and moved to water bath at


25 jC for 10 min. Enzyme electrode (EE) was immersed in


the test tubes and shaken in the water bath for 2 min. The


electrodes were removed; 1 ml aliquots were drawn and


added to 1 ml Nelson’s reagent to terminate the reaction.


The tubes were then placed in boiling water bath for 20 min,


cooled and 1 ml arsenomolybdate was added. Finally, 7 ml


of distilled water was added to each test tube and mixed well


by vortexing. After mixing, absorbances for the blank and


Scheme 1. Electrochemical synthesis route for copolymerization.
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the solutions were determined at 540 nm with a double


beam spectrophotometer (Shimadzu Model, UV-1601). One


unit of invertase activity was defined as the amount of


enzyme required to release 1 Amol glucose equivalents per


minute under the assay conditions.


3. Results and discussion


During the electropolymerization of pyrrole, enzyme


molecules were carried by pyrrole and supporting electro-


lyte. In order to understand which one was the predominant


enzyme carrier, enzyme electrodes 2 and 3 were prepared.


Their activities were determined at the same concentration


of substrate (Table 1). In the case of EE3, since pyrrole


polymerization was carried out before immobilization step;


the only enzyme carrier was the supporting electrolyte. For


EE2, both pyrrole and supporting electrolyte carry enzyme


to the electrode surface. As seen from Table 1, the invertase


activity of enzyme electrode 2 was 10 times higher than


that of enzyme electrode 3. In addition to this, enzyme


electrode 2 exhibited higher Vmax compared to EE3. One


can conclude that enzymes are mostly carried to electrode


surface by the diffusion of pyrrole. Higher activity of


invertase immobilized on the EE2 films also means more


enzyme molecules entrapped compared to enzyme elec-


trode 3.


Whether immobilized invertase is removed or not by the


reduction of polymer synthesized in the presence of


invertase was investigated. Firstly, enzyme electrode was


prepared and invertase activity was calculated. After that,


enzyme electrode was put into the electrolysis cell con-


taining acetate buffer and SDS as the supporting electro-


lyte. It was reduced for 60 min. Activity of enzyme


electrode was again determined. Immobilized invertase


activity was not changed before and after the reduction


process. No enzyme activity was found in the electrolysis


solution. As a result, removal of immobilized invertase


from the matrix is not possible by a simple electrochemical


reduction process.


3.1. Morphologies of the films


Scanning electron microscopy (SEM) (JEOL JSM-6400)


was used to examine the surface morphologies of the


polymer films where enzyme was entrapped. The surface


morphologies of these films were completely different


compared to the films prepared in the absence of invertase.


Cauliflower-like structure was noticeably damaged when


invertase was entrapped in the matrix (Fig. 1). Moreover,


invertase clusters were observed in the solution side of the


films, especially for electrode 2 (Fig. 1a) and electrode 4


Table 1


Invertase activities in PMTM/PPy/SDS and (PMTM/PPy)/SDS polymer


matrices


Polymer matrix Activity


(Amol min� 1 electrode� 1)


PMTM/PPy/SDS 2.053


(PMTM/PPy)/SDS 0.188


Fig. 1. Scanning electron micrographs of (a) solution side of EE2, (b)


solution side of EE4, and (c) solution side of EE3.
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(Fig. 1b). On the other hand, the original structure of


electrode 3 was not significantly damaged (Fig. 1c), as


supported by lower kinetic parameters.


3.2. Kinetic studies of immobilized invertase


Kinetic studies of the immobilized invertase were per-


formed at various concentrations of sucrose. Maximum


velocity, Vmax, and the apparent Michaelis–Menten con-


stant, Km, [15] were found from the Lineweaver–Burk plot


[16]. The calculated parameters are given in Table 2.


Although different matrices were used, the Km values were


in the same order. The highest Vmax was observed for


electrode 1. The values obtained for electrodes 2, 4 and 5


are comparable with that of 1. In contrast, Vmax value of


electrode 2 was about 3.5 times lower than that of EE1.


3.3. Operational stability of the enzyme electrodes


One of the most important parameters to be considered in


enzyme immobilization is operational stability. The stability


of enzyme electrodes in terms of repetitive uses was studied.


Applying more than 20 successive measurements revealed


very small losses in the activity (Fig. 2). The enzyme


activities were almost stable during the 20 experiments


performed at 25 jC, on the day of immobilization.


3.4. Effect of temperature on the enzyme electrode response


The activity of the invertase is strongly dependent on


temperature, with the optimum temperature being observed


between 50 and 60 jC. As the temperature increases


continuously after the optimum temperature, the structure


of the enzyme becomes altered and its catalytic properties


are reduced and eventually destroyed. The effect of temper-


ature on enzyme electrodes was investigated and is given in


Fig. 3. Maximum activity was found at 50 jC for enzyme


electrode 3. However, optimum temperature of immobilized


invertase was shifted to the 60 jC for enzyme electrodes 2,


4 and 5.


4. Conclusion


In this study, the immobilization of invertase in conduct-


ing copolymer matrices was achieved by electrochemical


Table 2


Kinetic parameters for hydrolytic breakdown of sucrose to glucose and


fructose


Polymer matrix Km


(mM)


Vmax


(Amol min� 1 electrode� 1)


(EE1) PPy/invertase 28.2 4.17


(EE2) PMTM/PPy/SDS/invertase 30.2 3.15


(EE3) Pt(PMTM/PPy)/SDS/inv 26.2 1.16


(EE4) Pt(PMTM/PTh)/PPy/SDS/inv 22.5 3.17


(EE5) Pt(PTh)/PPy/SDS/inv 27.3 3.88


Fig. 2. Operational stability of (a) EE2, (b) EE3, (c) EE4, and (d) EE5.


Fig. 3. Optimum temperature of enzyme electrodes.
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polymerization procedures. The major enzyme carrier dur-


ing immobilization was determined as the pyrrole monomer.


It was also shown that enzymes can be entrapped in


conducting polymers, here polythiophene, which cannot


be synthesized in aqueous medium. The effect of reduction


on the removal of immobilized invertase activity was also


investigated. Kinetic parameters, operational stability, opti-


mum temperature and morphology of enzyme electrodes


were investigated.
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Abstract


We studied the properties of lipid monolayers formed at the air–water interface composed of dioleoylphosphatidylcholine (DOPC) with


incorporated short (19-mer) oligonucleotides. These oligonucleotides were modified by oleylamine at both (3Vand 5V) terminals or only at one


(3V) terminal. Interaction of single-stranded (19-mer) oligonucleotides without oleylamine with DOPC monolayers resulted only in slight


increase of surface pressure and the area per phospholipid molecule, while more substantial and significant increase of these values were


observed following incorporation of oligonucelotides modified by oleylamine. This influence is similar for both types of oligonucleotide


modifications. However, considerable differences in changes of monolayer properties took place after hybridization with complementary


oligonucleotides. The hybridization of oligonucleotides with the DNA modified by oleic acid at both 3Vand 5Vterminals at the surface of lipid


monolayer resulted in further increase of surface pressure and in the increase of the area per phospholipid molecule, while decrease of both


the surface pressure and the area per phospholipid molecules were observed for hybridization with DNA modified by oleic acid at 3Vterminal.


It is possible that in latter case, the hybridization caused the loss of hybridized molecules from monolayers. Interaction of noncomplementary


chains with DOPC monolayers with incorporated oleyl acid-modified DNA also influenced the properties of monolayers, but the effect was


weaker in comparison with that observed for complementary chains.


D 2002 Elsevier Science B.V. All rights reserved.


Keywords: DNA; Oligonucleotide orientation; Hybridization; Langmuir–Blodgett technique; DOPC monolayers


1. Introduction


Gene detection has a growing importance in medical


diagnostics. This fact is connected with necessity to detect


point mutations that are linked to or are responsible for


inherited diseases [1]. Hybridization of DNA has become


the most frequently used method for clinical laboratory


testing of genetic and infectious diseases [2]. Most common


are indirect methods based on modification of the DNA


probe, usually a short (about 15–20 base) single-stranded


oligodeoxynucleotide, by a radioisotope or optical label [3].


The most elegant approach would be direct detection of


hybridization, e.g. electrochemically, gravimetrically or uti-


lizing surface properties of lipid films. There is increasing


research being done in this direction [4–7], but definitive


data justifying this approach is yet to emerge. In this work,


we studied the peculiarities of DNA hybridization at a


surface of monomolecular lipid films formed at the air–


water interface depending on orientation of oligonucleotide


chains. We synthesized 19-mer oligonucleotides modified


by oleylamine at 3Vor at both at 3Vand 5V terminals. The


chemical modification by oleylamine allowed us to prepare


nucleic acids + phospholipid mixed monolayers at the air–


water interface and to show possibility to detect hybrid-


ization of DNA by means of measurements the pressure-


area isotherm. The changes of condensation of monolayers


depended on orientation of oligonucleotides relatively to the


monolayer surface and were stronger for monolayers con-
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tained by oligonucleotides modified by oleylamines at both


terminals.


2. Experimental


2.1. Chemicals, synthesis and modification of oligonucleo-


tides


2V-Deoxyribonucleoside 5V-O-dimethoxytrityl-3V-(N,N-
diisopropylamido)-h-cyanoethyl-phosphites for oligonu-


cleotide synthesis were purchased from Glen Research


(USA). All other reagents for oligonucleotide chemistry


were purchased from Fluka (Germany).


Synthesis of oligonucleotides (ODN) with oleyl-contain-


ing units was carried out on an Applied Biosystems 380B


automated DNA synthesizer (USA) by the phosphoramidite


method as described in detail elsewhere [8,9]. The sequen-


ces of synthesized oligonucleotides are presented in Table 1.


The sequence of oligonucleotide I is characteristic for frag-


ment of Salmonella typhimurium gene. This oligonucleotide


is complementary to the oligonucleotides modified by oleyl-


amine at both (3V, 5V) terminals (II) or at one (3V) terminal


(III). The oligonucleotide of the same composition like II


and III but not modified with oleylamine (IV) was used as


noncomplementary ODN.


2.2. p-A isotherms


Surface pressure monolayer area (k-A) isotherm mea-


surements were performed on computer-controlled minia-


ture LB trough 601 M (NIMA Technology, Coventry, UK)


with a Teflon through (volume 50 ml, the whole surface area


was 86 cm2) equipped with Wilhelmy plate pressure sensor


Nima PS4. Langmuir monolayers of phospholipids were


formed by spreading a small amount (50 Al) of chloroform
solution of the dioleoyl phosphatidylcholine (DOPC)


(Fluka) on a subphase of ultrapure water (resistance >15


MV cm, ELIX 5, Millipore, El Paso, USA), pH 6. The


temperature of the subphase (25F 0.02 jC) was maintained


constant by thermostat Lauda RE206 (Köningshofen, Ger-


many). After 15 min, when chloroform was allowed to


evaporate, the phospholipid isotherms were measured by


compression of two mobile Teflon barriers (barrier speed 15


cm2/min). In special experiments, we studied also k-A
isotherms for a mixed monolayer composed of DOPC and


oleic acid (Fluka). In this case, both DOPC and oleic acid


were dissolved in chloroform and mixed at various molar


ratio. Modification of lipid monolayer by oligonucleotides


was performed by addition of 50 Al (stock solution 5 AM
oligonucleotides dissolved in water) into the water subphase


(final concentration of oligonucleotides in the subphase was


5 nM) at fully extended monolayer, i.e. at surface pressure


P= 0. Because the subphase was not stirred, the stock


solution of oligonucleotides were added in several drops


(total volume 50 Al) in different places of subphase, closely


to the surface of the monolayer (in a special experiment,


when pure water of the same volume but without ODN was


added in analogical manner, we proved that no disturbance


of monolayer took place). After addition of oligonucleoti-


des, we waited for approximately 1 h for the equilibration of


the monolayer (see also Ref. [10], where similar experimen-


tal conditions were used). Similar procedure was also


applied for the DNA hybridization study. In this case, the


probe (i.e. ODN modified by oleyl chain) was added into


the water subphase together with complementary or non-


complementary oligonucleotides (final concentration 5 nM).


In this case, the probe was incubated during 30 min with


complementary or noncomplementary ODN prior to addi-


tion to the water subphase at 25 jC.
We also studied the interaction of dextran sulfate (DS,


MW 500,000) (Sigma) with DOPC monolayers. DS is a


negatively charged polymer, which can be used as a model


of the negatively charged sugar-phosphate backbone of


oligonucleotide. Polymer has been dissolved in the water


subphase at different concentrations (1, 10 and 100 nM)


prior to the formation of lipid monolayer.


Each series of experiments was repeated at least four


times at identical conditions after careful cleaning in the LB


trough. Statistical analysis of the obtained results was


performed by Student t-test.


3. Results and discussion


The k-A isotherm of lipid monolayer composed of


DOPC formed at water subphase had a typical shape (Fig.


1, curve 1) characteristic for phosphatidylcholine mono-


layers [11,12]. We can see three different regions on curve 1


that correspond to the different structural state of the


monolayer. The liquid-expanded structure (A) turns more


condensed (B) at the surface pressure of f7 mN/m, while


multilayer regions appear after the collapse of the mono-


layer above the surface pressure of f47 mN/m. The area


per molecule, determined by extrapolation of the linear


region of the isotherm, was 0.57F 0.02 nm2, which agrees


well with previously reported data [12]. The presence of the


unmodified oligonucleotide IV (see Table 1) at the water


subphase does not cause substantial changes of the shape of


Table 1


The sequences of oligonucleotides used


No. Sequences (3V! 5V)


I TGGAACGACTTTAAAAGGG


II C*CCTTTTAAAGTCGTTCC*A


III C*CCTTTTAAAGTCGTTCCA


IV CCCTTTTAAAGTCGTTCCA


The sequence of oligonucleotide (ODN) I is characteristic for fragment of S.


typhimurium gene. This oligonucleotide is complementary to the


oligonucleotides modified by oleylamine at both (3V, 5V) terminals (II) or


at one (5V) terminal (III). (cytidines modified by oleyl residues are indicated


by *). Oligonucleotides with sequence (IV) were used as noncomplemen-


tary to II and III types oligonucleotides.
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the isotherm. However, the monolayer is characterized by


higher surface pressure (Fig. 1, curve 2). Correspondingly,


the transition between structural states of monolayers also


takes place at higher pressure: 8 mN/m (transition: A!B)


and 50.5 mN/m (transition: B!C). In addition, the area per


molecule significantly (P < 0.01) increases (Table 2). This


effect is, however, concentration dependent and higher


changes of surface pressure and area per molecule were


observed at higher concentrations of ODNs (results are not


shown). Addition of the ODN modified by hydrophobic


chains at both 3Vand 5Vterminals (ODN II, Table 1)


substantially influences the properties of the monolayers


(Fig. 1, curve 3). At extended-liquid state of the monolayer


(region A), the surface pressure is lower in comparison with


that for pure DOPC, i.e. certain condensation effect takes


place. However, the surface pressure is higher at condensed


region (B) in comparison with pure DOPC, i.e. repulsive


forces play dominant role in this case. The transition


between A and B structural states is less expressed and


occurs at surface pressure f21 mN/m, which is substan-


tially higher than for pure DOPC monolayer. Significant


(P < 0.001) increase of average area per molecule accom-


panies the interaction of ODN II with the DOPC monolayer


(Table 2). It is interesting that collapse of the monolayer


takes place at surface pressure similar to monolayers com-


posed of pure DOPC. Addition of noncomplementary ODN


IV further resulted to increase in surface pressure, area per


molecule and the surface pressure at which the collapse of


the monolayer takes place (Fig. 1, curve 4). The presence of


complementary ODN I had the most pronounced effect on


increase of the area per molecule (Table 2) and on the


properties of the monolayer (Fig. 1, curve 5). In this case, it


is difficult to distinguish the transition between the regions


A and B. In addition, collapse of the monolayer takes place


at higher pressure than for pure DOPC, but it is lower than


for nonspecific interaction of ODN IV with the monolayer.


It is interesting that at the region of surface pressure below 7


mN/m, the surface pressure for specific interaction is lower


in comparison with that for the nonspecific one. It is very


probable that the changes of the properties of lipid mono-


layers caused by noncomplementary ODN are due to the


interaction with phospholipid head groups and not with


ODNs II anchored at the DOPC monolayer. As we men-


tioned in Section 2.2, the probe ODN was preincubated with


complementary or noncomplementary oligonucleotides


prior to the addition to the water subphase. However, this


preincubation has no substantial effect on the shape of the


k-A isotherms. In a comparative experiment, we showed


that the shape of k-A isotherm was similar also when first


the lipid monolayer was modified by probe and then the


target ODN was added into the water subphase.


The question arises concerning the physical nature of the


observed changes. From the results presented above, it is


clear that modification of ODN by hydrophobic chain has a


crucial effect on the properties of DOPC monolayers. The


area of phospholipid molecule in a monolayer is determined


by an equilibrium of attractive and repulsive forces between


lipid molecules. Attractive forces arise from hydrophobic


effect and the van der Waals interactions between the atoms,


while repulsive forces are caused by the electric charges,


hydration effects and steric repulsion between atoms [13].


The increase of the average area per lipid molecule in the


presence of ODN could be due to repulsive forces between


negatively charged sugar-phosphate backbone and nega-


tively charged phosphate groups of the lipids. Electrostatic


repulsive forces between lipid monolayer and ODN without


the hydrophobic chains are probably most responsible for


the increase in the area per phospholipids. However, certain


contribution into the interaction with lipid monolayer of the


more hydrophobic nucleotide residues cannot be excluded.


The latter could facilitate the adsorption of ODN to the


monolayer surface. The stronger influence of ODN modi-


fied by hydrophobic chain on an increase of the area per


lipid molecule could be the result of the contribution both


Table 2


The area per phospholipid molecule for DOPC monolayers without and


with corresponding type of oligonucleotides (ODN) (see Table 1) and or


different concentrations of dextran sulfate (DS) at the water subphase


Subphase composition Area per molecule (nm2)


Without ODN 0.57F 0.02


ODN IV 0.60F 0.02


ODN II 0.65F 0.02


ODN II +ODN IV 0.67F 0.02


ODN II +ODN I 0.70F 0.02


ODN III 0.68F 0.02


ODN III +ODN IV 0.66F 0.02


ODN III +ODN I 0.65F 0.02


DS (1 nM) 0.59F 0.01


DS (10 nM) 0.69F 0.01


DS (100 nM) 0.76F 0.01


The results represent meanF S.D. calculated from four independent


experiments in each series.


Fig. 1. k-A isotherms of: (1) an unmodified monolayer composed of


DOPC, DOPC monolayer at presence of (2) ODN IV, (3) ODN II, (4)


ODNs II and IV, (5) ODNs II and I at the deionized water subphase at


concentration of 5 nM (the probe ODN II was modified by oleylamine at


both 3Vand 5Vterminals; see Table 1).
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repulsive and attractive hydrophobic forces. The decrease of


the surface tension at the extended-liquid part of the mono-


layer (region A, see Fig. 1) could be due to the incorporation


of hydrophobic chain of oleylamine of modified ODN into


the monolayer. This explanation is supported by different


shapes of k-A isotherm in the presence of modified ODN II


with that for unmodified ODN IV at the region A. We also


performed a special experimental study of mixed mono-


layers composed of DOPC and oleic acid (see below).


According to these experiments, the presence of oleic acid


resulted the decrease of surface pressure at the A region of


k-A isotherm. On the other hand, the presence of ODN


resulted to an increase in surface pressure at the condensed


region (B). This effect is very probably caused by repulsive


forces between phospholipid head groups and negatively


charged phosphate backbone of ODN. This has been proved


in model experiment, when instead of ODN, dextran sulfate


has been added into the subphase (see below). Thus, the


hydrophobic chains of ODN provides anchoring of oligo-


nucleotides to the lipid monolayer. However, parallel ori-


entation of ODN to the monolayer surface on the other hand


facilitates the increase of repulsive electrostatic forces


between sugar-phosphate backbone of ODN and phosphate


groups of the lipids.


Similar results have been obtained also in the case of


interaction with DOPC monolayers of ODN III modified by


hydrophobic chain only at one (3V) terminal. When ODN


probe modified by oleylamine at 3Vterminal (III) was present


in the subphase, the surface pressure (Fig. 2, curve 2) and


area per molecule (Table 2) also increased substantially in


comparison with the isotherm for DOPC without ODN.


However, presence of the subphase of noncomplementary


(IV) and/or complementary (I) ODN resulted in decrease of


surface pressure (Fig. 2, curves 3 and 4, respectively) and


the decrease of the area per molecule (Table 2). The changes


of both surface pressure and area per molecule were larger


for complementary chain in comparison with that for non-


complementary chain. The calculated values of area per


molecule for these two cases do not differ significantly


(Table 2). However, the isotherms for complementary


chain + probe were in all cases (four identical experiments)


below the isotherms for noncomplementary chain + probe


ODN.


The results of decrease of surface pressure reported here


are similar with that obtained earlier by Zeng et al. [6] on


egg phosphatidylcholine monolayers contained 5V-hexa-
decyl-deoxythymidic acid icosanucleotide modified by pal-


mitic acid (dT20 –C16). This phenomenon has been


interpreted by these authors as a loss of hybridized mole-


cules from the surface of the lipid monolayer. We suppose


that this explanation is also applicable for results presented


here.


Thus, the changes of the properties of DOPC monolayers


following DNA hybridisation substantially depend on the


type of modification of ODN by oleylamines. It is evident


that when ODN is anchored to the phospholipid monolayer


by two oleyl chains, the system is more stable. Instead of


desorption, further increase of surface pressure and area per


molecule took place following hybridization with comple-


mentary ODN.


However, if we compare the shape of isotherms, the


changes of surface pressure and the area per molecule for


DOPC modified by ODN II and III (see Figs. 1 and 2 and


Table 2), we can see that the results are very similar and do


not differ significantly. This result is not surprising. Cer-


tainly, the ODN III modified by oleylamine at one (3V)
terminal is also oriented preferably parallel to the surface of


the monolayer and interacts electrostatically with the chol-


ine groups of DOPC molecules. The presence of comple-


mentary ODN I at the water subphase, however, caused


changes of the conformation of ODN III probe due to


hybridization. It is known that persistent length of double-


stranded DNA is approximately 50 nM [14], which is larger


then the length of double-stranded DNA composed of I and


III types ODN (approximately 6.6 nm). Thus, the hybridized


DNA (i.e. ODNs I + III) should be oriented preferably


perpendicular to the plane of the DOPC monolayer.


The ODN II, which is parallel to the monolayer surface,


is stabilized by two oleylamines at both 3Vand 5Vterminals.


Therefore, hybridization with complementary chain should


not change the orientation of this ODN.


We already mentioned the possible role of hydrophobic


chains of ODNs in the decrease of surface pressure at region


A of k-A isotherm (see Fig. 1). As we noted above, this


suggestion is also supported by results obtained for k-A
isotherms composed of DOPC with different molar ratios of


oleic acid (Fig. 3). We can see that at presence of oleic acid


for all molar ratios studied, the surface pressure decreases at


the extended region (A) of the isotherm. However, at


condensed part of the isotherm (B), the shape of the


isotherm for the monolayer composed of pure DOPC and


Fig. 2. k-A isotherms of: (1) an unmodified monolayer composed of


DOPC, DOPC monolayer at presence of (2) ODN III, (3) ODNs I and III,


(4) ODNs III and IV at the deionized water subphase at concentration of 5


nM (the probe ODN III was modified by oleylamine at 3Vterminal; see


Table 1).
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that of mixed monolayers is significantly different only at


higher molar ratios of DOPC/oleic acid (>5). At experimen-


tal conditions used in this work and at maximal possible


adsorption of ODN modified by hydrophobic chain, the


molar ratio of DOPC/oleylamine does not surpass 140 for


ODN modified by two oleylamine molecules. Therefore, the


changes of the surface properties of lipid monolayers at the


condensed region B of the monolayer could be caused


mainly by the repulsive forces between negatively charged


sugar-phosphate backbone and the surface of lipid mono-


layer. The maximum accessible molar ratio of DOPC/


nucleotides at used experimental conditions is approxi-


mately 15 for single-stranded and 7.5 for double-stranded


ODNs. Thus, we could expect about 6–12% changes of


measured values due to the electrostatic effects. This corre-


sponds to the changes of average area per phospholipid


molecule 0.03–0.07 nm2, which is in coincidence with


obtained results (see Table 2).


The increase of surface pressure of monolayer composed


of neutral phospholipid diphytanoylphosphatidylcholine fol-


lowing addition of plasmid DNA (5.6 kbp) has been


reported also by Spassova et al. [15]. This effect was


explained by the interaction of DNA with lipid head groups


leading to less-dense lipid packing. They pointed out that in


the DNA/lipid complex, there is a large distance between


the lipids and this causes an increase in the surface pressure.


The role of the contribution of electrostatic interaction


between negatively charged sugar-phosphate backbone of


ODN and the phospholipid head groups for changes of the


properties of lipid monolayers has been proved in additional


experiments. We studied the interaction of DOPC mono-


layers with dextran sulphate, i.e. negatively charged poly-


mer, that could serve as a model of negatively charged


sugar-phosphate backbone of ODN. The k-A isotherms of


DOPC monolayers without and with three different concen-


trations (1, 10 and 100 nM) of DS at the water subphase are


presented in Fig. 4. The presence of DS caused an increase


in the surface pressure and the area per phospholipid


molecule in a manner similar to unmodified ODN. We can


see that changes of surface pressure and area per molecule


(Table 2) are more expressed with increasing of the DS


concentration. Similar results have been reported earlier and


explained by penetration of DS deep into the lipid mono-


layer [16], while reduced surface pressure was observed


when binding of DS to the phospholipid monolayer was


mediated by Ca2 +. In this case, the DS molecules bind to the


lipid head groups by forming Ca2 + bridges without pene-


trating the hydrophobic region [17].


Our recent results of the study the changes of specific


volume of unilamellar liposomes composed of dimyristoyl


phosphatidylcholine (DMPC) during temperature phase


transition and at the presence of DS support the above-


mentioned explanation based on penetration of DS into the


monolayer. We showed that changes of specific volume of


DMPC liposomes above the phase transition temperature


(T>24 jC) are lower by 10% in the presence of 1 AM DS.


This can be caused by a restriction in the increase of specific


volume of DMPC due to partial penetration of DS in lipid


bilayer.


4. Conclusion


The approach based on Langmuir–Blodgett monolayers


allowed us to study some peculiarities of the interaction of


short oligonucleotides with monolayers. We showed that


surface pressure is influenced by the incorporation of


oligonucelotides modified by oleylamine. This influence is


stronger for oligonucleotide modified by oleylamine at both


3Vand 5Vterminals in comparison with that modified at only


one (3V) terminal. The orientation of oligonucelotides had a


substantial effect on the hybridization of DNA. The method-


ology can be useful for the detection DNA hybridization at


the surface of phospholipid monolayers.


Fig. 4. k-A isotherms of: (1) an unmodified monolayer composed of DOPC


in a pure water at presence of dextran sulphate at the water subphase at


concentrations (2) 1 nM, (3) 10 nM, (4) 100 nM at pH 6.


Fig. 3. k-A isotherms of monolayers composed of DOPC and oleic acid


(OA) at different molar ratios (DOPC/OA): (1) 1:0, (2) 10:1, (3) 5:1, (4)


2:1, (5) 1:1, (6) 0:1.
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Abstract


Adrenodoxin (Adx) functions as a redox protein in the delivery of electrons to all mitochondrial cytochromes P450. In order to further


characterize the human form of this protein, direct electrochemistry of human adrenodoxin (Hadx) has been observed for the first time on a


pyrolytic graphite electrode (PGE) modified with poly-L-lysine. A single well-defined redox wave was observed with a midpoint potential of


� 448F 3 mV vs. Ag/AgCl (sat. KCl) at a scan rate of 10 mV/s and over the pH range 4.0–8.0. At slow scan rates, the reduction process was


close to being electrochemically reversible whereas, at faster scan rates, only quasi-reversibility was observed. A correlation was observed


between the peak separation (DE) for the cyclic voltammograms and pH over a wide range of scan rates. The variation of DE with pH was at a


minimum (optimum reversibility) at pH 7.0 for all scan rates tested. This correlation may suggest that the direct electrochemistry method could


possibly provide a means for determining protein or enzyme activity. The electron transfer rate constant, ks, was determined to be 0.28 s� 1 at pH


7.0 and a small pH dependence was observed. The results obtained in this study demonstrate the facile nature of direct electron transfer for


human adrenodoxin, and provide an estimate of the midpoint reduction potential at a pyrolytic graphite electrode via electrostatic


immobilisation.


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


Adrenodoxin (Adx) is a [2Fe2S]-containing protein that


functions as a mobile one-electron carrier in the electron


transport chain for all mitochondrial cytochromes P450.


Adrenodoxin receives one electron from adrenodoxin


reductase (AR) and delivers it to cyctochrome P450.


Adrenodoxin must bind to cytochrome P450 twice in the


catalytic cycle since the P450 requires two electrons to


activate molecular oxygen to achieve substrate oxidation,


most commonly hydroxylation [1]. Current evidence


strongly supports Adx acting as a shuttle between AR


and the P450, forming binary complexes with each [1–4].


Mitochondrial cytochromes P450 play an essential role in


the synthesis of steroid hormones with cytochrome


P450scc (CYP11A1) catalysing the initial cleavage of


the side chain of cholesterol to produce pregnenolone, a


step common to the synthesis of all steroids [2,5]. Another


mitochondrial cytochrome, P45011h (CYP11B1) is re-


quired for both cortisol and aldosterone synthesis while


cytochrome P45018 (CYP11B2) catalyses the last two


steps of aldosterone synthesis [6]. Mitochondrial cyto-


chromes P450 also play an essential role in converting


vitamin D to its active form and participate in bile acid


synthesis [2]. Studies on yeast proteins homologous to


mammalian AR and Adx suggest that these proteins may


also play an important role in the assembly of iron sulphur


centres [7].


In the cholesterol side-chain cleavage reaction, adreno-


doxin appears to act as both an electron donor and effector


for P450scc. The oxyferro complex of bovine cytochrome


P450scc can be generated by addition of oxygen to chemi-


cally reduced cytochrome but reduced adrenodoxin is


required for donation of the second electron [8–10]. The


oxidized adrenodoxin, present in the human placenta during


P450scc catalysis due to limiting AR, acts as a competitive


inhibitor of cytochrome P450scc, decreasing electron deliv-
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ery to the P450scc by binding in preference to reduced Adx


[11,12]. In bacteria, putidaredoxin plays a similar role to


adrenodoxin in the catalytic cycle of P450cam (CYP101)


acting as both an electron donor and effector for the


cytochrome [13].


Direct electrochemistry has proved to be an invaluable


probe for the investigation of FeS-containing ferredoxins


[14–17]. For these small metalloproteins (f 10,000 Da)


containing FeS redox centres, a sustained redox signal is


typically achieved by electrostatic adsorption of the protein


onto an electrode surface. Cyclic voltammetry is the elec-


trochemical technique most often employed as it exploits


the ability to vary both the applied potential (voltage) and


time domains for the redox process. Valuable thermody-


namic and kinetic information is therefore obtained for the


protein.


Electrochemical methods have been used to examine the


redox properties of both putidaredoxin and bovine adreno-


doxin and in each case the electrode surface was extensively


modified. The bovine adrenodoxin study used a multilayer


gold electrode modified with mercaptoundeconoic acid and


polyallylamine [18] whereas the putidaredoxin electrochem-


istry employed a mercaptoethylamine pretreatment of gold


by soaking overnight [19]. Here, we present our results with


human adrenodoxin (Hadx) by cyclic voltammetry over a


wide range of pH and scan rates using an edge-oriented,


pyrolytic graphite electrode (PGE) pretreated with poly-L-


lysine as previously reported in our laboratory [20]. This


electrostatic method of adrenodoxin immobilisation is


advantageous as it provides a similar environment to that


in which the metalloprotein functions in vivo in the human


adrenal cortex.


2. Experimental details


2.1. Protein purification


The mature form of Hadx was expressed in Escherichia


coli and purified as described previously [21]. The concen-


tration of Hadx was determined from its absorption at 414


nm, using e = 11,000 M� 1cm� 1 [22] and sample concen-


trations used for electrochemistry were 319 AM unless


otherwise noted. The Hadx was stored at � 80 jC in 50


mM Hepes at pH 7.4 prior to use.


2.2. Electrochemistry


Electrochemical measurements were obtained using


cyclic voltammetry on either a BAS 100B Electrochemical


Analyser or a BAS CV-27 interfaced with a MacLab four-


channel device and the E’chem software program. Working


electrodes were prepared using ‘‘edge-oriented’’ pyrolytic


graphite sealed in a Teflon sheath with the available poten-


tial assessed in aqueous solution. The reference electrode


was Ag/AgCl (sat. KCl), fitted with a vycor tip and the


reference potential at 21 jC was 0.197 V vs. NHE. All


electrochemical data reported here were measured against


this reference electrode unless otherwise stated and, before


and after each series of measurements, the potential and


reversibility of the [Fe(CN)6]
3� /4� couple were measured


(Emid{[Fe(CN)6]
3 � /4 �} = 260F 4 mV vs. Ag/AgCl) to


check for instrumental artefacts and found to be invariant


during all the experimental procedures. A platinum wire was


used throughout as an auxiliary electrode. Solvated nitrogen


gas was used to purge the cell prior to each measurement


Fig. 1. Surface representation of electron transfer proteins involved in the conversion of cholesterol to pregnenolone by cytochrome P450scc. The red- and


blue-coloured molecular surfaces indicate regions of negative and positive electrostatic potential, respectively. Protein images were prepared using Swiss PDB


Viewer. Adrenodoxin reductase (1CJC.PDB) and adrenodoxin (1AYF.PDB) crystal structure coordinates were obtained from the Brookhaven Protein Database


and cytochrome P450scc is an unpublished model structure from our laboratory.
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and a blanket of nitrogen was maintained over the cell


between measurements. Midpoint potentials (Emid) are


reported in mVand were calculated as the average of anodic


and cathodic peak potentials, Em= 1/2(Epa +Epc). All meas-


urements were undertaken at room temperature, 21F1 jC.
Prior to each measurement, the PGE electrode was polished


using Al2O3 powders starting at 1 Am and decreasing to 0.3


and 0.05 Am. Between each polishing step, the electrode


was sonicated in MilliQ water.


All measurements were undertaken in a glass cell, which


was soaked in H2SO4 between experiments. A ‘‘mixed


buffer electrolyte’’ solution was prepared using 5 mM each


of Mes, Hepes, Taps, AcO� (a total of 20 mM) and 0.1 mM


EGTA in 0.1 M NaCl. The pH of this buffer solution was


adjusted to the required pH prior to the electrochemical


measurement. MilliQ water was used throughout all the


experiments. In a typical experiment, the working electrode


was pretreated with 3 Al of a 0.1% poly-L-lysine solution


and allowed to dry. A film of protein was then placed onto


the poly-L-lysine coat and also allowed to dry. The electrode


was then placed into the electrochemical cell containing 5


ml of mixed buffer-electrolyte (described above) and meas-


urements commenced. Evidence for the formation of a


stable protein-poly-L-lysine film was assessed using the


Fig. 2. (a) A cyclic voltammogram of human adrenodoxin adsorbed onto poly-L-lysine on an edge-oriented pyrolytic graphite electrode at pH 7.0. Scan rate of


20 mV/s. (b) Cyclic voltammogram of a film of Hadx on a poly-L-lysine pretreated PGE showing the effect of time on the current response. (c) Dependence of


ipc on Hadx concentration and scan rate. The concentrations of Hadx used were 319 and 260 AM.
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current response over time, which remained unchanged over


a 1-h period (Fig. 2b). In addition, the PGE was unable to


sustain an electrochemical response without a film of poly-


L-lysine. The thickness of the poly-L-lysine film was esti-


mated using Atomic Force Microscopy (AFM). The film


prior to attachment of the Hadx has a depth of 6.5 nm


whereas the film, after washing with MilliQ water, has a


depth of 5.5 nm. Data were collected on at least three


different occasions and with different equipment to ensure


reproducibility; no smoothing or baseline subtraction tech-


niques were applied.


3. Results


A film of the Hadx was adsorbed directly onto an edge-


oriented pyrolytic electrode (PGE) pretreated with a film of


poly-L-lysine. The pI for Hadx calculated from the primary


amino acid sequence of the mature form is 4.4 [23].


Accordingly, Hadx is expected to be negatively charged at


pH values above this value. Cyclic voltammograms of Hadx


displayed excellent signal-to-noise responses and the meas-


ured currents typically fell in the range of several hundred


nA to several AA. A typical example of the cyclic voltam-


metric response obtained at pH = 7.0 is illustrated in Fig. 2a.


In each experiment, the initial potential was 0 V and the


voltage sweep was in the cathodic (reduction) direction until


the switching potential was reached at � 0.8 V. The scan


direction was then reversed to sweep anodically until 0 V.


No redox response was observed over the same potential


range with just a film of poly-L-lysine attached to the PGE


working electrode. The strong adsorption of the adreno-


doxin to the electrode was verified (Fig. 2b) over an hour


with very little change in peak currents. Thus, it was thought


that the protein-poly-L-lysine-PGE composite maintained


integrity during all experiments. Also, as the initial reduc-


tion of surface oxides on the PGE were always present on


the first cathodic scan, all the electrochemical data recorded


in this study used the second or third scan cycles to derive


the redox parameters of interest.


A summary of the observed redox response of Hadx for a


range of pH values and scan rates is found in Table 1. A


one-electron transfer process was always observed and the


midpoint potential was observed at Emid =� 448F 3 mV for


Table 1


Variation of electrochemical parameters with pH and scan rate for Hadx


immobilised on PGE using poly-L-lysine


pH Scan rate, mV/s Emid, mV DE, mV ipc/ipa


4.0 10 � 449 117 1.22


20 � 448 153 1.17


50 � 446 363 1.20


5.5 10 � 451 106 1.27


20 � 444 149 1.36


50 � 448 262 1.35


100 � 457 349 1.33


7.0 10 � 445 82 1.29


20 � 444 101 1.03


50 � 449 144 0.99


100 � 452 210 1.13


200 � 458 245 1.15


500 � 468 360 1.19


8.0 10 � 447 89 1.20


20 � 451 141 1.14


50 � 458 191 1.18


100 � 457 284 1.00


200 � 462 352 1.09


Data in italics refers to values obtained with poor reproducibility.


Fig. 2 (continued ).
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all pH values and at a scan rate of 10 mV/s. At higher scan


rates, Emid did not vary for pH 4.0 and 5.5; however, at pH


7.0 and 8.0, a cathodic shift by 15 mV was evident at the


fastest scan rates used here. Despite these small variations in


Emid, the ratio of charge transferred in both cathodic and


anodic processes (ipc/ipa) were close to unity for all scan


rates 10–500 mV/s and pH values. At each pH value, the


redox response for Hadx was observed to be quasi-rever-


sible as assessed by the separation between cathodic and


anodic waves, DE. Values of DE were close to reversible at


pH 7.0 and 8.0 with values of 82 and 89 mV, respectively, at


10 mV/s. Interestingly, at this slow scan rate, the value of


DE was greatest at pH 4.0 (DE = 117 mV), where the pH of


the buffer lies below the pI of the Hadx. At all pH values,


DE was found to increase with scan rate and at the highest


scan rate used the redox process was electrochemically


irreversible with DEf 350 mV. These data are represented


graphically in Fig. 3, where the error bars refer to separate


experiments for each scan rate and pH value used here. The


separation between cathodic and anodic waves at pH 7.0


and 10 mV/s was 64 mV, thus, close to the Nernstian value


of 59 mV. The apparent electron transfer rate constant, ks,


for the immobilised adrenodoxin was calculated using the


method of Laviron [24] for several pH conditions. Data used


to calculate ks were only at scan rates that resulted in DE


values < 200 mV. At pH 7.0, ks was 0.28(7) s� 1 while


calculated values at lower and higher pH were 0.13 s� 1 at


pH 4.0 and 0.15 s� 1 at pH 8.0.


