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Editorial

The XVI"™ International Symposium on Bioelectroche-
mistry and Bioenergetics took place in Bratislava (Slovakia)
from June 1 to 6, 2001. It was organized by Prof. Tibor
Hianik of Comenius University, under the auspices of the
Bioelectrochemical Society (BES), and was attended by 170
scientists from 30 countries all over the world. The sympo-
sium, as usual for BES meetings, had a strong interdiscipli-
nary character, and the contributions covered all aspects of
bioelectrochemistry ranging from basic research to practical
applications. The presentations (plenary lectures and pos-
ters) were grouped into sections which are closely related to
the topics of Bioelectrochemistry. In addition, the sympo-
sium had a special section on “Mechanisms of Electron
Transfer in Biomolecules”, which was organized by Prof.
K. Niki and F. Armstrong, in collaboration with the section
of Bioelectrochemistry of the International Society of Elec-
trochemistry (ISE). A summary of topics dealt with in the
sections can be found in a previous Editorial [Bioelectro-
chemistry 55 (2002) x].

The symposium was perceived as a very interesting and
successful scientific event, which provided valuable infor-
mation on rather diverse aspects in the large field of
bioelectrochemistry. Therefore, BES together with Elsevier
decided to make this information available also in printed
form. The format of extended abstracts was chosen in order

1567-5394/02/$ - see front matter © 2002 Published by Elsevier Science B.V.
PII: S1567-5394(02)00092-0

to warrant a concise representation of all contributions
(lectures and posters) but also to allow a fast publication.
Authors were invited to submit manuscripts at the sympo-
sium, and such a manuscript was considered suitable if it
presents new material in a self-consistent way, comparable
to a short communication. It should be understood, how-
ever, that all manuscripts were peer reviewed, and thus are
different from the type of contributions usually found in the
proceedings of a meeting. At this occasion we would like to
thank the many colleagues who have helped us with this
reviewing process.

This volume then presents the second series of extended
abstracts [a first series was published in Bioelectrochemistry
55 (2002)]. For reasons mentioned in the previous Editorial,
they again pertain to all sections of the symposium. We
hope these extended abstracts will serve the purpose they
are intended for, to the benefit of all those who could not
attend the symposium.

Tibor Hianik
(Special Volume Editor)

Dieter Walz
(Pricipal Editor)
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Effect of protein relaxation on electron transfer from the cytochrome
subunit to the bacteriochlorophyll dimer in Rps. sulfoviridis reaction
centers within mixed adiabatic/nonadiabatic model
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Abstract

The broad set of nonexponential electron transfer (ET) kinetics in reaction centers (RC) from Rhodopseudomonas sulfoviridis in
temperature range 297—40 K are described within a mixed adiabatic/nonadiabatic model. The key point of the model is the combination of
Sumi—Marcus and Rips—Jortner approaches which can be represented by the separate contributions of temperature-independent vibrational
(v) and temperature-dependent diffusive (d) coordinates to the preexponential factor, to the free energy of reaction AG=AG, + AG4(T) and to
the reorganization energy A=A, + A4(7). The broad distribution of protein dielectric relaxation times along the diffusive coordinate is

considered within the Davidson—Cole formalism. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Marcus theory; Free energy; Energy of reorganization; Protein dynamics; Dielectric relaxation

1. Introduction

In the last two decades, a considerable progress has been
achieved in the quantitative description of long-range elec-
tron transfer (ET) between redox centers in native and in
various chemically and genetically modified proteins. Spe-
cial interest attract the reactions in the proteins under the
lowered mobility: in membranes, in great protein complexes,
in films, on the electrode surface or at lowered temperatures.
The rates of electron transfer in such conditions reveal a great
variety and they required special approaches for corrected
description and analysis. For example, the course of kinetics
of ET reaction between proximal heme of cytochrome
subunit and photooxidized primary donor P* in protein
complex of reaction centers (RC) from Rhodopseudomonas
viridis changes greatly in the broad temperature range from
300 to 8 K [1,2]. Quite different temperature dependencies of
ET rate one can observe in a set of heme and Cu-containing
proteins [3—9]. If the changes in ET rate at temperatures

* Corresponding author. Tel.: +7-95-913-2109; fax: +7-96-524-9676.
E-mail address: kotel@icp.ac.ru (A.L. Kotelnikov).

below 150 K can be related mainly to vibrational degrees of
freedom [1-3], the substantial increase in ET rates around
170—180 K for myoglobin and hemoglobin [4—6], or even at
220 K for cytochrome c—cytochrome ¢ peroxidase complex
[7,8], can be associated with the appearance of diffusive
motion due to a glass-like transition in the solvent—protein
matrix. In this paper, we propose the new model for
description of ET kinetics in proteins, taking into account
the vibrational and diffusive channels of energy dissipation,
based on the combination of Sumi—Marcus and Rips—
Jortner approaches [10,11]. This model is used for quantita-
tive analysis of kinetics for electron transfer reactions from
the heme c-559 of tetraheme cytochrome c to the special pair
of bacteriochlorophylls in reaction centers from the photo-
synthetic purple bacterium Rps. sulfoviridis. The electron
transfer kinetics were measured and analysed for free state of
cytochrome reduction in temperature range 295—-40 K.

2. Description of the model

In nearly all publications, ET reactions in proteins are
analysed in terms of the nonadiabatic approach of the

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S1567-5394(02)00036-1
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Marcus theory. According to the classical Marcus and Sutin’s
theory [12], under conditions of fast matrix reorganization
(Vg <{Jhv/4n}), in the nonadiabatic approximation:

E
KQA = Koexp (— ﬁ) (1)
where
27VA (R)
Ky="—"-2—~ 2
O WaAmKT @)
(AG + 1)
E, = — (3)

In these equations, K", Ea, Vu, 4, AG and v, are the
nonadiabatic electron transfer constant, the activation
energy, the tunneling matrix element, the nuclear reorgan-
ization energy, the free energy of reaction and the nuclear
reorganization characteristic frequency, respectively.

The application of the nonadiabatic approximation de-
pends on the magnitudes of v and V,,, which can broadly
vary in proteins. As was estimated in publications [13—15],
Vap=10 11072 cm ! for electron transfer in reaction
centers (RC), in heme proteins myoglobin, cytocrome ¢ and
azurin at distances 8—26 A. If the nuclear reorganization is
governed by fast vibrations or by the motion of free water
molecules with v=2 X 10'> s ! and A=1 eV, the non-
adiabatic limit is fulfilled for all ET reactions in these
proteins. However, the relaxation frequency of the myoglo-
bin heme pocket is as low as 10°* —10* s ! even at room
temperature [16—18]. Such slow relaxations may take place
due to conformational transitions or local protonation and
reveal diffusive character. If v=2 X 10* s !, the nonadia-
batic limit is fulfilled at ¥, <10 > cm ', which is not
valid for some reactions in metal-containing proteins.

If the conditions of the nonadiabatic approach are not
fulfilled, the adiabatic limit must be used. According to the
simplest version of the theory [19,20], if V2> {\hv/4n}, the
adiabatic electron transfer rate constant is expressed by the
equation:

E,
KA = vAexp <— RT> . (4)

The intermediate case between nonadiabatic and adia-
batic limits was considered for a model with a single
diffusive mode [11,19,20]. In this case, the electron transfer
constant K is expressed by the equation:

Ky E,
Ko = -2 5
et 1+1§f’[exp( RT) ( )

where 7=1/v is the thermally activated relaxation time for
the diffusive motion.

In more complicated cases, if the times of the electron
transfer and of the matrix reorganization are comparable and

there is a Davidson—Cole distribution of the relaxation
times described by the function:

g(r)zw(%)ﬂ 0 <<t (©)

T 0— T

glr)=0 t>71

then, according to Rips and Jortner [11], the average ET
constant at short times is expressed as:

8 2(1-f) E,
Ka= (/507 Pexp (- 1) )

where 0 < <1 is the time distribution parameter of the
Davidson—Cole dielectric relaxation spectrum and 7, is the
characteristic relaxation time, which corresponds to the
upper limit of the 7 distribution.

In order to describe the kinetics of the ET reactions in RC
from Rps. sulfoviridis, we propose in this paper a model that
combines Sumi—Marcus [10] and the Rips—Jortner approx-
imations. Sumi—Marcus model takes into account the pos-
sibility of energy dissipation simultaneously by two modes:
by fast vibrational and by a diffusive degrees of freedom.