Fig. 3. Scan rate and pH dependence of the peak separation, DE, for Hadx at the PGE immobilised by poly-L-lysine. Data were obtained in three separate


experiments and each point represents an average value with the error bars indicating the standard error of the mean.
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4. Discussion


The edge-oriented pyrolytic graphite (PGE) electrode


has been used by us [16,17,20] and others [25] to reproduce


the redox processes for low molecular weight electron


transfer metalloproteins, including ferredoxins. The nature


of both the promoter and electrode must be considered in


the interpretation of these data, particularly in light of in


vivo correlations [26]. Ferredoxins containing overall neg-


ative charges can be electrostatically adsorbed onto PGE


using a range of polyamines including aminoglycosides as


coadsorbates with the protein to achieve good surface


adsorption and electrochemical response. We have shown


that poly-L-lysine coadsorbs onto PGE and that the pos-


itively charged surface is able to reduce the negative surface


charge of the PGE and encourage strong adsorption of a


small negatively charged protein on the graphite electrode


surface. In the present study, several aminoglycosides were


examined to determine the efficacy of Hadx adsorption to


PGE (data not shown). These included neomycin, tobra-


mycin, kanamycin, and polymyxin, and although a weak


redox response obtained was observed with all these


coadsorbants, the signal-to-noise ratio was always poor.


However, the electrochemical response with poly-L-lysine


as a coadsorbant gave an immediate and well-sustained


redox response for Hadx with an excellent signal-to-noise


ratio (illustrated in Fig. 2).


The orientation of the Hadx on the poly-L-lysine is


assumed to occur by electrostatic interactions between the


region of high negative charge on the protein associated


with residues Asp72, Glu73, Asp76, and Asp79. These


amino acid residues have been implicated in the recogni-


tion of Adx by its electron donor (AR) and acceptor (P450)


for the electron transfer event [2,26,27]. Proteins immobi-


lised electrostatically are believed to be immobilised as a


monolayer on the electrode surface. However, in all our


experiments, the peak separation was greater than 0 mV


expected for a strongly adsorbed molecule, hence, greater


than the Nernstian value of 59 mV/n expected for diffu-


sion-controlled electrochemistry. This may be suggesting


that either some diffusion-controlled electrochemistry is


occurring by some loss of the protein from the electrode


interface or that the rate of electron transfer measured in


this study was always slower than the scan rate used in


these experiments.


The midpoint redox potential, Emid, for Hadx was found


to be invariant to scan rate over a range of pH values


(4.0–8.0) and in good agreement with those observed for


bovine adrenodoxin and bacterial putidaredoxin (Table 2).


As seen in Table 1, at the slowest scan rate used, 10 mV/s,


the observed midpoint potential was � 448F 3 mV. For


any scan rate below 10 mV/s, a stable film of protein on


the electrode could not be maintained. Relatively, large


peak separations were observed throughout this study and


were valuable to determine the electron transfer rate


constant, ks, also giving values that compare well with


the bovine adrenodoxin and bacterial putidaredoxin as


shown in Table 2.


The Hadx sample appears to be more reversible at pH 7.0


compared with data collected at other pH values and this led


us to present these results graphically in Fig. 3 with DE


scrutinised as a function of pH and scan rate. Fig. 3


illustrates an unexpected result for protein electrochemistry.


Notably, the redox waves at the slower scan rates, partic-


ularly 10 mV/s, were close to reversible over a wide range


of pH values (4.0–8.0). Also, for each scan rate measured,


the graphical dependence of peak separation on pH indicates


that the minimum separation occurs at pH 7.0. We suggest


here that this type of graphical representation may be


providing a rapid assessment of optimum biological activity


or function for the Hadx. The redox function of Hadx is


widely accepted as providing a mobile shuttle between its


natural redox partners, AR and P450scc. Thus, the redox


state of the adrenodoxin during binding and subsequent


electron transfer between its redox partners is thought to be


extremely important [1,28,29]. Supportive data of the opti-


mum pH for Hadx activity using spectrophotometric meth-


ods would provide an interesting comparison for these data.


To the best of our knowledge, there is no data available on


the pH dependence of Hadx. However, Lambeth and Kamin


[28] did examine the pH dependence of the bovine adreno-


doxin reductase–adrenodoxin complex by potentiometric


titration, although they were unable to unequivocally assign


an observed pH dependence to the adrenodoxin. Our elec-


trochemical data do not support a pH dependence for Hadx,


although it does appear that there is a pH dependence in the


reversibility of the redox couple, as assessed by plots of DE


vs. pH shown in Fig. 3. Our interpretation of Fig. 3 is that


the electron transfer reaction is most efficient at pH 7.0


compared to that observed at pH values higher and lower


and that this effect was enhanced at higher scan rates. The


possibility that there is a correlation between measured DE


for Hadx and biological activity is beguiling. If such a


profile could be confirmed for other electron transfer metal-


loproteins, this may lead to a rapid determination of opti-


mum protein activity in vitro, which may also relate to in


vivo activity or function.


Table 2


A comparison of some electrochemical parameters for [2Fe2S]-containing


human, bovine adrenodoxins and bacterial putidaredoxin


Emid,


mV


DE,


mV


ks,


s� 1


Measurement


conditions


Reference


Human


adrenodoxin


� 449 144 0.28 Direct e’chem @


PGE pH 7.0


this work


Bovine


adrenodoxin


� 460 200 0.13 Direct e’chem @


SAM modified Au,


pH 7.2


[18]


Bacterial


putidaredoxin


� 450 160 4.5a Direct e’chem, @


modified Au, pHf 7.5


[19]


Electrochemical data are measured vs. Ag/AgCl (sat. KCl).
a This rate constant was obtained by analysis of square wave data under


different conditions to the other two studies [30].
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The well-defined electrochemical redox responses we


observed suggest that the combination of soft carbon surface


together with an electrostatic immobilisation using a bio-


genic poly-amino acid is suitable for similar metalloproteins


such as bovine adrenodoxin or putidaredoxin. We are


continuing to explore the interactions between the Hadx


with P450scc using various modified methods for immobi-


lisation of the redox donor–acceptor complex.
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Abstract


The oxidation mechanism and adsorption of inosine 5V-monophosphate and hypoxanthine were investigated in solutions of different pH


using voltammetric and impedance methods at glassy carbon electrodes. For both compounds, the pH dependence from differential pulse


voltammetry showed that the same number of electrons and protons are involved in the rate-determining step of the electrochemical reaction.


In the case of hypoxanthine, it was also possible to study the effect of different concentrations. At high concentrations of hypoxanthine, two


oxidation peaks were observed, the first due to hypoxanthine oxidation with formation of oligomers and the second due to hypoxanthine


oligomer oxidation, both compounds adsorbing strongly. Impedance measurements corroborated the voltammetric results and enabled the


study of the adsorption of hypoxanthine on glassy carbon.


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


Keywords: Inosine 5V-monophosphate; Hypoxanthine; Electrochemical adsorption; Differential pulse voltammetry; Electrochemical impedance; DNA-


biosensor


1. Introduction


The study of the electrochemical oxidation and reduction


processes of biological compounds is very important, and it


may lead to the elucidation of alternative methods for their


detection and analysis. The investigation of these redox pro-


cesses also provides considerable insight into the interactions


of these molecules within complex biological systems.


Inosine and hypoxanthine are both derived from the


decomposition of adenosine triphosphate (ATP), this


sequence being particularly relevant following death in


fishes [1].


ATP ! ADP ! AMP ! IMP ! HxR ! Hx ! X ! U


where ADP is adenosine diphosphate, AMP adenosine 5V-
monophosphate, IMP inosine 5V-phosphate, HxR is inosine,


Hx hypoxanthine, X xanthine and U uric acid.


The structure of IMP is shown below


and clearly shows the purine base, hypoxanthine (Hx),


together with the deoxyribose and phosphate groups.


Electrochemical studies of the reduction of inosine and


hypoxanthine carried out at mercury electrodes showed


better defined reduction peak currents in acid pH [2,3]. In


alkaline conditions, hypoxanthine was not reduced [2]. It


was also found that hypoxanthine forms a condensed film at


1567-5394/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserved.
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the mercury–electrolyte interface [4]. Procedures for Hx


and IMP determination were developed using adsorptive


stripping voltammetry of the purines [5] and of their Cu(II)


complexes [6,7].


In recent years, most studies on these compounds have


been carried out with the aim of obtaining quantitative


measurements of both inosine and hypoxanthine via oxida-


tion. Sensors have been developed using microelectrodes


[8], chemically modified electrodes [9,10] and by mechan-


ical or electrochemical activation of the electrode surfaces


[11,12]. However, most of the reported research has used


oxidase-based enzyme biosensors for hypoxanthine detec-


tion with measurement of oxygen consumption or product


formation [13–25]. Although many of the systems devel-


oped also permit the measurement of other species in the


decomposition chain, only in a few cases [13,24,25] are the


signals due to IMP and HxR also considered. Both Ghosh et


al. [20] and Okama and Watanabe [25] described a freshness


indicator based on the ratio


fðHxRþ HxÞ=ðIMPþ HxRþ HxÞg


It was therefore necessary to develop a system capable of


measuring all three compounds.


The electrochemical activity of nucleosides and nucleo-


tides is normally found in the heterocyclic ring (base) and


this should thus also be the case for IMP and Hx. The


deoxyribose group has an influence on the pKa value and


solubility: the pKa for protonated inosine is 1.2, while that


for hypoxanthine is 1.98 [26]. Other differences between


IMP and Hx can be expected to arise from the influence of


the deoxyribose and phosphate groups on molecular size,


reflected in diffusion rates, on adsorption and on the


electron density in the active site. Such effects will be


manifested by the shifting of the oxidation and reduction


potentials and in the observed currents.


The oxidation mechanism of hypoxanthine, which


involves the loss of two electrons and two protons, probably


follows the same route as that described for guanine [27].


The fact that hypoxanthine does not have the amino group


in position 2 of the purinic ring, as in the case of guanine,


should not influence the mechanism of electron transfer.


Electrochemical studies with hypoxanthine have shown fast


and strong adsorption on pyrolytic graphite electrodes


[28,29].


A detailed electrochemical study of hypoxanthine and


inosine 5V-phosphate will help to understand the oxidation


mechanism and adsorption of purine bases and purine


nucleosides. Improved knowledge in this field will aid the


development of DNA-biosensors [30–32] and help in


explaining oxidative damage caused to DNA from health


hazard compounds. The work presented in this paper probes


the influence of the deoxyribose–phosphate substituent on


the oxidation behaviour of hypoxanthine at different pH


values, and also the phenomenon of adsorption of hypo-


xanthine on the glassy carbon electrode surface. Electro-


chemical impedance is used for the first time to probe the


adsorption and oxidation of hypoxanthine and inosine 5V-
phosphate at the electrode surface.


2. Experimental


All chemical reagents used were of analytical grade;


DNA Calf Thymus (sodium salt, type I), inosine 5V-mono-


phosphate and hypoxanthine were obtained from Sigma. All


solutions were prepared using high-purity water (Milli-Q,


Millipore, resistivity >18 MV cm). All experiments were


performed in buffer solutions of ionic strength 0.1 M (see


Table 1). The pH values of the electrolyte solutions were


measured using a Crison pH-meter, model micropH 2001,


and a combined Ingold glass electrode.


The working electrode used throughout the study was a


glassy carbon disc of 6 mm diameter, the counter electrode


was a platinum wire and the reference electrode a saturated


calomel electrode (SCE), placed in a one-compartment cell.


All voltammetric experiments were carried out using an


Autolab PGSTAT 10 potentiostat/galvanostat (Eco Chemie,


Utrecht, Netherlands) equipped with an ECD low-current


module. The conditions for differential pulse voltammetry


were: pulse amplitude, 40 mV; pulse width, 70 ms; scan


rate, 5 mV s� 1. For square wave voltammetry, the con-


ditions were: frequency, 25–100 Hz; pulse amplitude, 40


mV; potential step, 5 mV and for cyclic voltammetry: scan


rate, 20–100 mV s� 1 for IMP and 20–1000 mV s� 1 for


Hx.


Electrochemical impedance experiments were carried out


with a Solartron 1250 Frequency Response Analyser


coupled to a Solartron 1286 Electrochemical Interface with


Zplot (Scribner Associates) control software. An rms per-


turbation of 10 mV was applied and logarithmic frequency


scans, five frequencies per decade, were performed over the


frequency range 65 kHz–0.01 Hz. Fitting of impedance


spectra was done using ZSim/CNLS impedance simulation


and modelling software Version 4.1 (Scribner Associates).


3. Results and discussion


3.1. Differential pulse voltammetry


The electrochemical behaviour of IMP and Hx was


investigated over the pH range 1.0–13.1. Fig. 1 shows


Table 1


Buffer and background electrolyte solutions, concentration 0.1 M


pH Composition


1.0 and 2.0 KCl +HCl


3.4–5.4 NaOAc+HOAc


6.1–8.1 Na2HPO4 +NaH2PO4


9.3 Na2B2O7�10H2O+NaOH


12.2 and 13.1 KCl +NaOH
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differential pulse voltammograms for IMP and the corre-


sponding variations of peak potential and peak current


with pH. Fig. 2 shows the same plots for Hx. At pH values


below 3.5, there was no evidence of any oxidation peak


for IMP and in the case of Hx, there was no peak at less


than pH 2.5. In alkaline solution, from pH 9.3 upwards,


the oxidation wave corresponding to IMP overlapped with


supporting electrolyte decomposition and thus could not be


measured. The lower oxidation potential for Hx compared


with IMP is similar to that found with guanine compared


with guanosine and adenine compared with adenosine,


where there is also introduction of sugar–phosphate


groups [32]. Additionally, the currents for Hx oxidation


are much larger—taking into account the difference in


concentration, by a factor of 40, paralleling the greater


ease of oxidation.


For IMP, the slope of the Ep–pH plot is � 50.7 mV per


pH unit over the whole pH range studied (Fig. 1b) which


demonstrates that the number of protons and electrons


involved in the oxidation mechanism is equal. For Hx,


the slope of the Ep–pH plot is � 70.1 mV per pH unit


over the whole pH range studied, which again suggests


that the reaction mechanism is similar to that observed for


IMP, where the sugar–phosphate groups is the only differ-


ence.


Figs. 1b and 2b show clearly that the oxidation peak


currents are largest at approximately weakly acid to neutral


pH. This therefore corresponds to a pH where the oxidation


is easier. The oxidation of hypoxanthine may, like the


oxidation of guanine, follow a two-step mechanism involv-


ing the total loss of four electrons and four protons [25,26]


Fig. 2. Differential pulse (DP) voltammetry of 5	 10� 5 M hypoxanthine at


different pH values. (a) DP voltammograms, scan rate 5 mV s� 1, amplitude


50 mV; (b) plots of (5) peak potential, Ep vs. pH; (dashed line corresponds


to 59 mV per decade) and (z) peak current, Ip vs. pH.


Fig. 1. Differential pulse (DP) voltammetry of 1 mM IMP at different pH


values. (a) DP voltammograms, scan rate 5 mV s� 1, amplitude 50 mV; (b)


plots of (5) peak potential, Ep vs. pH; (dashed line corresponds to 59 mV


per decade) and (z) peak current, Ip vs. pH.
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and the oxidation mechanism of IMP is very similar.


However, there is no proved mechanism as to where


oxidation occurs first, at C2 or C8; xanthine is also a product


of guanine deamination and uric acid is the final product. In


both cases, the first 2e irreversible oxidation is the rate-


determining step.


Fig. 3 shows successive differential pulse measurements


of IMP and Hx in acetate buffer electrolyte. The oxidation


wave from IMP is close to the oxygen evolution wave at 1.4


V and increases slightly on successive scans. By contrast,


the wave for hypoxanthine becomes markedly smaller on


repeating the differential pulse scans and shifts to more


positive potentials, reaching a value close to + 1.3 V vs.


SCE; the first scan actually appears to be two overlapping


peaks. This suggests that there is fast and strong adsorption


of hypoxanthine onto the surface of the glassy carbon


electrode, which blocks the surface accessibility.


The influence of hypoxanthine concentration is illus-


trated in Fig. 4 in borate buffer electrolyte. The peak occurs


at a more negative potential owing to the higher pH of the


solution. At concentrations above 0.5 mM, the main oxida-


tion peak barely increases in magnitude, which is due to


adsorption of Hx, while the second peak which appears at a


more positive potential and increases in magnitude in


repeated scans, is probably due to oxidation of the adsorbed


Hx oligomers. Indeed at lower concentrations, below 0.5


mM, the asymmetry of the DPV peak is evidence that there


is already a contribution from the oxidation of the adsorbing


oligomers.


To determine if the two oxidation peaks observed for


hypoxanthine were due to a unique process, successive


differential pulse scans were made for high concentrations


of hypoxanthine, with the final potential being set at a value


before the second oxidation peak. In this case, there was a


decrease in oxidation current and a shifting of the peak to


more positive potentials. This is strong evidence for the


importance of hypoxanthine oligomer adsorption.


3.2. Square wave voltammetry


The faster timescale of the potential scan in square wave


voltammetry can be advantageous in investigating the


alterations in the electrode process that can occur due to


adsorption on the surface of the glassy carbon electrode.


Fig. 5 shows square wave voltammograms for Hx and Fig. 6


for IMP oxidation. In both cases, an increase in the


oxidation current is observed with increasing frequency.


These results are in agreement with those obtained through


differential pulse voltammetry except that square wave


voltammetry is more sensitive than differential pulse vol-


tammetry for higher concentrations of hypoxanthine. Con-


Fig. 3. Successive differential pulse voltammograms: (a) 1 mM IMP and (b)


1 mM Hx, in 0.2 M acetate buffer (pH 4.5). Scan rate 5 mV s� 1, amplitude


50 mV.


Fig. 4. Differential pulse voltammograms for hypoxanthine in 0.1 M borate


buffer (pH 9.3). Concentrations: (a) 1	10� 5; (b) 5	 10� 5; (c) 1	10� 4;


(d) 2.5	 10� 4; (e) 5	 10� 4; (f) 7.5	 10� 4; (g) 1	10� 3 M. Scan rate


5 mV s� 1, amplitude 50 mV.
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cerning Hx, Fig. 5, the peak potential is + 1.30 V and the


peak width at half height is f 200 mV, whereas for IMP,


Fig. 6, the peak potential is + 1.52 V and the peak width at


half height is f 50 mV at all frequencies investigated.


Thus, the oxidation mechanisms for each molecule have


different rates.


In the case of Hx, the examination of the forward and


backward components of the total current in the square


wave voltammograms (Fig. 5b) explains the broadness of


the peak corresponding to the total current due to the


contributions of the separated forward and backward peaks.


Analysis of the forward and backward components of the


square wave voltammograms of IMP (Fig. 6b) confirms that


the electrode process is highly irreversible. The detailed


mechanism is affected by the existence of the deoxyribose–


phosphate group substituent on the purine ring, and the


oxidation of IMP, due to the substituent, is more difficult


and occurs at more positive potentials.


3.3. Electrochemical impedance spectroscopy


Electrochemical impedance spectroscopy (EIS) was


used to probe the adsorption phenomena of hypoxanthine


at potentials corresponding to the oxidation wave. It was


not possible to carry out EIS experiments with IMP


because the oxidation occurs too close to the electrolyte


decomposition wave. Fig. 7 shows complex plane impe-


dance spectra for hypoxanthine at different applied poten-


tials. A purely capacitive behaviour with constant phase


angle characteristics is observed at potentials preceding


the oxidation reaction of hypoxanthine. The shift of the


angle downwards from 90j with respect to the real axis


is due to the roughness of the surface of the glassy


carbon electrode; roughness exponents of 0.8–0.85 (angle


of f 80j) are commonly observed, as is the slight


curvature [33]. At potentials corresponding to the oxida-


Fig. 6. Square wave voltammograms of 1 mM IMP in 0.2 M acetate buffer


(pH 4.5). (a) Frequencies 25, 50, 75 and 100 Hz; (b) frequency 100 Hz,


It—total current, If—forward current and Ib—backward current.


Fig. 5. Square wave voltammograms of 1 mM Hx in 0.2 M acetate buffer


(pH 4.5). (a) Frequencies 25, 50, 75 and 100 Hz; (b) frequency 100 Hz,


It—total current, If—forward current and Ib—backward current.
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tion of hypoxanthine, well-defined semicircles can be


observed.


Fig. 8 shows successive impedance measurements for


hypoxanthine. The increase of the semicircle diameter is


due to the adsorptive process of this compound on the


surface of the glassy carbon electrode. The adsorption


blocks the electrode surface and makes the charge transfer


for the oxidation reaction of hypoxanthine difficult. A


similar behaviour has been observed for guanine and


adenine [34]. The charge transfer resistance, Rct, was


calculated by fitting the spectra to a simple equivalent


circuit consisting of Rct in parallel with a CPE. The values


obtained are plotted as a function of scan number in the


inset of Fig. 8. These values, of the order of kilo-ohms


increase almost linearly with successive scans, suggesting


that saturation of the surface is far from complete after five


scans and gives an idea of the kinetics of adsorption,


because the recording of each impedance spectrum takes


around 10 min.


Fig. 9a shows the effect of adsorption on the impedance


spectra before and after applying the potential at which


hypoxanthine is oxidised and Fig. 9b before and after


maintaining the electrode at open circuit in the hypoxan-


thine solution. In Fig. 9a, when applying a potential of 1.3


V in the zone of oxidation, Rct increases to three times its


initial value, from 1.8 to 6.4 kV. However, at open circuit,


there is only a very small increase in Rct (Fig. 9b) from


1.4 to 1.9 kV. This demonstrates clearly that adsorption is


not spontaneous and that it is necessary to apply a


potential for it to occur, and is thus associated with the


oxidation process as is also seen with other purine bases


[34].


Fig. 8. Successive impedance spectra in the complex plane for 1 mM


hypoxanthine, at 1.3 V vs. SCE, 0.2 M acetate buffer (pH 4.5). Inset:


Charge transfer resistance, Rct, as a function of successive scans.


Fig. 7. Impedance spectra in the complex plane for 1 mM hypoxanthine in


0.2 M acetate buffer (pH 4.5) at different potentials: n 0.4 V, . 1.25 V, z
1.30 V vs. SCE.


Fig. 9. Impedance spectra in the complex plane for 1 mM hypoxanthine at


1.3 V vs. SCE, 0.2 M acetate buffer (pH 4.5). (a) Before (5) and after (o)


applying a conditioning potential of + 1.3 V during 30 min. (b) Before (5)


and after (o) leaving the electrode at open circuit during 30 min in solution.
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4. Conclusions


The voltammetric study undertaken shows that both


inosine 5V-monophosphate and hypoxanthine adsorb onto


the surface of glassy carbon electrodes. Although the


oxidation of both IMP and Hx occurs at similar potentials,


the detailed mechanism of the first step in the oxidation is


different for the two molecules as demonstrated by square


wave voltammetry, with the oxidation of IMP being much


faster. At pH values close to neutral, the recorded oxidation


currents are also higher.


Impedance spectra show the kinetics of hypoxanthine


adsorption on the surface of the glassy carbon electrode,


with only slight adsorption observed under open circuit


conditions, it being necessary to apply a potential corre-


sponding to Hx oxidation. This suggests that the adsorbed


species are electroactive oligomer products of oxidation


which block the electrode surface.


The clarification of the mechanism of oxidation in this


work has shown the possibility of detection of these com-


pounds in aqueous media and the usefulness of differential


pulse and square wave voltammetry as well as electro-


chemical impedance for probing the electrode process.
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Abstract


Effects of powerline frequency (50/60 Hz) electric and magnetic fields on the central nervous system may involve altered neurotransmitter


release. This possibility was addressed by determining whether 60-Hz linearly polarized sinusoidal magnetic fields (MFs) alter the release of


catecholamines from cultured bovine adrenal chromaffin cells, a well-characterized model of neural-type cells. Dishes of cells were placed in


the center of each of two four-coil Merritt exposure systems that were enclosed within mu-metal chambers in matched incubators for


simultaneous sham and MF exposure. Following 15-min MF exposure of the cells to flux densities of 0.01, 0.1, 1.0 or 2 mT, norepinephrine


and epinephrine release were quantified by high-performance liquid chromatography (HPLC) coupled with electrochemical detection. No


significant differences in the release of either norepinephrine or epinephrine were detected between sham-exposed cells and cells exposed to


MFs in either the absence or presence of Bay K-8644 (2 AM) or dimethylphenylpiperazinium (DMPP, 10 AM). Consistent with these null


findings is the lack of effect of MF exposure on calcium influx. We conclude that catecholamine release from chromaffin cells is not sensitive


to 60-Hz MFs at magnetic flux densities in the 0.01–2 mT range.


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


Exposure to powerline frequency (50/60 Hz) electric and


magnetic fields (EMFs) has been reported to influence


central nervous system function, such as causing a reduction


in the analgesic effects of opiates [1], altering sleep patterns


[2], eliciting behavioral effects in animals [3–7] and affect-


ing human performance [8–11]. In addition, other research


has demonstrated specific neurochemical changes linked to


50/60-Hz MF exposure that include decreases in choline


uptake in the frontal cortex and hippocampus [12],


decreases in the cerebrospinal fluid content of the dopamine


metabolite, homovanillic acid, and the serotonin metabolite,


5-hydroxyindoleacetic acid [13] and alterations in the cir-


cadian pattern of serum melatonin levels both in the rat


[14–17] and in humans [18].


Although an understanding of the mechanism underlying


powerline frequency EMF effects on the central nervous


system would be greatly aided by laboratory investigations


conducted at the cellular level on isolated neural prepara-


tions, only a few such studies have provided direct evidence


of alterations in neuronal activity or neurotransmitter sys-


tems after acute, short-duration exposure to 50/60-Hz MFs.


In one study, 50-Hz MFs were found to mimic the effects of


glutamate and caffeine on the spiking activity of snail neurons


[19] and in another, to cause desensitization of serotonin 5-


HT-1B receptors in rat brain membrane preparations [20]. A


study conducted using PC12 cells, a catecholamine-produc-


ing cell line derived from a rat pheochromocytoma, reported


that exposure of the cells to a 60-Hz MF reduced intracellular


dopamine levels [21].


The goal of the present study was to use a neural-type


cell preparation to explore the possibility that reported


effects of powerline frequency MFs on central nervous


system function may involve a direct effect of MF exposure


on neurotransmitter release. We utilized primary cultures of


bovine adrenal medullary chromaffin cells, a well-charac-


terized, nontransformed model of neural-type catechol-


amine-producing cells, to determine whether 60-Hz MFs,
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at magnetic flux densities (0.01–2 mT range) reportedly


causing effects on neural tissue both in vivo and in vitro,


alter catecholamine release. MF effects on catecholamine


release from nonstimulated cells as well as cells incubated in


the presence of the calcium channel activator Bay K-8644 or


stimulated with the nicotinic receptor agonist dimethylphe-


nylpiperazinium (DMPP) were evaluated relative to simi-


larly treated sham-exposed cells. The analyses included


measurement of the release of both the catecholamines


norepinephrine (NE) and epinephrine (EPI) that represents


secretion from two distinct types of catecholamine-produc-


ing chromaffin cells.


2. Materials and methods


2.1. Cell culture


Chromaffin cells were prepared from fresh bovine adre-


nal medullae and maintained in suspension culture in 100-


mm plastic Petri dishes at a cell density of 1�105 cells/ml


as previously described [22]. Dishes of cells were always


placed on the same two shelves in a tissue culture incubator


where ambient AC magnetic flux densities and static mag-


netic flux densities were determined to be the lowest (V 1


and 75 AT, respectively). In addition, ambient 60-Hz EMFs


were mapped, monitored and recorded at all sites within the


laboratory where cell handling occurred so that exposure of


the cells to incidental EMFs could be minimized [23].


2.2. MF exposure


On the day of an experiment, cells were transferred to


conical glass tubes and pelleted by centrifugation at 20� g


for 2 min at room temperature. Cells were gently resus-


pended in prewarmed (36 jC) balanced salt solution (BSS;


145 mM NaCl, 5 mM KCl, 1.2 mM NaH2PO4, 2 mM


CaCl2, 1.3 mM MgCl2, 10 mM glucose, 0.5% bovine serum


albumin and 15 mM HEPES, pH 7.40). After resuspension,


cells were immediately dispensed into either six-well tissue


culture plates (3.33� 105 cells/35-mm diameter well in 2.5


ml BSS) or into both the inner well (1.33� 105 cells in one


ml BSS) and outer well (4� 105 cells in 3 ml BSS) of 60-


mm organ culture dishes for MF exposure. The cells were


then placed into each of two identical MF exposure cham-


bers and equilibrated for 1 h at 31–33 jC.
MF exposure chambers were comprised of double


wound, four square coil Merritt systems (13.5� 13.5� 13


in.) placed within mu-metal enclosures (Magnetic Shield)


that were in turn positioned within separate matched cell


culture incubators. Each set of Merritt coils had 33 turns in


the outer coils and 14 turns in the inner coils, and was


supported by a plexiglass stand. The plates or dishes of cells


were placed on a free-standing acrylic platform positioned


between the inner coils. Individual coils were constructed on


square plastic forms using 16 gauge twisted (pitch of 0.3–


0.5 twists/cm) bifilar enameled copper wire mechanically


bound using lucite glue and each wrapped with electrically


grounded copper tape with a small circumferential gap to


stop the flow of induced eddy currents. Coils were energized


with an Elgar AC power source interfaced with a computer


so that all aspects of field generation were completely


automated. The direction of the currents through the two


strands of bifilar wire was parallel for field exposure and


antiparallel for sham exposure and each Merritt coil system


was used interchangeably in either the sham-field or 60-Hz


MF exposure modes. Insulating foam rubber placed under


the coils minimized vibrations.


Cells were exposed to continuous 60 Hz linearly polar-


ized sinusoidal MFs for 15 min at magnetic flux densities of


0.01, 0.1, 1.0 or 2 mT (checked at the start of each experi-


ment using an EFM-131 magnetic field measurement sys-


tem). Turn-on/turn-off transients were eliminated by ramping


MFs up and down over a period of 5 s and the uniformity of


the vertically applied MF was constant to within 4% in the


region where the cells were placed. In some experiments, a


pulsed MF mode was used that consisted of applying either


30 or 90 pulses each of 5-s duration, with a 5-s duration


between pulses (pulse repetition time of 10 s) and a 2-s rise


and fall time.


MF exposure was carried out on cells in the absence of


any drugs as well as in the presence of the calcium channel


activator Bay K-8644 at 2 AM that slightly increases


calcium uptake but does not stimulate secretion, or the


nicotinic receptor agonist DMPP at 10 AM that causes a


robust secretory response. Bay K-8644 addition was 5 min


prior to initiation of MF exposure and DMPP addition


immediately preceded the applied MF. During MF expo-


sure, RMS current amplitude through the coils was contin-


uously monitored using a multimeter and the waveform was


continuously monitored using an oscilloscope.


Temperature in each chamber was continuously moni-


tored to within 0.1 jC by a thermistor probe attached to the


inside edge of one of the wells of the dishes. For individual


experiments, temperature typically ranged from 28 to 32 jC
and data were collected only when interchamber temper-


ature differences did not exceed 2 jC. As determined in


preliminary experiments, basal and stimulated release of NE


and EPI were indistinguishable between chambers that


varied in temperature up to 2 jC. To minimize artefactual


effects due to unintentional differences in cell handling


between chambers, all operations such as opening and


closing of chamber doors, adding drugs to the cells and


terminating catecholamine release were performed synchro-


nously for sham- and MF-exposed samples.


2.3. Measurement of NE and EPI secretion


Immediately after MF exposure, the dishes of cells were


placed on ice. Cells were then transferred to chilled cen-


trifuge tubes and pelleted by centrifugation at 850� g at 4


jC for 5 min. A fraction of the BSS supernatant fraction was
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acidified with perchloric acid (to a concentration of 0.1 N


perchloric acid) for measurement of the amount of NE and


EPI released, and cell pellets were sonicated in 0.1 N


perchloric acid for measurement of total cellular NE and


EPI content. Aliquots of each were subjected to high-


performance liquid chromatography (HPLC; Waters Sys-


tem) coupled with electrochemical detection (Coulochem II


detector, ESA). Separation was performed on an HR-80


column (ESA) using a solvent consisting of 50 mM


NaH2PO4, 0.24 mM Na2EDTA, 1.36 mM L-heptanesulfonic


acid and 3% methanol at pH 2.6, pumped isocratically at a


flow rate of 1 ml/min [24]. 3,4-Dihydrobenzylamine


(DHBA) was included in each sample as an internal stand-


ard to monitor recovery and catecholamine standards were


run with each set of samples. Chromatographic data were


acquired and processed using Millennium software (Waters)


and the amount of NE and EPI released into the BSS was


normalized both to the NE and EPI content and to the


protein content of the corresponding cell pellet. Protein was


determined using the bicinchoninic acid method of Smith et


al. [25].


2.4. Measurement of 45calcium influx


45Calcium uptake studies were carried out using a mo-


dification of the method of Gandia et al. [26]. Chromaffin


cells were plated at a density of 6.33� 105 cells/well in six-


well collagen-coated tissue culture plates. For the experi-


ments, culture medium was removed, the cells washed with


prewarmed (36 jC) BSS (CaCl2 at 1 mM) and 1 ml of the


BSS added to each well. Cells were equilibrated in the


exposure chambers for 40 min at 31–33 jC. Immediately


before MF exposure, each well received 6 ACi of 45calcium


chloride (8 mCi/mg calcium). Following MF exposure, the


plates of cells were immediately placed on ice and 1.5 ml of


calcium-free BSS containing 1 mM LaCl3 added to each


well. The 45calcium medium was then aspirated and the


cells washed with ice-cold LaCl3–BSS. The cells were


lysed in 10% trichloroacetic acid and radioactivity in the


lysate was determined by liquid scintillation spectroscopy.


An aliquot of the lysate was used to determine protein


content.


2.5. Statistical analyses


All experiments were conducted using triplicate cell


samples for each variable and results expressed as the


meanF standard deviation. Student’s t-test was used to


Fig. 1. Intracellular NE and EPI content over time in culture. Cells from a


single chromaffin cell preparation were analyzed for NE and EPI content on


the days indicated. Each value represents the meanF S.D. of triplicate


samples. The experiment was repeated once on a different cell preparation


with similar results.


Table 1


NE and EPI release from chromaffin cells placed in parallel chambers during simultaneous sham–MF exposure


No drug Bay K-8644 DMPPFlux density


Sham MF Sham MF Sham MF


Norepinephrine (%)a


0.01 mT 4.4F 0.2 4.9F 1.0 5.6F 0.4 4.7F 0.6 18.7F 2.0 13.5F 6.5


0.10 mT 3.9F 1.4 3.4F 0.5 4.2F 0.5 4.1F 0.3 27.8F 6.2 27.1F 2.7


1.00 mT 4.3F 0.2 3.8F 0.4 10.0F 1.5 7.0F 0.4b 48.9F 10.0 50.4F 10.3


2.00 mT 2.2F 0.7 2.5F 0.5 3.2F 0.5 3.1F 0.6 20.2F 13.5 34.2F 8.0


2.00 mT 3.1F 0.4 2.4F 0.4 6.2F 0.7 5.7F 0.8 26.4F 7.0 24.9F 1.2


2.00 mT 3.5F 0.3 2.9F 0.4 4.0F 0.4 3.6F 0.4 24.4F 4.6 20.9F 1.9


2.00 mTpulsed 4.7F 0.7 6.2F 2.8 6.6F 0.6 5.1F1.0 36.9F 5.0 47.8F 10.1


Epinephrine (%)a


0.01 mT 8.8F 0.3 10.3F 1.4 9.8F 0.6 8.8F 1.1 15.9F 0.8 12.1F 3.4


0.10 mT 7.6F 2.5 8.1F1.6 8.5F 0.6 8.0F 0.4 23.5F 6.9 25.4F 2.1


1.00 mT 2.1F 0.1 2.2F 0.2 2.7F 0.2 2.3F 0.2 32.5F 4.7 32.7F 5.3


2.00 mT 5.4F 0.9 6.7F 0.7 6.0F 1.0 5.9F 0.7 11.5F 2.7 15.3F 2.5


2.00 mT 2.4F 0.2 1.7F 0.3 2.5F 0.1 2.1F 0.2 14.4F 3.0 13.5F 0.5


2.00 mT 1.2F 0.1 1.2F 0.1 1.2F 0.0 1.3F 0.3 11.7F 1.4 11.2F 1.0


2.00 mTpulsed 5.0F 0.5 5.6F 1.5 4.6F 0.7 3.7F 0.6 15.5F 1.2 18.2F 3.1


a Data are expressed as the percentage of NE and EPI released into the BSS relative to the total cellular catecholamine content of each cell sample. Each


value represents the meanF S.D. of triplicate samples.
b pV 0.05 for MF vs. sham-exposed samples.
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assess the statistical significance between two means and


analysis of variance (one-way ANOVA) for comparisons


involving multiple means. Differences were considered


significant when p < 0.05.


3. Results


3.1. Stability of cellular NE and EPI levels


The data in Fig. 1 show that the total cellular content of


both NE and EPI remain constant over an 8-day culture


period. Based on these data, only cells up to 8 days in


culture were used in experiments so that MF effects on


catecholamine release were assessed over a period in which


cells exhibited a stable catecholaminergic profile. Relative


to sham-exposed cells, the cellular content of either NE or


EPI was not affected by any of the magnetic flux densities


used in this study (data not shown).


3.2. NE and EPI release during sham–sham exposures


Sham–sham exposure experiments (direction of current


through the two strands of bifilar wire antiparallel for both


exposure chambers) provided an indication of the inherent


variability in measuring NE and EPI release between


corresponding samples in each of the two exposure cham-


bers. For cells in the absence of drugs, small interchamber


variations in the amount of NE and EPI present in the BSS


that reached statistical significance ( p < 0.05) were observed


in three out of three experiments. For cells incubated with


Bay K-8644 at 2 AM, that does not enhance NE and EPI


release to any great extent, and with DMPP at 10 AM, that


robustly stimulates both NE and EPI release, variations


between corresponding samples reached statistical signifi-


cance ( p < 0.05) in only one experiment out of three in each


case. As determined by one-way ANOVA, differences in


NE and EPI release were, overall, not significant between


chambers (data not shown).


3.3. NE and EPI release during MF exposure


Table 1 summarizes the results of seven independent


experiments in which NE and EPI release from cells


exposed for 15 min to continuous 60-Hz MFs of either


0.01, 0.1, 1.0 or 2 mT or, to a pulsed 2-mT, 60-Hz MF, was


compared to NE and EPI release measured for parallel


sham-exposed cells. The data provide no evidence that basal


release of NE or EPI, release of NE or EPI in the presence of


Bay K-8644 or release of NE or EPI stimulated by DMPP,


was affected by any of the magnetic flux densities applied to


the cells. Only one paired sham-exposed vs. field-exposed


sample showed a difference that reached statistical signifi-


cance.


Fig. 2. Schematic of the organ culture dish and calculated induced current densities.


Table 2


NE and EPI release from chromaffin cells exposed to two different ranges of induced current density at 2 mT


Norepinephrine (%)a Epinephrine (%)a


Inner well Outer well Inner well Outer well


Age of cells


Sham MF Sham MF Sham MF Sham MF


(1) No drug


Day 1 2.4F 0.8 1.9F 0.2 4.1F 0.4 4.2F 0.6 3.2F 1.0 2.6F 0.1 4.1F 0.5 4.3F 0.4


Day 6 3.1F 0.7 2.5F 0.3 4.6F 0.9 4.1F 0.5 3.9F 0.9 3.2F 0.3 4.8F 0.7 4.5F 0.1


Day 8 10.5F 0.8 7.7F 0.8b 5.1F1.7 3.2F 0.2 4.0F 0.6 3.0F 0.3 2.7F 0.7 1.8F 0.1


(2) Bay K-8644


Day 1 5.2F 1.6 4.6F 0.6 4.2F 0.6 4.6F 0.6 5.1F1.6 4.8F 0.1 4.4F 0.8 4.3F 0.7


Day 6 8.9F 4.4 5.1F 0.7 4.2F 0.7 4.8F 1.0 8.9F 4.7 4.5F 0.6 4.0F 0.8 4.4F 0.2


Day 8 15.9F 1.3 23.7F 10.7b 7.5F 1.6 6.9F 0.5 5.9F 0.7 13.6F 12.2 2.9F 0.2 2.3F 0.2


(3) DMPP


Day 1 11.8F 1.6 14.9F 1.5 36.2F 3.9 32.2F 7.2 8.1F1.0 9.7F 0.7b 22.3F 2.3 19.7F 4.4


Day 6 26.2F 4.1 37.4F 12.6 23.8F 7.9 18.3F 2.8 17.3F 2.3 18.4F 4.3 16.8F 6.7 12.1F1.1


Day 8 22.5F 1.7 25.1F 3.9 32.2F 5.0 32.6F 4.2 17.6F 1.3 18.0F 1.9 29.4F 5.2 26.0F 4.3


a Same as for Table 1.
b pV 0.05 for MF vs. sham-exposed samples.
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3.4. NE and EPI release during 2-mT MF exposure at two


different ranges of induced current density


To determine whether the magnitude of the induced


electric field, and hence the induced current density, was


important for observing 60-Hz MF effects on NE and EPI


release, chromaffin cells were placed into both the inner and


outer wells of an organ culture dish for simultaneous


exposure to two different ranges of induced current density.


A schematic diagram of the organ culture dish and the


induced current density calculated in the inner and outer


wells at 2 mT, the field intensity that was used, are given in


Fig. 2. Taken as a whole, the data for these experiments


(Table 2) show that NE and EPI release from sham-exposed


and corresponding MF-exposed cells placed either in the


inner wells, which are analogous to the 35-mm wells of the


tissue culture dishes used in the studies described previ-


ously, or in the outer wells that have induced current


densities greater than the inner wells, are equivalent.


Because these experiments used cells that were 1, 6 and 8


days in culture, the age of the cells does not appear to be a


factor in whether MF effects on NE and EPI release can be


detected.


3.5. 45Calcium influx during 2-mT MF exposure


Because calcium influx is necessary for catcholamine


release to be stimulated, the inability of 60-Hz MFs to


enhance release of NE and EPI from chromaffin cells could


mean that either MF exposure has no effect on calcium


influx or it has only a slight effect, the magnitude of which


is not sufficient to trigger a secretory response (similar to the


case for Bay K-8644 at 2 AM). To distinguish between these


possibilities, 45calcium uptake into chromaffin cells was


examined in the presence of 60-Hz MFs. The results of


two representative experiments are given in Table 3. The


data show that exposing chromaffin cells to either a con-


tinuous or pulsed 1-mT MF was without effect on 45calcium


uptake. In one of the experiments in which 2 AM Bay K


8644 had been added to some of the cells, resulting in a two-


fold increase in 45calcium uptake, there was no further


increase in calcium influx in response to MF exposure.


Thus, 60-Hz MFs neither increase calcium influx per se nor


enhance calcium influx elicited by Bay K-8644-mediated


calcium channel activation.


4. Discussion


Effects of 60-Hz MFs on the mammalian nervous system


have been reported to include alterations in neurotransmit-


ter/neurohormone turnover and release. The present study


used a nontransformed model of electrically excitable cat-


echolamine-producing cells, adrenal medullary chromaffin


cells, to determine whether analogous effects can be dem-


onstrated directly in vitro. Because in vitro studies examin-


ing responses of biological systems to MFs have described


small, rather than robust effects, a great deal of attention was


given to carefully controlling all aspects of our experimental


procedures and eliminating extraneous stimuli during MF


exposure. Our data suggest that acute, short-term exposure


of either unstimulated or stimulated chromaffin cells to 60-


Hz MFs in the 0.01–2 mT range has no effect on the


intracellular level or release of catecholamines.


Cultured bovine adrenal chromaffin cells constitute a


well-characterized model of neural-type cells that has been


extensively used for studying fundamental mechanisms of


neurosecretion. These cells therefore provide an ideal in


vitro system for examining the effects of 60-Hz MFs on


neurotransmitter release. Because two major types of cat-


echolamine-producing chromaffin cells are present in adre-


nomedullary tissue, adrenal chromaffin cell cultures contain


two distinct populations of secretory cells. One synthesizes,


stores and releases NE and in the bovine species comprises


20–40% of the cells. The other synthesizes, stores and


releases EPI and comprises the remaining 60–80% of cells.


Evidence suggests that the intracellular pathways and/or


exocytotic machinery subserving the release mechanisms


for the two catecholamines are different [27,28].


Each chromaffin cell type can be readily distinguished by


measuring intracellular catecholamine content. Thus,


assuming cells contain approximately the same amount of


catecholamine, the 20:80 ratio of cellular NE to cellular EPI


measured for our cultures indicates that the chromaffin cell


population used here contained approximately 20% NE-


producing cells and 80% EPI-producing cells. Effects on the


release of catecholamine from each cell type also can be


distinguished by measuring the NE and EPI content of the


medium surrounding the cells. In the absence of stimuli,


chromaffin cells spontaneously release catecholamines. The


mechanism for the release is unknown but is possibly the


result of spontaneous action potentials (depolarizations) that


are characteristic of these cells and that are mediated by


inward sodium and calcium currents through voltage-sensi-


tive ion channels [29,30]. As determined in the sham-


Table 3
45Calcium uptake into chromaffin cells exposed to 1-mT MFs


45Calcium uptake (cpm)a


1 mTb


Sham (no drug) 8557F 611


MF (no drug) 9051F1775


1 mTpulsed
c


Sham (no drug) 2444F 60


MF (no drug) 2521F195


Sham (Bay K-8644) 5153F 124


MF (Bay K-8644) 5292F 369


a Each value represents the meanF S.D. of triplicate samples.
b Exposure was for 15 min; a 45-s application of 10 AM DMPP


increased 45calcium uptake six-fold.
c Exposure was for 5 min and Bay K-8644 added 5 min prior to


45calcium; a 45-s application of 10 AM DMPP increased 45calcium uptake


eight-fold.
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exposed cell samples, basal release under our experimental


conditions was typically less than 10% of the total cellular


catecholamine content for each cell type. Exposure of the


cells to the specific magnetic flux densities and induced


current densities employed in this study neither increased


nor reduced the amount of NE and EPI present in the


medium, an indication that the cellular mechanisms that


contribute to the basal release of catecholamines from either


cell type were unaffected by 60-Hz MFs.


As for neurotransmitter release from neurons, catechol-


amine release from chromaffin cells is stimulated in


response to an influx of calcium. Therefore, further evidence


that 60-Hz MFs do not stimulate catecholamine release was


the lack of effect of 60-Hz MFs on 45calcium uptake. Also, a


previous study from this laboratory that evaluated real-time


effects of 60-Hz MF exposure in the 0.01–2 mT range on


intracellular calcium activity in chromaffin cells did not find


evidence of MF-induced alterations on calcium level or


spontaneous calcium transients [22]. Thus, our null findings


are based on the examination of several biological end-


points.


A number of variables, most notably the state of the cells


(i.e., unstimulated versus stimulated), have been proposed to


be crucial for detecting 50/60-Hz MF effects in vitro [31].


To determine the relevance of this variable for observing


MF effects on NE and EPI release from chromaffin cells,


MF exposures were carried out on cells under two exper-


imental conditions. In the first, cells were incubated in the


presence of a low concentration of the L-type calcium


channel agonist, Bay K-8644. As our data show, the con-


centration of Bay K-8644 used causes a modest influx of


calcium but little or no stimulation of catecholamine release.


Thus, cells are not stimulated per se. However, secretory


responses evoked by submaximal concentrations of depola-


rizing stimuli can be enhanced under these conditions [32–


34], raising the possibility that MFs may have effects on


such ‘‘primed’’ cells. Our findings do not bear out this


possibility since neither NE and EPI release, calcium uptake


nor intracellular calcium level [22] were altered during MF


exposure of Bay K-8644 treated cells.


The second approach to raise excitability was to incubate


cells with the nicotinic acetylcholine receptor agonist,


DMPP, causing a robust NE and EPI secretory response.


Nicotinic acetylcholine receptors are the predominant neu-


rotransmitter receptors responsible for stimulating catechol-


amine release from bovine chromaffin cells. Agonist


binding to the receptor increases sodium and possibly


calcium influx through the receptor ionophore. The resulting


membrane depolarization causes calcium influx through


voltage-sensitive calcium channels and the secretory process


is stimulated [35]. As shown here and by others [27], there


is a greater release of NE relative to EPI. Because studies


have provided evidence that neurotransmitter receptors in


the central nervous system appear to constitute molecular


targets for 50/60-Hz MFs [1,20], we considered the possi-


bility that the nicotinic receptor itself or the ion fluxes


stimulated in response to nicotinic receptor activation could


be targets of 60-Hz MFs, resulting in either enhanced or


attenuated catecholamine release in response to DMPP.


Moreover, previous data from our laboratory showed that


a greater percentage of chromaffin cells (up to 20%)


exhibited increases in intracellular calcium in response to


DMPP after exposure to 1- and 2-mT, 60-Hz MFs for 10


min when compared to nonexposed and sham-exposed cells


[22]. On this basis, catecholamine release stimulated by


DMPP could be potentially greater during MF exposure


since more cells would be responding to the nicotinic


receptor stimulus. However, the present findings clearly


show no effect of MF exposure on nicotinic receptor-


mediated stimulation of catecholamine release. Thus, nei-


ther the nicotinic receptor itself nor processes stimulated by


nicotinic receptor activation are affected by 60-Hz MF


exposure. Furthermore, although our calcium-imaging


experiments suggest subtle effects of MF exposure on


nicotinic-receptor-mediated chromaffin cell responsiveness,


the effects, if real, are not sufficient to translate into func-


tional consequences of any significance.


PC12 cells are a clonal line of rat adrenal pheochromo-


cytoma cells that synthesize and store the catecholamine


dopamine. Opler et al. [21] reported that these cells undergo


a 20% reduction in intracellular dopamine content during a


10–15-min exposure to a 60-Hz, 8-AT MF. The reduction


correlated with an increase in the extracellular content of the


dopamine metabolite dopac, indicating that MF exposure


affected catecholamine metabolism in these cells. A 60-Hz


MF-induced effect on catecholamine levels due to altered


metabolism was not similarly observed in chromaffin cells


since intracellular levels of NE and EPI were the same in the


presence and absence of applied MFs. Differences in the


cells (e.g., transformed versus nontransformed), exposure


conditions or other experimental variables could underlie


these contrasting findings.


In conclusion, adrenal medullary chromaffin cells are not


sensitive to 60-Hz MFs in the 0.01–2 mT range. Thus,


although these cells are electrically excitable, this property


alone is not sufficient to render them susceptible to 60-Hz


MFs. The present study leaves open the question of whether


the MF exposure conditions that were used here may not


have included specific field parameters that exert effects on


chromaffin cells since there may be ‘‘window effects’’


[36,37]. We also cannot completely exclude the possibility


of effects taking longer to develop and requiring longer


exposure periods. For example, exposing neonatal rat adre-


nal chromaffin cells in vitro to a 60-Hz, 0.7-mT MF for 4 h/


day for 7 days is reported to induce phenotypic changes in


the cells that include neurite outgrowth [38] and significant


increases in dopamine in the culture medium [39]. We tried


to replicate these findings in bovine chromaffin cells by


carrying out a similar exposure protocol on freshly isolated


cells. Neurite outgrowth was only increased in response to


staurosporine, an inhibitor of protein kinase C that has been


shown to stimulate this process in this cell preparation [40],
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not to 60-Hz MFs (data not shown). In addition, intra-


cellular and culture medium levels of both NE and EPI were


unchanged. Dopamine levels, constituting a negligible pro-


portion of the total cellular catecholamine content of bovine


chromaffin cells, were also unchanged. Taken together,


these results suggest that 60-Hz MFs may affect only


less-differentiated and not fully differentiated chromaffin


cells.
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Abstract


The present work describes the preparation of supported bilayer lipid membrane (s-BLM) doped with metal nanoparticles for the design of


biosensors. Platinum (Pt) nanoparticles were deposited through s-BLM to build a hybrid device of nanoscale electrode array by potential


cycling in 1 mM K2PtCl6 solution containing 0.1 M KCl. The properties of Pt nanoparticle-doped s-BLM composite were then characterized


by cyclic voltammetry, electrochemical impedance spectroscopy (EIS) and atomic force microscopy (AFM). Our results showed that Pt


nanoparticles grew in voids of the s-BLMs, through which the underlying glassy carbon (GC) electrode was connected, with maximum


length extended out of the lipid membrane around 40 nm. Doping of Pt nanoparticles through s-BLM increased the membrane capacitance


and decreased the membrane resistance of s-BLM. Pt nanoparticles array in s-BLM electrocatalyzed the reduction of oxygen (O2) in


phosphate buffer solution (PBS). Practical application of Pt nanoparticle-doped s-BLM for the construction of glucose biosensor was also


demonstrated in terms of its dose–response curve, stability and reproducibility. Thus, lipid membrane doped with Pt nanoparticles is a novel


electrode system at nanoscale that can penetrate through the insulating membrane to probe molecular recognition and catalytic events at the


lipid membrane–solution interface.


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


The supported bilayer lipid membrane (s-BLM) has


attracted considerable interests in recent years due to its


many potential applications as an electrochemical biosensor


and in molecular devices [1–3]. Bilayer lipid membranes


(BLMs) have been used in various experimental paradigms


as models of actual living cell membranes [4–6]. BLMs


provide a natural environment for embedding a host of


compounds such as proteins, receptor, membrane/tissue


fragments, and even whole cells under nondenaturing con-


ditions and in a well-defined orientation. The lipid bilayer


acts as a very thin electric insulator, as a framework for


antigen–antibody binding, as a bipolar electrode for redox


reactions and as a reactor for energy conversion.


To study the photoelectrical and electrochemical proper-


ties as well as for practical applications, a BLM containing


semiconductor polycrystallites (semiconductor nanopar-


ticles) has been successfully prepared [1,7]. For example,


CdS crystallites can be formed in situ in the pores of a


polycarbonate membrane separating two aqueous solutions.


When the CdS-membrane was irradiated, open-circuit pho-


topotentials up to 500 mV were obtained. A number of


substances, such as Cu, CuS, CdS, FeS and AgBr having


typical metallic or semiconducting features, have been


deposited onto the surface of BLMs [1,7,8]. Nanoparticle-


coated BLMs show very good stability in comparison with


unmodified BLMs, which usually lacked satisfactory dura-


bility. Metallic or semiconducting layers deposited onto the


BLM surface can serve as electrodes directly contacting the


membrane which eliminate electrolytic contact with the


lipid bilayers and may be useful in the development of


biomolecular electronic devices [1,7].


Similar studies in semiconductor containing BLMs have


been reported [8]. To prepare semiconductor containing


BLMs, H2S and appropriate metal ion precursors were added
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onto bathing solutions on opposite sides of the BLM. Sub-


sequent to the injection of H2S, the first observable change


was the appearance of fairly uniform white dots on the blank


film. These dots rapidly moved around and grew in size,


forming islands that then merged with each other and with a


second generation of dots, which ultimately led to continuous


film that continued to grow in thickness. The semiconductor


penetration depth onto the BLM can be assessed by an


equivalent RC circuit. Metallic or semiconducting layers


formed onto the BLMs may have potential utilization in


membrane mimetic chemistry [1–6]. The deposition of


nanoparticles onto the surface of BLMs or inside the BLMs


can drastically alter the mechanical, electrical and optical


properties of the BLM. Nanoparticles doped through the s-


BLMs may perform as an array of nanoelectrodes, while s-


BLMs retain biocompatible microenvironment. However, the


direct deposition of nanoparticles through s-BLMs has not


been reported. Thus, in order to investigate the properties of


nanoparticle-doped BLMs, we deposited Pt nanoparticles


through the s-BLM by electrochemical method. Details of


the preparation, characterization and possible application of


this nanostructured Pt-lipid bilayer composite are described


in the experimental section below.


2. Materials and methods


2.1. Reagents


L-a-phosphatidylcholine, dimyristoyl (DMPC) (z 99%,


TLC), glucose oxidase (GOx) (EC 1.1.3.4, 40,300 units/g


solid, Type II-S from Aspergillus niger), D-(+)-glucose


(z 99.5%, HPLC), K3[Fe(CN)6], K4[Fe(CN)6] and K2PtCl6
were purchased from Sigma. Chloroform (analytical grade)


was from J.T. Baker. Purified oxygen (z 99.8%) was from


Soxal (Singapore). Phosphate buffer solution (PBS) con-


tains: 8 g/l NaCl, 0.2 g/l KCl, 1.44 g/l Na2HPO4, 0.24 g/l


KH2PO4 with pH 7.4. Deionized water was used throughout.


2.2. Electrochemical system and instrumentation


All electrochemical measurements and impedance spec-


troscopy were performed on an electrochemical workstation


(CHI 660A, CH Instruments, USA). The three-electrode


system consisted of the modified electrode as the working


electrode, a KCl-saturated Ag/AgCl reference electrode and


a platinum (Pt) wire auxiliary electrode. For the investiga-


tion of the structure of s-BLM with and without Pt nano-


particles, electrochemical impedance spectroscopy (EIS)


was applied to measure the basic electrical properties such


as membrane resistance and membrane capacitance. Impe-


dance measurements were taken in the frequency range of


0.1 Hz to 100 KHz. A 5-mV amplitude sine with DC


potential 0 V (with respect to the open-circuit potential


wave) was applied between the working and reference


electrode.


Amperometric experiments were performed at + 0.40 V


with PBS as supporting electrolyte. During the amperomet-


ric experiment, the solution was kept stirred at 300 rpm by a


magnetic stirring bar.


2.3. Electrode preparations


DMPC was dissolved in chloroform to give a final


concentration of 2 mg/ml. Prior to s-BLM formation, a


glassy carbon (GC, 3-mm diameter from CH Instruments)


was polished repeatedly with 1.0, 0.3, and 0.05 Am alumina


slurry, followed by successive sonication in deionized water


and acetone for 5 min. The electrode was dried in air. Then


an 8-Al aliquot of the lipid solution was dropped onto the


surface of the electrode by a microsyringe. Chloroform was


evaporated gradually in air. The lipid-coated electrode was


transferred into PBS, in which s-BLM was formed sponta-


neously (DMPC-modified electrode was described as


DMPC/GC).


To electrochemically deposit Pt particles though s-BLM,


DMPC/GC electrode was immersed in 1 mM K2PtCl6
solution containing 0.1 M KCl, and the potential cycle


was between + 0.30 and � 0.70 V at a scan rate of 50


mV/s (Pt particle-modified DMPC/GC electrode was


described as Pt@DMPC/GC). For comparison without the


s-BLM formation, GC electrode was immersed in 1 mM


K2PtCl6 solution containing 0.1 M KCl, and the potential


cycle was between + 0.30 and � 0.70 V at a scan rate of 50


mV/s. (Pt particle-modified GC electrode was described as


Pt/GC).


For the preparation of enzyme electrode, Pt/GC, DMPC/


GC or Pt@DMPC/GC was soaked in PBS containing 2 mg/


ml GOx for 12 h at 4 jC and was then gently washed with


PBS. (The enzyme electrode was described as GOx/Pt/GC,


GOx/DMPC/GC or GOx/Pt@DMPC/GC, respectively).


2.4. Atomic force microscopy (AFM) and scanning electron


microscopy (SEM) imaging


AFM analysis of Pt nanoparticles deposited through s-


BLM was carried out using nanoSurf easyScank AFM


(Nanosurf, Switzerland). AFM images were taken in air in


the noncontact mode and were examined at least in three


different sites in given samples. SEM of Pt particles depos-


ited at bare GC electrode was taken at FEG SEM (XL 30,


Philips) operating at 5 KV.


3. Results


3.1. Formation and characterization of s-BLM and Pt


hybrid s-BLM on GC electrode by cyclic voltammetry


Fig. 1(a) shows the cyclic voltammogram (CV) of bare


GC electrode in 5 mM K3[Fe(CN)6] solution containing 1 M


KCl. After immersing DMPC lipid-coated GC electrode in
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PBS for 10 min, the electrode was put in 5 mM


K3[Fe(CN)6] solution containing 1 M KCl to obtain its


CV as shown in Fig. 1(b). Compared to the CV of GC


electrode, which has a large redox current for cathodic and


anodic waves of K3[Fe(CN)6], the CV of DMPC/GC shows


a decrease in the current response, demonstrating that s-


BLM has been formed on the surface of GC to insulate the


electrode. Such insulation reduces redox reaction of


K3[Fe(CN)6] that occurs on the surface of the s-BLM-coated


GC electrode [9,10]. In comparison, after Pt has been


successfully deposited through s-BLM [Fig. 1(c)] or directly


deposited onto the GC electrode [Fig. 1(d)], the current


response of respective CV could be increased, indicating the


enhancing effect of the Pt nanoparticles on the electron


transfer to the electrodes. In the presence of BLM on the


surface of GC electrode, the BLM blocked the access of


Fe(CN)6
3� to the electrode surface. On the other hand, when


the Pt particles were deposited through the bilayer mem-


brane, the current response of K3[Fe(CN)6] was increased to


21.2 AA. Thus, the current response was enhanced by Pt


particles deposited through the s-BLM.


Because a perfect formation of the s-BLM is ion-imper-


meable [9], the redox ions cannot therefore diffuse through


the lipid layer. As a result, the s-BLM-modified electrode is


inert to most electroactive species in the bathing solution


[9,11]. Nonetheless, at the DMPC/GC electrode, the inhib-


ition of the current response of ferricyanide by the DMPC


film at GC electrode is not particularly strong, compared to


the s-BLM film on stainless steel electrode [9] and silver


electrode [11]. Moreover, the peak-to-peak potential differ-


ence is practically equal to that on the bare GC electrode.


This indicates that (1) the DMPC film is loosely packed on


the surface of the GC electrode and (2) the electron transfer


proceeds through the pinholes in the lipid film [12,13].


According to the model proposed by Amatore et al. [12], the


pinholes in the lipid film can be regarded as a microarray


electrode and the cyclic voltammograms characterized by


mass transfer should be observed in the ferricyanide sol-


ution. s-BLMs at the surface of GC electrode as in this case


and in another report [10] are consistent with Amatore’s


model. We attribute the reason of the existence of pinholes


in the DMPC film at the GC electrode as follows. A self-


assembled lipid bilayer, if formed on freshly cut metallic


substrate in aqueous media, is devoid of pinholes owing to


its liquid crystalline state; it routinely raises the resistance of


the metal by several orders of magnitude [1]. On the other


hand, the GC is a disordering material with some inherent


pits, presumably from gas bubbles remaining in the bulk


material during the fabrication of GC as indicated by Raman


spectroscopy [14]. Furthermore, polishing during the prep-


aration leads to an increase of disordered ratio due to


mechanical disordering of the GC structure [15]; the pol-


ished GC surface exhibits a shoulder in the region of 286.5–


288 eV in X-ray photoelectron spectroscopy [14], which is


commonly attributed to carbon atoms associated with sur-


face oxides. As a result, the pinholes exist in s-BLMs at the


surface of GC due to the disordering structure and the


surface oxides. Given the fact of the pinholes existence in


the DMPC/GC electrode, these pinholes may provide a


unique advantage that is suitable for the nanoscale sites


for electrochemical deposition of electrocatalytic nanopar-


ticles in the present study.


3.2. Electrochemical deposition of Pt nanoparticles through


GC-supported lipid membranes


The electrochemical deposition of Pt nanoparticles


through s-BLM was achieved by applying potential cycling


onto the DMPC/GC electrode in 1 mM K2PtCl6 solution


containing 0.1 M KCl as shown in Fig. 2A(a). When the


potential scanning was applied from + 0.30 to � 0.70 V,


there was evidently an increase in current starting from


� 0.1 V, showing that Pt particles can be deposited starting


from the first scanning. The arrows in Fig. 2A(a) indicate


the trends of the currents during the CVs, which demon-


strate that Pt particles have been continuously deposited


through the lipid membrane. For comparison, the deposi-


tion of Pt particles at the surface of the bare GC electrode


was studied as shown in Fig. 2A(b). At the bare GC


electrode, the current increased from + 0.10 V. These


results showed that Pt was more easily deposited onto the


bare GC than through the lipid bilayers. Furthermore, the


current response in the first scan at the bare GC is 2.5 times


bigger than that of the DMPC/GC. This indicated that s-


BLM mostly blocked the access of PtCl6
2� to the surface of


GC. As a result, less Pt was deposited at DMPC/GC. The


current response decreased during the consecutive cycles,


Fig. 1. Cyclic voltammograms of electrodes in 5 mM K3[Fe(CN)6] solution


containing 1 M KCl. (a) Bare GC electrode (solid line), (b) DMPC/GC


electrode (dotted line), (c) Pt@DMPC/GC electrode (dash line), or (d) Pt/


GC electrode (dash–dotted line). Scan rate: 50 mV s� 1.
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suggesting that less Pt was deposited in the subsequent


cycles.


To make use of the Pt particles deposited through the s-


BLM as a biosensor, we examined the electrocatalytic


activity of Pt@DMPC/GC towards the reduction of O2. In


O2-saturated PBS, the reductive current of O2 was observed


when the potential was more negative than � 0.40 V on a


DMPC/GC electrode as shown in Fig. 2B(a) (dotted line).


On Pt@DMPC/GC electrode, the current response for O2


reduction increases dramatically and the peak potential


shifts positively to � 0.291 V [Fig. 2B(b), solid line]. The


increase of peak current and the positively shifted potential


showed that Pt nanoparticles deposited through s-BLM


made it easier to electrocatalyze the reduction of O2. The


result also indicated that Pt nanoparticles might penetrate


through the bilayer lipid membrane and serve as nano-


electrodes that were electrically connected to the underlying


GC substrate electrode. The peak currents on Pt@DMPC/


GC electrode depended linearly on the square root of the


scan rate over the range of 0.01 to 0.5 V/s, which suggested


that O2 was undergoing a diffusion-controlled process at


Pt@DMPC/GC electrode. The peak current could be elim-


inated when the PBS was bubbled with N2 gas (data not


shown), confirming that the current response in Fig. 2B was


due to the electrocatalytic reduction of O2. An increase of


current response for O2 reduction at Pt/GC [49.6 AA, Fig.
2B(c)] was observed as compared to that of at Pt@DMPC/


GC [38.2 AA, Fig. 2B(b)]. In 5 mM K3[Fe(CN)6] solution


containing 1 M KCl, the current response at Pt/GC was 55.2


AA [Fig. 1(d)], while it was 19.5 AA at Pt@DMPC/GC [Fig.


1(c)]. This further indicated that (a) K3[Fe(CN)6] could not


penetrate through s-BLM and only responded to Pt nano-


particles outside s-BLM, whereas (b) O2 could penetrate


through s-BLM and responded at Pt nanoparticles both


outside and inside s-BLM to give rise to bigger redox


currents.


3.3. The impedance measurements of GC-supported lipid


membranes with and without Pt nanoparticles


EIS is an effective method for probing the feature of


surface-modified electrode [2,3,10,11,16,17]. For example,


Wiegand et al. [3] characterized the electrical properties of


s-BLMs on semiconductor and gold surfaces in details.


They introduced a novel equivalent circuit model for data


evaluation, which accounted the deviation of the impedance


response of s-BLMs from that of an ideal RC element. In the


present study, AC impedance of DMPC/GC and Pt@DMPC/


GC were investigated at AC frequency from 0.1 Hz to 100


KHz to get more information of the properties of s-BLM


when doping with metal nanoparticles. For the sake of


giving more detailed information about the impedance


properties of the membranes, a modified Randles equivalent


circuit [10] (inset of Fig. 3B) was chosen to fit the measured


results. The total impedance was determined by several


parameters: (1) electrolyte resistance, Rs; (2) the lipid


bilayer capacitance, Cdl, which consisted of the unmodified


GC electrode (CGC) and a capacitance originated from the


DMPC membrane (Cm) on the surface of the electrode [10];


(3) charge transfer resistance, Rct; and (4) Warburg element,


Zw. The complex impedance can be presented as the sum of


the real, Zre, and imaginary, Zim components that originate


mainly from the resistance and capacitance of the cell.


Fig. 3 illustrates the results of impedance spectroscopy


on (A) a bare GC electrode and (B) a modified electrode


with and without Pt nanoparticles in the presence of


equimolar 10 mM [Fe(CN)6]
3 � /4 � containing 0.1 M


KCl. It can be seen from Fig. 3A that the bare GC


electrode exhibited an almost straight line that was char-


acteristic of a diffusional limiting step of the electrochem-


ical process [18–20]. With respect to the modified


electrodes, an apparent difference in the impedance spectra


was observed in Fig. 3B. The Nyquist complex plane plots


of both s-BLM with and without doping of Pt nano-


particles were characterized by part of a single semicircle


in high-frequency domain, which was in agreement with


the expectation from their equivalent circuit. Values of Cm


of s-BLM without doping Pt nanoparticles were deter-


mined from the complex plot using the Randles equivalent


circuit to be 0.39F 0.01 AF/cm2, which were comparable


Fig. 2. (A) Electrochemical deposition of (a) Pt nanoparticles through lipid


bilayers or (b) Pt particles at bare GC. Cyclic voltammograms of (a)


DMPC/GC electrode or (b) bare GC electrode in 1 mM K2PtCl6 solution


containing 0.1 M KCl. Arrows indicate the trend of currents during the


potential cycling. 1 marks the first scan. (B) Cyclic voltammograms of (a)


DMPC/GC electrode (dotted line), (b) Pt@DMPC/GC electrode (solid line),


or (c) Pt/GC electrode (dashed line) in O2-saturated PBS, respectively. Scan


rate: 50 mV s� 1.
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with the published data [17,18,21,22]. After doping with Pt


nanoparticles, vales of Cm were changed to 0.44F 0.02


AF/cm2. The values of Rct could also be obtained from the


equivalent circuit in Fig. 3B. The values of Rct for DMPC/


GC were 2.47F 0.03 kV cm2; after doping with Pt nano-


particles, while the values of Rct for Pt@DMPC/GC were


changed to 0.37F 0.04 kV cm2. We concluded that doping


of Pt nanoparticles in s-BLM caused the membrane


capacitance to increase and the membrane resistance to


decrease.


3.4. AFM and SEM characterization of the surface


morphology of the Pt@DMPC/GC and Pt/GC, respectively


AFM uses atomic or molecular interaction forces


between the cantilever and the sample as probe. It is a


powerful technique for imaging the surface on a molecular


scale without the requirement of conducting samples. This


technique has been extensively used to study the various


structures of phospholipids, such as molecular resolution


and macroscale images of phospholipids, by different prep-


aration techniques [23,24], the morphologies of phospholi-


pids under various conditions and the phospholipids in


interaction with proteins and DNA [25,26]. More recently,


AFM was used to study the mechanism and the kinetics of


the formation and the growth of the phospholipids mono-


layer and bilayers on solid support [27]. In this study, we


used AFM to characterize the morphology for nanostruc-


tured Pt-lipid bilayer composite.


Fig. 4A is a typical AFM image of the surface for


DMPC/GC. Before the deposition of Pt nanoparticles, the


topography of DMPC/GC is relative smooth with a height


variation of about 20 nm. Incorporation of Pt nanoparticles


is manifested by the formation of numerous domains with a


height variation of around 40 nm as shown in Fig. 4B.


These images provide a direct verification of Pt nanopar-


ticles deposited through the lipid membranes. It reveals that


a portion of the Pt nanoparticles embedded in the lipid


membrane extend from the membrane by as much as 20 nm


(compare Fig. 4A with Fig. 4B). Furthermore, Pt nano-


particles were distributed in all locations of the lipid


membrane. For comparison, Pt particles were electrochemi-


cally deposited directly at bare GC electrode. The diameters


of Pt particles at the surface of the bare GC without s-BLMs


range from 200 to 430 nm as shown in the SEM image of


Fig. 4C. The diameters of Pt particles could be 10 times


larger than those of Pt nanoparticles deposited through the


lipid membranes.


3.5. Current response, reproducibility and stability of the


enzyme electrode, GOx/Pt@DMPC/GC as a biosensor to


glucose


We immersed the electrode modified with BLM in 2 mg/


ml GOx solution for 12 h to allow GOx incorporated into s-


BLM; then we tested the current response of the enzyme


electrode to glucose. A current–time plot (applied potential


+ 0.40 V) of the enzyme electrodes with the addition of 0.1


mM glucose is demonstrated in Fig. 5. When blank PBS


was added into the solution, there was no response for all


three electrodes. However, when 1.0 mM glucose was added


into the buffer solution, only GOx/Pt@DMPC/GC caused an


oxidation current response as shown in Fig. 5A(c). The


response time (reaching 90% of the maximum response)


was 17 s, which indicated a fast diffusional process and a


high activity of the GOx in this nanoparticle lipid compo-


site.


Fig. 3. Nyquist complex plane impedance plots in 10 mM K3[Fe


(CN)6]:K4[Fe(CN)6] (1:1) mixture containing 0.1 M KCl at (A) bare GC


electrode (E), and (B) DMPC/GC electrode (.) and Pt@DMPC/GC


electrode (o), respectively. Insert: Modified Randles equivalent circuit used


to model impedance data in the presence of redox couples.
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The calibration curve of the GOx/Pt@DMPC/GC is


shown in Fig. 5B. The linear range of glucose concentration


spans between 0.1 and 9.0 mM with a correlation coefficient


of 0.9768. The enzyme electrode had a detection limit of


0.04 mM at a signal-to-noise ratio of 3. The reproducibility


was examined with the addition of 1.0 mM glucose using


the same enzyme electrode, and the relative standard devia-


tion was 3.1% (n = 9).


Fig. 5. (A) Typical current– time response of (a) GOx/Pt/GC, (b) GOx/


DMPC/GC, or (c) GOx/Pt@DMPC/GC enzyme electrode with the injection


of 1.0 mM glucose in PBS, respectively. Applied potential, +0.40 V. (B)


Calibration curve of GOx/Pt@DMPC/GC. Experimental conditions are the


same as those of A.


Fig. 4. AFM images of (A) DMPC/GC, (B) Pt@DMPC/GC and SEM image


of (C) Pt/GC.


Fig. 6. Stability of GOx/Pt@DMPC/GC stored at (a) 4 jC in air or (b) 4 jC
in PBS. Other conditions are the same as those of Fig. 5A.
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The stability of the enzyme electrode was tested by


storing the electrode in the refrigerator at 4 jC. When


storing at 4 jC in air, there was no apparent decrease in


the response to 1 mM glucose within 12 days [Fig. 6(a)].


The stability demonstrated that Pt nanoparticle-doped s-


BLM retained a biomimetic environment on the surface of


the GC electrode to maintain the activity of the glucose


oxidase. However, when continuously soaking the electrode


in PBS at 4 jC [Fig. 6(b)], the current response to 1 mM


glucose decreased quickly within 2 days. The fast decrease


of the current response may be attributed to the lost of GOx


from the lipid membrane in constant solution phase.


4. Discussion


The extreme fragility of the conventional BLM (c-BLM)


seriously limits its utility as a practical tool because it cannot


be easily produced and will not endure rugged laboratory


handling. This problem of fragility was finally overcome by


forming BLMs on solid supports [1–3], which substantially


improve the stability. Because the s-BLMs have been


proven to be very useful and easy to work in the field of


membrane research and has solved the shortcomings of the


c-BLM, stable s-BLMs on solid substrates are of practical


and scientific interest, especially the s-BLMs based on


glassy carbon in electrochemical investigation. Upon further


modification of the BLM by embedding appropriate recep-


tors, their counterparts in the bathing solution may be


selectively detected, thereby affirming the principle of


ligand–receptor interactions [5–7,9–11,16–19,21,28,29].


In such a biomimetic approach, a lipid bilayer is used to


construct electrochemical biosensor [10]. The functions of


biomembranes are mediated by specific modifiers, which


can improve the specificity and the selectivity of the bio-


sensors. In the present study, Pt nanoparticles were electro-


chemically deposited through the lipid films to improve the


functions of s-BLMs. The incorporation of Pt particles


through the s-BLMs resulted in a unique nanoelectrode


array which not only enhanced the capacitance and


decreased the resistance of s-BLMs, but also increased the


sensitivity for s-BLMs in electrocatalyzing the reduction of


O2 as well as rendering s-BLMs as glucose sensor when


GOx was incorporated into s-BLMs.


The immobilization of Pt nanoparticles indicates that the


Pt nanoparticles grow in nanoscale voids in the s-BLMs


through which the underlying GC electrode is connected to


the circuit. This implicates that the Pt nanoparticles serve as


nanoscale conductors that are electrically connected to the


GC substrate and that penetrate through the s-BLMs to


distances of tens of nanometers beyond the membrane


surface as shown by the surface morphology of the atomic


force image (Fig. 4B). The outer surface is where one would


expect the GOx to exist in the experiments that catalyze the


reduction of glucose in buffer solution. The result has


shown that the nanoscale electrodes penetrate through an


insulator of lipid membranes to monitor events at their


surface. The advantage and novelty of this device is an


electrode system at the nanoscale that can probe through the


membrane to investigate the molecular interaction and


recognition at the external surface of s-BLMs.


There have been numerous reports within the last decade


on self-assembled molecules and supported membranes and


their closely related systems such as Langmuir–Blodgett


films [1,4,18,19,30–32]. The sustained and continued inter-


est is due to the fact that BLMs provide a natural environ-


ment for embedding of proteins, pigments and other


membrane constituents with little denaturation. The key


successful construction of BLM-based sensors is the ability


to embed functional molecules into the lipid bilayer environ-


ment which is hydrophobic, liquid-like and self-organizing.