Obviously, along with the diffusive motion, proteins
display vibrational (nondiffusive) motions including intra-
molecular vibrations, internal rotations, etc. Such motions
have very short relaxation times and never freeze out even at
low temperatures. If the motion along both coordinates,
nondiffusive g and diffusive X, is fast, the reaction goes
through the optimum, fastest nonadiabatic pathway from
state of reactant to state of product with the lowest activation
energy EM™ at point S representing the transition state for
the reaction (see Fig. 1 in Ref. [10]). However, if the motion
along the diffusive coordinate X freezes out at low temper-
ature due to a change of 7, the ET process still persists due
to the possibility of reaction along the nondiffusive coor-
dinate via a different transition state with a higher activation
energy E,, E™" < E,. In this case, the reaction proceeds in a
mixed adiabatic/nonadiabatic regime.

Such a shift of the transition state can be described
phenomenologically by introducing a 7-dependent activa-
tion energy and a preexponential factor, as described by
Kotelnikov et al. [21]:

Ku(t) = o(x)exp {— E;(]f)} (8)
A g
B =200 ©)
The dependence on 7 is given by the function:
1
00 = (10)

which serves as a switch between the high-temperature
(nonadiabatic) and low-temperature (adiabatic along diffu-
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sive coordinate) limits since ¢(t) ~ 1 at room temperature
and ¢(1t)<1 at low temperature, like in Eq. (5). The pre-
exponential factor is represented as a sum of vibrational and
diffusive contributions:

o=0y + 04 = Ko[Ps + (1 — Py)o(7)] (11)

where P, is a phenomenological parameter, o, =KyP, is a
temperature-independent vibrational contribution and
04=Ko(1 — P,)¢p(7) is a temperature-dependent (via 7) con-
tribution of the diffusive motion. The activation energy in
Eq. (9) is expressed in terms of t-dependent reorganization
energy and driving force as:

HE) =+ g = AP, + (1= P (o) (12)

AG(1)=AG, + AGy = AG[Pg + (1 — Pg)o(1)] (13)

where P, and P; are phenomenological parameters and the
same ¢(7) is used as a switch between the low- and high-
temperature limits. Since we suppose that t characterizes the
temperature-activated diffusive motion, the first terms in the
square brackets in Egs. (11)—(13) represent constant, tem-
perature-independent contributions from the vibrational
mode ¢, 6,=0P,, A,=AP; and AG,=AGP;, whereas the
second terms are temperature-dependent parts of a(t), ()
and AG(t) corresponding to the diffusive coordinate X,
gq=0(1 — P,), A,g=(1 — P;) and AG4=AG(1 — Pg). Note,
however, that the numerator of Eq. (9) contains the constant
reorganization energy A corresponding to the room temper-
ature limit of Eq. (12) with ¢(7)=1, in the low-temperature
limit:

[AG, + /]

14
4 (14)

E.(x) =

which is easy to verify. As a result, £,(t) must increase as
temperature decreases.

We have performed the fitting of ET kinetics in RC
from Rps. sulfoviridis using Eqgs. (8)—(13) with parameters
P,=0.7 and P5=0.1, as was determined in Ref. [21]. A
computer analysis showed that these parameters give
optimum results for the present system, too. Concerning
the thermodynamic parameters, we accept the values from
Ref. [22]: the AG values for electron transfer in the first,
second and third states of reduction of cytochrome are
AG,=-0.14 eV, AG,=—0.18 eV and AG;=-0.29 eV,
respectively; for all the reactions, 1=0.29 eV.

3. Experimental

Rps. sulfoviridis, a species closely related to Rps. viridis,
was grown and reaction centers were prepared as described
in Ref. [23]. Purified reaction centers were handled as
described in Ref. [1] for Rps. viridis.

Flash-induced absorption changes under several redox
conditions and at various temperatures were measured in
time domain 0.1-4500 ps as in Ref. [1] using a ruby laser as
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Fig. 1. Kinetics of normalised flash-induced absorption changes at 1283 nm
of the cation-radical P* in RC from Rps. sulfoviridis for the first state of
cytochrome reduction (E,=+360 mV) at different temperatures on dif-
ferent time scales. Solid circles: experimental measurements; line graphs:
fitting according to the model described in the paper. (A) Full time scale;
(B) 100 ps time scale; (C) 1.5 ps time scale.
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a source of excitation light. The oxidation of the primary
donor P and its subsequent reduction were measured by
following at 1283 nm the absorption of P*. The cuvette
contained 60% by volume of glycerol.

Data were acquired as in Ref. [1], except that the decay
kinetics were not analyzed in terms of exponential compo-
nents. Instead, they were analyzed according to the method
proposed in this work.

4. Results

Kinetic curves of flash-induced absorption changes of
P describing the ET reactions have a strong nonexponen-
tial character in a wide temperature range from 295 to 40 K
and they depend on the state of cytochrome reduction, as
shown previously from similar experiments in RC from Rps.
viridis [1]. Examples of such kinetic curves at different
temperatures and in different states of cytochrome reduction
are presented in Figs. 1 and 2.

ET reactions following a flash in the cytochrome—RC
complex are as follows:

c— 559" Ka,pt K

A preliminary analysis of the time behaviour of the
function F(H)=[P " ()])/[P " (0)], has shown that in a broad
time domain from 0.1 to 4500 ps for various temperatures,
all experimental kinetics can be considered as a sum of two
curves, which differ significantly (Fig. 1). The initial part of
the kinetic curves in the time interval 0.1-40 ps is fast,
temperature-dependent and nonexponential, but the next

1,0
0,8}
S o6}
a,
s
= )
04} 2
02}
0'0 A I
0,0 05 1,0 15

TIME, uS

Fig. 2. Kinetics of normalised flash-induced absorption changes at 1283 nm
of the cation-radical P in RC from Rps. sulfoviridis at temperature 220 K
under three different redox conditions on 1.5 ps time scale. (1) First state of
cytochrome reduction (E£,=+360 mV); (2) second state of cytochrome
reduction (E,=+250 mV); (3) third state of cytochrome reduction
(Ep=—20 mV). Solid circles: experimental measurements; lines: fitting
according to the model described in the paper.

part from 40 to 4500 ps decays slowly and is described
by a one-exponential function with a nearly temperature-
independent characteristic rate around (1 —4) x 102 s .
Since it is known from Ref. [24] that the P <~ Q, reaction
have the rate constants (1 —4)x 10> s~ ' in temperature
range 100—-300 K, it seems reasonable to relate the fast
nonexponential part of kinetics to the ¢c-559 ~ — P reac-
tion and the slow exponential part to the recombination
process PT —Qj .

Then, the function F(£)=[P " (£)J/[P * (0)] can be written
as:

F(é) = 4y /0 " g(t)exp[—Ka(t)dt + Arexp(—Kit)]. (15)

In this equation, where 4,+ A4, =1, the first integral term
describes the direct fast ¢-559 ~ — P ™ reaction and the
second term describes the back reaction P < Qj .

5. Discussion

The aim of this work was the description of a whole
ensemble of experimental kinetic curves (about 50) in the
temperature range 40—298 K for the three states of cyto-
chrome reduction in the framework of a unique model for
the determination of unknown parameters: K, f§, 7o, A, and
K.

The procedure of computer fitting was divided into
several steps. First, 4, and K, were determined for each
curve from a semilogarithmic plot of the slow kinetics in the
time interval 100—4500 ps. Subsequently, each curve in the
time interval 0.1-100 ps was fitted for determination of the
parameter f5, value 7o and parameter K, by minimizing the
standard @ with respect to the experimental curves.

Finally, parameters A, AG, P,, P; and P; were varied
around their initial values with monitoring of variations of
®. As a rule, @ was minimized for the parameters taken
from Ref. [21], only for parameter P, was taken P,=0.

5.1. Ky value

This parameter describes the maximum ET rate in the
protein under nonadiabatic conditions. From an analysis of
the experimental curves, we can see that Ky=(1.0—
1.6) x 107 s~ ' for all states of cytochrome reduction in
the temperature range 298—-230 K, then it slowly decreases
to 10° s~ ! at 40 K (Fig. 3). The average value at room
temperature, Ko=1.4x 10" s~ ! can be compared with
Ko=10% s 7!, which is calculated from the empirical equa-
tion of the one-dimensional tunnelling barrier model
[25,26]:

Ko(s™") = 10'"exp(—aR). (16)

Here we used «=1.4 A "' and R=12.3 A, the edge-to-edge
distance between the proximal heme c-559 of the cyto-
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chrome and P*. Given Ko=1.4 X 107 s~ !, ¥V, can be
calculated from Eq. (2). If 2=0.29 eV and T=295 K, then
Viy=0.17 cm ~'; this value can be compared to V,,=0.13
cm ' obtained for the same reaction between cytochrome
¢, and P" in reaction centers from Rhodobacter sphaer-

oides [13].
5.2. Parameter f3

The parameter f§ characterizes the time distribution of
protein relaxation motions participating in ET reactions. As
shown in Fig. 4, the f§ values are close to 0.03—0.06 for all
states of protein reduction in the temperature range 298—
220 K. At lower temperatures, such as 200—130 K, S
increases from 0.08 to 0.2, and it is equal to 0.57 at 40 K.

It is necessary to note that the magnitude of f is a
characteristic of the dielectric spectrum of the medium and
therefore, must reflect peculiarities of the object under
investigation and of the method of measurements. For pure
glycerol, direct dielectric measurements give =0.55-0.6
in the temperature range 198—233 K [27]. The very low f
values in the temperature range 298—130 K for RC may be
explained by a large contribution of very fast vibrational and
librational motions to the dielectric relaxation of the protein
matrix with substantial contribution of slow protein relaxa-
tion in the course of ET reaction.

5.3. Factor of adiabaticity and characteristic relaxation
time T,

The parameter % 79, which can determined directly in our
calculations, represents, in accord to Egs. (5) and (10), the
degree of adiabaticity of ET reactions for the population of
proteins with a maximum relaxation time 7 in the Davidson—

20

0 50 100 150 200 250 300
T.K

Fig. 3. Temperature dependence of the parameter K, for three different
states of cytochrome reduction. Solid circles: first state of cytochrome
reduction (E,=+360 mV); open squares: second state of cytochrome
reduction (E,=+250 mV); solid triangles: third state of cytochrome
reduction (£, =—20 mV).
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Fig. 4. Temperature dependence of the parameter f§ for the three different
states of cytochrome reduction. Designation as in Fig. 3.

Cole distribution. The ET reaction is adiabatic if % 70>1.1In
our analysis, we have found that for the RC with cytochrome
in the first state of reduction, this parameter is equal to 10 at
room temperature and increases up to 178 as the temperature
decreases to 220 K. This means that even at room temper-
ature, the ET reaction is substantially adiabatic for a fraction
of proteins with the longest relaxation times 7o =0.35 ps, and
the degree of adiabaticity increases when temperature
decreases.

6. Conclusion

In this work, we used a new approach for the description
of electron transfer reactions in proteins, taking into con-
sideration the influence of slow molecular dynamics on the
dielectric relaxation of the protein matrix during charge
separation. A mixed adiabatic/nonadiabatic model is devel-
oped for a description of the kinetics of the ¢-559 ~ —P "
ET reaction in the cytochrome—RC complex at different
temperatures and states of cytochrome reduction, taking into
account a possibility of protein relaxation along vibrational
and diffusive coordinates according to the Sumi—Marcus
approximation and the Davidson—Cole distribution of dif-
fusive relaxation times (the Rips—Jortner approximation).
The parameters of this model, having a simple physical
meaning, are determined from a fitting procedure. This
model allows to propose new mechanisms of ET rates
regulation or gating, connected with changing the parame-
ters 7o, f, Aq and AGy under conditions where the protein
mobility is restricted. Such conditions are realised in large
protein complexes with metal sites deeply embedded into
the protein globule. The A4 parameter is one of the most
important of these parameters: it reflects the contribution of
the diffusive protein reorganization to the full reorganization
energy and can be changed in a discrete manner due to local
protonation or selective reduction of some groups in the
vicinity of metal sites. This opens the possibility for large
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variations of ET rates under conditions of lowered protein
mobility. Further investigations are required for a quantita-
tive application of this model to other experiments on long-
range electron transfer in proteins.
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Abstract

Using the method of Modified Neglect of Diatomic Overlap (MNDO), the electronic structure of plastoquinol (PQH,) and plastoquinone
(PQ) in neutral, singly (PQ ~) and doubly (PQ? ) reduced states is studied. The conformational analysis performed on these molecules
shows that in the lowest energy conformation, the angle between the first link of the tail backbone and the ring plane of neutral and singly
reduced PQ and plastoquinol is nearly the same and differs by 15° from that of doubly reduced PQ. Nevertheless, for all states of
plastoquinone and for plastoquinol, the total energy changes by less than 0.2 eV when the studied angle is varied from 0° to 180°. As in
Rhodobacter sphaeroides, the oxygen of the PQ ring is reported to form a hydrogen bond with a nitrogen in the ring of Histidine (His) L 190.
The energy of the PQ—His complex was calculated for different redox states of PQ and for several values of the distance between the
molecules (N—O distance from 0.2 to 0.5 nm). For every considered complexes, the total energy dependence on the proton position on the
line connecting the N and O atoms was determined, to see if the hydrogen bond is formed. It is shown that for only singly reduced PQ this
dependence has a symmetric two-well form, i.e. the hydrogen bond is formed. For neutral and doubly reduced PQ, the curve is also two-well
but asymmetric, so that the proton is bound to His or to PQ, correspondingly. On the basis of these results, we propose the following scheme
of electron—proton coupling. Negatively charged oxygens of PQ form H-bonds with proton donor groups of the surrounding protein and fix
PQ in its pocket. While the negative charges of oxygens increase after quinone reduction, protons shift to PQ oxygens and form strong
hydrogen bonds with them. Upon second PQ reduction, protons are torn away from surrounding amino acids and form covalent bonds with
the quinol. Resulting PQH, detaches from its binding place and is replaced by a neutral PQ. The lacking protons on amino acids in the Qg
pocket are replaced by a step-by-step transfer from the stroma bulk through the proton channels. © 2002 Published by Elsevier Science B.V.

Keywords: Plastoquinone; Electron and proton transport; Photosystem 2

1. Introduction

The electron and proton transfer reactions are the central
reactions of the bioenergetics of living organisms. The
interesting problem in this field is the coupling mechanism
of electron and proton transport. Now, it is supposed that
proton transport is initiated by different reasons. As a rule, it
involves both reduction and oxidation of some aromatic
compounds [1]. The coupled proton transport through the
membranes occurs both via special structures (proton chan-
nels or “proton wire” [2]) and the chain of water molecules
or protonated amino acid residues in proteins [1]. This
mechanism of proton transfer is well studied for bacterio-
rhodopsin [3].

However, the following question remains unanswered:
what quantum-chemical properties of electron carriers and
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their surrounding are crucial for synchronization of electron
and proton transfers? A convenient system for this consid-
eration is the secondary plastoquinone (PQ) acceptor Qg in
the reaction centre (RC) of photosystem (PS) 2 of higher
plants.

Although in some works the electronic properties of
quinones were studied [4], we do not know of any work
considering the electronic properties of quinones as electron
and proton carriers in connection with the molecular mech-
anism of coupling.

This work was aimed to clarify which structural and
electronic properties of plastoquinone and its environment
ensure the correlation between the secondary reduction of
singly reduced quinone, the proton binding to doubly reduced
quinone (plastoquinol formation), plastoquinol detachment
from its binding place and proton transfer across the mem-
brane. For this purpose, we have calculated the electronic
structure of the lowest energy configurations of PQ in neutral
(PQ), singly (PQ ~ ) and doubly (PQ? ~ ) reduced states and of
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plastoquinol (PQH,) and determined the total energy of the
different states of the plastoquinone complex with the nearest
amino acid. The nearest amino acid and its position were
chosen on the basis of the reported structure of Rhodobacter
sphaeroides reaction centre, similar to that of higher plant PS
2 [5].

2. Experimental

The electronic structure, atom charges and total energy of
the molecules were calculated by the use of the MOPAC
program (Copyright 1996, University of Florida) by Modi-
fied Neglect of Diatomic Overlap (MNDO) method with
configuration interaction, accounting for all valence elec-
trons. This method has been shown to give satisfactory
predictions of such properties of molecules as the heat of
formation, molecular dipole moments, ionization energies,
electron affinity, polarization and oscillation frequencies [6].
In connection with the aim of this work, a service program
has been written, permitting to fulfil the solution of several
problems without interference of the user and to present the
calculation results in a form convenient for analysis.