The essential idea is to use the s-BLM as a backdrop for the


incorporation of materials of interest as well as to use it for


signal transduction. To improve the properties of BLM for


practical application, many compounds, such as semicon-


ducting nanoparticles, polymeric materials and fullerenes,


have been successfully incorporated into BLM [33]. In


conclusion, we have shown that: (1) Pt nanoparticles can


be successfully deposited through BLM as a novel nano-


electrode array system; and (2) s-BLM with doping of Pt


nanoparticles retains a biocompatible microenvironment for


enzyme, such as GOx, to maintain its active conformation for


catalytic reaction. We propose that other metallic nanopar-


ticles, such as Cu, Pd, Rh and Au, may be deposited through


s-BLM. In addition, supported lipid biomembrane can also


be employed for embedding a variety of compounds such as


peptides, enzymes, antibodies, receptors, ionphores and


redox species in the detection of their respective counterparts


such as antigens, hormones, ions and electron donors or


acceptors [1,4]. The nanostructured metallic lipid bilayer


composite we developed here may provide a rationale for the


construction of ligand-specific biosensors.
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Abstract


A new computational approach for electrical analysis especially designed for application in biological tissues is presented. It is based on


the modelling of the electrical properties of the medium by means of lumped circuit elements, such as capacitance, conductance and current


sources. The cell scale model is suitable for modelling the local anisotropy around cell membranes. It permits to obtain the electric potential,


ionic concentrations and current densities around cells in time steps in an iterative process. The tissue scale model utilises volume-averaged


values of conductivity and permittivity and models suitably the dispersive characteristic of biological tissues. It permits to obtain potential


and current distributions in large volumes of tissue in the time or frequency domain. An example of analysis of skeletal muscle is presented


aiming to demonstrate the features of the method.

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

Keywords: Bioelectromagnetism; Biological system modelling; Field calculation

1. Introduction


Numerical field calculation is an important tool in the


electromagnetic characterisation of living matter. About this


subject, most of works produced up to now have focused on


the estimate of the power absorption by organs or the entire


body inside an electromagnetic field [1]. Because the ana-


lysed volume is very large compared with the cell dimen-


sions, the tissues involved are usually taken as homogeneous


relatively to their electromagnetic properties. Nevertheless,


when the focus is on the effect of the applied field on indi-


vidual cells, it demands high spatial resolution analysis with


suitable modelling of the electric properties of the medium, in


order to account correctly the local anisotropy around cells.


Electrical properties of biological tissues are complex. In


the scale of cell dimensions, the lipidic membranes act as


barriers for the movement of ions. Charge accumulation on


interfaces electrolyte–membranes causes field distortions,


conductivity increases and diffusive fluxes of ions around


the cells. Furthermore, the extension of the problem is

1567-5394/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv
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increased by the morphological complexity of the cells. Cell


shapes are irregular. Biological membranes are very thin


structures (about 10 nm) compared with the total cell dimen-


sions (cell radius ranges from about 5 to 150 Am). Double


layers, the regions of charge accumulation around interfaces,


are even thinner (about 1 nm). Besides, biological tissues


generally present strong dispersive behaviour of their elec-


trical properties from very low to microwave frequencies.


In this paper, the equivalent circuit method (ECM) for


computational electrical analysis is presented. It was


designed aiming to obtain suitable numerical modelling of


the electric transport process, local anisotropy around cell


membranes and biological interfaces and dispersive behav-


iour of tissues. It is divided into two approaches: (1) cell


scale model is based on the modelling of the electric trans-


port properties of the medium by means of lumped circuit


elements as capacitance, conductance and current sources,


representing the displacement, drift and diffusion currents,


respectively; (2) tissue scale model is based on the modelling


of the dispersive behaviour of tissues by means of a network


of lumped capacitances and conductances.


An important feature of the method is the facility to model


boundary conditions and interfaces by simply connecting


circuit elements from each one of the adjacent mediums.


Besides, it is very easy to understand and implement in a


computer program.

ed.
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2. Equivalent circuit method—cell scale model


In order to obtain the equivalent electric circuit of a


medium in the cell scale model, initially, the volume under


analysis should be divided in a large number of small blocks


with parallelepiped shape, as shown in Fig. 1. Each block


constitutes a node in an equivalent circuit and communicates


with its neighbours by means of a set of paralleled circuit


elements: a conductance and a current source for each kind


of electric charge carrier in the medium, modelling the


conduction and diffusion currents, respectively, and a capaci-


tance representing the displacement current. Each element is


calculated based on the dimensions of the block and the


electric and transport properties in that point of the space. In


this discretized space, the total current leaving each node of


the circuit is given by the following difference equation:


I ¼
X
i


X
n


ðgniDiV þ kniDiqnÞ þ
X
i


Ci


yðDiV Þ
yt


ð1Þ


where the index n identifies each type of charge carrier in the


medium and i identifies each direction of the space (i = x,y,z).


V is the electric potential and q is the charge density inside a


block. D and y indicate difference in space and time,


respectively. The parameters g, k and C are the conductance,


diffusion coefficient and capacitance of the block, respec-


tively, and they are given by:


gni ¼ qnlni


Ai


Li
; kni ¼ fnDni


Ai


Li
; Ci ¼ ei


Ai


Li
ð2Þ


where ln and Dn are the mobility and diffusion coefficients


of the charge carrier n and e is the permittivity of the


medium. A and L are the area and length at the connection


of two adjacent blocks and fn is a voltage-dependent factor


from the solution of the one-dimensional Nerst–Planck


equation between two nodes (see Appendix A).


The electric potential, currents and charge distributions


can be obtained by solving the resulting electric circuit in time

Fig. 1. Space discretization in a parallelepiped block mesh.

steps in an iterative process. Defining Iqn as the part of the


total current due to the movement (diffusion + conduction) of


the n type charge carriers and applying the Kirchhoff Current


Law to the central node (node O) in Fig. 1, we obtain:


CON


yðVO � VNÞ
yt


þ
X
n


IqnON þ COS


yðVO � VSÞ
yt


þ
X
n


IqnOS þ COW


yðVO � VWÞ
yt


þ
X
n


IqnOW


þ COE


yðVO � VEÞ
yt


þ
X
n


IqnOE þ COU


yðVO � VUÞ
yt


þ
X
n


IqnOU þ COD


yðVO � VDÞ
yt


þ
X
n


IqnOD ¼ 0 ð3Þ


This equation can be rewritten in a more simplified and


suitable way for computation:


ðCON þ COS þ COW þ COE þ COU þ CODÞVO


� CONVN � COSVS � COWVW � COEVE � COUVU


� CODVD ¼ QO ð4Þ


whereQo is the total charge in the volume of the central block,


which is calculated in each time step by:


Qactual
o ¼ Qformer


o �
X
M


X
n


IqnOMyt ð5Þ


where M indicates each neighbour node connected to the


central node through the branch OM. Currents are considered


positive when leaving the central node. Likewise, the charge


density for each charge carrier type in the medium can be


obtained by means of finite integration, according to the


equation:


qactual
n ¼ qformer


n � 1


Dv


� �X
M


IqnOM yt ð6Þ


where Dv is the volume of that block.


Based on the model represented by Eqs. (1) and (2), an


equivalent circuit between adjacent nodes is proposed in


Fig. 2. Then, the ECM in the cell scale model consists in


obtaining the equivalent circuit of the medium and to solve


the system of equations as Eq. (4), one for each node of the


equivalent circuit, in time steps, for the given boundary and


initial conditions, and to update the total charge and charge


densities in each step, according to Eqs. (5) and (6). The


conductance gn for each charge carrier should be updated


too, utilising the new values of charge densities.


The whole set of node equations (Eq. (4)) can be written


in a compact form, using matrix notations:


CV ¼ Qþ F ð7Þ


where C is a capacitance matrix N�N (N is the number of


nodes of the circuit) containing the coefficients of node


potentials according to Eq. (4) (see Appendix C). V and Q







Fig. 2. Equivalent circuit for cell scale model. The letters O and X indicate


nodes of the circuit. The numbers 1 and 2 indicate different charge carrier


types.
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are vectors of node potential and total charge. F is the


excitation vector, defined by:


F ¼


CF1VF1


CF2VF2


: : :


CFNVFN


2
666666664


3
777777775


ð8Þ


where CFN is the capacitance connecting the source electrode


to the medium and VFN is the source potential in node n.


According to Eq. (7), the potential vector is obtained from:


V ¼ C�1ðQþ FÞ ð9Þ


Naturally, since geometry and permittivity of the medium


do not change during processing, C is constant and its


inverse form can be obtained once at the beginning of the


calculation. On the other hand, Q and F should be updated


in each iteration.

Fig. 3. Schematic representation of the charging process of a plan interface


at the initial instants.

3. Time step and convergence


Convergence of the iterative process is possible only if the


time step is smaller than some convergence threshold,


determined by the charging kinetic on the interfaces of the


medium. This can be evaluated from the continuity equation:


Bq
Bt


¼ �rðJc þ JdÞ ¼ �rðrE þ DrqÞ ð10Þ


where q is the total charge density, Jc and Jd are the


conduction and diffusion current density, respectively. r is


the conductivity and D is the average diffusion coefficient

(calculated over all kind of charge carriers) in that point of


the space. We can obtain an estimate of the contribution of


these two processes, conduction and diffusion, to the charg-


ing rate, making an approximate analysis valid in the initial


instants of the interface charging. For a flat interface per-


pendicular to the applied field, as shown in Fig. 3, the


interface is rapidly charged in the initial instants after turning


on the source, while the neighbourhood remains essentially


neutral. So, the diffusion current density leaving the interface


can be given approximately by:


Jd ¼ ð2D=DxÞqs ð11Þ
where qs is the accumulated charge density in the region


adjacent to the interface and Dx is the discretization length of


the space. Then, according to Eq. (10), the contribution of


this process to the charging rate is:


Bqs


Bt
¼ �rJd ¼ �ð2D=Dx2Þqs ð12Þ


and we can define a diffusion relaxation time at the interface


by:


ssd ¼ Dx2=2D ð13Þ
Furthermore, there is conduction current leaving the interface


due the electric field produced by the accumulated charge:


Jc ¼ ðrDx=2eÞqs ð14Þ
and likewise the diffusion current, this conduction current


contributes to the interface charging kinetics with the con-


duction relaxation time:


ssc ¼ 2e=r ð15Þ
Then, the total relaxation time for the charging process at the


interface is:


ss ¼ ssdssc=ðssd þ sscÞ ¼ ð2e=rÞ=ð1þ 4ðLD=DxÞ2Þ ð16Þ


where LD ¼
ffiffiffiffiffiffiffiffiffiffiffi
eD=r


p
is the Debye length, which for a


physiological electrolyte is about 1 nm (10� 7 cm). Eq. (16)







Table 1


Electrical properties of the medium


Parameter Value


Ionic density


(intra- and extracellular)


Na+ 0.14 M (13.5 C cm� 3),


Cl� 0.14 M (13.5 C cm� 3)


Ionic mobility in watera Na+ 5.2� 0� 4 cm2 V� 1 s� 1,


Cl� 7.9� 10� 4 cm2 V� 1 s� 1


+ � 5 2 � 1
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shows that the numerical evaluated charging kinetics is


dominated by the conduction process for DxHLD. However,


in high-resolution analysis, where Dx is of the order or lower


than LD, the diffusion process plays an important role in the


numerical results. For other surfaces different from a flat, ss
can be smaller than that value fromEq. (16). Then, the rule for


convergence is Dt < ss.

 Ionic diffusion coefficient


in watera
Na 1.33� 10 cm s ,


Cl� 2.03� 10� 5 cm2 s� 1


Eletrolyte permittivityb 78


Membrane capacitancec 10� 6 F cm� 2


Physiological composition is simplified for only two ions. Values in


parentheses are the equivalent charge densities.
a Values for 298 K from [3].
b It was considered only the water contribution.
c Typical value for biological membranes from [2].

4. Two-dimensional modelling of a skeletal muscle


The method described above permits local analysis


around cell membranes and subcellular structures. As an


example of its applicability, we analysed a simplified


model of a skeletal muscle tissue. Fig. 4 shows a sche-


matic representation of the skeletal muscle in a transversal


plane. For the purpose of this study, the tissue is only a


group of very thin isolating membranes immersed in


aqueous solution of ions. The geometrical details of a


group of muscle fibres inside a bundle are also shown.


Because of the symmetries, local analysis can be made just


in the rectangular region shown in that figure. Cell radius


is assumed to be 50 Am and minimum distance between


neighbour cells is 1 Am. The cell marked with the angle a
is the target for local and averaged calculation of electric


field and currents. Only the influence of the nearest


neighbour cells are considered in the calculation on the


target cell. Electric properties of the medium are given in


Table 1.


The discretization mesh for this two-dimensional problem


was built with two levels of resolution, using square ele-


ments. As shown in Fig. 5, the low-resolution mesh occupied


the major area far from the membranes. In order to obtain a


good representation of the geometrical details in the inter-

Fig. 4. Schematic representation of a skeletal muscle in a transversal plane.


Local analysis was performed in the rectangular region inside the bundle.


The source of potential was connected to plane A. The source reference


(0 V) was connected to plane B. In the planes C and D, currents and field


vanish due to the even symmetry of charge and potential distribution. For


dog skeletal muscle, rcc 50 Am [2] and d was fixed arbitrarily at 1 Am.

stitial space, a high-resolution mesh was built around the


membranes.


In the whole analysed region, there are 92� 50 divisions


in the x and y direction, respectively, resulting in 4600


square elements of edge h = 1.75 Am. In the high-resolution


region, there are 25 small squares inside each big one. The


total number of elements in the mesh is 12,664. Each


element defines a node of the equivalent circuit of the


medium. The number of connections for each node depends


on its position in the mesh. It is 3 for nodes on the even


symmetry planes. For big elements in the bulk, this number


is 4 for those not in contact with the high-resolution region


or 8, 12 or 16, otherwise. So, the number of terms in each


node equation of the circuit ranges from 4 to 17. When two


neighbour elements are in opposite sides of the membrane,


the connection between them are made only by the mem-


brane capacitance.


Boundary conditions are specified in the inset of Fig. 4.


Planes A and B are for source connection. Field and currents


vanish on planes C and D because geometrical symmetry

Fig. 5. Expanded view of a small region of the discretization mesh. In the


present case, h= 5dh, so that there are 25 small squares inside a big one.
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results in even symmetry for potential and charge distribu-


tion around them.

Fig. 7. Electric field distribution on the membrane of the target cell in the


tissue and in a single cell obtained both in the same electrolyte composition


and applied field of 100 V/cm. a is the angle between electric field and


position vector on the membrane. The theoretical curve for a single cell is


based on the analysis shown in Appendix B. In order to get the membrane


capacitance of 1 AF/cm2, we used the value 8.85 nm for the membrane


thickness and 10 to the membrane permittivity.

5. Results using the cell scale model


In the first numerical experiment, an electric field as a step


of 100 V/cm was applied in the x direction. The potential in


the plane Awas calculated considering V= 0 in the plane B.


It was executed 2000 iterations with time step of 0.3 ns. The


distribution of potential in steady state is shown in Fig. 6. As


it was expected, the potential is constant inside cells while


membranes support the major part of the potential drop.


Because the membrane is very thin, the electric field on it is


much higher than the applied field on the tissue. Electric field


on the membranes in steady state is shown in Fig. 7, as a


function of the angle a. In Fig. 8, the electric field in a = 0 is


shown as a function of the time. In both graphs, the


corresponding results for a single cell obtained from numer-


ical and theoretical calculations are also shown. The theo-


retical analysis is shown in Appendix B.


Agreement between numerical and theoretical field dis-


tribution in steady state for a single cell is good. Error is


about 3% in a = 0. Nevertheless, in the tissue, field distri-


bution is very different from the theoretical cosine distribu-


tion. This electric field results from charge accumulation on


membrane surfaces, but transversal flux of ions is reduced in


some regions where membranes are very close.


Time constant for membrane charging obtained from


numerical simulation for the single cell departs from theo-


retical value by about 15%. This is significantly higher than


the field amplitude error, what suggests a stronger depend-


ence of the numerically evaluated charging kinetics from


mesh resolution. On the other hand, charging kinetics in the

Fig. 6. Potential distribution 6 As after an electric field step of 100 V/cm in


the x direction.

tissue is more complex, because it runs approximately as a


second order relaxation process. According to the numerical


simulation results, electric field on the membrane can be


written in the form:


Em ¼ E1ð1� expð�t=s1ÞÞ þ E2ð1� expð�t=s2ÞÞ ð17Þ


Values for (E1, s1) and (E2, s2) are shown in Fig. 8 and


they were used for tracing the continuous line curve for the

Fig. 8. Time dependence of the electric field on the membrane in a= 0 for


the target cell in the tissue and in a single cell obtained both in the same


electrolyte composition and applied field of 100 V/cm. The theoretical


curve for a single cell is based on the analysis shown in Appendix B.


Continuous line in numerical results represents the best fit for an analytical


second order model (Eq. (17)).







Fig. 9. Current distribution 6 As after an electric field step of 100 V/cm in


the x direction.


Fig. 11. Frequency dependence of (a) averaged conductivity and (b)


averaged permittivity in a bundle of skeletal muscle fibres according to the
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tissue. These parameters were observed to be dependent of


angle a.
Fig. 9 shows the total current density (absolute value)


distribution in steady state. Because membranes are very


thin, immediately after the step, the current distributes


almost uniformly in the space. However, as membranes


are charged, the current is concentrating in the interstitial


space between cells. A plot of the time evolution of the


averaged value of the current density in the x direction is


shown in Fig. 10. This average was calculated in the marked


region (inset on Fig. 10). As will be demonstrated, this


behaviour can be modelled very well as a first order


relaxation process.


In the second numerical experiment, the applied electric


field was a pulse of 100 V/cm and duration 30 ns. Fig. 10


shows the averaged total current in the x direction as a


function of time. Using Fourier transform, we can obtain the

Fig. 10. Time dependence of the averaged current density in the x direction


for step and pulse excitation. Averaged values were calculated on the


marked region shown in the inset.


numerically obtained field and current distribution around the target cell.


The theoretical curves are the best fit for the first order relaxation model


given by Eqs. (21) and (22) with rs = 4.7� 10� 4 S/cm, Dr= 1.72� 10� 2


S/cm, el= 78, De= 7.7� 104 and s = 0.4 As.

frequency dependence of the averaged tissue conductivity


and permittivity inside a bundle of fibres. The tissue specific


admittance is given by:


cðxÞ ¼ JðxÞ=EðxÞ ¼ rðxÞ þ jxeoeðxÞ ð18Þ


where x is the angular frequency, J is the averaged current


density, E is the averaged electric field, j ¼
ffiffiffiffiffiffiffi
�1


p
and


eo = 8.85� 10� 14 F/cm. Then, r and e are given by:


rðxÞ ¼ Re½cðxÞ
 ð19Þ

eðxÞ ¼ Im½cðxÞ
=xeo ð20Þ







Fig. 12. (a) Equivalent circuit to model the dispersive properties of a


medium in the tissue scale model with any bands of independent first order


relaxation. In order to obtain the correct values for the circuit elements, each


parameter in the model should be multiplied by the geometrical factor A/L,


where A is the transversal area and L is the length for each specific


connection. (b) Simplified circuit for time domain analysis. (c) Simplified
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Fig. 11 shows the obtained r(x) and e(x). The contin-


uous line in those graphs represents the best fit for the first


order relaxation model given by [2,4]:


rðxÞ ¼ rs þ Drx2s2=ð1þ x2s2Þ ð21Þ


eðxÞ ¼ el þ De=ð1þ x2s2Þ ð22Þ
where rs is the static conductivity and el is the relative


permittivity in high frequencies. Dr and De are the con-


ductivity and permittivity amplitudes of dispersion respec-


tively and s is the time constant of the relaxation process.


Dr and De are interrelated by:


De ¼ ðs=eoÞDr ð23Þ


Using el= 78, the values obtained for the other param-


eters are: rs = 4.7� 10� 4 S/cm, Dr = 1.72� 10� 2 S/cm,


De = 7.7� 104 and s = 0.4 As. These are in qualitative agree-


ment with experimental results and theoretical calculations


for the b dispersion of the dog skeletal muscle [2].


circuit for frequency domain analysis.

6. Equivalent circuit method—tissue scale model


The method presented above applies to the analysis in the


scale of cell dimensions. Because it demands high-resolu-


tion meshes, it is unsuitable for analysis of large volumes of


tissue. When dealing with tissues, since the focus is no


longer cells, but large amount of cells, an averaged volume


electrical properties based model is more suitable. Fig. 11


shows that the averaged conductivity and permittivity of an


cylindrical cell aggregate is very well described by a first


order relaxation model. However, dielectric properties of


real biological tissues are more complex. Besides the b
dispersion shown above, real tissue normally presents the a
dispersion in very low frequencies associated with ionic


diffusion in double layers around plasmatic membranes and


c dispersion related mainly to the water polar relaxation,


which occurs in microwave frequencies [2,4]. Because those


processes occur in very different frequency ranges, gener-


ally, they can be well approached by independent first order


relaxation models [4]. However, many tissues are better


modeled by fitting some empirical relaxation function as


that proposed by Cole and Cole [5], which nevertheless


lacks theoretical justification.


In the simplest case, when dealing with independent


relaxation processes with relaxation times well separated,


the dielectric response of the tissue can be modelled by the


equations [2]:


rðxÞ ¼ rs þ Dra
x2s2a


1þ x2s2a
þ Drb


x2s2b
1þ x2s2b


þ : : : ð24Þ


eðxÞ ¼ el þ Dea


1þ x2s2a
þ Deb


1þ x2s2b
þ : : : ð25Þ


where Dr and De for each band are interrelated by Eq. (23).

The tissue scale model for numerical analysis of bio-


logical media is based on the above described model. An


equivalent circuit where any number of independent relax-


ation bands can be modelled is proposed in Fig. 12. The


method consists in the space discretization and connection


of each element with its neighbours through the equivalent


circuit in Fig. 12(a), multiplying each parameter in the


model by the geometrical factor A/L, where A is the trans-


versal area and L is the length for each specific connection.


The resultant circuit can be analysed by any method from


linear circuit theory. The two approaches that we have used


are presented.


6.1. Iterative method for time domain analysis


This approach is equivalent to the method presented in


the first part of this paper. Circuit of Fig. 12(a) is simplified


to that of Fig. 12(b) where the capacitance in high frequency


is preserved, but all other elements are considered to be


related to the time dependent conduction current between


nodes of the circuit. Taking only two relaxation bands in the


model, this current can be evaluated as follows:


IðtÞ ¼ gsVox þ Ia þ Ib ð26Þ


where gs = rsA/L, Vox is the potential difference between


nodes (these nodes were named ‘o’ and ‘x’). Ia and Ib are the


dispersive currents. They can be evaluated by an iterative


method. Given a small incremental step in the current of any


dispersive branch in Fig. 12(a), the increment in the potential


difference between nodes in the time interval Dt is given by:


yVox ¼ ðIðtÞ=cÞyt þ yI=g ð27Þ
where c = eoeA/L and g = rA/L. Then, the current in t+ yt can
be written as:


Iðt þ ytÞ ¼ IðtÞ þ yI ¼ IðtÞð1� ðyt=sÞÞ þ gyVox ð28Þ
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So, taking Eq. (28) into Eq. (26), the total conduction current


I(t) between nodes ‘o’ and ‘x’ can be written in a time


discretized form as:


Iox;k ¼ gsVox;k þ ðga þ gbÞyVox þ ðIa;k�1 þ Ib;k�1Þ


� Ia;k�1


sa
þ Ib;k�1


sb


� �
yt ð29Þ


where k is the time discretized parameter. Following an


equivalent procedure to that presented in Eqs. (3)–(9), we


obtain the equation system in the matrix notation as:


CV ¼ Qþ F ð30Þ
where C is the high frequency capacitance matrix containing


terms as cl= eoelA/L (see Appendix C), V is the node


potential vector,Q is the node charge vector with terms given


by:


Qo;k ¼ Qo;k�1 �
X
x


Iox;k�1yt ð31Þ


and F is the excitation vector given by:


F ¼


cF1VF1


cF2VF2


: : :


cFNVFN


2
666666664


3
777777775


ð32Þ


where, like Eq. (8), cF is the capacitance connecting the


source electrode to the medium. Eqs. (29)–(32) have to be


solved iteratively to obtain the vectors V and Q in each time


step.


6.2. Frequency domain analysis


For frequency domain analysis, Fig. 12(c) is considered


the equivalent circuit of the tissue. r(x) and e(x) are given


by Eqs. (24) and (25). The total admittance between nodes is


y = cA/L, where c is the specific admittance defined in Eq.


(18). Applying the Kirchhoff Currents Law for each one of


the N nodes in the total medium equivalent circuit, we


obtain N equations like this:X
x


yoxðmo � mxÞ ¼ 0 ð33Þ


where the summation extend over all neighbours nodes


connected to the node ‘o’ and v is the node potential in


phasor notation. Now, separating real and imaginary parts of


Eq. (33) results:


X
x


goxðmor � mxrÞ � xcoxðmoi � mxiÞ ¼ 0


X
x


xcoxðmor � mxrÞ þ goxðmoi � mxiÞ ¼ 0 ð34Þ

where the subscripts ‘r’ and ‘i’ indicate real and imaginary


parts, respectively. Eq. (34) can be rewritten in the form of a


matricial equation:


YV ¼ F ð35Þ
where:


V ¼


m1r


m2r


: : :


mN r


m1i


m2i


: : :


mN i


2
66666666666666666666666666666664


3
77777777777777777777777777777775


; F ¼


gF1mF1


gF2mF2


: : :


gFNmFN


xcF1mF1


xcF2mF2


: : :


xcFNmFN


�������������������������������������


�������������������������������������


; Y ¼
G �xC


xC G


�������
�������


ð36Þ
where gF and cF are the conductance and capacitance


connecting the source electrode to the medium, respectively.


G and C are the conductance and capacitance matrix of the


medium. Both of them have N�N size, with the same


structure of the others C matrix presented previously (and


also in Appendix C). Eq. (35) has to be solved to obtain the


vector V in each frequency of interest.

7. Results using the tissue scale model


Now, the example of muscle tissue excited by a electric


field can be concluded. The values obtained for r and e inside
a bundle of fibres in the b dispersion were shown in Fig. 11.


The a dispersion did not appear in the numerical results


because spatial resolution was very poor for modelling the


electric transport in the double layer. In order to make this


analysis more realistic, we are going to take some approxi-


mated values for a dispersion of dog skeletal from [2]:


sa ¼ 1:6 ms


ea ¼ 106


ra ¼ 5:5� 10�5 S=cm


Fig. 13 shows a piece of the tissue structure given in Fig.


4, where now the circular structures are bundles of fibres







Fig. 13. View of a piece of the skeletal muscle used in the numerical


simulation with the tissue scale model. Interstitial space between bundles is


filledwith electrolyte. PlanesA andB are for source connection. Planes C and


D are even symmetry surfaces where transversal field and current vanishes.


Fig. 14. Distributions of (a) electric potential and (b) total current density on


the tissue for 1 Hz and 100 V/cm applied field. In low frequencies, the


electric field is uniform inside the bundles and higher there than the outside,


while current concentrates in the interstitial space between bundles. Inside


the bundles the current does not vanish, although it does not appear in (b).
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inside the muscle. The space between adjacent bundles is


considered filled only with electrolyte, so that the parame-


ters for dispersion modelling in that region are the electro-


lyte conductivity, rs = 1.77� 10� 2 S/cm and the water


permittivity, el= 78. No dispersion process in the electro-


lyte is considered.


The mesh for numerical simulation was built with


75� 40 = 3000 squares with edge of 24 Am. We used


frequency domain analysis in the frequency range from 1


Hz to 100 MHz.


Fig. 14 shows the potential and current distributions on


the tissue for a 1 Hz and 100 V/cm electric field excitation.


Note in Fig. 14(a) that the electric field is uniform inside the


bundles and higher than the field outside. The current


distribution in Fig. 14(b) is very concentrated in the inter-


stitial space between the bundles. However, current inside


the bundles does not vanish under ‘dc’ excitation.


Finally, calculating the averaged values of current and


field around a bundle of fibres and using again the concept


of specific admittance, we obtained the dispersion curves of


the tissue. This is shown in Fig. 15. The two bands of


dispersion is very well marked in the permittivity curve.


This is a characteristic of the current-field relation inside the

Fig. 15. Dispersion curves for the tissue. (a) Conductivity and (b)


permittivity. It has well marked the two bands of dispersion in the


permittivity curve.
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bundles. On the other hand, the low frequency conductivity


of the tissue is practically due to the interstitial conduction.


Numerical results agree well qualitatively with experimental


results from Ref. [2].

8. Conclusion


The equivalent circuit method was designed aiming to


overcome limitations in the numerical modelling of the


electrical properties of biological media linked to the local


anisotropy around cell membranes and relaxation process


that cause dispersion in the conductivity and permittivity


of the tissues. It joins the simplicity of the finite differ-


ence approach for the electric transport differential equa-


tions, the easiness of the lumped circuit modelling and


the power of the finite integration method to solve the


coupled problem of charge and field in the conduction


process.


The cell scale model is an approach used for local analysis


around cells. In this approach, one considers only the effect of


the nearest neighbours cells around the target cell. It permits


to obtain spatial distributions in time steps of electrical


potential, charge concentration and current density of any


type of ion included in the model. That information can be


very useful in experiments of electrical excitation of cells.


Although not considered in the example presented in this


paper, an important feature of the cell scale model is the


possibility to include non-linear effects associated with


biological membranes as ionic channels and electroporated


membrane conductance.


The tissue scale model utilises first order relaxation


approaches to model the dispersive behaviour of tissues


by means of a network of capacitance and conductance.


Since we have ignored the dielectric dispersion of the


electrolyte (mainly due to the dipolar relaxation of water


and proteins), the proposed method is frequency limited to


the range where this effect can be neglected in relation to


the dominant one associated with interfacial polarisation of


the membranes. Roughly, we can state this limit at about


100 MHz.

Appendix A


In an electrolytic solution, the Nerst–Planck equation for


one specific ion n can be written in the form:


jn ¼ �zneDnðrcn þ
znecn


KT
r/nÞ ðA:1Þ


where zn is the ion valence, Dn is the diffusion coefficient of


the ion, cn is the ionic density, /n is the effective potential of


that ion type in that medium, e is the proton charge, K is the


Boltzmann constant and T is the absolute temperature.


Defining the term vn =KT/ezn as a constant for each ion

type, we can write Eq. (A.1) according to the notation used


in Eqs. (1) and (2):


jn ¼ �lnðqnr/n þ mnrqnÞ ðA:2Þ


where the ionic mobility ln is related to the diffusion


coefficient by the Einstein’s relation, Dn = lnvn and


qn = znecn is the ionic charge density. Eq. (A.2) can be


rewritten in the form:


jn ¼ �lnmne
�/n=mnrðqne


/n=mnÞ ðA:3Þ


From now on, we are going to ignore any possible differ-


ence between the effective potentials of different ion types,


so that the potential /n will be substituted by V, the potential


due to the external sources and internal charge accumula-


tion. Now, considering the discretization of the space, we


can rearrange terms and calculate the line integral of both


sides of Eq. (A.3) in a specific direction connecting two


adjacent nodes.


Z L


0


jne
V=mndl ¼ �lnmn


Z L


0


dðqne
V=mnÞ ðA:4Þ


jn is now the component of the current density of the ion n in


the direction of dl. Taking jn as a constant inside the volume


between the two nodes and V as varying linearly between


limits 0 and L, we obtain from Eq. (A.4):


jn ¼ ðln=LÞDV ðq0e
DV=mn � qLÞ=ðeDV=mn � 1Þ ðA:5Þ


where DV=V0�VL. In order to obtain the current of the ion


n crossing the area between the nodes, we have to multiply


jn by A (the cross-sectional area between the nodes). Addi-


tionally, we can substitute q0 and qL by qav +Dq/2 and


qav�Dq/2, respectively, where qav is the averaged charge


density and Dq= q0� qL. So, the current is given by:


In ¼ ðlnA=LÞqamDV þ ðlnA=LÞDqðDV=2ÞðeDV=mn þ 1Þ
=ðeDV=mn � 1Þ ðA:6Þ


Defining the factor fn by:


fn ¼ ðDV=2mnÞðeDV=mn þ 1Þ=ðeDV=mn � 1Þ ðA:7Þ


the current of the ion n can be written in the final form:


In ¼ gnDV þ knDq ðA:8Þ


where:


gn ¼ lnqamA=L ðA:9Þ


kn ¼ fnDnA=L ðA:10Þ


Note that fn = 1 to DV= 0 and fnc 0.5DV/vn when DVHvn.
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Appendix B


The problem of a cylindrical membrane in a electrolytic


solution submitted to a uniform electric field is solved here


aiming to obtain a reference for numerical results evalua-


tion. Considering that the charge density vanishes in the


whole region of interest except on the membrane, one can


start from Laplace’s equation. In two dimensions, we have:


1


r


B


Br
r
BV


Br


� �
þ 1


r2
B
2V


Bh2
¼ 0 ðB:1Þ


The general solution of this equation, obtained from


variables separation, is of the form:


V ðr; h; tÞ ¼ ½s1ðtÞrm þ s2ðtÞr�m
½s3ðtÞcosðmhÞ


þ s4ðtÞsinðmhÞ
 ðB:2Þ


where it is assumed that the coordinate system has its origin


on the cylindrical centre. The s coefficients are functions of


time only and m is a constant. All these unknown values


should be determined from boundary conditions.


V ðr ! 0; h; tÞ ! finite value V ðr ! l; h; tÞ


¼ rEocosh
Bqþs
Bt


¼ �ro


BV


Br
ðr ! aþÞ


¼ Cm


B


Bt
½Vðr!aþÞ � Vðr!a�Þ



Bq�s
Bt


¼ ri


BV


Br
ðr ! a�Þ


¼ Cm


B


Bt
½Vðr!a�Þ � Vðr!aþÞ
 ðB:3Þ


where Eo is the value of the uniform applied electric field.


q+ and q� are the outside and inside surface charge density


on the membrane, respectively. Naturally, q� =� q+ due to


the electric flux density continuity condition. ro and ri are


the outside and inside electrolyte conductivity, respectively.


a is the membrane radius and Cm is the capacitance per unit


area of the membrane. The notation r! a+ and r! a�


refers to the limit of r = a + d and r= a� d when d! 0.


Taking the time derivatives in Eq. (B.3) to the frequency


domain, the application of the whole set of boundary


conditions in Eq. (B.2), results in:


V ¼ EWrcosh for r < a ðB:4Þ


V ¼ ðEor þ EVr�1Þcosh for r > a ðB:5Þ


where


EV¼ 1þ jx aCmð1=ri � 1=roÞ
1þ jx aCmð1=ri þ 1=roÞ


a2Eo ðB:6Þ


EW¼ jx2 aCm=ri


1þ jx aCmð1=ri þ 1=roÞ
Eo ðB:7Þ

Taking h as the membrane thickness, the electric field on


the membrane is given by:


Em ¼
Vðr!aþÞ � Vðr!a�Þ


h
¼ 2aEocosh


h


1


ð1þ jxsÞ ðB:8Þ


where


s ¼ aCmð1=ri þ 1=roÞ ðB:9Þ


In the time domain, Em is given by:


Em ¼ ð2 a Eocosh=hÞð1� e�t=sÞ ðB:10Þ

Appendix C


The admittance matrix of the equivalent circuit is


obtained from the set of node equations. Applying the


Kirchhoff Current Law to any node results in the following


relation involving node potentials and branch admittances:


X
x


yoxðVo � VxÞ ¼
 X


x


yox


!
Vo �


X
x


yoxVx ¼ 0 ðC:1Þ


As explained previously, the number of connections of a


node depends on its position in the mesh. In a three-


dimensional problem with a regular mesh, this number


can be 4, 5 or 6. Then, the number of terms in each node


equation can be 5, 6 or 7. When the set of node equations of


the circuit is put in the matrix form, the admittance matrix is


formed. Assuming that every connection has the same


admittance yo, the admittance matrix of the three-dimen-


sional regular mesh is:


1
#


2
#


Ny þ1
#


Ny Nz þ 1
#


Nx NyNz
#


4yo �yo 0 . . . 0 � yo 0 0 . . . 0 � yo 0 0 . . . 0


�yo 5yo �yo 0 . . . 0 � yo 0 0 . . . 0 � yo 0 . . . 0


0 �yo 5yo � yo 0 . . . 0 �yo 0 0 . . . 0 �yo . . . 0


. . .


. . . �yo 0 . . . 0 � yo 0 . . . 0 � yo 6yo � yo 0 . . . 0


. . .


. . . 0 0 � yo 0 . . . 0 � yo 0 . . . 0 �yo 4yo


��������������������������


��������������������������
This is a square matrix with (NxNyNz)


2 elements, where


Nx, Ny and Nz are the number of nodes (or mesh division) on


axes x, y and z, respectively. The only terms that do not


vanish in each line of the matrix are the main diagonal term,


which refers to the central node coefficient, and the terms


correspondent to the nearest neighbours. Considering node


numeration starting by the z axes and following by y and x


axes, respectively, then in the line of the node n, the non-


zero terms are located in the positions n� 1, n�Ny� 1,


n�NyNz� 1, n, n + 1, n +Ny + 1 and n +NyNz + 1.
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Because complex admittance is linearly dependent from


conductance and capacitance, matrices G and C have the


same structure as that of the matrix Y.
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Abstract


Cyclovoltammetric studies were performed with lapachol [2-hydroxy-3-(3-methyl-2-butenyl)-1,4-naphthoquinone], in the absence and


presence of oxygen, which aimed to investigate possible oxygen interaction with lapachol and its radical anion. The obtained results clearly


indicate the consumption of the semiquinone anion-radicals by oxygen in an EC type reaction, generating the deprotonated form of lapachol


and HOO.. The observed generation of reactive oxygen species (ROS) after electron transfer can be related to the mechanism of biological


action of lapachol.


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


Lapachol, 2-hydroxy-3-(3-methyl-2-butenyl)-1,4-naph-


thoquinone (1), is known to possess antitumor, antibiotic,


antimalarial, antiinflammatory and antiulceric activities [1].


Recent results revealed significant molluscicidal [2,3], cer-


caricidal [4] and trypanocidal activities [2,5] of lapachol and


its potassium salt, and also strong interceptive effect in rats


with 100% fetal/embryo mortality, without affecting the


mothers [6]. The mechanism where hydroxy- and hydrox-


yalkyl-1,4-naphthoquinones exert their toxic effects is of


particular interest. Two major mechanisms of quinone


cytotoxicity have been proposed [7–9]: oxidative stress


and alkylation of cellular nucleophiles. Quinones are highly


redox active molecules, which can redox cycle with their


semiquinone radicals, leading to the formation of reactive


oxygen species (ROS) that include the superoxide anion


radical, the peroxyl radical, hydrogen peroxide and, ulti-


mately, the hydroxyl radical. ROS production can cause


severe oxidative stress within cells through the formation of


oxidized cellular macromolecules, including lipids, proteins


and DNA [9]. A recent paper described the participation of


P450 reductase in the bioactivation of lapachol, which led to


the generation of superoxide anion radical [10] that pro-


motes DNA scission.


For peroxidation in the presence of oxygen to occur, the


presence of hydroxyl groups in the quinone moiety has been


demonstrated to be essential [11].


The present work reports cyclovoltammetric studies


performed with 1, in the absence and presence of oxygen.


Cyclic-voltammetry investigations of quinones in the pres-


ence of oxygen in aprotic media have been considered a


useful tool for studying interaction of oxygen and the


superoxide anion radical with quinones and their radical


anions [11]. Non-aqueous aprotic solvents should be better


models of membrane environment in which peroxidation


processes take place, because both the superoxide anion


radical and its conjugated acid, the hydroperoxyl radical, are


virtually unstable in water and other protic solvents, owing


to fast disproportionation [11].


2. Experimental


Electrochemical studies were carried out in dimethylsulf-


oxide (DMSO) containing 0.1 mol l� 1 tetraethylammonium


perchlorate (TEAP), with and without oxygen, using a


glassy carbon electrode (0.0491 cm2) as a working elec-
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trode, the platinum-wire electrode as a counter electrode,


and the standard saturated calomel electrode (SSCE; Hg,


Hg2Cl2, NaCl sat.) as the reference electrode [11]. The


ferrocene–ferricinium redox system was used to standardize


the potential. Oxygen concentration was estimated as


described previously [11].


3. Results and discussion


Electrochemical studies of the reduction of lapachol in


DMF/TBAP 0.1 mol l� 1 on Hg and glassy carbon electrode


have been published recently [12]. The voltammograms are


represented by two main pairs of peaks, the first cathodic


one, designated Ic, with a related anodic peak (Ia), and the


second pair, named IIIc (cathodic) and IIIa (anodic), the


processes having irreversible and quasi-reversible nature,


respectively. Intermediate shoulders (IIc) are also present.


They showed strong dependence on scan rate [12]. Self-


protonation mechanism and hydrogen-bonded intermediates


explain the nature of the first peaks and shoulders [12]. The


first pair of peaks is related to the semiquinone (NQOH�)


and the last pair to the quasi-reversible electronic reduction


of the respective anion of the lapachol or more generally to


the conjugated base of 2-hydroxynaphtoquinones (NQO�)


[12]. The behaviour in DMSO/TEAP follows the same


pattern (Fig. 1), with less evident shoulders IIc (Fig. 1).


Addition of O2 to the system causes remarkable changes


in the position of the first reduction peak potential as well as


in the shape of the curves (Fig. 1). The presence of even


small amounts of oxygen causes the increase of the height


and anodic shift of the first cathodic wave Ic, related to the


generation of the semiquinone (Fig. 1).


A detailed study of the influence of oxygen concentration


on EpIc and IpIc was performed, as described previously [11].


The graphs in Fig. 2 show that the peak of oxygen reduction


(EpO2
=� 0.779 V) starts only at oxygen/lapachol concen-


tration ratio close to 0.2, while the reduction current related


to lapachol (Ic) increases sharply (46%) at low O2 concen-


trations. The position of lapachol reduction peak also


changes, with shifts toward more positive potentials, with


oxygen concentration (Fig. 3). The larger shift (ca. 0.048 V)


occurs at oxygen/lapachol concentration ratio close to 0.12.


The occurrence of an irreversible chemical reaction follow-


ing one electron reduction of lapachol is also manifested by


the disappearance of the anodic reoxidation peak (Ia) almost


immediately after O2 intake.


Fig. 1. Cyclic voltammograms in DMSO/TEAP 0.1 mol L�1, on a glassy


carbon electrode vs. SSCE (Hg, Hg2Cl2, NaCl sat.), of lapachol at


concentration 0.73 mmol L�1, in the absence of oxygen (solid line), oxygen


at concentration 0.29 mmol L�1 (dashed line), and lapachol at concentration


0.73 mmol L�1 in the presence of oxygen at concentration 0.23 mmol L�1


(dotted line). m=0.100 V s�1. Arrows indicate the ferrocene-ferricinium


internal redox standard system.


Fig. 2. Change of the current of the first reduction wave of lapachol (o) at


concentration C1=0.73 mmol L�1 and of the current of the first reduction


wave of oxygen (D), as a function of oxygen concentration. DMSO/TEAP


0.1 mol L�1, on a glassy carbon electrode vs. SSCE (Hg, Hg2Cl2, NaCl


sat.). m=0.100 V s�1.


 


Fig. 3. Plot of potential of the first reduction wave of lapachol at


concentration C1=0.73 mmol L�1 (EpIc) vs. oxygen concentration. DMSO/


TEAP 0.1 mol L�1, on a glassy carbon electrode vs. SSCE (Hg, Hg2Cl2,


NaCl sat.). m=0.100 V s�1.
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All of these phenomena can be explained by assuming the


EC mechanism, i.e., the consumption of the semiquinone


anion-radicals by oxygen, in a EC type reaction, generating


the deprotonated forms of 1 and HOO. (Eqs. (1) and (2)).


The deprotonated lapachol reduces reversibly at poten-


tials close to IIIc (Epc =� 1.465 V, Epa =� 1.385 V). The


assignment of this wave to the conjugated base of lapachol


was already reported [12].


NQOHþ e�WNQOH�� ð1Þ


NQOH�� þO2WNQO� þ HOO� ð2Þ


4. Conclusions


In this study, using electrochemical methods, we have


demonstrated that the lapachol anion-radical interacts with


O2, according to an EC mechanism, giving the deprotonated


lapachol and the peroxyl radicals. These facts support the


possible intermediacy of ROS in the mechanism of action of


lapachol, corroborating the results of earlier studies in the


presence of NADPH–cytochrome P450 reductase [10].
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Abstract


Introduction: Electrochemical treatment (EChT) has been taken under serious consideration as being one of several techniques for local


treatment of malignancies. The advantage of EChT is the minimal invasive approach and the absence of serious side effects. Macroscopic,


histopathological and ultra-structural findings in liver following a four-electrode configuration (dog) and a two-electrode EChT design (dog


and rat) were studied. Materials and methods: 30 female Sprague–Dawley rats and four female beagle dogs were studied with EChT using


Platinum:Iridium electrodes and the delivered dose was 5, 10 or 90 C (As). After EChT, the animals were euthanized. Results: The


distribution of the lesions was predictable, irrespective of dose and electrode configuration. Destruction volumes were found to fit into a


logarithmic curve (dose–response). Histopathological examination confirmed a spherical (rat) and cylindrical/ellipsoidal (dog) lesion. The


type of necrosis differed due to electrode polarity. Ultra-structural analysis showed distinct features of cell damage depending on the distance


from the electrode. Histopathological and ultra-structural examination demonstrated that the liver tissue close to the border of the lesion


displayed a normal morphology. Conclusions: The in vivo dose-planning model is reliable, even in species with larger tissue mass such as


dogs. A multi-electrode EChT-design could obtain predictable lesions. The cellular toxicity following EChT is clearly identified and varies


with the distance from the electrode and polarity. The distinct border between the lesion and normal tissue suggests that EChT in a clinical


setting for the treatment of liver tumours can give a reliable destruction margin.


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


Keywords: Animal model; Unresectable liver tumour; Cellular toxic change; Electrochemical treatment


1. Introduction


Electrochemical treatment (EChT) of tumours has been


regarded as a probable technique since the 18th century [1]


and several reviews of EChT are available [2–4]. The


electrolysis of tumours was re-introduced in a clinical


setting by the Swedish professor Björn Nordenström. In


the early 1980s, he treated mainly thoracic metastases of


mammary tumours, which were considered as non-respond-


ing to conventional treatment [5,6]. The method has become


wide spread in China and more than 15,000 patients have


been treated for different malignant, as well as benign,


tumours. These results have been reported at conferences


and in the literature [4,7]. The reliability of the clinical and


scientific reports has been questioned in the Western world.


Recent studies in Europe and Australia, mainly performed


on normal tissue in animals have shown promising results


regarding the minimal invasive approach and the absence of


serious side effects following EChT [8–16].


Besides the introduction and spread of EChT in China


there has been an increasing interest of minimal invasive


techniques for the treatment of malignant as well as benign
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tumours in the Western world. Equipment for stereotactic


irradiation, percutaneous ethanol injection therapy (PEIT),


cryotherapy, radio-frequency treatment, etc., have been


developed and they have only to some extent been evaluated


in controlled and randomised studies. These techniques are


all commonly used today. Regarding the experience of


EChT in China and recent reports, EChT is a technique that


deserves further exploration.


In cases when the treatment electrodes are inert, such as


platinum, metal dissolution is negligible. The main reactions


at direct current electrolysis of tissue are decomposition of


water and oxidation of chloride, at the anode, which produce


chlorine and hydrogen ions. At the cathode the main


reactions are the production of hydrogen and hydroxyl ions


due to the hydrolysis of water. The presence of extreme


local pH changes in tissue surrounding the electrodes,


during and after EChT treatment, has been confirmed in


many studies [5,15,17,18]. pH values as low as 1 have been


detected in tissue adjacent the anode [17] while a pH as high


as 13 has been measured near the cathode [19]. At these


non-physiological conditions vital proteins become dena-


tured and precipitate [5,19,20]. The extreme pH conditions


in the vicinity of the electrodes have also been predicted in


several theoretical studies [21–23].


Moreover, charged substances, dissolved or suspended in


tissue, migrate in the electric field and accumulation of ions


and charged tissue constituents are obtained at certain and


different locations in the electric field. The electric field


influences the ion exchange across the cell membranes.


Hence, the transmembrane potential is altered and thereby


the conditions, e.g. for many essential enzyme-regulated


reactions [5,24].


Miklavèiè et al. [32] have also shown that the immu-


nological response is of importance by performing electro-


therapy in ‘‘field’’ configuration, where electrodes were


placed subcutaneously outside of the tumour in a way that


the tumour was situated in between the electrodes, in


immunodeficient nude and immunocompetent mice. Elec-


trotherapy was much more effective in immunocompetent


mice based on the observed tumour growth retardation,


thus demonstrating that antitumour effectiveness of electro-


therapy greatly depended on host’s immune response.


Further experiments were conducted by combining electro-


therapy with concomitant immunotherapy in order to


potentiate the antitumour effect of electrotherapy. Immu-


notherapy consisted of local delivery of genetically engi-


neered cells selected for IL-2 secretion. This combined


treatment was much more effective than any of the treat-


ments alone [25].


No publications are available where ultra-structural fea-


tures of an EChT lesion are described. Consequently, as a


part of a scientific evaluation of cellular toxicity and dose


extrapolation between species, this animal study was con-


ducted. Furthermore, the multi-electrode design for EChT


was compared with a two-electrode setting.


2. Materials and methods


All experiments conformed fully to the decisions of the


Swedish animal ethical committee (no C 112/96, rat and C


76/99, dog).


Thirty Sprague–Dawley rats were studied of which 27


were divided into three treatment groups, referred to as


group A (n = 8), B (n = 10), C (n = 9) and the remaining


three served as controls. The dog group, referred to as


group D, consisted of four healthy female beagles, bred for


research purposes only, and were provided by the Faculty


of Veterinary Medicine, Department of Small Animal


Clinical Sciences, (SLU), Uppsala, Sweden. Each group


was treated with a constant, direct current of 1 and 5 mA


(rats) or 25 mA (dogs) for a specific duration of time,


corresponding to a coulomb dose of 5 or 10 C (rats) and


90 C (dogs) (Table 1).


2.1. Electrochemical treatment


The liver treatment design for rat is essentially as


described earlier with a few modifications [16]. Briefly,


two identical spherical electrodes made of Pt:Ir (9:1), with


a diameter of 1 mm, connected to a thinner, TeflonR-
insulated pin, were used (Permascand, Sundsvall, Sweden),


corresponding each to an active electrode area of 3.14


mm2. The treatment was performed during general anaes-


thesia with midazolam (DormicumR, Roche, Stockholm,


Sweden) 1.2 mg/ml and fentanyl-fluanisone (HypnormR,
Janssen Animal Health, Buckinghamshire, UK) diluted


1:4, 0.3 ml/100 g, injected intraperitoneally. The rats were


Table 1


The number of samples analysed for each treatment is stated (n)


Group n Current (mA) Duration (min) Coulomb


dosage (C)


Current density


(mA/mm2)


Anodic (mm3) Cathodic (mm3)


A 8 1 85 5 0.32 96F 31 154F 32


B 10 5 19 5 1.59 178F 60 249F 88


C 9 5 35 10 1.59 359F 75 433F 101


D 6 25 60 90 0.79 1569F 357 1660F 156


The current density of the electrode is presented as mA/mm2. For the dog group (D) results were collected from both one and two-pair electrode configurations.


The mean diameter was calculated for the spherical rat destruction, while the mean radius (rm) and length of the cylindrical destruction were used in the dog


study. The anodic and cathodic lesions are presented as volume (mm3)F 1 standard deviation, spherical volume (pdm
3/6) and cylindrical (plrm


2).
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placed in dorsal recumbency, under a heating lamp to


avoid anaesthetic-induced hypothermia. A linea alba inci-


sion was made and the liver was everted. After blunt


insertion of the electrodes, the anode in the left medial


lobe and the cathode in the left lateral lobe, the liver was


placed in situ in the abdominal cavity. The distance


between the electrodes was 25–30 mm.


Direct current was passed through the electrodes with a


constant-current power supply, consisting of a potentiostat


(Wenking LT 73, Gerhard Bank Elektronik, Göttingen,


Germany) coupled to an adjustable resistance. The current


and voltage were continually monitored and data were


recorded on a computer. Muscle twitching was avoided by


using linear current ramps of 2 min duration at the begin-


ning and end of each treatment. Control rats underwent an


identical study protocol, with the exception that no current


was passed through the electrodes. Duration of the treatment


of the control rats corresponded to A (two rats due to the


longest duration) and C (one rat), to assure that no adverse


effects could be assigned to the electrodes alone, making the


total number of animals used 30. All rats were euthanized


immediately after the treatment.


In the dogs, general anaesthesia was generated by a


symptomatic, IV induction with sodium thiopental (Sodium


PentothalR, Abbot Scandinavia, Solna, Sweden) 15–25 mg/


kg and maintained by spontaneous inhalation of 2.5%


isoflurane (IsofloR vet, Shering-Plough AB, Stockholm,


Sweden) in 100% Oxygen. Pre-anaesthetics and analgesics


were given by subcutaneous injections of acepromazine


(PlegicilR vet, Pharmacia and Upjohn Animal Health,


Helsingborg, Sweden) 0.1 mg/kg and a NSAID preparation


of carprofen (RimadylR vet, Orion Pharma, Animal Health,


Sollentuna, Sweden) 4 mg/kg. The dogs were placed on a


warming device, T/PumpR (Gaymar Industries, NY, USA)


of circulating water to avoid hypothermia during anaesthe-


sia.


Two or four identical string electrodes, made of Pt:Ir


(9:1), with a diameter of 0.5 mm, TeflonR-insulated except


for a 20-mm active electrode tip, were used (Permascand),


corresponding each to an active electrode area of 31.4


mm2. The liver was exposed using a linea alba excision


and the electrodes were placed blunt into the liver through


a polymethyl methacrylate plate that was fixed into a


supporting gantry to avoid breathing divergency of the


electrodes. In two of the dogs, two electrodes were placed


20 mm apart in the same liver lobe. In two other dogs,


four electrodes (two pair) were placed as corners in a


square with a 20-mm side in the same liver lobe, thus


making the total number of EChT lesions six for anode


and cathode, respectively. In this setting, the lesions should


not become confluent and hence allowed an examination


of untreated tissue in between the electrodes. The proce-


dure, electrode placement and macroscopic lesions are


shown in Fig. 1. The electrodes were coupled to DC


power sources as described above. In the four-electrode


design, each pair of electrodes was connected to a separate


power source to allow accurate control of the delivered


dose. The current and voltage were monitored and


recorded as for the rat model. Likewise, 2-min linear


current ramps were used to avoid patient discomfort. The


dogs were euthanized after the treatment with an IV


injection of sodium-pentobarbital 2.5%. Body temperature


was measured both prior to and after EChT.


2.2. Macroscopic and histopathological examination


The part of the liver with macroscopic visible destruction


zones was resected en bloc, cloven and measured. The mean


diameter (dm) was measured for the spherical rat destruc-


tion, while the mean radius (rm) and length (l) of the


approximately cylindrical destruction were determined in


the dog study. The lesions are presented as volume (mm3)


and the values for spherical volume (pdm
3/6) and cylindrical


(plrm
2) are indicated in Table 1. Representative slices of the


lesions and normal liver in between the electrodes were


fixed in 10% buffered formalin, processed, embedded in


paraffin, sectioned and stained by haematoxylin and eosin.


Formalin fixation of the lesions was performed for histo-


pathological examination. In the four-electrode design,


large-tissue sections were prepared to visualise all four


Fig. 1. Electrochemical treatment of liver tissue in dog indicating the four-


electrode design and macroscopic lesion (A, B). A large linea alba incision


had been made and the platinum electrodes are placed in a square pattern 2


cm apart. The two separate electrode pairs are controlled from one current


supply each. (B) displays the macroscopic lesions immediately after the


treatment. Note the black lesions of the anodes. No interference occurred,


allowing studies on untreated liver tissue between the lesions.
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lesions in the same preparation. The tissue was left in


formalin for 7 days to allow accurate fixation.


2.3. Ultra-structural examination


Samples were taken from areas at different distances


from the electrodes, i.e. the centre (area 0), 2–4 mm from


the centre (area 1), 4–6 mm from the centre (area 2) and


macroscopically normal tissue (area 3) (Fig. 2). Small


pieces were directly placed in 2% glutaraldehyde and


0.5% paraformaldehyde in 0.1 M sodium cacodylate buffer


(caco) containing 0.1 M sucrose and 3 mM CaCl2, pH 7.4


at room temperature. After fixation over the night at 4 jC
specimens were rinsed in 0.15 M caco and postfixed in 2%


OsO4 in 0.07 M caco + 3 mM CaCl2 for 2 h and dehy-


drated in ethanol into acetone and infiltrated in LX-112.


Sections were cut and placed on formvar coated cupper-


grids and contrasted with uranyl acetate and lead citrate.


Sections were examined in a Leo 906 transmission electron


microscope at 80 kV. Cells were chosen randomly at low


magnification. In selected cells, micrographs were taken in


the nuclear and the cytoplasm. The micrographs were


printed to a final magnification of 18,400 and examined


in a blind fashion.


2.3.1. Evaluation


The damages were graded by a 1–7 scale. From 1, where


the cells displayed a normal ultra-structural morphology, to


7, where cells are necrotic. In between, the evaluation was


based on the ultra-structure of mitochondria, granular endo-


plasmic reticulum (RER), golgi, peroxisomes, glycogen and


nucleus chromatin.


2.4. Blood sampling, body temperature, heart rate and


saturation


An acid–base sample, collected in a heparinised syringe,


was taken by cardiac puncture (rat) or from the cephalic vein


(dog) prior to euthanasia and was analysed on a blood-gas


detector (ABL 5R, Radiometer Copenhagen, France). Blood


gas values were compared to reference values for each


species.


In the dogs, blood samples were collected both prior to


and directly after terminated EChT.


Serum aspartate aminotransferase (AST), alanine amino-


transferase (ALT), g-glutamyltranspeptidase (g-GT), biliru-


bin, alkaline phosphatase (ALP) and fibrinogen were


determined (Konelab 30, KONE Instrument, Finland). Hae-


matology parameters, such as haemoglobin (Hb), total white


blood cell count (WBC) and thrombocytes were also ana-


lysed (Cell-Dyn 3500, Abbot Diagnostics, USA). Reference


values were obtained from the Department of Clinical


Chemistry, SLU, Uppsala.


Body temperature was measured before and after EChT


in all animals. In the rats, heart rate, breathing frequency and


colour of the mucous membranes were monitored manually


and recorded every 10th minute during treatment. In the


dogs, heart rate, arterial oxygen saturation, end-tidal CO2


and respiratory rate were monitored continuously during


treatment using a TuffSatR (Datex-Ohmeda, Louisville, KY,


USA).


2.5. Statistics


Standard statistical methods were employed; using Stu-


dent’s t-tests (paired and two sample), comparing destruction


volumes, differences between anodic and cathodic EChT and


blood parameters before and after treatment. Values of


p < 0.05 were considered indicative of statistical significance.


Data are expressed as meanF S.D. (standard deviation).


3. Results


All animals completed the study and none died due to


the anaesthesia or the EChT. The heart rate remained


stable and no animal suffered from arterial oxygen desatu-


ration. There were no signs of cerebral irritation or


respiratory distress. The body temperature remained nor-


mal (F 0.5 jC).
The electrolysis progressed similarly in both species. Due


to space limitations, we have decided to visually present the


histopathological findings for dog and ultra-structural for rat.


In addition, focus has been put on the anodic lesion, espe-


cially for the ultra-structural evaluation, since it is frequently


considered to be more toxic than the cathode (Fig. 2).


Fig. 2. Schematic of the tissue sampling for ultra-structural examination.


Both in the rat (spherical) and dog (ellipsoid/cylindrical) lesions samples


were collected, from the anode and cathode, respectively, at the centre of


the lesion (0), in between the centre and border of destruction (1), at the


border of destruction (2) and in normal tissue, situated between the


treatment electrodes (3).
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3.1. Macroscopic observations


When EChT started, gas formation was seen 60 s after


the 2-min ramp from both electrode sites. A typical chlorine


smell was developed after a few minutes from the anode. All


bleedings induced at the placement of the electrodes were


coagulated by the electrolysis within 2 min after the EChT


onset. At the anode the lesion became black, as haemoglo-


bin was transformed into haemin due to the acidified milieu.


The anodic lesion became hard and firm, while the cathodic


destruction was oedematous.


The calculated lesion/dose ratio (mm3/C) was higher in


rats both at anodic ( p< 0.0004) and cathodic ( p < 0.001)


sites. The lesions were larger at the cathode, due to the


oedema. The destruction volumes are shown in Table 1.


The relationship between the lesion and dosage was


logarithmically shaped for both electrodes (Fig. 3). A


close parity between an estimated dose-planning curve


described elsewhere and the dose–response data was


confirmed [22,23].


3.2. Histopathology


Histopathological findings verified the macroscopic


destruction (Fig. 4). At the anodic site, a marked dehydra-


tion of the tissue and hepatocytes with pycnotic nucleus and


small or absent cytoplasm were observed. There was a sharp


border between the lesion and surrounding, normal, liver


tissue and, at this border of destruction, numerous micro


vascular thrombi had occurred thus framing the lesion from


normal tissue. The cathodic destruction was dominated by a


striking oedema, due to electro-osmosis, that caused nuclear


and cytoplasmic swelling with occasional disruption of the


plasma membranes. The chromatin was condensed and an


increased number of cytoplasmic vacuoles were present.


Despite very few infarctions in the lesions there was a rather


sharp border between the electrolytic necrosis and surround-


ing, apparently normal, liver tissue.


In the four-electrode configuration, the destruction did


not expand to a confluent necrosis. The normal liver tissue


directly adjacent to these lesions was considered to be


completely normal based on macroscopic, histopathological


and ultra-structural examination.


In the control rats, only some small bleedings along the


electrode sites could be detected. All the studied liver


parenchyma appeared to be normal both by macroscopic


and histopathological examination.


3.3. Ultra-structural examination


Anode area 0, judged as grade 6, displayed severe


changes (Fig. 5A). The mitochondrias and peroxisomes


Fig. 3. The chart shows the macroscopically determined volume of destruction after treatment with 5 and 10 C in rat liver and 90 C in dog liver. It also shows


the estimated (Est.) dose– response curve for both anodic and cathodic EChT. The relation is almost logarithmic for both treatments, suggesting that the


destruction volume has harder to propagate, as it grows larger in size.
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displayed diffuse amorph morphology without outer


membrane. The ribosomes on the RER were much


electron-denser and a diffuser lumen compared to the


controls. The cytoplasm showed a loose appearance and


increased number of membrane bodies. Furthermore, the


glycogen lost the characteristic morphology. The euchro-


matin in the nuclear showed a patchy redistribution in the


nucleus and the heterochromatins were more loosely


compared to controls. Anode area 1, judged as grade 3,


displayed severe damages mostly in the mitochondria.


The outer membranes of the mitochondria were well


defined but most of the mitochondria matrixes were


extracted. The peroxisomes were less affected but the


matrixes were looser compared to controls. The RER


were well defined and looked normal. Only minor


changes were detected in the nuclear chromatin (Fig.


5B). Anode area 2, judged as grade 1, displayed an


ultra-structural morphology that could not be distin-


guished from controls (Fig. 5C). The control and Anode


area 3, judged as grade 1 displayed a normal ultra-


structural morphology with dense mitochondria, well-


defined RER and peroxisomes and glycogen. Further-


more, the nucleus displayed well-defined euchromatin


and heterochromatin (Fig. 5D).


At the cathode no correlations, as for the anode, could


be made between cellular damage and the distance from


the treatment electrode (figure not shown). Cathode area


0, judged as grade 7, displayed severe changes. Cathode


area 1, judged as grade 2, did not display as severe


damage as Anode area 1. Cathode areas 2 and 3 were


both judged as grade 1 and displayed a normal ultra-


structural morphology with dense mitochondria and well-


defined nucleus with normal euchromatin and heterochro-


matin.


3.4. Blood sample analyses


Venous blood gas results were similar, after termination


of EChT in all animals studied, showing no significant


change compared to normal reference values.


Liver enzymes in the dog (AST and ALT) tended to rise


after EChT ( p < 0.12 and 0.11, respectively). No other


Fig. 4. Histopathological examination of the dog liver, using two pair of electrodes. (A) Four extensive and well-defined areas of coagulative necrosis are


seen (magnification, 10.5� ). All four electrode lesions are seen in this large tissue section of the liver. The anodic lesions (black arrows) are dehydrated,


with pycnotic nuclei and a small rim of marginal infarctions at the border. The cathodic lesions (white arrows) are oedematous with cellular swelling and


occasional disruption of the plasma membranes. No infarctions are revealed. Both anodic and cathodic lesions have a very sharp demarcation to normal


tissue. (B) A longitudinal section of the anodic lesion with the central canal visualised with an animated electrode (magnification, 83� ). (C) A higher


magnification of the sharp border (black arrows) between the lesion and adjacent liver parenchyma at the anode (magnification, 212� ). (D) At the


cellular level it is only approximately a three-hepatocytes width (black arrows) that separates normal and destructed liver tissue at the anode


(magnification, 420� ).
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changes were discernible concerning the blood parameters


tested.


4. Discussion


As in studies where new drugs are first tested on healthy


patients and preceded by careful toxicological studies in


vitro, the introduction of EChT in a clinical setting should


be considered as no exception. While using healthy animals


and one tissue at a time, more safe conclusions can be


drawn, e.g. concerning dose-planning, tissue destruction and


immunological response to EChT, before commencing clin-


ical studies on inoculated tumours and eventually cancer


patients. In this way the number of animals used are reduced


due to a more optimised research strategy and the studies are


based on a well established hypothesis and not only on


empirical data.


Minimally invasive techniques for treatment of malig-


nant and benign disorders have received increasing atten-


Fig. 5. Ultra-structural morphology in rat hepatocytes following anodic EChT (5 mA 10 C). Mitochondria (m), peroxisome (p), glycogen (g), euchromatin (e),


RER (arrows). (A) Anode (area 0; centre of the lesion), displayed severe changes such as diffuse amorph morphology in mitochondrias without outer


membrane. Ribosomes on the RER were much electron-denser with a diffuser lumen and increased number of membrane bodies in cytoplasm (arrowhead). The


euchromatin in the nuclear showed a patchy redistribution in the nucleus and the heterochromatins were more loose (*). (B) Anode (area 1), showed severe


damages in the mitochondria. The outer membranes were well defined but most of the mitochondria matrixes were extracted. The matrixes in peroxisomes were


less affected but were looser. (C) Anode (area 2) displayed an ultra-structural morphology that could not be distinguished from controls. (D) The control


displayed a normal ultra-structural morphology with dense mitochondria, well-defined RER, peroxisomes and glycogen. The nucleus displayed well-defined


euchromatin and heterochromatin. Bars = 0.5 Am.
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tion during the last decades and several of them have


been established in clinical practice, such as laparoscopic


and thorachoscopic surgery. Equipment for local tumour


destruction such as cryotherapy, thermo-laser therapy,


radio-frequency treatment, have also been established.


The prognosis for liver malignancies is dismal if the


tumour is considered to be unresectable and if the patient


is not a candidate for liver transplantation. Despite the


development of more efficacious chemotherapeutic re-


gimes, cure of liver malignancies is rare. However, primary


liver cancers, i.e. small hepatocellular carcinoma (HCC),


which is quite common, has been found to be successfully


treated with a local destructive method, percutaneous


ethanol injection therapy (PEIT) [26]. Lately, the efficacy


of radio-frequency treatment of such liver tumours has


been reported to be comparable with PEIT [27–29]. Liver


metastases following colorectal carcinomas (CRC) are


common and the majority is considered as unresectable


due to the spread in the liver or to the high age of the


patient. Recently developed techniques for local destruc-


tion of tumours such as cryo-surgery, thermo-laser and


radio-frequency have been considered as promising meth-


ods both as a single treatment but also as a combined


regime together with liver surgery, adjuvant chemotherapy,


etc. Fosh et al. [30] presented a very interesting, yet small


study, on the combination of liver surgery and EChT in


nine patients with hepatic deposits from colorectal carci-


noma, previously deemed inoperable using currently accep-


ted criteria. The group stated that electrolysis with re-


section might confer a disease-free and overall survival


benefit.


The minimally invasive techniques developed are all


rather expensive. Regarding the lower costs and the prom-


ising experiences of EChT in China, EChT is a technique


worth further exploration. More than 15000 treatments of


different malignant and benign tumours have been pre-


formed in China and the efficacy of EChT is reported to


be high with absence of serious side effects [4–7]. In the


current experimental study no animals suffered from any


serious side effects, which is in agreement with previous


studies [8,10,14]. The level of liver enzymes is reported to


rise after EChT in liver tissue but was found to decrease to a


normal level within one week [10,14]. The absence of a


significant rise in liver enzymes in the present report is


probably dependent on the study protocol employed and the


tendency to increase could have been more prominent after


24 h.


When the electrolytic process has been in progress for


some time, a marked dehydration occurs at the anode due to


electro-osmosis. This dehydration leads to impairment in


electrode contact and the electrolysis is hampered. More-


over, the impaired contact results in an acute rise in the


voltage, which can be harmful to the patient. In order to


overcome this problem, some authors have suggested the


use of saline infusions into the anodic area [5]. However,


that design can dilute the toxic species produced during


electrolysis, which in turn may reduce the efficacy of the


treatment. Increased re-hydration can also allow the buffer-


ing species, whose access is hindered to the anode by the


dehydration and marginal infarctions, to re-enter the


destructive area. In the cathode lesion, the dose–response


curve is similar to that at the anode, with decreased efficacy


over time. The tissue lesion is characterised by an oedema,


which conceivably allows the buffering species to hamper


the electrolysis to some extent. Therefore a multi-electrode


set up is probably more efficient in terms of tissue/tumour


destruction in order to use the maximal toxic capacity of


each electrode. This setting is already in use in China when


treating larger tumours with EChT [7].


The anodic lesion has been regarded as more toxic in


former studies [10,31]. It is therefore important to assure


that the two electrolytic destructions do not interfere with


each other, thus creating a zone of neutralisation where the


two fronts meet. This is important to consider when the


treatment electrodes are constructed. The most efficient


concept is conceivably to have a cluster of anodes inside


the tumour, framed by cathodes at, or adjacent to, the


tumour border. This configuration has been described earlier


in small murine tumours by Miklavèiè et al. [32]. The single


electrode model has its obvious limitations in a future


clinical setting, when treating liver malignancies, due to


the logarithmic dose–response curve.


The ultra-structural features of an EChT lesion has not


been studied earlier. The current findings elucidate that


the lesion is not homogenous from the centre to the


macroscopically visible border of the destruction zone.


Even in light microscopy, it is very hard to distinguish


any prominent difference in the cellular morphology


throughout the lesion. Electron microscopic analysis


shows a successively milder toxic influence on the treated


cells as the distance from the electrode centre increases at


the anode. At the cathode, the distribution of toxic


features was uneven through the investigated material


and no correlation could be made with the distance from


the treatment electrode. This is probably due to the


oedematous environment that makes the ‘‘borders’’ less


accurate and the toxic species might be more easily


distributed in the lesion, but at the same time fails to


build up a high concentration. In general, the cathodic


lesions had a milder appearance compared to the anode.


The current ultra structural examination is easier to inter-


pret in normal liver tissue, than in a malignant tumour


mass since malignancies carry spontaneous necrosis and


degenerated chromatin as a ‘‘normal’’ feature. However,


future studies ought to be focused on the electrolysis and


its effect on tumour tissue.


The logarithmic pattern of the dose–response curve is


very important to consider when interpreting earlier works


in the EChT field. There are a wide variety of reports, in


different species including human, regarding the rate of


necrosis per coulomb depending on electrode type, position-


ing and current applied [18,33,34]. Robertson et al. [10]
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suggested that the dose–response was almost linear in rat


liver tissue. This is true for small lesions, but with increasing


dose the destruction curve becomes more logarithmic. This


phenomenon was explained by Berendson and Olsson [22].


As the destruction volume increases more buffering species


are recruited at the border of the lesion and the pH-gradient


becomes more and more diluted. Thus, the tissue damaging


properties decline. In addition, at the anode, the impaired


contact, increasing with higher degree of dehydration, dis-


turbs the conductivity. Hence, it is of importance to perform


studies in larger animals with a large liver tissue mass, as the


current study, to achieve a more reliable dose-planning for


electrochemical treatment in humans and companion ani-


mals. In studies where the animals are sacrificed days or


weeks after the EChT it is very hazardous to estimate the


original size of the lesions (due to secondary inflammatory


changes). Despite extensive scanning magnetic resonance


imaging (MR) [35,36] after EChT a dose-planning model


can scarcely be validated through such experiments.


Recently, thorough theoretical dose-planning models, both


for anodic and cathodic destruction, has been published


[23,37]. These theoretical models were adjusted to exper-


imental models based on rats. The present study demon-


strates that the previous dose-planning model is reliable in


other species as well.


Different opinions regarding which electrode polarity


that is the most toxic in the EChT lesions have been


published. Some authors have shown that the cathode has


the highest efficacy [32], while other reports variable


results with respect to polarity [6]. Most of the reports,


however, are consistent with our findings and claim that


the anodic lesion is more prominent and toxic than the


cathodic counterpart [10,18,38]. When determining the


efficacy of EChT the acute size of the lesion is only


one parameter to take into consideration. As done in this


study, histopathological and ultra structural examinations


show that cellular changes were more striking in the


anodic lesions.


In the multi-electrode design we could obtain predict-


able lesions and the dose–response curve suggests a


logarithmic relationship. The cellular toxicity in the lesion


following EChT is clearly identified and it varies with the


distance from the electrode for the anode. Finally, the


distinct border between the lesion and apparently normal


liver tissue suggests that EChT in a clinical setting for


treatment of liver tumours can give a reliable destruction


margin.
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Abstract


We report on the time evolution of the aggregation behaviour of cationic liposome–polyelectrolyte complexes studied by means of


dynamic light scattering technique. Pure dioleoyltrimethilammoniumpropane (DOTAP) and mixed DOTAP–dipalmitoylphosphatidylcholine


(DPPC) liposomes in polyacrylate sodium salt aqueous solutions in a wide concentration range have been investigated and the size and size


distributions of the resulting aggregates evaluated from the intensity autocorrelation function of the scattered light. Under appropriate


conditions, we found two discrete aggregation regimes, resulting in two different structural arrangements, whose time evolution depends on


the charge ratio and the polyelectrolyte molecular weight. A first small component of average size in the 100–500 range nm coexists with a


larger component, whose typical size increases with time, up to some micrometers. The cluster growth from a single liposome, 70 nm in


diameter, to the formation of polymer-coated liposome aggregates has been briefly discussed in the light of steric stabilization of colloids.


Moreover, it has been found that the kinetics of aggregation of the larger, time-dependent, component follows a dynamical scaling within the


diffusion-limited cluster aggregation (DLCA) regime. The understanding of structures resulting from interactions between polyelectrolytes


with oppositely charged liposomes may help towards formulation of ‘‘lipoplexes’’ (cationic lipid–DNA complexes) to use as non-viral gene


carriers.


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


Complexation of a polyelectrolyte with oppositely


charged, spheroidal particles (liposomes and micelles) has


received for some years now great attention and has been


subject of theoretical and experimental researches [1]. An


extensive review on this subject has been given by Park et


al. [2]. This phenomenon, which plays an important role in


many aqueous solutions of biological objects, is of special


interest in gene therapy, where the complexation of DNA


with positively charged liposomes—thereby making the


contact with an usually negative cell membrane more


likely—has been intensively investigated [3–5]. Owing to


the complexity of self-assembly, it is reasonable to expect a


hierarchical self-assembled variety of structures, including


clusters of aggregated particles, polymer-coated particles,


tubular and lamellar or multilamellar structures, each of


them characterized by a broad size distribution. However,


their influence on the desired biological activity has yet to


be properly defined, and there is a lack of complete


characterization of the physico-chemical parameters


involved, despite the fact that, for biomedical application,


the stability, shape and size distribution of the complexes are


important. In fact, the size of lipoplexes is found to be


determinant in their transfection effectiveness since aggre-


gation has been recognized as the reason for the transfection


efficacy loss in liquid formulation with the increase of the


lipoplex size [6].


Moreover, in spite of extensive efforts in both theoretical


and experimental investigations carried out in the last


decade, a clear definition of the role of the parameters


governing the complex formation and their different struc-


tures is poorly understood and, surprisingly, little attention
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has been given to the stability of polyelectrolyte self-


assemblies, where interactions with polyions can result in


phase separation and structural rearrangements.


For example, cationic lipids forming liposomes when


mixed with DNA form a self-assembling supramolecular


complex (lipoplex) exhibiting a large variety of different


structures, whose temporal formation can be summarized as


follows [7,8]. Starting from liposomal vesicles 50–100 nm


in diameter, after DNA addition, spherical structures (lip-


oplexes) in the range of 200–500 nm with a relatively


narrow size distribution are formed, to which it follows the


formation of larger complexes, whose size increases with


time up to values of the order of 1–5 Am. The structural


transformation occurring in these systems have been attrib-


uted to processes involving bilayer rupture and fusion [9].


Due to thermodynamic instability, these structures have the


tendency to grow into larger aggregates over time, giving


rise to clusters of aggregated liposomes, tubular and multi-


lamellar structures, all of them highly heterogeneous with a


broad size distribution. Interestingly, the fraction of small


lipoplexes remains. Anionic liposomes mixed to polycations


behave similarly [10], providing further evidence that elec-


trostatic interactions are mainly responsible for liposome


aggregation and complex formation.


This is an unusual behaviour when compared to the


aggregation phenomena occurring in typical charge-stabi-


lized colloidal particles, where—in order to reduce the


electrostatic repulsion component—it follows the formation


of a cluster of continuously increasing size, which tends to


result in an infinite cluster, for a long time limit.


In the context of cationic liposome and nucleic acids


interactions, physical transformations yielding new colloids


are still poorly defined [11,12]. A relatively simpler system


is found if the biological polyelectrolyte, such as DNA, is


substituted with a synthetic polyion.


This paper is aimed at determining the phenomenological


behaviour of the time evolution of the structure and the


stability of charged colloidal particles in the presence of


oppositely charged polyions, which play, at a mesoscopic


scale, the role of small counterions in the salt-induced


aggregation of charge-stabilized hydrophobic colloids [13].


In this work, we investigated via dynamic light scattering


measurements the formation of aggregates resulting from


interactions of cationic liposomes with a linear flexible


polyanion of different molecular weights and at different


concentrations in the bulk aqueous phase. We used lip-


osomes built up of two different lipids, DPPC, a zwitterionic


lipid, and DOTAP, a positively charged lipid, and mixed


DOTAP–DPPC liposomes dispersed in an aqueous phase.