3. Results and discussion
The distributions of total charge and atom electron

density along the molecule of PQ in different states of
reduction are given in Table 1. Notations of atoms of PQ

Table 1
Atom charge distributions for different plastoquinone redox states

State of Atom Atom Total Atom electron
plastoquinone number charge density
PQ 0.2709 3.7291

—0.0775 4.0775
—0.1102 4.1102
0.281 3.719
—0.1076 4.1076
—0.1074 4.1074
—0.2691 6.2691
—0.2711 6.2711

PQ~ 0.2362 3.7638
—0.1647 4.1647
—0.2365 42365
0.2582 3.7418
—0.1487 4.1487
—0.1446 4.1446
—0.4594 6.4594
—0.4551 6.4551
PQ*~ 0.226 3.774

—0.2039 4.2039
—0.2992 4.2992

0.2582 3.7418
—0.2658 4.2658
—0.2523 4.2523
—0.6454 6.6454
—0.6416 6.6416

0 LNV R W — 00T h WEN—00 WA WK —
cNcNoNoNoNoNoNoNcNoNoNoNoNoNoNoNoNoNoRoNoNo NN

Fig. 1. Atom arrangement and numeration in plastoquinone—histidine
system.

are presented in Fig. 1. Maximal negative charges at the
reduction of PQ are localized on oxygen atoms and are
twice as large as on other atoms. These charges vary from
—0.27e for plastoquinone to —0.46e for PQ~ and to
— 0.64¢ for PQ? ~ (where e is the absolute value of electron
charge). These values are in good accord with those calcu-
lated by Ericsson et al. [4]. At the reduction of PQ, the
electrostatic potential becomes more negative and spreads to
the entire molecule. As it has been found that the Qg ring
in Rh. sphaeroides RC rotates by 180° on Qg reduction [7],
we have performed a conformational analysis of PQ total
energy depending on the torsion rotation angle between the
ring plane and the first plane of the tail backbone. For
conformations with minimal total energy, this dihedral angle
is approximately equal for PQ, PQ =~ and PQH, and differs
by 15° for PQ2 ~ . Nevertheless, for each of PQ redox states,
the total energy seems to be nearly independent of the
above-mentioned dihedral angle, differing by less than 0.2
eV. Such “flexibility” can allow plastoquinone to change its
conformation easily on reduction, as it has been shown for
ubiquinone Qg in RA. sphaeroides RC [7].

To address the mechanism of proton transport, the inter-
action of PQ with its surrounding must be considered. Since
it is known, that the reduction of PQ is coupled to the proton
transfer, we have supposed that in this process a hydrogen
bond is formed to the atom of PQ whose charge changes
most significantly on PQ reduction, i.e. to the oxygen of PQ
and that it takes part in proton transport. Stowell et al. [7]
have found that in Rh. sphaeroides RC, one of the two
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Fig. 2. Total energy of PQ—His system for different states of PQ and
different N—H distance. N—H—0O distance is equal to 0.3 nm. M: charge 0;
v: charge — 1; A: charge —2.

oxygen atoms of PQ, both in neutral and singly reduced
states, is within a hydrogen bond distance from a nitrogen in
the ring of His L190. As this His is the only amino acid that
can form a hydrogen bond with PQ in both states, we have
studied the PQ—His system for different redox states of PQ.
The relative position of PQ and His was chosen on the basis
of the known RA. sphaeroides RC structure [8] and was
corrected by HyperChem program with help of data about
bond length and valence angles. For this system, we esti-
mated the total electronic energy (potential energy of nuclear
moving) as a function of the proton position on the straight
line connecting the nitrogen of His and the oxygen of PQ. As
the quinone in Rh. sphaeroides RC is reported to shift on
reduction [7], this calculation was repeated for different
distances between the PQ and His (O—N distance from 0.2
to 0.5 nm). The resulting curves are presented in Fig. 2 and
their parameters are given in Table 2. From Fig. 2, it can be
seen that for fixed positions of PQ and His, the dependence
of electronic energy on N—H distance bears a resemblance to
a curve with two potential wells. For neutral PQ, the minimal
energy corresponds to the proton position near the nitrogen
of His and for PQ? ~, the proton is located near the oxygen
atom of PQ. In the case of PQ ~, the curve of electronic
energy is a symmetric two-well curve with minima of equal
values. According to the work in Ref. [9], only for a sym-
metrical potential curve can proton tunnelling take place.
This means that the formation of the OH bond begins in the
PQ( — ) state. This is in line with the results of Ref. [8] where
it is supposed that the proton conjugation occurs in the PQ ™~
state. Naturally in this case, the addition of the second
electron to PQ ™ is facilitated.

The energetic characteristics of the PQ—His system in
different redox states are presented in Table 2. It can be seen
that in the PQ ~ state, diminishing the distance between
nitrogen of His and oxygen of PQ is followed by a decrease
of electronic energy. It means that the formation of the H-
bond brings about the approximation of PQ and His and
consequently, a much tighter bond is formed. This result is
consistent with the structural rearrangements in Rh. sphaer-

oides RC at reduction of PQ, described in Ref. [4]. As we
stated above, at two-fold reduction of PQ, the proton binds
to the PQ oxygen atom. From Table 2, we can observe that
the total energy of the system PQ® ~ —H—His is essentially
larger than for the PQ = —H—His complex. Moreover, the
energy of PQ? ~ —H—His system decreases at an increase of
the distance between the oxygen of PQ and the nitrogen of
His. This means that the system becomes unstable and
explains the separation PQH, from its binding site.

On the basis of the presented data, we propose the follow-
ing scheme of coupling of the electron transport to proton
transfer across the membrane. Oxygen atoms, having large
negative charges, form H-bonds with proton donor groups of
the surrounding protein to fix the PQ position in its pocket, as
is observed in bacterial reaction centres [7]. It is generally
agreed that hydrogen bonds are due to electrostatic energy
[10]. Consequently, when negative charges on oxygens are
increased after quinone reduction, the protons that were H-
bonded to them may be torn from the surrounding amino
acids and form covalent bonds with the quinol. After that,
resulting plastoquinol can detach from its binding place and
be replaced by another quinone. Step-by-step transfer from
the bulk through the proton channels replaces the lacking
protons on amino acids in the QB pocket. Two such channels
were shown to exist in Rh. sphaeroides RC [4,7]. The
mechanism of the proton transfer may be similar to proton
migration in bacteriorhodopsin [3]. All the more, one notes
that the characteristic time of proton transfer by the bacterio-
rhodorpsin is equal up to an order of magnitude, the time of
proton transfer across the photosynthetic membrane [11].

Table 2
Total energy of system PQ—His for different states of PQ and different N—
H...—O distances

N-O Charge N-H

Total energy  N-H Total

distance distance  (eV) distance energy
(nm) (nm) (nm) V)
0.2 0 0.095 —4686.8852  — -
-1 0.095 —4689.9113 - -
-2 0.095 —4687.8607 — -
0.25 0 0.1 —4689.9807 — -
-1 0.105 —4692.5961 — -
-2 0.1 —4689.9939 - -
0.3 0 0.1 —4690.8042 0.2 — 4688.45
—1 0.1 —4693.1255 0.205 —4692.98
-2 0.1 —4690.4293 0.205 —4692.17
0.35 0 0.1 —4691.0595 0.26501 —4688.75
-1 0.1 —4693.2666 0.26501 —4693.06
-2 0.1 —4691.0902 0.26501 —4692.50
0.4 0 0.1 —4691.0968 0.3201 — 4688.83
—1 0.1 —4693.2449 0.3101 —4692.99
-2 0.1 —4691.3512 0.3101 —4692.55
0.45 0 0.1 —4691.0944 0.3601 —4688.89
-1 0.1 —4693.1987 0.3601 —4692.93
-2 0.1 —4691.5203 0.3601 —4692.62
0.5 0 0.1 —4691.0863 0.405 —4688.99
—1 0.1 —4693.1612 0.405 —4692.92
-2 0.1 —4691.631 0.405 —4692.71
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The same scheme of coupling of electron transport and
proton transfer across the membrane may well take place in
cytbe—f complex and oxygen evolving system. It should be
noted that the curves similar to curves in Fig. 2 were pro-
posed in Ref. [12] for supposed energy of H-bond at
different values of donor and acceptor group pK.

The determination of the electronic structure of PQ—His
system and its total energy will provide great stimulus for
calculations of rate constants of electron and proton transfer
near PQp in different redox state. Such attempts were
described earlier [13,14]. However, the electronic structure
of carriers and its surroundings was not accounted for. Thus,
this problem requires further studies.

4. Conclusions

The results of calculations show that the total energy of
plastoquinone changes weakly in relation to turning of the
PQ ring. This means that the conformation of PQ is deter-
mined by the surrounding species. The results of calculations
of total energy of the system PQ—His can explain the relative
affinity of PQ, PQ = and PQH, to the quinone binding place.
The proton transfer across the membrane in RC PS 2 is
triggered by increase of electron density on oxygen atoms of
PQ’ ~ that gives rise to relay race proton transfer across the
membrane. The same scheme of coupling of electron trans-
port and proton transfer across the membrane may well take
place in cytbs—f complex and oxygen evolving system. On
the basis of the proposed scheme and dependence of energy
on proton position in PQ—aminoacid complex, it is possible
to estimate the time of proton transfer from the stroma
through the proton channel.
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Abstract

The temperature dependence of parameters of light-induced changes in millisecond delayed luminescence (half-width of the maximum,
maximal and steady-state luminescence intensity) is studied within the temperature range from — 23 to 45 °C in leaf segments of Chinese
rose (Hibiscus rosa sinensis). Delayed luminescence (DL) is induced and registered by a homemade setup based on a Lewis—Kasha-type
phosphoroscope. The temperature dependence of steady-state luminescence intensity is shown to have two maxima, at — 10 and 35 °C. At
room temperatures, the steady-state value of luminescence intensity is minimal, and its value correlates with the temperature tolerance of the
plant. Depending on cooling and heating regimes, the DL steady-state value vs. temperature curves is found to be different. We suppose this
effect to be caused by temperature-induced destructive changes in the structure of photosystem 2 reaction centre and probably by salting out.

© 2002 Published by Elsevier Science B.V.

Keywords: Delayed luminescence; Cold and heat injury; Tolerant range

1. Introduction

The delayed luminescence (DL) phenomena can be
described as light emission of photosynthetic organisms
shortly after their illumination, but later than prompt lumi-
nescence emission. In a final step, DL is radiated during the
same excited P680 (P680*) to P680 transition as prompt
luminescence. In case of prompt luminescence, P680* is
created directly by excitation, while for DL the P680* state
results from recombination of products formed in a primary
photochemical act. So unlike prompt luminescence which
does not need more than one single chlorophyll molecule to
be emitted, the entire entity of the photosynthetic apparatus
is necessary for DL emission.

Using the theory of higher plant DL developed during
last several years, it is possible to determine such character-
istics of primary processes as rate constants for forward and
activation energies for backward electron transport reactions
in the photosystem (PS) reaction centre (RC), the charge
location in the RC and the state of Calvin cycle [1—4].
Earlier it has been shown that DL is a sensitive test for the
state of the photosynthetic system. Even the changes in the

* Corresponding author. Fax: +7-95-939-1195.
E-mail address: badretdinov@phys.msu.su (D.Z. Badretdinov).
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rate of transport through the phosphate translocator are
clearly manifested in induction kinetics of delayed lumines-
cence [4]. The aim of this work was to investigate the
temperature dependence of delayed luminescence induction
kinetics.

2. Materials and methods

For the measurements, we used the circular cuttings
(d=2 cm) of the leaves of Hibiscus rosa sinensis. The plant
was grown in the laboratory on the natural soil. Delayed
luminescence measurements were performed on a home-
made set [4], where the sample holder was modified to
maintain the sample at necessary temperature in the range
from — 25 to 50 °C. The sample was cooled by the heat-
absorbing side of a Peltie module to which a thermocouple
was fixed; the heat-emitting side was fixed on the holder
that served as a radiator. For better temperature contact the
space between the holder and the Peltie module was filled
with special heat-conducting paste. The holder was cooled
by circulating water, the temperature of which could be kept
constant by a thermostat in the range of 10—80 °C, or by ice
cubes inside the holder. The Peltie module was connected to
a power supply with voltage of 10 V and 5 A current
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Fig. 1. Notations on typical DL induction curve. /,,,—maximal DL inten-
sity, Imin—its steady-state value, [,—parasitic constant signal in the absence
of sample, /;,—half-width of DL peak.

through a variable resistance, permitting to keep the Peltie
element at the voltage from 0 to 10 V and thus regulating the
temperature difference between the heat-absorbing and heat-
emitting side in the range from 0 to — 25 °C. The temper-
ature of the sample from 0 to —25 °C was obtained with
Peltie module on the ice-cooled holder, from 25 to 0 °C—
with Peltie module on a holder cooled by circulating 25 °C
water and from 25 to 50 °C—by circulating water of
corresponding temperature with Peltie switched off. The
usual experimental protocol was as follows. The sample was
illuminated by red light for 30 s, then dark adapted for 5
min; during this time, the necessary temperature was estab-
lished. Delayed luminescence was excited by series of light
flashes of 1.8 ms duration repeated with 100 Hz frequency
and the luminescence intensity was measured in the middle
of the pause between the flashes for 1.8 ms. For every new
experiment, a new piece of leaf was taken; series of experi-
ments were performed either on the cuttings from the same
or from different leaves. For registration of temperature
dependence of steady-state DL intensity at different cooling
regimes one sample usually was used: when the DL inten-
sity reached its steady-state value, the temperature was
changed and in 5 min after the new temperature value was
established the measurement was repeated with the same
sample. Two regimes of heating were used for registration
of temperature steady-state DL temperature dependence. In
the first the sample was gradually cooled from the room

temperature, in the second the sample was primarily cooled
to —23 °C and then slowly heated up to room temperature.
Iy, the constant signal of holder without any sample, was
measured before each series of measurements and sub-
tracted from registered DL intensities.

3. Results and discussion

Fig. 1 shows a typical delayed luminescence induction
curve, taken at 37 °C. The following parameters were used
for analysis of the DL induction curves: I,,,—maximal
intensity of DL, /;,—half-width of DL peak, I,;,—steady-
state DL level. The temperature dependences for these
parameters are given in Figs. 2—4. In these figures, each
point without error intervals corresponds to a new sample
for two full series, while the points with error bars result
from averaging over all series.

One can see that maximal intensity of DL differs from
zero at temperatures between — 23 and 50 °C (Fig. 2), half-
width of DL maximum has a single peak at about — 10 °C
(Fig. 3). Fig. 4 shows the temperature dependence of steady-
state DL intensity. The existence of two peaks on this
temperature dependence can be explained in the following
way. At temperatures lower than —23 °C some of the
forward electron transport reactions, especially the diffusion
ones, are much slowed and the backward electron transport
is inhibited by low temperatures. As the temperature
increases, the forward reactions are still slow, while the rate
of backward reactions in the PS 2 RC increase as exp( — Ea/
kT), where E4 is the activation energy, k is the Boltzmann
constant and T is temperature and we have a maximum
around —7 °C. With increasing temperature, the forward
electron transport overgrows the backward ones, that is why
at physiological temperatures the DL luminescence intensity
is lowest that corresponds to most effective utilisation of
light energy. At 30—40 °C, we suppose that the Calvin cycle
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Fig. 2. The temperature dependence of /,,,, maximal DL intensity. ®, A—
series measured on the pieces of one leaf, B—average over all experiments.
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Fig. 3. The temperature dependence of %/, half-width of DL peak. ®, A—
series measured on the pieces of one leaf, mB—average over all experiments.

activity decreases, causing the increase in backward electron
transport and hence in DL intensity. At 45—-50 °C, destruc-
tive changes in the PS 2 RC take place, making both
forward and backward electron transport in the RC impos-
sible and resulting in the fall of DL intensity. The position of
maxima on steady-state DL intensity vs. temperature curve
is reported to correlate with heat and cold-tolerance of the
plant [1].

We have found that the temperature dependence of
steady-state DL intensity is very sensitive to the cooling
or heating regime we use in the experiments. At heating of a
piece of H. rosa sinensis leaf, primarily chilled to —23 °C,
up to 25 °C, only a weak maximum of steady-state DL
intensity is observed around — 10 °C. When the steady-
state DL luminescence intensity is measured during the
cooling of the cutting from the same leaf from 25 to — 23
°C, a wide maximum is observed (see Fig. 5). We suppose
that during the cooling the structure of PS 2 RC is
irreversibly changed, leading to impaired forward electron
transport.
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Fig. 4. The temperature dependence of /,,;,. DL steady-state value. ®, A—
series measured on the pieces of one leaf, MB—average over all experiments.
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Fig. 5. Temperature dependence of steady-state DL intensity (measured on
the same sample) for different cooling and heating regimes. ®@—gradual
cooling from room temperature to — 23 °C, A—fast cooling to —23 °C
and then gradual heating to room temperature and measurement.