As polyelectrolyte, we employed polyacrylate sodium salt


(NaPAA) of different molecular weights (5.1, 60 and 225


kDa) in a wide concentration range to cover, in the bulk


solution, different concentration regimes—from semidilute


unentangled to concentrated regime.


We have found two different regimes, resulting in two


coexisting well-characterized structures of different sizes,


and the influence of polyion concentration, molecular


weight and polyion–liposome charge ratio was investigated


and is briefly discussed.


2. Experimental


2.1. Liposome preparation


Dioleoyltrimethilammoniumpropane (DOTAP) and


dipalmitoylphosphatidylcholine (DPPC) were purchased


from Avanti Polar Lipids (Alabaster, AL) and used without


further purification.


Appropriate amount of DOTAP or mixed DOTAP–


DPPC at the desired mole ratio was dissolved in a meth-


anol–chloroform mixture (1:1 vol/vol) and the solution was


placed in a glass vessel and allowed to form a dry film after


rotary evaporation of the solvent under vacuum overnight.


The film was then hydrated with 10 ml pure water at the


temperature of 42 jC for 1 h. The resulting mixture was


sonicated at a temperature of 25 jC for 1 h at continuous


power mode using a probe sonicator model Vibra-Cell


Sonics, until the solution appeared to be optically trans-


parent in white light. A homogeneous liposomal suspension


of unilamellar vesicles was obtained. The liposome suspen-


sion was then filtered through a 0.45-Am polycarbonate


filter (Millipore). Polyacrylate sodium salt [NaPAA] of


different molecular weights (5.1, 60 and 225 kDa) was


obtained from Polyscience. Polydispersity was Mw/


Mn < 1.3 for all the polymers investigated. Polyelectrolyte


solutions were prepared with distilled and deionized water


of low ionic conductivity (less than 1–2 AS/cm).


It was previously found [14,15] that the order of mixing


liposome and polymer components could affect the size and


size distribution of the different structures present in the


mixed suspension. In this light, the polymer solution at the


appropriate concentration (in all experiments) was added to


the liposome suspension, whose lipid concentration was


kept constant at about 1 mg/ml.


For all the molecular weights investigated, the viscosity


of polymer solutions employed has been measured at 25 jC
in a wide concentration range, and these values have been


used to correlate, through the Stokes–Einstein relationship,


the translational diffusion coefficient DT, obtained from the


dynamic light scattering measurement, to the particle hydro-


dynamic radius RH.


2.2. Dynamic light scattering measurements


Due to the Brownian motion of particles moving in the


solution, scattered light fluctuates in intensity. The homo-


dyne intensity–intensity correlation function g(2)( q,t) was


measured at a scattering angle of 90j with a Brookhaven


(BI-9000AT) digital correlator using a laboratory-built setup


equipped with a 10-mW He–Ne laser. For a Gaussian


distribution of the intensity profile of the scattered light,
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g(2)( q,t) is related to the electric field correlation function


g(1)( q,t) by


gð2Þðq; tÞ ¼ Að1þ Bðgð1Þðq; tÞÞ2Þ ð1Þ


where A and B are the experimental baseline and the


constant depending on the optic system, respectively, and


g(1)( q,t) is given by


gð1Þðq; tÞ ¼
Z l


0


GðCÞexpð�CtÞdC: ð2Þ


Here, G(C) is the normalized number distribution function


for the decay constant C = q2DT where q=(4pn/k)sin(h/2) is
the scattering vector, n is the refractive index of the medium


and DT is the traslational diffusion coefficient related to the


hydrodynamic radius RH by the Stokes–Einstein relation-


ship


DT ¼ kBT


6pgRH


ð3Þ


where kBT is the thermal energy and g is the viscosity of the


medium. For systems having a narrow size distribution, the


diffusion coefficients of aggregates were determined by


fitting the data using a cumulant expansion [16,17] given by


lnðgð1Þðq; tÞÞ ¼ �q2hDTi t þ 1=2l2q
4t2 þ Oðt3Þ ð4Þ


where hDTi is the mean of the diffusion coefficient and l2 is
the variance of the distribution, with a measure of the


polydispersity given by


Q2 ¼ l2


hDTi2
: ð5Þ


For systems having polydispersity, intensity-weighted dis-


tributions of the hydrodynamic radii were determined from


the autocorrelation function using a Laplace inversion


routine, which employs the constrained regularization


method (CONTIN program) [18], searching for the smooth-


est non-negative solution for G(C) that is consistent with the


experimental data. More detailed information about the size


distribution of polydisperse systems by means of a Laplace


inversion of the correlation function can be found elsewhere


[19–23].


3. Results and discussion


An example of size distribution as measured by dynamic


light scattering of sonicated and 0.45-Am filtered DOTAP


liposomes is given in Fig. 1. Mixed DOTAP–DPPC lip-


osomes behave similarly. The average diameter was found


to be around 80 nm; this value is constant over long period


of time, up to days or weeks. A typical correlation function


of the normalized scattered electric field is shown in the


inset of Fig. 1.


We investigated the time evolution of complexes formed


by DOTAP or DOTAP–DPPC liposomes in the presence of


negatively charged polyelectrolytes (polyacrylate sodium


salt) of different molecular weights and at different bulk


concentrations. The kinetics of this complex formation


involves at least two different mechanisms, resulting, in


some cases, in the simultaneous presence of two well-


differentiated structures, the typical sizes of which lie in


the range 100–500 nm and 1–5 Am, respectively.


The time evolution of these two aggregates are shown in


Figs. 2–4 for DOTAP liposomes in the presence of NaPAA


of molecular weights 5.1, 60 and 225 kDa, respectively, at


different polymer concentrations. Similar dependencies are


shown in Figs. 5 and 6 for the mixed DOTAP–DPPC


liposome systems, in the presence of the same polyelectro-


lyte.


In order to characterize the various structures in the


different experimental conditions investigated, we intro-


duce, following Radler et al. [24], two dimensionless


parameters, L/P=(L+ + L0)/P, defined as the lipid (L)-to-


polyelectrolyte (P) mass ratio, where L+ and L0 are the


weight of the cationic and the zwitterionic lipids, and the


parameter n defined as the lipid to polyelectrolyte charge


ratio


n ¼ Lþ


MwðLþÞ
MwðPmonÞ


P
ð6Þ


where Mw(L
+) and Mw(Pmon) are the molecular weights of


the charged lipid and polyion monomer, respectively.


In the presence of polymers of low molecular weight


(Mw = 5.1 kDa), the resulting aggregates are stable up to a


charge ratio of about n = 0.004 (excess of polyelectrolyte


charge) and only at lower values of n there is an increase in


the aggregate average size, that, starting from 100 to 200


nm, reaches at long time values of around 1 Am.


Fig. 1. A histogram of the average diameter of the unimodal distribution of


DOTAP liposomes as determined by dynamic light scattering data. The full


line is calculated on the basis of a log-normal distribution. In the inset, a


typical normalized autocorrelation function g(1)(t), fitted according to a


second-order cumulant expansion (Eq. (4)) is shown.
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In all of these systems, we observe a relatively narrow


monomodal distribution well described by a log-normal


distribution [21]


f ðRÞ ¼ expð�d2=2Þffiffiffiffiffiffi
2p


p
R0d


exp � lnR� lnR0


2d2


� �
ð7Þ


where R0 is the peak value and d is related to the relative


variance r2 by d2 = ln(1 + r2).


In the presence of polymer with higher molecular weight


(Mw = 60 and 225 kDa), the stable monomodal size distri-


bution structure is maintained over a wider range of n
values; however, beside these values, a bimodal distribution


appears with the component of smaller size stable as a


function of time and that of larger size continuously increas-


ing with time, up to the formation of large flocs. A typical


behaviour is depicted in Fig. 7, where the log-normal


distributions of the liposome size at a given time during


the aggregation process, for different values of n, are shown.
As can be seen, at n < 1, the distribution splits into two well-


separated distributions corresponding to the stable and the


time-increasing structure, respectively. It worthy to note that


this peculiar phenomenology depends on the polymer


molecular weight, so that the stability of the system is


governed not only by the charge ratio n but also by this


parameter. A schematic view of the extension of the region


Fig. 5. The time evolution of the average diameter h2Ri of mixed DOTAP–


DPPC liposomes (0.6:0.4 wt/wt) in the presence of NaPAA of molecular


weight 60 kDa, for different values of the charge ratio n: (5) nc 2.0; (o)


nc 0.04; (x) n c 0.02; (q) nc 0.002. The average diameters are derived


from the CONTIN analysis. Also in this case, we observe a unimodal size


distribution for n[0.04 and a bimodal distribution for n= 0.02 (both the


peak (indicated by the same symbol (x) of the two distributions are shown).
At very high polymer concentration ((L+ +L0)/P= 0.002), a new unimodal


distribution appears.


Fig. 2. The time evolution of the average diameter h2Ri of DOTAP–


NaPAA complexes for different values of the charge ratio n: (5) nc 0.25;


(o) nc 0.025; (D) nc 0.004; (z) nc 0.002; (x) nc 0.0015. The


polymer molecular weight is Mw = 5.1 kDa. The average diameters are


derived from the CONTIN analysis and, for all the samples investigated, a


monomodal size distribution is observed.


Fig. 3. The time evolution of the average diameter h2Ri of DOTAP–


NaPAA complexes for different values of the charge ratio n: (5) nc 7.5;


(o) nc 1.9; (D) nc 0.2; (x) nc 0.13. The polymer molecular weight is


Mw = 60 kDa. The average diameters are derived from the CONTIN


analysis. In this case, we observe a unimodal size distribution for n[0.2


and a bimodal distribution for n= 0.13 (both peaks—indicated by the same


symbol (x)—of the two distributions are shown).


Fig. 4. The time evolution of the average diameter h2Ri of DOTAP–


NaPAA complexes for different values of the charge ratio n: (5) nc 8.1;


(o) nc 3.9; (D) nc 1.9; (x) nc 0.2. The polymer molecular weight is


Mw = 225 kDa. The average diameters are derived from the CONTIN


analysis. In this case, we observe a unimodal size distribution for n[1.9


and a bimodal distribution for n= 0.2 (both peak—indicated by the symbol


(x)—of the two distributions are shown).
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of the stable, small size, aggregate and the unstable larger


size structures for various values of the charge ratio n and


molecular weight is shown in Fig. 8.


The simultaneous presence of two kinds of structures is


unusual in the typical behaviour of charge-stabilized colloi-


dal suspensions, where the reduction of the electrostatic


interactions yields to a cluster formation with a unique size


distribution, continuously spreading with time, until an


infinite cluster fills the whole system.


As far as the first component is concerned, the aggrega-


tion mechanism can be rationalized in the following scheme.


In the low polyion concentration regime, NaPAA polymer is


adsorbed onto the liposome surface. Liposome collision


promotes bridging, leading to the formation of globules


which include few liposomes. The adsorbed layer thickness


d depends on the polymer molecular weight Mw, according


to the scaling relationship [25–28]


d ¼ RH � RH0 ¼ aM m
w ð8Þ


where RH and RH0 are the hydrodynamic radii of polymer-


coated and bare liposome particle, respectively, and m is an


exponent varying between 0.5 and 1. The prefactor a


indicates the monomer size. Within this framework, it is


noteworthy that, within defined polymer concentrations, the


exponent v approximately assumes the same value, inde-


pendently of the charge ratio. At higher concentrations, a


gradual desorption occurs, inducing a depletion floccula-


tion. Hydrophobic association between chains, which are


adsorbed on the particle surface, leads to the formation,


upon particle collision, of a dimeric aggregate [29]. This


basic structure is stable until, with the increase of the


polymer concentration, the polymer–solvent interactions


prevail upon hydrophobic interactions and isolated poly-


mer-coated liposomes are newly favoured. When the poly-


mer concentration is further increased, a heavy coverage of


the liposome surface causes a depletion stabilization.


A schematic view of the evolution of the possible


aggregation process is depicted in Fig. 9 where, together


with the values of the exponent v deduced from Eq. (8) in


the different polyion concentration ranges, we sketched the


possible structural arrangement of the resulting aggregates.


When the charge ratio decreases (excess of polymer


charge) and the polymer molecular weight increases, the


second component, whose average size increases, appears.


Fig. 8 shows the region of existence of both the ‘‘stable’’


and ‘‘unstable’’ aggregates, as a function of n and Mw, in the


Fig. 7. The histogram of the size distribution of DOTAP liposomes in the


presence of NaPAA of molecular weight Mw = 225 kDa, at different charge


ratios n: (A) n= 8.1; (B) n= 3.9; (C) n= 1.9; (D) n= 0.2. The full lines are
calculated on the basis of a log-normal distribution. The data refer to a


given time (t = 400 min) from the beginning of the aggregation process.


Fig. 6. The time evolution of the average diameter h2Ri of mixed DOTAP–


DPPC liposomes (1.6 molar ratio) in the presence of NaPAA of molecular


weight 225 kDa, for different values of the charge ratio n: (5) nc 2.0; (x)
nc 0.08; The average diameters are derived from the CONTIN analysis.


We observe a unimodal size distribution for n[2.0 and a bimodal


distribution for n= 0.08. In this case, both peaks—indicated by the same


symbol (x)—of the two distributions are shown.
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range investigated. It is noteworthy that, in the case of


mixed DOTAP–DPPC liposomes, the boundary above


which the increasing component appears, is shifted towards


higher molecular weight values, suggesting a fine interplay


between the liposome surface charge and the polymer


conformation in the bulk solution.


We have recently measured [30] the viscosity of NaPAA


aqueous solutions in a wide concentration range and have


observed three different regimes characterized by different


exponents in the viscosity–concentration scaling law


gcCa ð9Þ
which corresponds to regions with different polymer con-


formations, i.e., semidilute unentangled regime (with expo-


nent 1/2), semidilute entangled regime (with exponent 3/2)


and concentrated regime (with exponent 15/4). The concen-


trations at which the different regimes occur are approxi-


mately C = 0.03–0.04 and 0.1–0.15 g/ml for semidilute


unentangled–entangled and entangled–concentrated regime,


respectively. These values compare reasonably well with


those for which we observe, for the two higher molecular


weights investigated, with the presence of a large size, time-


dependent, component. For NaPAAwith a molecular weight


Mw = 5.1 kDa, the transition from entangled and concentrated


regime is shifted towards higher values, in agreement with the


finding from dynamic light scattering measurements, where


the beginning of the cluster growth occurs for L+/P>0.015,


corresponding to a charge ratio n>0.002.
As far as the second, time-dependent, component is


concerned, flocs held together by polymer chains undergo


a reorganization resulting in the formation of clusters that


comply with a fractal morphology. The kinetics of aggre-


gation is, as usual, described by dynamical scaling [31,32],


and the time evolution of the average hydrodynamic radius


of the resulting clusters is given by


RHðtÞ ¼ RHð0Þ
t


t0


� �b


ð10Þ


where b = z/D, with D as the fractal dimension of the cluster


and z as the kinetic exponent.


The value of the parameter b for DOTAP and mixed


DOTAP–DPPC liposome suspensions in the presence of


NaPAA of different molecular weights and in the concen-


tration range of 1–100 mg/ml is shown in Fig. 10. As can be


seen, when the lipid/polyelectrolyte charge ratio n and/or the


lipid/polyelectrolyte mass ratio, L/P, allows the presence of


a component whose size increases with time, the b data


scatter around the value predicted in the diffusion-limited


cluster aggregation (DLCA) regime, assuming for the fractal


Fig. 9. The exponent assumes m of Eq. (8) as a function of the NaPAA


concentration for pure DOTAP and mixed DOTAP–DPPC liposomes.


Three different regions are evidenced to which correspond three typical


aggregates (monomodal size distribution) whose hypothetical structure are


also sketched. At concentration higher than 1 Amol/l, a bimodal distribution


appears and large, time-dependent, aggregates coexist with small stable


aggregates.


Fig. 8. The region of existence of the ‘‘small’’ component and ‘‘large’’


component for pure DOTAP (full line) and mixed DOTAP–DPPC (0.6:0.4


wt/wt) (dotted line) in the presence of NaPAA of different molecular


weights and for different charge ratios.


Fig. 10. The kinetic exponent b of the power-law dependence of the


hydrodynamic radius as a function of time for pure DOTAP and mixed


DOTAP–DPPC liposomes in the presence of NaPAA of different molecular


weights. The data are plotted as a function of the polymer concentration:


(o) DOTAP–DPPC (0.6:0.4 wt/wt), Mw = 225 kDa; (w) DOTAP–DPPC
(0.6:0.4 wt/wt), Mw = 60 kDa; (.) DOTAP; Mw = 225 kDs; (x) DOTAP;
Mw = 60 kDa; (n) DOTAP; Mw = 5.1 kDa. The dotted line represents the


calculated value assuming the fractal dimension of the cluster Df = 1.86.
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dimension D the value of D = 1.86 [31,32]. It must be noted,


however, that liposomes in the presence of NaPAA of low


molecular weight (Mw = 5.1 kDa) behave differently, the


exponent b being zero (stable size distribution) at low


polyion concentration and increasing towards the expected


value at higher polyion concentrations. These results show


that the cluster growth kinetics can be described at long


times by power laws, except for the lowest molecular weight


polyion, in the low concentration regime, where the aggre-


gate growth is absent.


4. Conclusions


The cluster growth observed in this work can be sum-


marized in the framework of the following scenario. Lip-


osome–polyelectrolyte interactions give rise to two dif-


ferent structures of different typical size:


(i) small aggregates of average size between 100 and 500


nm, whose size remains constant as a function of time;


(ii) large clusters (flocculation of lipid–NaPAA complexes)


with size of the order of 500 nm or larger, with a


continuous time evolution up to structures as large as 5


Am in diameter. The size distribution of these complexes


depends strongly on the L/P mass ratio or the charge


ratio n. The appearance of this second component which


increases with time, although common to all the systems


investigated, depends on the polymer concentration and


molecular weight of the polyelectrolyte, and only above


some critical values does this structure form.


This behaviour differs from that observed in salt-induced


aggregation of charge-stabilized colloidal particle suspen-


sions, whose kinetics is generally described within the


diffusion-limited cluster aggregation (DLCA) or reaction-


limited cluster aggregation (RLCA) yielding, at long time,


an infinite size cluster [32,33]. In contrast, in the present


systems, there is a simultaneous presence of two different


types of aggregates, i.e., a stable small-size aggregate and an


unstable large-size aggregate, whose growth behaviour is


reminiscent of that observed in usual charged colloidal


systems. It is noteworthy that the relative percentage of


the two populations are generally comparable, so that two


different aggregation processes are present. These character-


istics can be relevant in transfection efficiency in the intra-


cellular delivery of nucleic acids, where size stability exerts


a major influence. Moreover, the knowledge of the phase


diagram relating physico-chemical parameters to the aver-


age cluster size of heterogeneously formed complexes


would improve transfection efficiency conditions.
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Abstract


This work reports a technique for the stabilization after storage in air of a lipid film with incorporated resorcin[4]arene receptor based


biosensor for dopamine. Microporous filters composed of glass fibers (nominal pore sizes, 0.7 and 1.0 Am) were used as supports for the


formation and stabilization of these devices and the lipid film is formed on the filter by polymerization prior its use. Methacrylic acid was the


functional monomer, ethylene glycol dimethacrylate was the crosslinker and 2,2V-azobis-(2-methylpropionitrile) was the initiator. The


stability of the lipid films by incorporation of a receptor for the preparation of stabilized lipid film biosensor is studied throughout this work.


The response towards dopamine of the present stabilized for repetitive uses lipid membrane biosensor composed of dipalmitoyl


phosphatidylcholine and dipalmitoyl phosphatidic acid was compared with planar freely suspended bilayer lipid membranes (BLMs). The


stabilized lipid membranes provided similar artificial ion gating events as BLMs in the form of transient signals and can function for


repetitive uses after storage in air. However, the response of the stabilized lipid films was slower than that of the freely suspended BLMs. This


will allow the practical use of the techniques for chemical sensing based on lipid films and commercialization of these devices, because it is


now possible to prepare stabilized lipid film based biosensors and store them in the air.


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


Perturbation of the structure of artificial lipid membranes


can be monitored by electrochemical methods, and this


offers opportunities for development of chemically selective


biosensors [1]. A large number of biochemical reactions


based on enzyme-substrate, antibody–antigen, lectin–sac-


charide and hormone–receptor interactions have been moni-


tored by observation of the transmembrane ion current [2].


Electrochemical methods offer the simplest route for signal


detection than other techniques such as optical, etc., techni-


ques. Optical and differential scanning calorimetric methods


have been widely used to explore the mechanism of signal


generation.


Significant progress has recently been achieved in the


design, analytical applications and stabilization of biosen-


sors based on lipid films. This type of biosensor provides a


generic method for transduction of selective binding events


into an analytical signal, and offers advantages such as high


sensitivity and fast response times. In addition, lipid films


can be excellent host matrices for the maintenance of the


activity of many biochemically selective species, such as


enzymes, antibodies and molecular receptors. The analytical


utility of these devices has recently been demonstrated in a


number of experiments [3,4]. A recent review article pro-


vides the analytical applications of lipid-based biosensors


[2].


The inherent fragility of freely suspended bilayer lipid


membranes (BLMs) remains a major obstacle preventing the


use of BLMs as practical biosensors. The membranes


collapse in response to even weak mechanical or electrical


shock. Bilayer lipid membranes that were stable to mechan-


ical and electrical shock for periods of time greater than 48 h


were reported in literature [5–10]. Self-assembled BLMs at


the surfaces of freshly cleaved metal electrodes have been


reported by a number of groups to be stable for uses in


biological matrices [11–13]. For example, such metal-


supported lipid films were found to be stable in urine and


human serum for more than 5 h [12,13]. Microfiltration


filters have been examined as mechanical supports for


planar BLMs for flow through experiments [14]. However,
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in almost all reports about stabilized BLMs, the important


criterion of stability of these membranes that is storage in air


for repetitive uses has not been reported in literature up to


date. No reports were given up to date that describe the use


of lipid films based biosensors after storage in air. This has


prohibited the scale-up production of these biosensors for


possible commercialization.


This paper describes the design of the formation and use


after storage in air of a stabilized lipid film based biosensor


with incorporated with incorporated resorcin[4]arene recep-


tor by polymerization on microporous filtering media such


as glass fibers. The novelty of the present paper is the


stabilization of lipid films after storage in air with an


incorporated receptor. A technique for the preparation of


polymerized filter-supported micro-BLMs and incorporation


of the receptor is described herein, and is investigated in


terms of simplicity for membrane preparation and for


stability of BLMs after storage in air when are immersed


in electrolyte solution. The response towards dopamine of


these stabilized lipid membrane devices composed of dipal-


mitoyl phosphatidylcholine (DPPC) and dipalmitoyl phos-


phatidic acid (DPPA) was compared with planar freely


suspended BLMs. These stabilized lipid films provide


similar response to freely suspended BLMs (i.e., artificial


ion gating events in the form of transient signals) and can


function for repetitive uses after storing in air. However, the


time response was larger as compared with the freely


suspended BLMs. The present technique will make possible


the practical use of techniques based on lipid films for


chemical sensing and allow commercialization of these


devices.


2. Experimental


2.1. Materials and equipment


Dipalmitoyl phosphatidylcholine (C18:0) (DPPC) and


dipalmitoyl phosphatidic acid (DPPA) were supplied by


Sigma (St. Louis, MO) and were used as lipids for the


formation of BLMs and monolayer membranes. Dopamine


was also purchased from Sigma. The functional monomer,


methacrylic acid, and the crosslinker, ethylene glycol dime-


thacrylate, were both supplied by Aldrich (Aldrich-Chemie,


Steinheim, Germany). The initiator, 2,2V-azobis-(2-methyl-


propionitrile) (AIBN), was supplied by Merck KgaA


(Darmstadt, Germany). Water was purified by passage


through a Milli-Q cartridge filtering system (Milli-Q, Milli-


pore, El Paso, TX, USA) and had minimum resistivity of 18


MV cm). All other chemicals were of analytical-reagent


grade. The filters and (nominal) pore sizes used were glass


microfiber (0.7 and 1.0 Am, Whatmam Scientific, Kent,


UK). The receptor molecule (2, 8, 14, 20-tetraundecylpir-


ogallol[4]arene) was synthesized as follows: 3.2 ml of 12 M


HCl was added into a 20-ml solution of pyrogallol and


dodecanal in ethanol containing 1.26 g of pyrogallol and


1.84 g of dodecanal at 0 jC under argon. The mixture was


refluxed for 6 h and the precipitate was filtered, washed with


ethanol, recrystallized from acetonitrile and dried at 80 jC
in vacuo. The yield (1.4 g) was a pink powder with melting


point of 273 jC. 1H NMR [(CD3)2CO] analysis has given


the following results (ppm relative to TMS): y 0.90 (t, 12H,


Me), 1.30 (bs, 72H, CH2), 2.35 (m, 8H, CH2), 4.33 (t, 4H,


methane), 7.15 (s, 4H, ArH), 7.24 (s, 4H, OH), 8.20 (s, 8H,


OH). Water was purified by passage through a Milli-Q


cartridge filtering system (Milli-Q, Millipore) and had


minimum resistivity of 18 MV cm). All other chemicals


were of analytical-reagent grade.


The apparatus for the formation of stabilized lipid films


consisted of two plexiglass chambers separated by a Saran-


Wrapk (PVDC; DowBrands, Indianapolis, IN) partition of


a thickness of ca. 10 Am). This apparatus has been described


previously [15]. The lipid film is formed on a microporous


filter by polymerization prior its use. Methacrylic acid was


the functional monomer for the polymerization, ethylene


glycol dimethacrylate was the crosslinker and 2,2V-azobis-
(2-methylpropionitrile) (AIBN) was the initiator.


A Ag/AgCl reference electrode was placed in the circular


hole and an external 25 mV d.c. voltage was applied across


the lipid membrane between the two reference electrodes. A


digital electrometer (Model 614, Keithley Instruments,


Cleveland, OH) was used as a current-to-voltage converter.


The electrochemical cell and electronic equipment were


isolated in a grounded Faraday cage.


2.2. Procedures


Stabilized lipid films were prepared by polymerization


as follows [16,17]: 5 mg of a mixed lipid powder


comtaining 65% (w/w) of DPPC, 35% (w/w) DPPA and


0.26 mg of receptor were mixed with 0.070 ml of


methacrylic acid, 0.8 ml of ethylene glycol dimethacrylate,


8 mg of 2,2V-azobis-(2-methylpropionitrile) and 1.0 ml of


acetonitrile. Methacrylic acid was the functional monomer


for the polymerization ethylene glycol dimethacrylate was


the crosslinker and 2,2V-azobis-(2-methylpropionitrile)


(AIBN) was the initiator. The mixture was sparged with


nitrogen for about 1 min and sonicated for 30 min. This


mixture could be stored in the refrigerator. For the


preparation of the stabilized lipid films, 0.15 ml of this


mixture was spread on the microfilter and was left at 60


jC for 12 h. The polymerization is described in Fig. 1.


This microporous filter disk (diameter of approximately 9


mm) with the stabilized lipid film was placed between the


two plastic layers, with the filter centered on the 0.32 mm


orifice.


The Saran Wrap partition with the filter in place was


then clamped between the plexiglass chambers. The parti-


tion extended beyond the limits of the edges of the


chambers so that no ion current leakage could occur around


partition. The presence of the lipid membrane was verified


by the magnitude of the ion current obtained. When the ion
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current stabilized (over a period of less than 5 min), the


solution of dopamine was injected in one solution compart-


ment using continuous gentle stirring. All experiments were


done at 25F 1 jC. These membranes were stable in storage


in air for repetitive uses. The lipid films were supported in


a 0.1 M KCl electrolyte solution. The stock aqueous


solutions of dopamine were 0.0100 and 0.0010 M. The


dilute dopamine solutions were prepared daily just before


use.


3. Results and discussion


The aim of this work was to establish a reliable method


for preparation of stabilized in storage in air of lipid


membranes with incorporated receptor that could be used


after storage outside the electrolyte solution. The prepara-


tion of such stabilized in the air lipid films with incorporated


receptor for repetitive uses has not been reported in liter-


ature up to date.


Fig. 1. A schematic version of polymerization stage and preparation of polymerized lipid membranes.
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In this work aspects of filter-supported BLMs [14] were


combined with molecular imprinted polymer [16] contain-


ing lipid to provide a basis for the preparation of these


stabilized lipid films. Accordingly, an amount of 5 mg of


lipid was found adequate for the formation of polymerized


filter-supported BLMs. Over 99% of attempts of lipid film


formation were successful and it was found that these lipid


films could be reused after use and storage outside the


electrolyte solution, making it unnecessary to reconstruct


another lipid membrane.


The glass microfiber filters covered the standard 0.32


mm aperture that we have commonly used to prepare filter


supported lipid membranes for flow through experiments


[14]. These devices have been extensively studied and


details of preparation of these devices are given elsewhere


[14]. However, an important aspect of these biosensors for


possible commercialization (i.e., stability of the membrane


outside the electrolyte solution) has not been successful up


to date. It has been found that these membranes can only be


stable outside the electrolyte solution for only 10 min or less


[18]. It was found that the electrolyte solution could be


brought below the level of the elliptical hole for periods of


only 10 min or less, and then could be raised again without


failure of the BLMs. Such an experiment done over periods


of more than 10 min would lead to disruption of the BLM


network, likely due to loss of hydration at the membrane/


electrolyte interface.


The observed stability of these lipid films for storage in


air was a result of the use of supports with reduced


diameters of aperture size [14] and polymerization structure


of these films. Similar polymerization has been described in


literature for preparation of molecular imprinted polymer


[16]. The lipid is probably enclosed in the polymer through


electrostatic forces [17]. These forces retain the lipid for


multiple uses after storage in air and at the same time allow


response similar to freely suspended BLMs.


Typical values for the specific resistance of the lipid


membranes used in our studies were about 107 V cm2.


These results were calculated from the steady-state values of


current when applying voltage increments of 20 mV in the


range 0–300 mV. These values are similar to freely sus-


pended BLMs. Measurements of membrane capacitance


could indicate whether these films have a bilayer structure


and will provide a value of membrane thickness [15].


However, the exact value of membrane capacitance in our


case cannot be calculated because it is unknown whether a


single lipid membrane occupies the total area of a filter


paper, or whether an undefined number of micro-BLMs


cover only the apertures of the filter.


The thickness of the polymerized filter-supported lipid


films and whether these films were bimolecular was esti-


mated by conductance alterations that were induced when


the channel-forming agent gramicidin D was added to the


electrolyte [15]. Injections of gramicidin-D at various con-


centration levels 1.0, 10 and 100 AM were made in the


electrolyte solution, but the conductance did not increase. It


is known that gramicidin does not induce conductance


changes if the lipid membrane is thicker than one bilayer.


These experiments have shown that the polymerized filter-


supported lipid films do not have a bimolecular structure,


but most probably consist of a multilayer of lipid. The


structure of the present polymerized filter-supported lipid


films is under further investigation by the use of scanning


electron microscopy experiments.


The chemical response characteristics of these polymer-


ized filter-supported BLMs were compared with those of


freely suspended BLMs using dopamine. The insertion of a


receptor in BLMs may increase the selectivity or sensitivity


of the device [2]. Recent report has explored electrochemi-


cally the interactions of dopamine with surface-stabilized


bilayer lipid membranes (s-BLMs) that could be used for the


direct sensing of dopamine [19]. s-BLMs supported on


metal wire were used to construct a minisensor which


rapidly and sensitive responded to dopamine [19]. The


interactions of dopamine with these membranes were found


to be electrochemically be transduced by s-BLMs observed


as ion current increases which reproducibly appeared within


a few seconds after exposure of the lipid membrane to


dopamine. The magnitude of the current signal increases


was related to the concentration of dopamine in bulk


solution in the micromolar range (0.65–6.5 AM).


Fig. 2 shows a representative experimental result ob-


tained with injections of dopamine by using the present


stabilized lipid films. It can be seen that the lipid membranes


shows a response towards dopamine similar to that of freely


Fig. 2. Typical recordings of the stabilized lipid film biosensor responses to


dopamine concentration changes in electrolyte solution. Dopamine


concentration (AM) in solution is: (A) 0.20; (B) 0.50; (C) 1.00; (D) 1.5;


(E) 2.0; (F) 3.0; and (G) 4.0. The electrolyte solution was 0.1 M KCl. The


injection of samples was made at the beginning of each recording.


Experiments were done at 25F 1 jC.
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suspended BLMs (i.e., transient ion current signals) [19].


The time delay for the appearance of the transient currents


using these polymerized lipid films was, however, longer


than that of freely suspended BLMs (i.e., 46F 4 s, N = 11,


range 43–52 s). The results have indicated that the analyti-


cally useful concentration range for dopamine determination


is between 0.2 and 2.0 AM and the current was also related


to dopamine concentration [Fig. 3, DI (pA) = 16.8 C (AM)+


2.30, r2 = 0.998]. The detection limit (based on the lowest


concentration that could be measured) was 0.1 AM. The


calibration graph declines from linearity above ca. 2.5 AM
concentration of dopamine probably due to saturation of the


sensor in dopamine. This does not limit in practical terms


the working concentration of the device because the linear


working range is one decade of dopamine and the relation-


ship between signal and concentration is linear and not


logarithmic relationship as it is noted in ion selective


electrodes. The reproducibility of chemical sensing of dopa-


mine by the use of polymerized filter-supported lipid films


is between F 4% to F 7% (e.g., RSD= 4.6% for 1 AM of


dopamine, N = 5, see Fig. 3). Dopamine additions have been


made at different times after membrane formation and


stabilization. Only after addition of dopamine were the


transient currents of Fig. 2 observed.


The polymerized filter-supported BLMs used in our


experiments provide the major advantage that they could


be reused after storage in air. Such lipid membranes were


stored in air for more than a month and provided stability


and response to dopamine. For example, after 1 month in


air, the reproducibility varied between F 5% and F 7%. A


main aspect of the polymerization step was that the poly-


merization should take place in 12 h. Times of polymer-


ization less than 12 h (i.e., 4 and 8 h) provided polymers


with reduced stability in electrolyte solution and were prone


to breakage after a mechanical or electrical shock.


The operational stability of the present biosensor was


found not to practically depend on analyte concentration,


continuous/sequential contact with the analyte solution,


temperature up to about 37F 1 jC, pH (in the range 3–


8) presence of alcohol up to 60% w/w. Other organic


solvents could not be tried because of the response of the


BLM electrochemistry (i.e., measurement of ionic current


in organic solvents is impossible). The stability of the


sensor was strongly dependent whether the polymerized


lipid membrane was horizontal or vertical. An ammonium


gas electrode body was used to prepare a device that may


be used as an electrode in which the ultrafiltration mem-


brane with the polymerized containing the lipid membrane


was placed at the bottom of the electrode and the internal


filling solution was the same as the electrolyte solution. It


was found that the lipid membrane was stable for about


half an hour.


A biosensor, in general, needs chemical selectivity of


analytes against interfering substances, which is usually


implemented by incorporating a receptor in the supporting


membranes. This is true also in the case of a lipid


membrane based biosensors and in principle the incorpo-


ration of receptor molecules in the lipid film provides the


chemical selectivity or it may even increase the sensitivity


of the method [2]. Therefore, interference studies were


performed with the present sensor in the presence of the


selective receptor in a competitive study (i.e. both dop-


amine and interferent together in solution) and included


investigation of most commonly found compounds in a


wide range of real samples, i.e., commercial pharmaceut-


ical preparations, foods, biofluids, etc. The compounds


examined as interferents were: maltodextrin (15000 + 1),


dextrose (15000 + 1), fructofuranose (15000 + 1), ascorbic


aid (7500 + 1), lactose (1500 + 1), sorbitol (1500 + 1), man-


itol (1500 + 1), glucose (1500 + 1), leucine (1500 + 1), car-


boxymethylcellulose (150 + 1), glycine (1500 + 1), calcium


phosphate (150 + 1), tartrate, citrate, bicarbonate and ben-


zoate ions (1500 + 1), calcium silicate (1500 + 1), caffeine


(1500 + 1), urea (15000 + 1), uric acid (150 + 1) and aspar-


tame (1500 + 1). No significant interferences were noticed


from the presence of these compounds (i.e., the relative


error in all the cases was less than 5%) (Table 1).


To adapt the above electrochemical sensor of dopamine


in real samples of human biofluids, matrix effects due to


proteins have to be investigated and possible interferences


to be eliminated. Control experiments using a buffered


bovine serum albumin solution of concentration similar to


that found in human biofluids (6–8% w/v in human serum


and 50–140 mg/100 ml in urine) were performed. The


results have shown that no interference is observed for


concentrations of albumin up to 322 mg/100 ml. For larger


concentrations, interference from albumin in the form of


random ion current transients of no discrete pulse height


due to protein adsorption in BLMs occurred after 2.5 min


from the injection of albumin in the electrolyte solution.


Therefore, the present sensor could be used for the rapid


detection of dopamine in human urine. However, if the


sample was human serum, the sensor cannot be used for
Fig. 3. Calibration of dopamine determination. The results are mean of five


determinations.
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many repetitive uses due to the interferences from proteins.


Research is therefore now targeted to use the present sensor


in flow injection systems that eliminate the interferences


from proteineous molecules [14].


Dipalmitoyl lecithin throughout all our studies for the


preparation of polymerized lipid films because this lipid is


characterized and very stable, whereas egg lecithin exhibits


an instability in air explosion for storage in air for long


periods of time (i.e., oxidation of unsaturated lipids). We did


not notice any change of resistivity of these polymerized


films composed of DPPC after long storage in air. Therefore,


presently BLMs composed of DPPC were selected for our


experiments.