Observations of structural rearrangements in the PS 2 RC
resulting in change of electron transport rate may be found
in literature. The study of characteristic times of electron
transport in bacterial reaction centres has shown the 1.5-2-
fold increase in this rate when the samples was chilled from
room temperature to liquid helium [6], and this observation
remains unexplained. In the work of Stowell et al. [7], the
changes in the rate of electron transfer in the region of
plastoquinone for Rhodobacter sphaeroides between diffe-
rent cooling regimes were observed. Ducruet [8] reports
several artefacts in thermoluminescence measurements, con-
nected to the cooling of the sample. Finally, Harnischfeger
[9] has shown that the fluorescence spectrum of the sample
depends on the cooling rate. It can be supposed that this
effect is caused by the physico-chemical phenomena of
salting out, the protein condensation in the solution with
high ion concentrations. This supposition can also explain
the non-monotone changes of the so-called “work integral”
with cooling, discovered in Ref. [10].

4. Conclusions

In the present work, the temperature dependences of
delayed luminescence parameters were determined for the
leaves of H. rosa sinensis. Temperature dependence of
steady-state delayed luminescence intensity shows that even
at leaf cooling to — 23 °C some destructive changes in the
PS 2 RC may start, leading to abrupt decrease in the rate of
forward electron transport and hence both in prompt fluo-
rescence and delayed luminescence intensity.
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Abstract

Protein film voltammetry has been used to define the catalytic performance of two nitrate reductases: the respiratory nitrate reductase,
NarGH, from Paracoccus pantotrophus and the assimilatory nitrate reductase, NarB, from Synechococcus sp. PCC 7942. NarGH and NarB
present distinct ‘fingerprints’ of catalytic activity when viewed in this way. Potentials that provide insufficient driving force for significant
rates of nitrate reduction by NarB result in appreciable rates of nitrate reduction by NarGH. However, both enzymes display complex
modulations in their rate of substrate reduction when viewed across the electrochemical potential domain. © 2002 Elsevier Science B.V. All

rights reserved.

Keywords: Nitrate reductase; Protein film voltammetry; Molybdenum; Iron—sulphur cluster; Electrochemistry

1. Introduction

Nitrate represents a widely available source of inorganic
nitrogen which biology utilises in a number of important
cellular processes [1]. For example, nitrate provides a source
of nitrogen for assimilation into amino acids and nucleotides
but can also be exploited as a respiratory substrate during
growth in micro-aerobic or anaerobic environments. An es-
sential step in the biological processing of nitrate is the two-
electron reduction of nitrate to nitrite. The respiratory nitrate
reductase, NarGH, from Paracoccus pantotrophus and the
assimilatory nitrate reductase, NarB, from Synechococcus
sp. PCC 7942 contain the Mo-bis-molybdopterin guanine
dinucleotide (Mo-bis-MGD) cofactor associated with the site
of nitrate reduction [2,3]. However, these enzymes differ in
the number and type of [Fe—S] clusters which accompany
the active site. NarGH contains one [3Fe—4S] and three
[4Fe—48S] clusters while NarB contains one [4Fe—4S] cluster.

* Corresponding author. Tel.: +44-1603-593-877; fax: +44-1603-592-
003.

E-mail address: j.butt@uea.ac.uk (J.N. Butt).

' Present address: Department of Biochemistry, University of Wiscon-
sin, Madison, WI 53706, USA.

We have previously reported the protein film voltammetry of
NarGH that reveals complex, reversible modulations of
catalytic activity in the electrochemical potential domain
[2,4]. It was therefore of interest to compare the catalytic
behaviour of NarGH with that of the structurally simpler
NarB enzyme.

2. Experimental

Protein film voltammetry was performed with a three-
electrode cell configuration housed in an anaerobic chamber
as described previously [4]. All potentials are reported with
respect to the standard hydrogen electrode (SHE). Films of
NarGH and NarB were prepared by coating freshly polished
pyrolytic graphite edge (PGE) electrodes with a sub-micro-
liter quantity of ca. 30 uM enzyme containing 2 mM neo-
mycin.

3. Results and discussion

A typical steady state voltammogram obtained from a
film in 4 uM nitrate is shown in Fig. 1. Catalytic activity is

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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detected below 150 mV and the wave shows a local activity
maximum at 20 mV. Aside from a slow decrease in signal
amplitude, the response is invariant during repeated cyclic
voltammetry. When the substrate concentration is increased,
the catalytic wave adopts an increasingly sigmoidal form
and experiences displacement towards slightly more nega-
tive potentials to approach a limiting position with the wave
centred on ca. 0 mV [2]. The position of the catalytic
waveform for a given substrate concentration was found
to be essentially independent of pH over the range 5-38.5.
Representative film voltammetry from NarB in 250 pM
nitrate is shown in Fig. 2. The large reduction currents
observed below ca. —300 mV can be attributed to NarB-
catalysed nitrate reduction since these currents were not
observed in control experiments performed in the absence of
either NarB or nitrate. The catalytic response from NarB
shows a local activity maximum like that observed for
NarGH but with an activity maximum at — 480 mV.
Catalytic film voltammetry from NarGH and NarB
clearly reveals distinct operating potentials for these
enzymes. Potentials that provide insufficient driving force
for significant rates of nitrate reduction by NarB result in
appreciable rates of nitrate reduction by NarGH. This
behaviour must originate from the distinct thermodynamic
and kinetic parameters describing the catalytic cycle of each
enzyme. Both enzymes display a local maximum in catalytic
activity that may arise from electrochemical transformations
of the Mo-bis-MGD centre or the [Fe—S] clusters [2].
Interestingly, the operating potential of each nitrate reduc-
tase appears well matched with the reduction potential of

1 - --—ﬂ‘a.
| /" -
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Fig. 1. Typical steady state voltammogram obtained from a film of P. pan-
totrophus NarGH in 4 uM nitrate (solid line) and in the absence of nitrate
(broken line). The buffer-electrolyte was 2 mM neomycin, 10 mM each of
acetate, Mes, Epps and Ches, pH 6.8, 25 °C. Electrode rotation rate =3000

rpm. Scan rate=10 mV s~ ",
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Fig. 2. Typical steady state voltammogram from a film of Synechococcus
NarB in 250 pM nitrate (solid line) and in the absence of nitrate (broken line).
The buffer-electrolyte was 2 mM neomycin, 100 uM EGTA, 50 mM Hepes,
pH 8.0, 30 °C. Electrode rotation rate=3000 rpm. Scan rate=20 mV s ~ .

their respective physiological electron donors: the mem-
brane-bound quinol pool for NarGH and low potential
flavodoxin or ferredoxin for NarB [1,3]. Thus, the electro-
chemical modulations of nitrate reductase activity revealed
by protein film voltammetry could be exploited in vivo for
finely tuned regulation of the activity of these important
enzymes.
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Abstract

The enzyme Ferredoxin-NADP" reductase participates in the reductive side of the photosynthetic chain transferring electrons from
reduced Ferredoxin (Fd) (or Flavodoxin (Fld)) to NADP™, a process that yields NADPH that can be used in many biosynthetic dark
reactions. The involvement of specific amino acids in the interaction between the two proteins has been studied using site-directed
mutagenesis. In the present study, the participation of charged (H299), polar (T302) or hydrophobic (V300) amino acid residues that are in
the NADP ' -binding domain of the reductase have been examined by analyzing its C-terminal region, which is located close to the active site.
Stopped-flow and laser flash photolysis results of the reaction in which these mutant proteins participate show very little differences with
respect to the wild-type protein. These results suggest that the NADPH-binding domain of the reductase has little effect on the processes of
recognition and electron transfer to (and from) Fd or Fld, according to the recently reported crystallographic structure of the FNR/Fd

complex. © 2002 Published by Elsevier Science B.V.