4. Conclusions


Our present results indicate the preparation of a mini-


sensor based on polymerized stabilized lipid film with


incorporated receptor having extremely fast response times


(speeds of a few s) for the rapid screening of dopamine that


potentially could be commercialized. The use of micro-


porous filters to prepare stabilized lipid films goes back to


1970s [20] and their use for flow injection experiments back


in 1995 [14,21,22]. However, the use of molecular


imprinted technology that was recently reported in literature


(1999) [16] has made possible the preparation of stabilized


lipid films that could be stored outside the electrolyte


solution (i.e., in the air) for periods of time more than one


month. The results have shown that these polymerized


stabilized lipid films can be reused after storage in air even


after a period of a month and can be reproducibly fabricated


with simplicity and low cost. The present technique now


opens the route for commercialization of lipid film based


biosensors. The technique can be used as a stabilized sensor


for the rapid detection of dopamine, and keeps prospects for


potential applications for the selective continuous monitor-


ing of dopamine in urine of athletes by using filter supported


BLMs [14,21,22]. Research is therefore targeted to the


application of the present technique in real samples that


may contain proteins, such as urine of athletes.
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Table 1


Results of interference studies


Dopamine


(AM)


Peak


height (pA)


Interferent Peak


height (pA)


1.00 19.1F1.0 7.5 AM ascorbic acid 20.0F 1.0


1.00 19.1F1.0 300 mM ascorbic acid 19.7F 0.9


1.00 19.1F1.0 15 mM maltodextrin 19.2F 0.5


1.00 19.1F1.0 15 mM dextrose 19.0F 0.6


1.00 19.1F1.0 15 mM fructofuranose 19.2F 0.3


1.00 19.1F1.0 1.5 mM lactose 18.5F 0.4


1.00 19.1F1.0 1.5 mM sorbitol 18.8F 1.0


1.00 19.1F1.0 1.5 mM manitol 18.9F 0.4


1.00 19.1F1.0 1.5 mM glucose 18.6F 1.0


1.00 19.1F1.0 1.5 mM leucine 19.3F 0.7


1.00 19.1F1.0 150 AM carboxymethylcellulose 19.5F 0.6


1.00 19.1F1.0 1.5 mM glycine 18.7F 0.9


1.00 19.1F1.0 150 AM calcium phosphate 18.0F 0.8


1.00 19.1F1.0 1.5 mM tartrate 18.7F 0.2


1.00 19.1F1.0 1.5 mM citrate 18.6F 1.1


1.00 19.1F1.0 1.5 mM bicarbonate 18.9F 1.0


1.00 19.1F1.0 1.5 mM benzoate 18.7F 1.2


1.00 19.1F1.0 1.5 mM calcium silicate 20.0F 1.6


1.00 19.1F1.0 1.5 mM caffeine 18.3F 1.0


1.00 19.1F1.0 15 mM urea 18.0F 1.1


1.00 19.1F1.0 150 AM uric acid 18.2F 0.3


1.00 19.1F1.0 1.5 mM aspartame 18.4F 0.7
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Abstract


A simulation method is suggested which enables one to check whether a model for excitation energy exchange in an ensemble of dye


molecules fits available experimental data. In particular, this method may deal with photosynthetic units (PSUs) in which excitation migration


in antenna chlorophylls and their substantial trapping in reaction centers (RCs) take place. Its application to the purple bacteria has proved


that the model, which was generally accepted during the last 20–30 years, is in contradiction with recent experimental facts and thus requires


modernization. Two physical mechanisms are discussed: femtosecond polarization of mobile hydrogen atoms near the reaction center special


pair (‘‘water latch’’), and the presence of excitons delocalized over several core-bacteriochlorophylls (BChls). Our considerations give


evidence that neither of these mechanisms alone can resolve the conflict, but their cumulative action appears to be sufficient. Unfortunately,


these mechanisms were as yet only partially addressed experimentally.

D 2003 Published by Elsevier Science B.V.
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1. Introduction


All photosynthesizing organisms are known to form


phospholipid membranes which contain chlorophyll–pro-


tein complexes, i.e., light-harvesting complexes (LHC) and


reaction centers (RC). In photosynthetic bacteria, algae, and


plants tens to hundreds of light-harvesting (bacterio)chlor-


ophylls [(B)Chls] serve on the average one energy-convert-


ing reaction center (reviewed in Refs. [1,2]). Thus, the


problem arises how absorbed light energy is transferred


from the numerous ‘‘antenna’’ pigments to RCs. It was


clearly demonstrated that this energy transfer is achieved via


singlet electronic excitations ([3], reviewed in Refs. [1,2]),


in particular, in purple bacteria within the antenna BChls


and from their long wavelength core fractions to RCs.

1567-5394/03/$ - see front matter D 2003 Published by Elsevier Science B.V.


doi:10.1016/S1567-5394(03)00017-3


Abbreviations: RC, reaction center; PSU, photosynthetic unit; BChl,


bacteriochlorophyll; P2, BChl special pair in RC; BChl-a* and P2*, BChl-a


and RC special pair in singlet excited state, respectively; [P2
+X�], RC state


after completion of the primary electron transfer; X�, reduced primary


electron accepter; EE, electronic excitation in the first singlet state.
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Duysens [3] was the first to suggest the inductive-resonance


mechanism for this action, which was developed by Foerster


[4]. Subsequently, many authors have used the Foerster


theory, often without due consideration whether its applica-


tion is justified. Later extensive application of kinetic


methods of high time resolution has elucidated the most


important characteristics of these processes. Excitation life-


times of about 50 ps were found in antenna BChls of several


purple bacteria ([5–7], see also Refs. [1,2]), while the rate


constants ke for the primary charge separation in RCs were


measured to be about (3 ps)� 1 [1,2,8]. The latter process


was widely recognized to play the role of excitation trap-


ping. Until the middle of the 1980s, such a scheme could


reconcile all experimental data available in purple bacteria


provided one assumes the trapping-limited model of photo-


synthetic units (PSUs) (see, e.g., Refs. [9,10]). This concept


requires large rate constants ki,j from each donor molecule i


to at least one neighboring acceptor molecule j, especially


those between the RC special pair and its closest neighbors,


the core antenna BChl. It also requires that ki,jHkei
(3 ps)� 1.


Progress in crystallization of pigment–protein complexes


and their X-ray structural analysis enabled precise measure-


ments of intermolecular distances both in reaction centers


[11,12] and in antenna particles [13–15]. Many intermo-
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lecular distances are as short as about 10 Å, thus, suggesting


that in such molecular ensembles, singlet excitations may


exist as delocalized excitons. These works have laid the


basis for the revision of the migration mechanism in antenna


complexes (see Refs. [1,2] for details). However, the dis-


tances between closest BChl chromophores belonging to


different antenna complexes may be as long as about 20 Å


or even more [14], and here, excitation transfer remains


amenable to the Foerster theory. Note that these very ‘‘bottle


necks’’ determine the magnitude of the overall rate of


excitation fluxes from antenna BChls to the RC special pair.


Here, we demonstrated that, in the light of recent find-


ings, the currently accepted model requires a reevaluation.


Two physical mechanisms are considered and discussed


which may help to solve the problems encountered with


the currently accepted model of excitation energy transfer.

2. Modeling method


A modeling method was suggested [16] which enables


one to check the fit of models of limited pigment ensem-


bles to their sets of experimental data. It may be applied


not only to ‘‘pure Foerster systems’’ but also to condensed


dye ensembles or associates such as dimers in the role of


electronic excitation (EE) quenchers and, in particular, to


photosynthetic units (PSUs) with RCs acting as EE


quenchers.


Assume some arbitrary pigment ensemble with neighbor-


ing molecules close enough to exchange EE (see Fig. 1A).


The method implies the construction of some idealized


model consisting of the same molecules and quenchers,


but with optimal intermolecular migration rates. This is


demonstrated in Fig. 1B in which all molecules of Fig.


1A are arranged such (which is always possible mathemati-


cally) that they all have direct contacts with all quenching


centers present with equal rate constants of high values.


Such a construction serves two evident purposes: (i) it


reduces maximally the length of migration routes thus


making the ensemble of the trapping-limited type, and (ii)

Fig. 1. (A) Arbitrary model of an ensemble of spectrally homogeneous


molecules with n excitation deactivation centers. In the particular case n= 2


with deactivation centers labeled by @1 and @2. (B) The ideal


(mathematical) version of the model in (A), constructed as described in


the text. Every molecule has direct access to both deactivation centers and


all rate constants are equal.

it drastically reduces the number of differential equations


which describe the system.


This procedure can be generalized for a heterogeneous


ensemble. In this case, all molecules of spectral fraction ‘‘i’’


must have direct contacts with all of their ‘‘j’’ quenchers, the


spectral inhomogeneity being taken into account by the


ratios of the corresponding rate constants. Here, also the


rate constants ki,j must be so large that the lifetime calcu-


lated for such a model becomes only moderately sensitive to


their values, i.e., the model to be analyzed is close to the


trapping-limited one. In our model, the largest migration


rate constants were equal to 1012 s� 1 and their reduction to


0.5� 1012 s� 1 hardly caused noticeable changes.


The abovementioned simplifications evidently cause the


value of EE lifetime calculated for such an ideal model to be


smaller than the experimental one for the real ensemble. If it


is not the case, it inevitably follows that the model repre-


sentation of the molecular ensemble is incorrect and that


some additional factors are involved. This criterion will be


applied below to the currently accepted model of PSUs in


purple bacteria.

3. Modeling and discussion


The following idealized model for a typical PSU of


purple bacteria is suggested for the analysis (see Fig. 2).


(1) One PSU contains 30 core ‘‘antenna’’ BChls (Na = 30)


which are considered as 15 dimers and one RC (nrc = 2,


one P2 dimer).


(2) EEs in core-BChls and in P2 have equal energies.


(3) Core-BChls have the sum of trivial intramolecular los-


ses (EE conversion into triplet, oscillations, fluores-


cence and quenching in wasteful centers) equal to


kA =1.5� 109 s� 1 (weak EE quencher) [1,17].


(4) The value of the rate constant for primary e-transfer


(P2*! P2
+X�) is equal to ke=(3 ps)� 1 = 3.33� 1011 s� 1


(main EE quencher).


(5) In accord with our method, each core-BChl dimer can


exchange EE with the P2 dimer with the pairwise


constant ki,rc = km equal to that for the core-BChl dimer


which is in the best mutual orientation relative to the P2
special pair, and vice versa. As to the reversed EE


migration from the P2 dimer to all antenna dimers, it


evidently amounts to krc,a =RNaki,rc =RNakm=Nakm.


This basic scheme of the model can be represented by a


set of three differential equations. For a long time, the


available experimental data did not contradict such a model,


provided the distance between the P2 pairs and their closest


core-BChls was assumed to be rather short, and correspond-


ingly, the pairwise rate constants for EE migration between


them were assumed to range between 1011 s� 1 and 1013


s� 1. Such an ideal trapping-limited model yields the quan-


tum yield of primary charge separation within 90–95% and







Fig. 2. An ideal model of the photosynthetic unit of purple bacteria-type.


The core-BChls form a circle around the special pair. Each excited core-


BChl molecule has the same rate constant for EE migration to the P2 pair


(kj,rc = km) and similar rate constants for EE migration to its two neighbors


(ki,i + 1, ki,i� 1). EE back migration from the excited special pair to the core-


BChl ensemble is represented by an overall rate constant k rc,a. For further


explanation, see text.
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an extreme excitation lifetime in core-BChl, ta
mod, of about


40 ps [9,10], in good agreement with the experimentally


determined lifetime ta for many purple bacteria, ta
mod < ta =


50–60 ps [1,2]. However, data were later obtained [18–20]


which confirmed first measurements by Zankel et al. [21]


and indicate that only a minor portion of EE can return


from excited P2 pairs back to antenna core-BChl. It will be


demonstrated by means of our method that a computation


with the model presented above, using the data given in


Refs. [18–21], yields a value for t a
mod which is consider-


ably larger than the ta values measured in real purple


bacteria.


Let us analyze the model in Fig. 2 using points 1–5


mentioned above, and with the further simplification of one


P2 dimer being surrounded by 15 antenna BChl dimers


(instead of 30 monomers), as proposed by Scherz and


Rosenbach-Belkin [22]. There is a good reason for such a


view because the close parts of the k-electronic circuits of


the chromophores of the BChl special pairs are character-


ized by a spacing of about 5 Å [11,12], therefore, EEs are


most likely delocalized in the special pairs. The specificity


of exciton approaches to the core-BChl antennae (chromo-


phore spacing f 9.3 Å [15,22]) will be discussed in more


detail below. In accord with our method, all core-BChl


dimers have equal rate constants for EE migration to the


P2-RC dimer, ki,rc = km, where i = 1, 2,. . .,15 is the number


of the separate core-BChl dimers, and kmc 1012 s� 1.


According to points 1–5 above, the rate constant krc,a for


reversed EE migration from the excited P2 dimer to the


whole ensemble of core-BChl dimers becomes

krc;ac
XNa


i¼1


ki;rc ¼ kmNa=2 ¼ 15Km ð1Þ

The local dielectric permeability and mutual orientations of


molecules are similar in both directions. Therefore, in


accord with the principle of detailed balance, the ratio of


rate constants in both directions will approximate to


ki;rc=krc;a ¼ 0:5nrckm=ðkmNa=2Þ ¼ 1=15 ð2Þ


Now assume in accord with the data in Refs. [18–21] that


no more than 15% of EEs migrate from excited P2 pairs


back to the core-BChl (except for the BChl-b containing


Rhodopseudomonas viridis antennae whose migration


model is not yet clear). Within the framework of the model


of Fig. 2, this means that


krc;ai0:15ke1 ¼ 0:15 � 3:3� 1011s�1i5� 1010s�1 ð3Þ


and, by means of Eq. (2),


ki;rc ¼ krc;a=15ið330 psÞ�1 ð4Þ


It is evident that EE migration along core-BChl molecules


(ki,i + 1 in Fig. 2) does not affect the probability of EE


transfer to P2 and thus cannot affect the EE lifetime. More-


over, the quantum yield of EE trapping is proved to reach


0.90 in purple bacteria [23–25]. Then it is easy to calculate


the lifetime of EEs for the model in Fig. 2 as


tmod
a i½ki;rcð1þ ki;rc=krc;aÞ�1 þ kA��1iðki;rcÞ�1i300 ps


ð5Þ


However, according to our method, the t a
mod value should be


at least 30% smaller than the values measured with purple


bacteria, i.e., about 40–45 ps in view of tac 50–60 ps


[1,2]. This is clearly in contradiction to t a
modi300 ps


calculated with the ideal model. Hence, the current EE


transfer model should be reconsidered.


First, it should be mentioned that the model in Fig. 2 was


constructed with several approximations. More realistic data


should be used for modeling, in particular, the following


points should be considered:


� The secondary electron transfer, P2
+X�QA! P2


+XQA
� and


the back reactions, i.e., P2
+X�! P2*X and P2


+XQA
�!


P2
+X�QA should be included. According to Ref. [26], the


energy gap between the states P2*X and P2
+X� is about


350–550 cm� 1, and hence, the back electron transfer


cannot be neglected.
� According to recent work (see Refs. [1,15]), the distance


between the P2 pairs and their closest core-BChls is much


larger than that between the neighboring antenna


molecules so that the corresponding PSU approaches


the migration-limited case.
� A number of additional B(800–850) BChls may be


present in some bacteria which exchange EEs with the


core-BChl.
� Some transition dipoles of the core-BChls may have an


unfavorable mutual orientation with respect to those of


the RC special pairs [15,21].
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Taking these points into account causes a decrease of the


quantum yield of EE trapping and a substantial increase in


t a
mod (at least up to 450 ps), i.e., these points augment instead


of remove the discrepancy mentioned above.


At first sight, it may appear that shifting P2 from the


core-BChl center could improve the situation. A shift by


DR =Rc/8, where Rc is the radius of antenna circle, was


tested. In accord with the Foerster theory [4] the following


proportionality was assumed for the pairwise rate constant


ki,rc,


ki;rc ¼ km½Rc=ðRc þ cDRÞ�6 with� 1VcV1 ð6Þ


With km = 1012 s� 1 for EE migration along the core-BChl


ring, the shift did increase the magnitude of the overall rate


constant for EE migration from the core-BChls to P2. But it


simultaneously increased the fraction of EEs migrating back


from P2, and thus, the total effect of shifting P2 turned out to


be negligible. Moreover, the values of the parameters km and


ke1 were varied in the ranges 2� 1011 s� 1 < km < 1013 s� 1


and 2.5� 1011 s� 1 < ke1 < 4� 1011 s� 1, respectively, but


this had hardly any effect on the value of t a
mod.

4. Revision of the PSU model with the aim to eliminate


the inconsistency


All the parameters used above were reliably established


for purple bacteria by many independent researchers and


can hardly be subjected to doubt. Therefore, in order to


overcome the above contradiction it seems only possible to


analyze whether there exist:


(A) some alternative trapping mechanism in RCs, or


(B) some objective reasons which cause a substantial


increase in the crucial ratio of rate constant magnitudes


ki,rc/krc,a.


Both approaches were investigated. One of type A was first


suggested by Fok and Borisov [27] and then analyzed in


detail [16,28]. It was shown that, contrary to the previous


model, the EE trapping in P2 and the primary e-transfer


reaction occur in two different stages. EE trapping is a


separate process which precedes primary e-transfer and


occurs in a time span of about 100–300 fs. The idea of


the relevant physical mechanism was also developed


[16,27,28]. Briefly, it is known that the excited state of P2
is converted into a strong charge–transfer complex (CT)


with about one third of the electron charge being transferred


from PB to PA [29,30]. The electric field of such a dipole


must induce dielectric polarization in the vicinity of P2. In


addition to universal polarization of electrons in fixed


bonds, which is the source for the decrement of dielectric


polarization in terms of the refraction index n at optical


frequencies mi1015 s� 1, there appears to be another poten-


tial source of rapid polarization in the time domain of about

10� 13 s. From all particles known, only H-atom have a


sufficiently small mass to be shifted in about 100 fs [31–


33]. H-atoms with a substantial electron deficit may be


present in water molecules weakly bound near or to the RC


special pair. In the field of a constant electric dipole of the


P2* CT state, mobile H-atoms can reorient in about 100–


300 fs due to the system’s tendency to minimize its potential


energy (‘‘water latch’’ mechanism). It is worth noting that


CT complexes are more potent in electron donation than


monomer molecules [32] because in these complexes,


charge separation partially proceeds in the CT state and


the reverse process is substantially hampered by rapid


polarization of the surrounding media. This rapid H-polar-


ization consumes up to 40–50 meV of the P2* electronic


energy [16,28] which thus creates an ‘‘energy hole’’ and


decreases the back electron transfer about four to five times


(according to the Boltzman equation, a 57-meV barrier


gives rise to 10-fold decrease at room temperature). Corre-


spondingly, t a
mod is expected to decrease from about 450 to


about 110–75 ps, which is still insufficient to completely


eliminate the inconsistency outlined above (it requires


t a
modi40–45 ps). References to experimental data, which


are in line with the proposed H-reorientation model, can be


found in Refs. [16,28].


It is instructive to compare this process with exciton


localization in aromatic crystals [34] where delocalized


excitons rapidly turn into so-called charge–transfer exci-


tons, with electron and hole being separated and localized in


two adjacent molecules. This conversion leads to a local


deformation of the crystal lattice and to a self-trapping of


such a CT exciton in a pair of molecules. As a result of a


strong coupling with phonons, the absorption spectra of


such CT excitons adopt the form of a broad band resembling


those observed for the P2 pairs in RCs. An energy gap of


about 30 meV was estimated for such self-trapped excitons


[34], which is in reasonable agreement with the estimation


presented above for the RC special pairs in purple bacteria.


A mechanism of type B was first proposed by Novoder-


ezkin and Razjivin [35] and further developed by these


[36,37] and several other authors (reviewed in Ref. [38], and


in more detail in Ref. [39]). The authors have analyzed the


situation when EE migration to and from the P2 pairs


proceeds via exciton states in the core-BChls of purple


bacteria. The pronounced red shifts and sometimes widen-


ing of the absorption bands are evident indications of


delocalized exciton states in vivo. In the present context,


it seems reasonable to discuss two important points pertain-


ing to the delocalized exciton approach.


(1) The cumulative ‘‘transition dipole’’ of an exciton


expands over several core BChl molecules and is thus


substantially increased, which causes the increase of ka,rc,


and correspondingly, of the crucial ratio ka,rc/krc,a. This


quality of excitons should be specially considered and


analyzed in general form in relation to the fundamental


physical problem, i.e., excitons as promoters of EE in


separate molecules or small subsets. This problem is impor-
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tant not only for photosynthesis; such processes (if they


exist) could lead, in the near future, to important applica-


tions for the design of microchips in information transfer,


and in general, for micromolecular centers in nanotechno-


logy.


(2) How much can the ratio ka,rc/krc,a be increased in


favor of the minor molecular fraction due to the presence of


excitons in P2 and in the core-BChl fractions? The number


of core-BChls sharing an exciton, p, was treated theoret-


ically for values of p from 2–4 up to all BChls which form a


circle around a RC [35–38]. It was shown that just after


photon absorption, practically all BChl molecules of LH-1


may share an exciton, but the number of these molecules


decays rapidly in the sub- and picosecond time range and


soon levels off at p = 2–4 [40]. Recent experiments also


yielded similar numbers (between 4 and 6 BChls, see review


in Ref. [38]). In early works, authors have admitted that the


square of the ‘‘transition moment’’ of an exciton delocalized


over n molecules is about n times larger than that of a


monomer. Sundström [41] stated that instead of t a
modc 400


ps in the monomer or dimer model, one should obtain about


65 ps, providing an exciton that extends over 6 core-BChls.


According to our view, such a gain may be obtained only in


the limiting case of collinear molecules. If one deals with


strongly interacting molecules, which form a circle like that


described by Karrasch et al. [15], this decrease must be


smaller. For example, the oscillator strength of the P870


band of the RC special pair is only about 1.7 of that for


monomeric BChl due to a 12j angle between the transition


moments of the P2 molecules, in excellent agreement with


Davydov’s theory [42]. The remaining 0.3 fraction of this


oscillator strength can be allocated to the minor excitonic


band at around 800 nm which is unlikely to contribute to EE


migration from the core-BChl. If core-BChl dimers do form


a ring and excitons do expand over it, the square of summed


‘‘transition dipole’’ would increase, but no more than 4–4.5


times, bearing in mind the progresssively increasing angles


between different core-BChl transition dipoles and the


energy dispersion due to splitting into n excitonic levels.


Exciton delocalization over many molecules requires a high


regularity of the core-BChls. This causes difficulties for a


theoretical construction of absorption spectra, which are


similar to those registered in vivo. Novoderezhkin et al.


[37] have estimated n as 4–6 core-BChls, i.e., 2–3 dimers.


We believe that the crucial ratio ka,rc/krc,a may increase up to


2.4 times in the limiting case of excitons extending over 6


core-BChls (instead of 3.0 for BChls with collinear tran-


sition dipoles) but this also depends on the symmetry of the


system. Within our method, it would reduce the value of


t a
mod to 400 ps/2.4 = 167 ps, which is still larger than the


about 40–45 ps according to the condition t a
mod < ta = 50–60


ps. Thus, as in the case of the water latch model, exciton


delocalization over several core-BChl pairs can substantially


diminish but not remove the above-formulated discrepancy.


Fiedor et al. [40] have estimated that one artificial quench-


ing center can efficiently deactivate about 10 LH-1 BChl

molecules, but this does not mean that 10 BChls share an


exciton during about 100 ps or more, as required for the


exciton model.


Another mechanism of type B was later developed by


several authors (e.g., Refs. [42–46], reviewed in Ref. [38]).


Quantum-mechanical Hamiltonians were constructed which


include all nonnegligible interaction energies in circular


aggregates of core-BChl and carotenoids in LH-2 and LH-


1 [43–45]. Several experimentally undetermined parameters


were varied and chosen such that available spectral data


could be reproduced. The conclusions reached by Meier et


al. [43] offer an alternative to those discussed above [35–


38]; they write ‘‘the accessory BChls of the photosynthetic


RC are found to be crucial for the LH-1! RC transfer,


which would take several hundred picoseconds [!] without


these bacteriochlorophylls’’. Damjanovic et al. [45] esti-


mated this time to be as long as 600 ps. If we assume that


the minimal value of this lifetime is about 150–200 ps, it


would be in accord with our concept of exciton delocaliza-


tion being involved in the core-BChl*! P2* route, but the


ratio ki,rc/krc,a would increase only 2- to 2.5-fold which is not


sufficient. Although modern quantum-mechanical methods


can evidently cope with such complex systems as RC


particles even with a circular arrangement of BChl in LH-


1, it should be kept in mind that these methods depend on


several factors, such as the influence of local uncompen-


sated charges or the static and dynamic disorder of BChl


transition moments, which have to be adjusted in order to


obtain reasonable results. It seems that these adjustments are


not unique but may be done in different ways; as a


consequence, the estimated value of ta ranges between 15


and 105 ps [44]. The concepts discussed above should then


be considered as hypothetical because they have not yet


been confirmed by experimental data.


Finally, we should mention that the models with 32 core-


BChl molecules forming a circle appear to us somewhat


doubtful. With a distance of 9.3 Å between neighboring


BChls [15], the radius of the circle becomes 47 Å. This is


too long a distance for an efficient EE transfer to the RC pair


located in the center of the antenna circle.

5. Conclusions


1. An inconsistency is revealed within the widely accepted


model of excitation migration and trapping, at least for


purple bacteria but possibly also for plant photosystems.


It is shown that this model cannot accommodate all


experimental data presently available.


2. Using an estimation method we can calculate to what


extent ‘‘water latch’’ [16,27,28] and delocalized exciton


[35–38,43–45] mechanisms can reduce the revealed


discrepancy.


3. Our analysis demonstrates that neither ‘‘water latch’’ nor


delocalized exciton mechanisms alone are sufficient. The


cumulative action of both mechanisms (or some other yet







A.Y. Borisov, Y.M. Sidorin / Bioelectrochemistry 59 (2003) 113–119118

unknown mechanism) appears to be necessary in order to


reconcile this model for purple bacteria with all ex-


perimental data so far available.

Notes


Recently, a paper [A. Yakovlev, A. Shkuropatov, V.


Shuvalov, Nuclear wave packet motion between RC


potential surfaces, Biochemistry 41 (2002) 14019–14027]


was published in which a water molecule (HOH-302) near


the RC special pair of Rhodobacter sphaeroides R-26 is


described. This water molecule performs several oscillations


just after the RC is excited. In our view, this fact proves that


(i) H2O is connected with the RC special pair, and (ii) that


these oscillations reflect an H2O rotation. Irrespective of the


nature or mechanism which enable H2O to rotate we believe


that, providing H2O does rotate, it can change the direction


of its electric dipole, just what is needed for the water latch


mechanism [see Refs. [16,27], and the further developed


version in A.Y. Borisov, S.A. Kuznetsova, On the involve-


ment of the water-polaron mechanism in energy trapping,


Biochemia-Moscow 67 (2002) 1483-1489].
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Abstract


A study has been performed to examine the effect of temperature and ethanolic stresses on the coulombic efficiency of a microbial fuel


cell. The conventional-type fuel cell containing Gram-negative bacteria, Proteus vulgaris, was investigated as a model system. From current


output measurements, it was found that the coulombic yields were altered by environmental stresses such as temperature shock or ethanol


treatment to the bacteria. While high-temperature or ethanolic shock led to a remarkable decrement in coulombic output, the low-temperature


shock induced a slight increase in microbial fuel cell efficiency. These results indicate that the membrane fluidity is affected considerably by


environmental stress, which in turn affects the electron transfer process through the bacterial cell membrane to and from the electrode. This


interpretation was confirmed by the cyclic voltammetric study of a mediator on an electrode surface modified with the lipids extracted from


the membrane of P. vulgaris under the given stress. Markedly different electrochemical behaviors were observed depending on the


environmental stress. A reciprocal relationship between coulomb output and the ratio of saturation/unsaturation of fatty acids has been


observed. This is the first report, to our knowledge, that the structural adaptation of membrane fatty acids in response to the environmental


shock can regulate the coulombic efficiency of a microbial fuel cell.

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


For many years, fuel cells have been a novelty in energy


production. From a theoretical viewpoint, the thermody-


namic efficiency of a fuel cell is not limited by the temper-


ature restrictions of the various electromechanical cycles,


but is simply dependent on the differences in Gibbs free


energy between reactants and products [1]. Most inorganic


fuel cells being used or developed are composed of hydro-


gen and oxygen as anodic and cathodic reactants, respec-


tively. While extreme temperature and corrosive electrolyte


requirements of inorganic fuel cells impose stringent restric-


tions on the types of materials that can be used for catalysts


and for construction of these fuel cells [2], microorganisms


offer advantages of much milder operation temperature with


fewer corrosive electrolytes.

1567-5394/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv
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A microbial fuel cell is a biological device that converts


chemical energy into electrical energy; in this process,


anodic electrode potential develops when electrons pro-


duced from the oxidation of substrates by microorganisms


are transferred to the anode [3–5]. In the development of a


microbial fuel cell, especially notable is the work by


Bennetto et al. since early 1980s. They not only tested a


number of microorganisms and mediators in an effort to


construct better fuel cells, but also demonstrated that an


appreciable amount of energy could be available [6,7].


Among tested dyes such as phenoxazine, phenothiazine,


phenazine, indophenol, and bipyridium derivatives, thionin


was found to be very effective in maintaining relatively high


cell voltage. The high performance was achieved in a


combination of Proteus vulgaris as a microorganism, thio-


nin as a mediator, and glucose as a substrate, where a


coulombic yield of 30–60% was obtained in a phosphate


buffer at pH 7 [6,8]. Kim et al. [9] found that the current


output pattern changed dramatically when their initial cul-


ture condition was altered by various carbon sources.


Recently, an interesting improvement was made with neutral


red, a phenazine derivative, when it was coupled with


NADH oxidation [10].

ed.
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Direct electron transfer from a microorganism to the


anode is very inefficient because electrons cannot penetrate


the cell wall and membrane, but the inclusion of redox


mediators provides the electron transfer mechanism for


efficient fuel cell operation [11,12]. Therefore, it is essential


to find out a suitable mediator that can be applied to a


specific microbial fuel cell system for high efficiency [7].


An ideal mediator is a species that undergoes reversible


electron transfer reactions with large negative formal poten-


tial to give higher open circuit voltage. It should also be


stable in both oxidized and reduced forms so as not to be


decomposed during long-term redox cycling. The polarity of


the mediator should be soluble in an aqueous solution and


be able to reversibly pass through the bacterial cell [5].


Satisfying many of those properties, phenothiazine deriva-


tives have been widely used as promising mediators.


In the present study, we concentrate on the mediator–


membrane interactions. It is well known that microorgan-


isms vary their fatty acyl chain compositions for the main-


tenance of optimal membrane fluidity against various


growth conditions, which is the so-called the homeoviscous


adaptation [13]. On the basis of this mechanism, we have


demonstrated herewith that the mediator–bacterial mem-


brane interaction is a decisive factor controlling coulombic


efficiency in a microbial fuel cell.

2. Experimental


2.1. Preparation of microorganism


P. vulgaris (ATCC 6059) was obtained from the culture


collection of the Korean Culture Center of Microorganisms


(KCCM) and kept on a nutrient agar plate at 4 jC. Exper-
imental cultures were grown aerobically at 37 jC in a nutrient


broth containing 3 g of beef extract and 5 g of peptone/l.


Various temperature (10, 25, 46 jC) shocks or different


ethanol treatments (0.5%, 1.0%, 3.0%) were applied for 3 h


at the mid-log phase of the microorganisms. After the shock


treatments, each bacterial cell was harvested by centrifuging


at 3000� g for 5 min and washed twice with 0.05 M


phosphate buffer solution (pH 7.0). The washed microorgan-


isms were resuspended in the same phosphate buffer solution


to give 20 mg (dry wt.) ml� 1 for the experiments.


2.2. Structural analysis of fatty acyl components of


membrane lipids


Experiments were performed on harvested whole cells by


treatment with methanolic HCl to prepare fatty acid methyl


esters [14]. Cells suspended with 0.5 ml of chloroform and


1.5 ml of 5%methanolic HCl solution were sealed in a teflon-


lined screw-capped vial and heated in a dry oven at 72 jC for


24 h. Chloroform (3 ml) was added every 8 h, followed by


mild sonication for 5 min. After concentration to dryness


under nitrogen gas, samples were partitioned between water

and chloroform, and the aqueous layer was washed several


times with chloroform or hexane. The combined solutions


were filtered through the glass wool. Prepared fatty acid


methyl esters were subjected to gas chromatography analysis


on a 25 M J&W scientific DB1 column using nitrogen as the


carrier gas. The relative proportions of lipid components


were calculated from integrated peak areas. The fatty acid


identification and molecular weight were determined by gas


chromatography/mass spectrometry analysis using a Hew-


lett-Packard HP 5973 MSD spectrometer interfaced with an


HP 6890 gas chromatography.


2.3. Fuel cell assembly


Each fuel cell unit was composed of anode and cathode


compartments (internal dimension 45� 45� 15 mm) and


separated by a cation exchange membrane (Nafion, Aldrich).


Reticulated vitreous carbon (RVC, 30� 30� 12 mm) plate


was used as an anode. RVC has a physical structure that


allows easy access of organisms and mediators to the


electrode surface through the open network and large surface


area for the reaction. Microorganisms and mediators were


added to the anodic compartment, and 0.05 M phosphate


solution (pH 7.0) was used as an anolyte. A platinum plate


(30� 30� 0.5 mm) was used as a cathode material, and 0.1


M ferricyanide solution as a catholyte. Thionin was used as


an electron transfer mediator. Each compartment was sealed


by a 1.5-mm-thick silicone rubber gasket and held in a frame


that was gently bolted together [15]. During the experiments,


nitrogen was flowed through the cell compartments. Oper-


ation temperature was maintained at 37 jC in a water bath.


2.4. Electrical measurements


The cell discharge was done by a 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 (Computer


Boards,Mansfield,MA, USA). An output current was simply


calculated using the Ohmic law, I =Vcell/Rload. When the cell


voltage dropped to the background level, the cell was charged


with a carbon source (1 Amol of glucose) for another dis-


charge measurement. Generally, the cell voltage increases


rapidly upon injection of the glucose and reaches a plateau


level as long as there are enough carbon sources to be con-


sumed bymicroorganisms, and then the cell voltage begins to


gradually decrease. Actually produced electricity can be


calculated by integrating the discharge curve with time,


Q = mIdt.


2.5. Cyclic voltammetric analysis of thionin in a lipid film


Total lipid extracts were prepared by using a modified


Bright-Dyer method [16] from the P. vulgaris cells, to which
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different environmental shocks were applied. The purified


lipids were diluted with chloroform to give 10 mg ml� 1 for


the experiment. 0.5-mM solution of thionin was prepared


with 0.05 M phosphate buffer solution (pH 7.0) using 18


MV of deionized water. The cast layer of the lipid was


formed by applying the measured volume of lipid solution


onto the glassy carbon electrode, which was allowed to dry.


The prepared electrode was transferred into the deaerated 30


ml of thionin solution immediately. Lipids used for the


control experiments were extracted from P. vulgaris cultured


at 37 jC without shock treatment. The conventional three-


electrode system (Autolab PGSTAT 30 potentiostat, Eco


Chemie, The Netherlands) was used to record voltammo-


grams. A platinum wire and an Ag | AgCl | KCl(sat) electrode


were used as the counter and the reference electrode,


respectively. The glassy carbon electrode with an area of


0.8 cm2 was used as a working electrode. All measurements


were carried out at room temperature and atmospheric


pressure. Experimental results were analyzed using General


Purpose Electrochemical System (GPES) software.

Fig. 1. Variation of current output with time through the 560 V external


load for fuel cells containing P. vulgaris (A) with different temperature-


shock treatment (B) with different ethanolic shock treatment. Organism


concentration: 1 mg (dry wt.) ml� 1; 1 Amol of thionin; and 1 Amol of


glucose were added.

3. Results and discussion


3.1. Effects of the environmental stresses on the bacterial


membrane composition and coulombic output in the micro-


bial fuel cell


Practical evaluation on the coulombic output change was


carried out in order to ascertain how environmental stresses


affect microbial fuel cell efficiency. Fig. 1A shows coulom-


bic responses of the microbial fuel cell containing P.


vulgaris against the temperature shocks. Upon thermal


shock treatment, coulombic yield was significantly altered.


When the bacteria were subjected to a cold shock at 10 and


25 jC, coulombic output was changed just slightly ( + 0.04


and + 0.07 C, respectively). However, with a high-temper-


ature shock at 46 jC, coulombic output drastically declined


(� 0.44 C). This observation might be explained as a result


of the bacterial membrane fluidity, and not as being linked


to a thermal damage to it. Because P. vulgaris can grow


even at this high temperature [17] and some cellular thermal


damages could be protected by the various heat shock


proteins [18,19]. Temperature-induced alterations in fatty


acid compositions are known to play a significant role in the


thermal compensation of membrane fluidity. Temperature


effects on the composition of the membrane fatty acids have


been thoroughly studied for Escherichia coli. The config-


uration of unsaturated carbons (cis- or trans-) or the hydro-


carbon chain length of fatty acids is known to be responsible


for temperature-adaptive changes, because configurations of


unsaturated carbons and increased chain length influence the


packing density of membrane lipids and hence the mem-


brane fluidity [20]. As another example, mitochondria from


a liver of 7 jC-acclimated trout were equally or more


permeable to some substrates at 5 jC than mitochondria

from 20 jC acclimated trout assayed at 20 jC, indicating a


nearly perfect compensation of barrier properties. Compen-


satory adjustments in water and nonelectrolyte permeability


have also been reported [21]. There are numerous reports on


the bacterial adaptations on the fatty acid compositions


against alcoholic or thermal treatments [22–24]. Bacterial


membrane is in many cases the primary site of alcohol


(particularly ethanol) damage, although alcohol clearly


affects the properties of all biological macromolecules to


some degree. Ethanol-adaptive changes either strengthen the


hydrophobic barrier or decrease the lipid sites available for


passive leakage. The former includes the production of


longer chain fatty acids and the latter includes a reduction


of the lipid-to-protein ratio [23].


Effects of ethanolic shock on microbial fuel cell effi-


ciency were also investigated in the same manner as temper-


ature shock. The potency of ethanol as an inhibitor of a


cellular function is directly related to its hydrophobicity as


measured by the partitioning of ethanol between aqueous


and hydrophobic environments, and the detrimental effects
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of ethanol on bacterial cells appear to result from colligative


effects of ethanol rather than from damage via a specific


receptor [23]. Enteric bacteria such as E. coli are relatively


sensitive and grow very little in ethanol concentrations


above 6% by volume. However, at less than 4% concen-


tration, their growth was not significantly inhibited by the


ethanol treatment [24]. Concerning the lethal effect of high


concentration ethanol treatment upon bacteria, we carried


out the experiments below this upper limit value. Fig. 1B


shows the current output pattern of P. vulgaris when the


bacteria were treated with the ethanolic shock. These results


were similar to the case of high-temperature treatments. The


more ethanol molecules treated, the greater the number of


observations of intense decrements in coulombic output.


Overall results are summarized in Table 1. Obvious


decrements in coulombic output were observed when the


high-temperature or ethanolic shock was applied. This infor-


mation gives an explanation for the importance of the


mediator–membrane lipid interaction in a microbial fuel cell


operation. The alteration in fatty acyl chain composition is


the most frequently observed response to various growth


conditions in the microorganism. One of the most common


responses of Gram-negative bacteria to high-temperature


shock appears to be an increase in the degree of fatty acid


saturation. Saturated fatty acids are packed more compactly


due to their conformational property and show much higher


melting points than their unsaturated homologs [20]. Ethanol


molecules within the hydrophobic core of the membrane


decrease the dielectric constant of the primary cell barrier,


which in turn increase the ability of the membrane core to


accommodate charged or polar molecules. The passage of


molecules across the membrane is limited primarily by the


energy barrier for their transfer from an aqueous environment


to a hydrophobic environment. Ethanol decreases this energy


barrier both by its effects on the aqueous milieu and by


effects on the hydrophobic core, increasing the permeability


of the membrane [25]. The adaptive response to ethanol


treatment in the enteric bacteria is to increase the proportion


of nonpolar lipids and average fatty acid chain length [23].


Therefore, the ratio of saturated fatty acids to unsaturated


fatty acids can be used as a parameter for the bacterial


membrane fluidity. Our experimental results illustrate cold


shock treatment induces increasing of mediator-permeability


in P. vulgaris, whereas the ethanolic or high-temperature

Table 1


Effects of thermal and ethanolic stress on the degree of saturation of the


fatty acids and coulombic output variations in P. vulgaris


Temperature shock Ethanolic shock


10 jC 25 jC 37 jC 46 jC 0% 0.5% 1.0% 3.0%


S/U ratioa 1.84 1.75 2.27 2.60 2.28 1.94 2.59 2.88


Coulombic


output


0.73 0.76 0.69 0.25 0.71 0.64 0.48 0.40


Relative amounts of unsaturated, saturated fatty acids were determined by


the calculation of integrated peak areas on GC analysis at each condition.
a Saturated fatty acids/Unsaturated fatty acids.

shock treatments make the membrane more rigid so that it


lowers the mediator-permeability through the membrane.