Keywords: Electron transfer; Ferredoxin; NADP"

1. Introduction

During the light phase of photosynthesis, two electrons
are withdrawn from a water molecule and are used to reduce
NADP " to NADPH [1]. The three proteins that participate
in this electron transfer (ET) chain in the cyanobacterium
Anabaena have been the subjects of numerous studies.
These are ferredoxin (Fd), an 11-kDa iron—sulphur protein,
the FAD-containing enzyme ferredoxin—-NADP " reductase
(FNR), and the 20-kDa FMN-containing flavodoxin (Fld)
that replaces Fd upon limitation of iron in the culture
medium [2]. The reaction between Fd and FNR is consistent
with the (minimal) two-step mechanism:

K
Fdyg 4+ FNR o = [Fdyg- - - -FNR,] — Fd* +FNRq

in which Ky and k& represent the dissociation constant for the
intermediate complex and the ET rate constant, respectively.
Several charged and hydrophobic residues on the surfaces of

" Corresponding author. Tel.: +34-976-761288; fax: +34-976-762123.
E-mail address: gomezm@posta.unizar.es (C. Gomez-Moreno).
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Fd and FNR have been proposed to be required for the
formation of the ET complex [3—6]. Thus far, all FNR
residues that have been shown to present marked effect on
the interaction with the ET protein were located in the so-
called flavin domain (residues 1—139). In the present study,
we have determined if charged or hydrophobic residues
located at the NADP * -binding domain of the reductase were
also involved in the Fd/FNR interaction by analysing its C-
terminal region, which is located close to the active site.

2. Experimental

The H299A, H299K, H299F, V300F, and T302V FNR
mutants were produced and purified as previously described
[6,7]. NADPH-dependent diaphorase activity was assayed
with DCPIP. Stopped-flow experiments were performed
under anaerobic conditions using an Applied Photophysics
SX17.MV spectrophotometer interfaced with an Acorn
5000 computer using the SX.18MV software of Applied
Photophysics as previously described [7]. Samples of
reduced FNR were prepared by photoreduction of the
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Table 1
Kinetic parameters of the reaction between FNR and its substrates

FNR Diaphorase activity

Stopped-flow® FNR 4+ Fld,y

Laser flash photolysis® Fd,q+FNRy

kcat (Sil) KmNADPH (“M) kcat/Km (Sil “Mil) kﬂbs (Sil) Kd (HM) ketC (sil)
WT 81.5+3.0 6.0+0.6 13505 25+1.0 9.3+0.7 6200 + 400
1.0+1.0

H299A 118+ 1.3 7.15+£0.6 16.7 £ 1.7 0.8+0.1 179+ 1.5 9700 + 800
0.15+0.02

H299K 121 £ 10 54+0.7 225405 0.74 +0.05 179+ 1.5 9700 + 800
0.14 +0.03

H299F 99+2.8 6.0 +0.47 16513 227+1.2 93+0.7 6200 + 400
0.44+£0.12

V300F 92.8+2.0 438+ 0.31 212+ 1.5 7.7+£0.7 93+0.7 6200 + 400
1.08 + 0.09

T302V 128 £3.9 6.4+0.5 200+ 1.6 0.9 +£0.08 179+ 1.5 9700 + 800
0.18 +£0.03

? The samples were mixed in the stopped flow spectrometer at a concentration ratio 1:1, 10 pM final concentration for each protein.
® FNR was titrated into solutions containing 30 uM Fd. Solutions also contained 1 uM 5-dRf and 1 mM EDTA in 4 mM potassium phosphate buffer (pH

7.0). The ionic strength was adjusted using aliquots of 5 M NaClL

¢ Second order rate constants for the Fd/FNR interaction were estimated from the initial slopes of ks vs. [FNR] curves for WT, H299F, and T302V. Values

for H299A and H299K were calculated from the linear plots.
4 Taken from Ref. [11].

protein-bound redox center in 50 mM Tris/HCI, pH 8.0, also
containing 20 uM EDTA and 2—4 uM dRf. Reactions were
performed at 13 °C. The observed rate constants (k) were
calculated by fitting the data to a biexponential equation.
The laser flash photolysis system has been described pre-
viously [8] as has the photochemical system [9] used to
initiate ET. Samples were deoxygenated by bubbling for 1 h
with O,-free Ar prior to laser photolysis. The saturation
kinetics obtained in the FNR concentration dependencies of
the observed rate constant (kps) allowed the kinetic con-
stants, k. (ET rate constant) and Ky (dissociation constant
for the transient Fd,/FNR, complex), to be obtained by
fitting the kinetic data to the exact solution to the differential
equation describing the (minimal) two-step mechanism [10].
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3. Results and discussion

All the FNR mutants were obtained at similar levels to
those of the WT. No major differences were found in the
UV—visible and CD spectra indicating that no major struc-
tural changes had been introduced by the mutations. The
kinetic parameters observed for the different FNR mutants
in the diaphorase assay (Table 1), K, and %, indicate that
none of the mutations introduced at H299, V300, and T302
produces any remarkable effect on the processes of inter-
action and ET from NADPH to FNR. Analysis of the
reduction of Fld by reduced FNR using stopped-flow kinetic
techniques also indicates that the ability to transfer electrons
from reduced FNR to the ET protein is only affected
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Fig. 1. (A) FNR concentration dependencies of the ks for the reduction of WT and mutant FNR species by reduced Fd at 100-mM ionic strength. (B) Ionic
strength dependencies for the reduction of WT and mutant FNR forms by reduced Fd.
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partially since only minor changes are determined in the kyps
of the processes as compared to those reported for the WT
(Table 1). The ET interactions between Fd,y and the oxi-
dised forms of the FNR mutants were very similar to those
involving WT FNR, as determined by laser flash photolysis/
time-resolved absorbance measurements. The FNR concen-
tration dependencies of k., are shown in Fig. 1A for the
reduction of H299A, H299K, V300F, T302V, and WT FNR
by Fd,q at £=100 mM. The results for H299F (not shown)
and V300F (Fig. 1A) were essentially the same as those
obtained for WT, and therefore, the kinetic constants K4 and
ks were taken to be identical to the values determined for
WT FNR (Table 1). The other mutants behaved very
similarly to each other (Fig. 1A) and had a k. value that
was slightly larger than that obtained for WT FNR and a K4
for the intermediate complexes two-fold larger than the WT
value (Table 1). The ionic strength dependencies of ks for
all these mutants are similar to those of WT FNR. The only
slight difference is the peak k,ns values for H299A and
T302V, which were approximately 30% and 15% larger than
the peak WT value, respectively (Fig. 1B). Although these
differences are not large, this indicates that these mutations
may result in transient complexes in which the mutual
orientation of the proteins is somewhat more conducive to
ET than for WT FNR. In fact, the replacement of T302 by V
must prevent the formation of an H-bond interaction at the
FNR/Fd interface, which has been shown to stabilise the
Anabaena crystallographic complex [12].

In this work, three amino acids residues, the positively
charged H299, the polar T302, and the hydrophobic V300,
that belong to the carboxyl end and are located in the
NADPH-binding site of FNR, were replaced by others
having different properties. The stationary and prestationary
kinetic parameters determined for all these mutants indicate
that they undergo the oxidation/reduction reaction in a
similar manner as the WT. These results can be taken as
an indication that these amino acid residues are not involved
to a large extent in either the interaction between FNR and
the ET protein (Fd or Fld), or in the ET process. On the
contrary, it has been previously shown that residues located
at the same distance from FAD but located within the FAD-
binding domain, Lys75, Leu76, and Leu78, are important
for proper orientation and ET between FNR and the carrier
protein [2,4,5]. Therefore, the data presented in this work
confirm that the NADPH-binding domain has little effect on
processes of recognition and ET to Fd and Fld, as suggested
from the recently reported crystallographic structure of the
FNR/Fd complex [12].
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Abstract

Bi-enzymatic biosensor based on galactose oxidase (GalOD) and horseradish peroxidase (HRP) using ferrocene as an efficient mediator
was constructed. When a dependence of a working potential on the sensor performance was examined, an unusual behaviour was observed.
With increasing of an applied working potential a lower concentration of substrate to attain full linear range was needed. A fully linear
dependence from the first substrate addition was observed at and above the working potential of 150 mV. This activation of the biosensor
response by an applied working potential very well corresponds with a formal potential of GalOD (156 mV). When a membrane prevented
GalOD access to the electrode surface was applied, no activation effect of a working potential on the sensor performance was observed.
Thus, it can be assumed that direct electron communication between GalOD and the electrode occurred. © 2002 Elsevier Science B.V. All

rights reserved.