Obvious reciprocal relationship between the saturated/unsa-


turated ratio and the coulombic output was found.


3.2. Electrochemical behavior of mediator in the lipid film


The molecular penetration property of thionin to the lipid


matrix was examined using cyclic voltammetry (CV) to


prove the assumption that changes in the mediator–lipid


interaction induce a change in the microbial fuel cell effi-


ciency. Figs. 2 and 3 show the successive cyclic voltammo-


grams of thionin depending on the stresses inside the lipid


film, which is composed of total lipid extracts isolated from


P. vulgaris. In the control experiment (Figs. 2A and 3A),


thionin shows well-defined redox peaks corresponding to


two-electron process. The gradual accumulation of thionin


molecules into the lipid film is clearly observed from an


increase of voltammetric peaks as the scan is repeated [26].


This phenomenon was explained by the hydrophobic inter-


action between the lipid film and thionin. The long alkyl


chains of lipid molecules provide a hydrophobic environ-


ment for thionin to go into the film. Thionin inside the film is


still electrochemically active, transferring electrons through


the lipid layer. Highly charged species such as Fe(CN)6
3�, in


the mean time, are excluded by the lipid layer, giving very


low current because of their hydrophilic nature [27]. Almost


invariant voltammograms were obtained after heat treatment


at 25 jC (Fig. 2B), showing the lipid structures were not


affected. This explains why the discharging pattern of a fuel


cell was almost identical (Fig. 1A). A dramatic change,


however, has occurred after the temperature shock at 46


jC (Fig. 2C). Almost no thionin redox peaks were present,


indicating that thionin molecules were excluded by the lipid


layer. These results finely coincide with the very low


efficiency of the fuel cell at this temperature (Fig. 1A).


Fig. 3 shows cyclic voltammograms of thionin without


(A) and with 0.5% (B) and 3.0% (C) ethanolic shock. A


0.5% ethanol treatment led to a slightly less amount of


incorporation of thionin, reflected in the slightly decreased


fuel cell efficiency (Fig. 1B). A large change was observed


after 3.0% ethanolic shock. Thionin did not easily penetrate


the lipid layer, and thus the amount of incorporated thionin


was quite limited, which explained the lower coulombic


output of the fuel cell at this condition (Fig. 1B). In our


experiments, the current density indeed dropped down after


the shock (Fig. 1). Current in y-axis could also be inter-


preted as a current density because the same electrode was


used. Actually, the coulombic output dropped quite a bit


after the shock. If the mediator does not transfer electrons


effectively because of the membrane fluidity change, most


of residual electrons should be consumed by the bacteria


themselves for their survival using their metabolic pools


through many cellular redox enzymes (NAD/NADH, FMN/


FMNH2, FAD/FADH2 dependent proteins) and electron


transport chains for oxidative phosphorylation, which inevi-







Fig. 2. Cyclic voltammograms of 0.5 mM thionin at a glassy carbon


electrode coated with a total lipid film (4.3� 10� 7 mol/cm2) of P. vulgaris.


(A) Control, (B) 25, and (C) 46 jC temperature shock treated. Scan rate:


100 mV s� 1.


Fig. 3. Cyclic voltammograms of 0.5 mM thionin at a glassy carbon


electrode coated with a total lipid film (4.3� 10� 7 mol/cm2) of P. vulgaris.


(A) Control, (B) 0.5%, and (C) 3.0% ethanolic shock treated. Scan rate: 100


mV s� 1.
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tably caused the electricity-producing ability of the fuel cell


to be lower. Therefore, the lower columbic output could be


observed. The action of electron transport mediator must be


the primary factor for the operation of microbial fuel cell.


The effect of these environmental shocks on the fuel cell


operation and electrochemical behavior of thionin could be

explained by the compositional change of the fatty acids in


response to the adaptive change of membrane fluidity. Heat


or ethanolic shocks induced the high ratio of saturated per


unsaturated fatty acids of bacterial membrane lipids, which


caused thionin to be less permeable to the inside of the cell.


Rigid lipid molecules also form a tightly packed layer on the
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electrode surface, through which thionin hardly penetrates.


Abundant evidence of relevant correlation between mem-


brane lipid properties and molecular diffusion has been


discovered in previous works [28–30]. Tanaka and Tam-


amushi [31] studied the electron transfer reaction at an


electrode covered with a layer of hydrophobic substance,


and showed that they could be a simplified model of the


electron transfer between microorganisms and mediators in


microbial fuel cells. In an experiment using a ferrocene-


containing synthetic lipid, there is a dramatic increase in


redox current coming from the enhancement of the apparent


diffusion coefficients. They have also demonstrated that the


tuning of lipid bilayer rigidity regulates ferrocene-mediated


electron transfer reactions of glucose oxidase embedded on


the lipid cast films [32]. These changes in diffusional


property were associated with the bilayer rigidity, which,


in turn, was connected with the membrane phase transition


temperature [33]. In a microbial fuel cell, the mediator


should freely pass through the bacterial membrane to show


high efficiency. The efficiency of microbial fuel cell is


highly dependent on the action of electron transfer media-


tors [7,34]. However, the mediator is largely restricted in


being incorporated into the lipid layer extracted from


bacteria after high-temperature or ethanolic shock, causing


a decrease in efficiency. These results suggest that media-


tor–membrane lipid interaction is an important factor for the


efficient microbial fuel cell operation.

4. Conclusion


These studies have shown that the coulombic efficiency


of the microbial fuel cell can be regulated by the change of


bacterial membrane fluidity. The result was also confirmed


with cyclic voltammetric measurements in terms of molec-


ular penetration property of mediator to the cellular mem-


brane lipids. In the microbial fuel cell, coulombic efficiency


is highly dependent on the permeability of electron transfer


mediator through the cellular membrane as well as the


intrinsic metabolic characters of bacteria. The membrane


lipids were adapted in response to changes in the environ-


mental or physicochemical conditions, and thus, heat or


ethanolic shocks induced an increase in the ratio of saturated


per unsaturated fatty acids in the cellular membrane lipids.


Then, this adaptive change allows the hydrophobic mole-


cules like electron transfer mediators to be more imperme-


able into the membrane lipids. Further research on the


bacterial adaptation of the membrane against various envi-


ronmental shocks will provide valuable information for the


operation and applications of microbial fuel cells.
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Book review


Molecular and Cellular Iron Transport


D.M. Templeton (editor), M. Dekker, New York, 2002,


ISBN: 0-8247-0621-8, XIII+827 pages, US$ 235.00


The essentials of iron transport are discussed in 33


chapters, written by 62 experts who have contributed sub-


stantially to the understanding of mechanisms that are


known since about a decade ago. The book is divided into


four main parts. In part I, ‘‘Molecular aspects of iron


transport’’ (13 chapters), the physical chemistry of iron-


(II), iron-(III), and the rare iron-(IV), as well as their


compounds (transferrins, ferritins) and chelating agents


(siderophores) are described. Part II, ‘‘Cellular iron trans-


port’’ (9 chapters), deals with the uptake of complexes by


plants, yeasts, bacteria, mammalian cells, central nervous


system, neoplastic cells, etc. Regulation of iron transport


and storage, e.g., in liver and erythrocytes, are discussed in


the four chapters of part III ‘‘Physiology of iron transport.’’


Part IV ‘‘Disorders of iron transport’’ (7 chapters) presents


malfunctions such as hereditary cataract syndrome, aceru-


loplasminemia, hemochromatosis, and iron overload. Of


particular interest for bioelectrochemists are the following


topics.


Electron exchange and absorption of electromagnetic


energy, starting with the electronic configurations and the


ligand–field theory for complexes (especially iron–por-


phyrin), their electronic spectra, stability constants and


redox potentials (especially for potentials of iron–pro-


teins between � 0.45 and + 0.4 V (vs. NHE) are


analyzed, including products of hydrolysis such as Fe


(OH)2 + etc.


In biological systems, the Fenton reaction yielding the


hydroxyl anion plays an important role, however, the explan-


ations of its mechanism are still contradictory, as are those of


the water exchange kinetics. In particular, high-spin para-


magnetic ferric ions and complexes which have five un-


paired electrons are the targets of electromagnetic field


effects, for instance by preferred treatment with low frequen-


cies ( < 100 Hz) and low amplitudes in the millitesla range.


The bioelectrochemist will find a large number of complexes


in this book, which are suitable not only for absorption of


magnetic energy but also for photodynamic action since their


excited states produce singlet oxygen.


Chapters 14–22 deal with topics of another main research


field of bioelectrochemistry, namely membrane structure and


transport by proteins (transferrin, ferroportins) and many


other active carriers or channel-forming proteins and side-


rophores, which are synthesized by cells (bacteria, fungi)


themselves. Conformational mechanisms are illustrated in


detail by three-dimensional models. The influence of pH


(acidification of endosomes in reticulocytes) and fluores-


cence detection are mentioned, however, the role of the


membrane potential as well as the artificial transport by


electroporation are omitted. Nevertheless, this book presents


the state of the art in transport processes, and last but not least,


by hundreds of references until 2001.


H. Berg
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Jena D-07749, Germany


E-mail address: hbergjena@hotmail.com
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Book review

Magnetobiology—underlying physical problems


Vladimir Binhi, Academic Press, San Diego, 2002, ISBN:


0-12-100071-0, XIII+473 pages, $ 149.00


Whereas there are several books on electroporation and


electrofusion for cell biology and genetics, this monograph


is the first comprehensive description of possibilities how


electromagnetic fields can affect cell metabolism from a


physical point of view.


In the introduction (chapter 1), general topics such as


congresses, reviews, terms and criteria of magnetic fields,


limitations, thermal actions, etc., are compiled. Chapter 2


presents an overview of experimental findings and contains


many useful tables with objects studied, observable param-


eters, as well as ranges and configurations of electromag-


netic fields. Topics dealt with are biological effects of DC


and AC magnetic fields, the influence of the geomagnetic


fields (circadian rhythm), the influence of atomic nuclear


spins, and fields in the microtesla range.


The main part (chapter 3) presents current theories which


are grouped as follows: (i) phenomenological models


(chemical kinetics, phase transitions, radiotechnical compar-


isons), (ii) macroscopic models (eddy currents, supercon-


ductivity, magnetohydrodynamics), and (iii) microscopic


models (resonance, interference, and oscillatory effects, free


radical reactions, many-particle systems). In this context,


several experiments and fitting to some models are men-


tioned. The ‘‘kT problem’’ is also considered, and its


solution may be found in interference effects. These and


the quantum states of an ion in an idealized protein cavity,


which was first proposed by the author [Electro-Magneto-


biology 16 (1997) 203–214], are discussed in the large

doi:10.1016/S1567-5394(03)00011-2

chapter 4. His ‘‘interference of bound ion’’ theory explains


most of the experiments up to now. Practical consequences


and future developments are dealt with in Chapter 5, as well


as prospects of electro- and magneto-biology including


microwaves and the description of a molecular gyroscope.


Chapter 6 contains addenda dealing with angular


momentum operators, the Lande factor, the Davidov soliton,


the Fröhlich model, and the Josephson effect. For some


readers, the discussion of the possible role of liquid water


(memory effect, metastable behavior) may appear somewhat


ambiguous. The bibliography comprises more than 650


references.


From the author’s evaluation of the models, particularly


those pertaining to interferences, one can conclude that


bioelectrochemists must still wait for a generally valid


theory. Unfortunately, an occasional lack of reproducibility


of experimental data on the cellular level obtained with


fields in the range below 10 AT cannot be denied [see also


Bioelectrochem. Bioenerg. 48 (1999) 355–360]. Neverthe-


less, the potentialities of capacitively and inductively


coupled electromagnetic fields in nature are universal and


of great importance to life sciences. Binhi’s book will turn


out to be a milestone on the way of further research in order


to answer still open questions, some of which are listed on


page 394 of this excellent book.
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Jena D-07749, Germany
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Book review

Electroanalytical Methods. Guide to Experiments and


Applications


F. Scholz (editor) Springer Verlag, Berlin, 2002, ISBN:


3-540-42229-3, XXII + 331 pages, o69.95, US$69.95


This kind of bench- and textbook is intended for


chemists, biochemists, biologists, and medical scientists


who are also interested in using electroanalytical methods


in combination with spectroscopy. The chapters entitled


Electrical double layer, Thermodynamics and kinetics of


electrochemical reactions, Cyclic voltammetry (with a


theoretical appendix), Chronocoulometry, Impedance spec-


troscopy, Spectroelectrochemistry, Stripping voltammetry,


Potentiometry, Electrodes, electrolytes and solvents were


written by 12 different authors, but none of them is from


the Heyrovsky polarographic school. Basic knowledge is


presented in didactic form, including many examples of


electrode processes (e.g., the polyoxotungsten-cluster-


anion). However, in contrast to an earlier book (Die


Polarographie in der Medizin, Biochemie und Pharmazie,


M. Brezina and P. Zuman, Akadem. Verlagsges., Leipzig,


1956), analytical techniques in turbid solutions such as


kinetic measurements in colloidal suspensions (e.g., cata-


lytic Pd–sol reductions) or the determination of fermenta-


tion products of microorganisms are missing. In the


treatment of chemical reactions as rate-determining steps,


Vetter’s concept is briefly described, but Kontecky’s


concept of ‘‘kinetic currents’’ for the assessment of fast

doi:10.1016/S1567-5394(03)00012-4

reactions was omitted. More recent applications such as


polarographic measurements of photoreactions in solution


and on electrodes, which was called ‘‘photopolarography’’


by this reviewer and is now known as photovoltammetry


and splitting of molecules by ionizing radiation, are also not


considered.


The final chapters present historical milestones and sour-


ces for electrochemical literature (including the internet).


The historical survey is somewhat unbalanced since the


following important scientists are not mentioned: J.W.


Richter (1776–1810), T. Seebeck (1770–1831), A. Bec-


querel (1788–1878), J. Poggendorf (1796–1877), W. Thom-


son (1824–1907), R. Bunsen (1811–1899), E. du Bois-


Reymond (1818–1896), F. Kohlrausch (1840–1910), P.


Debye (1884–1966), H. Falkenhagen (1895–1969). More-


over, the list of literature could also include the classical


textbooks Polarography by I. Kolthoff and J. Lingane


(1952), New Instrumental Methods in Electrochemistry by


P. Delahay (1954) and Progress in Polarograpy by P. Zuman


(1972), as well as the new Encyclopedia of Electrochemistry


(edited by A. Bard and M. Stratmann). Nevertheless, this


book can be recommended as a useful guide for the appli-


cation of electrochemical methods.


Hermann Berg


Greifbergstrasse 15, Jena D-07749, Germany


E-mail address: hbergjena@hotmail.com
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Book review


Semiconductor Electrodes and Photoelectrochemistry


St. Licht (editor), Volume 6 of Encyclopedia of Electro-


chemistry, A. Bard, M. Stratmann (editors), Wiley-VCH,


Weinheim, 2002, ISBN: 3-527-30398-7, X+597 pages,


o349.00


The introduction by K. Rajeshwar presents the develop-


ment of semiconductor photochemistry, documented by 298


references. Unfortunately the early stages of this develop-


ment are omitted. Thus, the mercury-electrode photoelec-


trochemistry called photopolarography (H. Berg, Jena) or


photovoltammetry was established already in the 1960s


[Naturwissenchaften 47 (1960) 320; Nature 19 (1961)


1270; Electrochim. Acta 9 (1964) 425], and G. Barker


(Harwell) and M. Heyrovsky (Prague) investigated the


‘‘photo electron’’ capture by scavengers in solution. Only


afterwards the laboratories of Frumkin and Gerischer started


experiments with irradiation of other metals and in partic-


ular TiO2.


All six chapters of this book (Fundamentals, Experimental


techniques, Semiconductors, Solar energy conversion with-


out dye sensitation, Dye-sensitized photoelectrochemistry,


and Nonsolar energy application) deal with photoelectro-


chemistry from the point of view of light/sun interaction with


semiconductor/electrolyte systems, especially TiO2, but not


‘‘classical’’ metal electrodes. In the center of interest are all


sorts of solar energy conversions for industrial and private


purposes, as well as the increase of their efficiencies.


For bioelectrochemists and photobiologists, Chapter 6,


dealing with photocatalysis on the basis of TiO2, is of


main interest. In 1977, Bard and coworkers started


experiments in which reduced forms of oxygen (SO2
�,


SO2H, H2O2, HO2
�, SOH, SO�) are produced by irradiation


with 300–400 nm light. These species decompose


organic compounds and thus can be used for cleaning


materials, air and water, but also for disinfection from


microorganisms if sensitized by added ruthenium–pyri-


dine complexes. Of considerable interest is the killing of


cancer cells, e.g. U937 leukemia cells, using colloidal


TiO2. Skin cancers of mice were injected with finely


powdered TiO2 and illuminated by means of fiber optics


(A. Fujishima et al., Photocatalysis: Fundamentals and


applications, BKC, Tokyo, 1999). This treatment is com-


parable to that of photodynamic effects obtained with


dyes (thiopyranin, protoporphyrin) which are illuminated


in the visible range (400–800 nm). The two techniques


differ not only in the wavelengths used, and therefore


should be compared with respect to their efficacies for


cancer therapy. Last not least the novel technique of


optimal image recording by means of photoelectrochem-


ical processes should be mentioned.


Containing a large number of references until 2001 this


monograph presents the state of the art of semiconductor


photoelectrochemistry.


H. Berg
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Jena D-07749, Germany
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Book review

Bioelectrochemistry


G.S. Wilson (editor), Volume 9 of Encyclopedia of


Electrochemistry, A. Bard, M. Stratmann (editors), Wiley-


VCH, Weinheim, 2002, ISBN 3-527-30401-0, X + 662


pages, o 352.90


In life sciences the importance of bioelectrochemistry for


solving problems in living beings connected with charges,


electron transfer, fields, and theoretical explanations


increases. Apart from historical developments (see the over-


view by P. Bianco, but he forgot to mention the basic


textbooks by Heyrovsky-Kuta, Zuman, Brezina-Zuman,


and Krjukova et al.) the term bioelectrochemistry became


popular by the Journal Bioelectrochemistry and Bioener-


getics founded by G. Milazzo in 1972.


The 17 chapters cover modern methods, analytical or


organic electrochemistry and bioelectrochemistry per se, in


particular Chapters 2, 3, 4, 8, 12/9, 14, and 16. Of highest


interest are the real-time determinations of single cell electro-


chemical properties (Chapter 2) by miniaturization of sen-


sors, which makes it possible to measure even single-


molecule properties in volumes as small as 20 fl. Only the


rotation technique of single cells worked out by Fuhr and


Giemsa is missing. A novel branch of bioelectrochemistry is


bioelectronics (Chapter 3) starting with signal transduction


in neural systems. As a first step it was for instance possible


to determine strychnine concentrations in cultures of embry-


onic mice spinal cord by means of a neural network bio-


sensor designed for measurement of smell (‘‘electronic


nose’’). The oxidation of NAD(P)H in many different


systems is described in detail (rate constants, sensitivity,


etc.) as well as the mediated catalysis of NAD(P) + reduction


from a thermodynamic point of view (Chapter 4). Of


particular interest is the role of NO (Chapter 7) in several


diseases, such as hypertension, hyperglycemia, arterioscle-


rosis, Parkinson’s and Alzheimer’s disease. Hence the con-


centration of NO in single cells and its release will be


measured by a porphyrin-sensor on carbon fibers. Moreover,


a challenging task is the in vivo determination in the beating


heart simultaneously with the ECG-signal, and also in the


functioning brain in competition with radicals during


necrosis. Scanning electrochemical microscopy (SECM,


Chapter 8) for applications in biological systems (enzymes,


antigen-antibodies, cells and tissues) requires measurements


of picoamp currents, which may be amplified by means of


ELISA techniques. Electron transfer occurring in a small


space is analyzed even for single-molecule reactions.


Another application of SECM is the monitoring of ion

doi:10.1016/S1567-5394(03)00014-8

transport processes through voltage gated channels in mem-


branes.


Besides the complicated electrochemical electrode reac-


tions of nucleic acids and their components many of their


interactions with small molecules have been detected


(Chapter 12/7) and applications for various phenomena


such as hybridization, covalently bound indicators, point


mutations, strand breaks, damage and cleavage have been


studied (Chapter 12/9), especially in the polarographic


laboratory of E. Palecek. In spite of the extraordinary


amount of references several structural changes of DNA


upon adsorption at the surface of the dropping mercury


electrode (DME) and the mechanism of electron exchange


are not yet fully understood, e.g., fast unwinding of the


double helix or loosening only—that is still the question!


On the other hand, the helix-coil relaxation after a


temperature jump to 90 jC was recorded for the first


time by an increase of an a.c. polarographic peak at the


DME [J. Chim. Phys. 65 (1968) 54]. The photodynamic


cancer therapy is an effective adjuvant method and the


degradation of DNA, e.g. by guanine oxidation, was


determined polarographically [Stud. Biophys. (Berlin) 3


(1967) 133]. However, the quantitative determination of


the cooperative anthracycline-DNA binding, which was


already presented in ‘‘Anthracycline and Anthracendione-


Based Anticancer Agents’’ (Ed. Lown, Elsevier 1988, p.


245), is missing in the description of DNA interactions


(Chapter 12/7.1.3). Anyway, nucleic acids are still fasci-


nating molecules in biology as well as in electrochemis-


try.


Based on the pioneering work of R. Adams on the


neurochemical activity and release of dopamine in the brain


(Chapter 14), carbon-fiber electrodes were developed which


allow a high spatial resolution when implanted near viable


axonal terminals. Last not least the electrochemical charac-


terization of cell membranes (Chapter 16) including poten-


tiometry, patch-clamp techniques, impedance spectroscopy,


charge transfer processes by incorporated molecules such as


valinomycin, and even photoelectric effects (e.g. photosyn-


thesis) belongs indispensably to the field of bioelectrochem-


istry. Whereas some of the contributions not mentioned here


would be more appropriate for Volume 8 or 10 of the


Encyclopedia, I am missing at least an introduction to two


modern fields of bioelectrochemistry, namely, electropora-


tion of membranes used, e.g., in genetics (the word electro-


poration is just mentioned on page 553) and the influence of


ELF alternating fields on proliferation, apoptosis induction,


and metabolism, a field with increasing importance for
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future life sciences. Nevertheless, this volume presents


many examples of connections between electrochemistry


and biology suitable for elucidating processes and mecha-


nisms in life sciences.
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Book review


Biological and Health Effects from Exposure to


Power-Line Frequency Electromagnetic Fields


H. Takebe, T. Shiga, M. Kato, E. Masada, IOS Press,


Amsterdam, 2001, ISBN: 1-58-603105-8, XV+368 pages,


o113.45


Parallel to the EMF-Rapid program in the USA, a similar


research project was performed in 1999 by Japanese labo-


ratories (e.g., Tokyo Electric Power). This book is the


English translation of the corresponding report which also


includes medical results. The text is divided into two parts.


The introductory Part I deals with health effects in living


beings especially by power line frequency electric and


magnetic fields, addressing the main question ‘‘is there


any effect?’’ Starting with epidemiological studies of Wer-


theimer and Savitz in the USA the different situation in


Japan is characterized in Chapter 1. Chapter 2 describes the


medical effects of stronger static and pulsed electromagnetic


fields (EMF). Research on nervous and endocrine systems,


environmental appliances (installations), and effects on gene


activities in mammalian cells are discussed in Chapters 3–5,


respectively.


Part II is devoted to various aspects of in vivo and in


vitro experiments, such as electric or magnetic fields from


several sources in daily life (Chapter 1), carcinogenicity


tests in rats and in offsprings of mice, particularly leukemia


promotion (Chapter 2), EMF exposure of 40 generations of


fruit flies, induction of chromosome aberration in human


leukocytes, effects on Ca2 + fluxes, as well as effects on


proliferation of human cancer cell lines (Chapter 3), and


experimental facilities (Chapter 4).


Whereas the book Magnetbiology—underlying physical


problems by V. Binhi (Academic Press, San Diego, 2002)


is focused on basic problems and theories, this book


describes environmental conditions as well as sophisticated


equipment and experiments in detail. This includes many


reports on negative results. For example, exposition to 0.5


and 5 mT fields (i) has no promoting effect on carcinoge-


nicity during 2 years (Chapter 2.2), (ii) does not cause


significant differences in spontaneous abortion, body


weight, incidence of leukemia and brain tumor, as well as


survival curves (Chapter 2.3), (iii) does not change the


mutation rate and viability distribution of the fruit fly


(Chapter 2.3), and (iv) does not yield chromosome aberra-


tions (Chapter 3.4). A field of 65 AT at 50 Hz does not


affect Ca2 + influx into cells (Chapter 3.5), and proliferation


of HL-60, K-562, or MCF 7 cells is not changed by


exposures to 0.02-, 0.1-, and 0.5-mT fields during 3 days


(Chapter 3.6), in contrast to the addition of fetal bovine


serum! Since these findings pertaining to the environmental


field range are clearly at variance with results previously


reported in the literature it is of great importance that these


experiments will be repeated.
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Book review


Signal Transduction


B. Gomperts, P. Tatham, I. Kramer, Academic Press, San


Diego, 2002, ISBN: 0-12 289 631-9, £55.00


Starting with a historical essay mainly on the effects of


narcotics and the discovery of transmitters by Dale and


Loewi, the 17 chapters of this book cover almost the entire


field of fundamental biochemical signal transductions on


cellular level. Besides about 10 receptor systems analyzed in


detail (Chapter 3), the interactions of hormones, cyclases,


lipases, kinases, adhesion molecules, protein domains, cyto-


kines, etc. are described, e.g., by the pathway receptor–


transducer (GTP-binding protein) effector (ATP–AMP).


Of particular interest for photobiologists and bioelectro-


chemists are ‘‘The regulation of visual transduction’’ (Chap-


ter 6), ‘‘Calcium and signal transduction’’ (Chapter 7),


‘‘Calcium signalling’’ (Chapter 8), ‘‘Growth factors: setting


the frame work’’ (Chapter 10), and ‘‘Signal transduction to


and from adhesion molecules’’ (cancer apoptosis, cell cycle,


Chapter 14).


Some connections between bioelectrochemical ap-


proaches and topics dealt with in the chapters are worth


mentioning, such as laser therapy and electropulsation of


isolated rods for Chapter 6, change of Ca-influx by alternat-


ing magnetic fields for Chapters 7 and 8, nerve growth factor


stimulation by direct currents for Chapter 10, or electro-


poration of membranes for drug and effector delivery as well


as apoptosis induction by alternating magnetic fields for


Chapter 14. There are also many possibilities for the deter-


mination of reduction and oxidation potentials as well as


reaction kinetics by polarography or voltammetry. These


examples show that this monograph contains many stimulat-


ing ideas and a lot of problems that can be solved by


bioelectrochemical theories and techniques.


The chapters are illustrated with excellent didactic figures


in color, supplemented by plenty of references, margin notes


and key words. Critical remarks providing insight into


current concepts of models are valuable, especially for


students. Signal Transduction is indispensable for modern


life sciences.
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Guide for Authors


Submission of contributions


Authors should submit three copies of their manu-


scripts, one complete set of original illustrations and two


copies to:


Principal Editor


D. Walz


Lerchenstrasse 21


CH-4059 Basel


Switzerland


Tel: ++41-61-361-4370


Fax: ++41-61-361-4371


E-mail: ed.off.bioele@magnet.ch


For the final version, in addition to the original and


two copies, authors should submit an electronic version of


their manuscript on disk. Authors should submit names


and coordinates of 3-4 suitable referees.


To expediate the reviewing process, authors must submit


the details of their manuscript by using an online form


available at:


http://www.elsevier.com/action/bioele/


Contributions are accepted on the understanding that the


authors have obtained the necessary authority for publica-


tion. Submission of an article must be accompanied by a


statement that the article is original and unpublished and is


not being considered for publication elsewhere. Upon


acceptance of an article by the Journal, the author(s) will


be asked to transfer the copyright of the article to the


publisher. This transfer will ensure the widest possible


dissemination of information.


Authors are reminded that delays in publication may


occur if the instructions for submission and disk and


manuscript preparation are not strictly followed. Authors are


strongly recommended to submit disks to aid rapid


processing. To facilitate communication, authors are re-


quested to provide their current e-mail address, telephone


and fax number. Authors should return their final revised


manuscript to the editor within 3 months of receipt of the


referee’s comments. Past this delay the manuscript will be


considered as a new submission.


There are no page charges


Manuscript preparation


Manuscripts should be typed in double spacing on


consecutively numbered pages of A4 (21cm x 30 cm) or


equivalent, with a wide margin on the left.


In addition to the original, two copies should be submitted.


When a revised version of a manuscript is submitted, a disk


together with two copies should be sent together with the


original figures. A reply to the referee’s comments should be


included.


Some flexibility of presentation will be allowed but


authors are urged to arrange the subject matter clearly under


such headings as Introduction, Experimental, Results, Dis-


cussion, etc.


For a rough estimate of the final length of their printed


article, authors should count 850 words per full two-column


page and four illustrations per page.


Language


Papers will be published in English. Authors’ manuscripts


must be consistent in style, spelling and syntax. Authors in


Japan please note that information about how to have the


English of your paper checked, corrected and improved


(before submission) is available from Elsevier Science Japan.


Title


Articles should be headed by a concise but informative


title. This should be followed by the name(s) of the author(s)


and by the name and address of the laboratory in which the


work was carried out. If the address of the author(s) at the


time when the paper will appear is other than the laboratory


in which the work was carried out this may be stated in a


footnote, but footnotes should otherwise be avoided. The


name and complete address of the person to whom the proofs


are sent must be given, inclusive of e-mail address, telephone


and fax numbers, on a separate cover sheet. Recognition of


financial support should not be made by a footnote to the title
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or name(s) of the author(s), but should be included in


Acknowledgements at the end of the paper.


Abstract


The abstract is the part of your paper which will be read by


the largest number of scientists so it plays a crucial role. The


abstract is a condensation of the information (facts) in the


paper; it is not a description of the contents of the paper. The


abstract should present as much as possible of the qualitative


and quantitive information contained in the paper yet it


should be brief (50 - 250 words), specific and self-contained.


The abstract may include the following:


1. The context for the work;


2. The purpose or objectives of the work (what was the


research question or problem and why it is important);


3. Theoretical or experimental methods used;


4. Results (qualitative and quantitative);


5. Conclusions and their limitations (what was the meaning


of the results);


6. Safety information concerning the dangerous compounds


or procedures if relevant.


If the paper reports a new instrument or method then the


abstract should include a description of its advantages and


disadvantages compared to other established techniques.


The abstract should not include trivial experimental


details, references, figures or equations.


Keywords


A maximum of six keywords should be given below the


abstract to describe the contents of the paper. Keywords


should be selected, if appropriate, from the following classes:


theoretical methods, experimental methods, phenomena,


materials, and applications. A recommended list of current


keywords used in the Journal is published regularly. This list


may also be obtained from the Editors or Publisher.


Introduction


A full-length submission should have a short Intro-


duction. This should state the reasons for the work, with


brief references to previous work on the subject. It should


not include the conclusions from the work being


presented.


References


The references should be brought together at the end of the


article, and numbered in the order of their appearance in the


text. Footnotes should not include bibliographic material.


Authors should check that every reference in the text appears


in the list of references and vice versa. Numerals for


references are given in square brackets [ ]; each number


should correspond to a single reference, i.e. multiple


references should be avoided. In the text, authors’ names


are given without initials. When reference is made to a


publication written by more than two authors, it is preferable


to give only the first author’s name in the text followed by "et


al". However, in the list of references the names and initials


of all authors must be given. In the reference list, periodicals


[1], books [2] and multi-author books [3] should be cited in


accordance with the following examples.


[1] M. Caplow, J. Shanks, Evidence that a single


monolayer tubulin-GTP cap is both necessary and sufficient


to stabilize microtubules, Mol. Biol. Cell 7 (1996) 663-675.


[2] S.W. Hui, D.A. Stenger, Effects of intercellular forces


on electrofusion, in: D.C. Chang, B.M. Chassy, J.A.


Saunders, A.E. Sowers (Eds.), Guide to Electroporation and


Electrofusion, Academic Press, San Diego, 1992, 167-178.


[3] D.W.R. Gruen, S. Marcelja, V.A. Parsigian, Water


structure near the membrane surface, in: A.S. Perelson, C.


DeLisi, F.W. Wiegel (Eds.), Cell Surface Dynamics,


Concepts and Models, Marcel Dekker, New York, 1984,


59-91.


Abbreviations for the titles of journals should follow the


system used by Chemical Abstracts Service Source Index,


1970 edition, and supplements. References to books should


include the following information: editor(s), title, publisher,


town of publication, year of publication and page number.


This information should also be given for published


proceedings or abstracts of conferences, together with the


location and date of the meeting, e.g.


[4] B. Miller, Proc. 6th Australian Electrochem. Conf.,


Geelong, Vic., 19-24 Feb., 1984, J. Electroanal. Chem., 168


(1984) 91.


Each reference must be complete, thus the use of


ibid.,idem.,et al., etc. is not permitted. Articles not yet


published should be given as "in press", "submitted for


publication" with the name of the journal, or "in preparation".


Details of personal communications or unpublished results


should be given as a reference, e.g.


[5] A. Jones, personal communication, 1992.


Tables


Tables should be typed in double spacing on separate


sheets and provided with a suitable heading. Tables should be


clearly referred to in the text using Arabic numerals.


Considerable thought should be given to layout so that the


significance of the results can be easily grasped. Each table


should have a title which makes the general meaning


understandable without reference to the text.
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Vertical lines should not be used to separate columns.


Column headings should be sufficiently explanatory,


and presented in a way consistent with the column width.


Units of measurement should be given in the form


consistent with (quantity calculus). Thus a column of


concentration values should be headed cNaCl/mol-1, and a


column of emf values should be headed E/mV, etc.


Columns of figures multiplied by the same power of ten


should not be presented as such.


Illustrations


Line drawings should be in a form suitable for direct


reproduction, drawn in black ink on drawing or tracing


paper. Alternatively, illustrations may be supplied as high


contrast, black and white glossy photographs. Where


magnifications are concerned, it is preferable to indicate


the scale by means of a ruled line on the photograph.


Illustrations will, when possible, be reproduced in one-


column format. Please bear in mind that the A4 page


will be reduced to 34% to fit in a single-column and to


73% to fit in a double-column. Thus, the initial font size


used in the drawings should be 4.5 mm (Times Roman


18) and 2-2.5 mm (Times Roman 10-12) high,


respectively.


All illustrations should preferably require the same


degree of reduction and be submitted on paper of the same


size as, or smaller than, the main text to prevent damage


in transit. Legend boxes and annotations within the


illustration should be avoided. Legends (captions) to


illustrations should be typed in sequence on a separate


page or pages and be understandable without reference to


the text.


Illustrations can be printed in colour when they are


judged by the Editor to be essential to the presentation.


The Publisher and author will each bear part of the extra


costs involved. The charge to be passed on to authors of


articles containing colour figures is Euro 635 (approx.


US$640) for the first page containing colour and Euro 318


(approx. US$ 320) for each additional page containing


colour. Authors will be billed in Euros or US Dollars; the


dollar price is for guidance only and is based on the


exchange rate at the time of the preparation of these


instructions.


The axes of a graph should be clearly labelled with the


quantity plotted, and its units. This should be done using


"quantity calculus" notation in the same way as described


for column headings above e.g.I/ A. Positive values should


be plotted upwards and to the right.


A photocopy of each figure should also be supplied


with each copy of the manuscript. They should be


numbered and identified with the names of the authors.


Original illustrations are not returned except by special


request.


Further information


All questions arising after acceptance of a paper,


especially those concerning proofs, should be directed to:


Elsevier Science Ireland Limited


Elsevier House


Brookvale Plaza


East Park


Shannon


County Clare


Ireland


Tel: ++353 (61) 709144


Fax: ++353 (61) 709114


e.mail: g.mcmahon@elsevier.com


Preparation of manuscripts on disk


Main Text


Articles prepared using any of the more popular word-


processing packages are acceptable but please note the


following points.


. Submissions should be made on a double-density or high-


density 3.5" disk.


. The disk format, word-processor format, file name(s) and the


title and authors of the article must be indicated on the disk.


. The disk must always be accompanied by a hard-copy


version of the article, and the content of the two must be


identical.


. The disk text must be the same as that of the final refereed,


revised manuscript.


. Disks formatted for either IBM PC compatibles or Apple


Macintosh are preferred. If you can provide either of these,


our preference is for the former.


. The article must be saved in the native format of the word


processor used, e.g. WordPerfect, Microsoft Word, etc.


. Although most popular word processor file formats are


acceptable, we cannot guarantee the usability of all


formats. If the disk you send us proves to be unusable,


we will publish your article from the hard copy.


. Please do not send ASCII files as relevant data may be lost.


. There is no need to spend time formatting your article so that


the printout is visually attractive (e.g. by making headings


bold or creating a page layout with figures), as most


formatting instructions will be removed upon processing.


. Leave a blank line between each paragraph and between


each entry in the list of bibliographic references.


. Tables should preferably be placed in the same electronic


file as the text. Authors should consult a recent issue of the


Journal for table layout.


Graphics


General


Although there are still a large number of technical


difficulties to overcome, we are processing graphic files in a
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growing number of cases. Both scanned and computer-


generated illustrations, either in colour or black and white are


acceptable.


Requirements


The following requirements are to be met:


A hard copy of the manuscript should be sent in all cases.


Since we cannot a priori guarantee the usability of your


graphic file(s), hard copies of all illustrations should


accompany the accepted printout of the manuscript in all


cases. One set should be in a publishable condition.


Disks


Files should preferably be submitted on disk, either IBM


or Macintosh. Submission via e-mail is not recommended for


large files.


Format


TIFF or EPS files are preferred. TIFF files should


preferably be compressed, but only LZW (Macintosh)


compression is acceptable. Please note that corrections in


EPS figures are only possible if they have been prepared with


Adobe Illustrator 3.0 or higher versions. The usability of


other formats is to a large extent dependent on the


information you supply us with concerning the software


and hardware used. It is a good idea to put the relevant


information in the header of the file.


Resolution


Drawings made with Adobe Illustrator and Aldus Free-


hand (Macintosh) and CorelDraw (IBM/DOS) generally give


good results. Drawings made in WordPerfect or Word


generally have too low a resolution; only if made at a much


higher resolution (1016 dpi) can they be used. Files of


scanned line drawings are acceptable if done at a minimum of


1016 dpi. For scanned halftone figures a resolution of 300 dpi


is sufficient. Scanned figures compressed with JPEG usually


give no problems. Please note that scanned figures cannot be


enlarged; only reduced.


Proofs


Authors will receive proofs, which they are requested to


correct and return as soon as possible. No new material may


be inserted in the text at the time of proof-reading. A Note


added in proof must be dated and the author must have


requested and received the Editor’s approval.


Offprints


Fifty offprints are supplied to authors free of charge.


Additional offprints may be ordered at prices shown on the


offprint order form which will accompany the proofs. This


order form should be returned promptly since the price of


offprints ordered after publication is substantially higher.


For complete up-to-date addresses of Editors please check


the link to Editorial Board at the beginning of these


instructions.
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