Keywords: Biosensor; Galactose oxidase; Direct electron transfer; Copper oxidase

1. Introduction

Galactose oxidase is a 68-kDa enzyme belonging to the
family of copper containing radical proteins produced
especially by the fungi Dactylium dendroides. The enzyme
is able to oxidise a wide range of analytes (galactose and
primary alcohols including sugars/polysaccharides) to the
corresponding aldehydes, coupled to the reduction of O, to
H,0, [1].

The enzyme contains two one-electron redox centers: a
mononuclear copper center and a ligating tyrosyl radical
(Tyr272) that is covalently cross-linked at a position ortho to
the phenolic oxygen of cysteine residue (Cys228). Ligated
Cu" has square—pyramidal coordination (Fig. 1). The reaction
mechanism is rather complicated [1] and is shown in Eq. (1).
Cu*" — Tyr® ) ot - Tyr ) ot Tyr
(GalOD,y) (GalODyep;) (GalODreq)

1

(1)

* Corresponding author. Institute of Chemistry, Slovak Academy of
Sciences, Dubravska cesta 9, SK-842 38 Bratislava, Slovak Republic. Fax:
+421-2-5941-0222.

E-mail address: chemtkac@savba.sk (J. Tkac).

Oxidised form of GalOD reacts with a substrate leading
to the reduced form of GalOD, which is oxidised by oxygen.
Oxidised form of GalOD contains a very stable radical,
which persists at ambient temperature with a half-life of
nearly a week [2]. Due to this process, the enzyme is present
in a mixed redox state consisting of GalODy,,;/GalOD, in
a ratio of ~ 95:5 [1]. Copper in the active site of the
enzyme plays a crucial role because it cannot be replaced by
other metals such as zinc or cobalt, and copper atom is
localised in the outer part of the enzyme [3].

Free radical chemistry of GalOD allows rapid and indis-
criminant oxidation of variety of reducing substrates pro-
ducing hydrogen peroxide. This enzyme can be either ‘on’ or
‘off” depending on the redox state of the active site. In
addition, there may be a regulatory significance to the redox
activation step characteristic for the radical copper oxidases
[2]. In 1985, Johnson et al. [4] observed that the active site of
GalOD is strongly influenced by the solution potential, and
standard redox potential of the active site was determined to
be 400 mV vs. SHE (corresponds to 156 mV vs. SCE).

In our experiment for higher efficiency of galactose
detection, horseradish peroxidase (HRP) was co-immobi-
lised together with galactose oxidase [5]. However, HRP
could communicate with an electrode via direct electron

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. The structure of the active site of GalOD with square—pyramidal
coordination of Cu.

transfer, it is better to use mediators to overcome the slow
heterogeneous electron transfer between HRP and the elec-
trode [6]. For this purpose, ferrocene was successfully used
[7]. As a result, a “reagentless” galactose biosensor was
constructed.

2. Experimental
2.1. Reagents

Galactose oxidase (GalOD), horseradish peroxidase
(HRP), dialysis membrane and galactose were supplied
from Sigma. Ferrocene was purchased from Merck. All
other reagents were supplied by Lachema (Brno, Czech
Republic).

2.2. Apparatus

Biosensor measurements were carried out on Ampero-
metric Detector ADLC2 (Laboratorni pfistroje, Prague,
Czech Republic) using a graphite electrode (Electrocarbon
Topo’l¢any, Slovak Republic) as a working electrode and
saturated calomel electrode (SCE) as a reference electrode.

2.3. Procedures

Working electrodes were prepared from graphite rods
with a diameter of 5 mm. Ferrocene was adsorbed on the
electrode surface by dipping of the electrode into paraffin
solution of ferrocene overnight [8]. Suspension of the
enzymes in phosphate buffer was dropped on the electrode
surface and then dried and subsequently covered with a
dialysis membrane. Each electrode contained 8—10 U of
GalOD and 12—15 U of HRP, both dissolved in a phosphate
buffer.

To prevent direct contact between an electrode and
GalOD, a cellulose acetate (CA) membrane was used. The

membrane preparation is well described in our recent study
[9]. On a ferrocene adsorbed graphite electrode, a solution
of HRP was spread. After water evaporation, a CA mem-
brane was applied on HRP layer. Subsequently, a solution of
GalOD was spread on a CA membrane and water evapo-
ration was allowed. The electrode was subsequently covered
by a dialysis membrane and rubbed by an O-ring.

3. Results and discussion

The effect of working potential was examined from 0 to
+250 mV. For better clarity of presented results, the
influence of the working potential on the sensor perform-
ance is shown from 0 to +150 mV (Fig. 2.) The first
addition of galactose did not cause a current flow through
the electrode at a working potential of 0 mV. The second
addition of galactose caused only a low current flow, after
which the current was increased further by the addition of
galactose up to a total of five additions. Subsequently, a
linear dependence was observed between the current flow
and galactose added to the reaction vessel. At a potential of
50 mV, similar behaviour was observed, but linear depend-
ence was established after the third addition of galactose. A
fully linear dependence after the first galactose addition was
observed at and above a working potential of 150 mV.

As was mentioned above, the redox potential of Cu-
coordinated tyrosine-272 present in the enzyme centre is
156 mV vs. SCE. Thus, at potential below 156 mV, the
enzyme is in its intermediate state—GalODy,,;. With low-
ering working potential from 156 mV down to 0 mV, the
equilibrium is shifted more to the intermediate state of the
enzyme, but even at a potential of 0 mV, there are some
enzyme molecules present in its oxidised state able to
oxidise galactose in the presence of oxygen producing
H,0,. The hydrogen peroxide involved in the reaction

600
500
4004

300

I [nA]

200

100+

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4
¢ [mM]

Fig. 2. Calibration curves for galactose detection with immobilised GalOD
and HRP. Measurement was carried out in 0.1 M phosphate buffer pH 8.0
determined at O 0 mV, ® 50 mV, O 100 mV and m 150 mV and a
temperature of 28 °C.
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probably oxidises the redox centre of the enzyme and an
increase in enzyme activity by this autocatalytic process was
observed. This fact can explain the enhancement of the
sensitivity of sensor response with increased concentration
of galactose at a working potential below 150 mV. An ap-
plied potential could affect the redox state of the enzyme
and thus galactose oxidase activity, only when some form of
direct communication between the active site of GalOD and
the electrode occurs.

To prove that GalOD activity is influenced by an applied
working potential, additional experiment was carried out,
when GalOD was spread on the electrode covered by a CA
membrane. It was confirmed that when GalOD had no
access to the graphite electrode, no effect of an applied
working potential on the sensor performance was observed.
The output signal was linear from the first galactose
addition, when a working potential from — 100 to +250
mV was applied (data not shown).

4. Conclusion

It was confirmed that the redox state of GalOD was
influenced by an applied working potential and an activation
of the enzyme occurred. When GalOD was spread on a CA
membrane, this phenomenon was not observed. Galactose
oxidase is a small molecule (68 kDa) with an active site
localised close to the surface of the enzyme. Based on these
facts, it can be concluded that GalOD is able to communi-
cate directly with a graphite electrode. This could be
supported by the fact that laccase, ascorbate oxidase and
superoxide dismutase (copper containing oxidoreductases)
are able to communicate with the electrode via direct elec-
tron transfer [10].

However, more direct evidence of direct electron transfer
between galactose oxidase and a graphite electrode is neces-

sary.
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Abstract

Mapping of structure and function of proteins adsorbed on solid surfaces is important in many contexts. Electrochemical techniques based
on single-crystal metal surfaces and in situ scanning probe microscopies (SPM) have recently opened new perspectives for mapping at the
single-molecule level. De novo design of model proteins has evolved in parallel and holds promise for test and control of protein folding and
for new tailored protein structural motifs. These two strategies are combined in the present report. We present a synthetic scheme for a new 4-
a-helix bundle carboprotein built on a galactopyranoside derivative with a thiol anchor aglycon suitable for surface immobilization on gold.
The galactopyranoside with thiol anchor and the thiol anchor alone were prepared for comparison. Voltammetry of the three molecules on
Au(111) showed reductive desorption peaks caused by monolayer adsorption via thiolate-Au bonding. In situ STM of the thiol anchor
disclosed an ordered adlayer with clear domains and molecular features. This holds promise, broadly for single-molecule voltammetry and
the SPM and scanning tunnelling microscopy (STM) of natural and synthetic proteins. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: 4-a-helix bundle; Carboprotein; De novo design; Single-crystal voltammetry; Au(111)-electrodes; In situ STM

1. Introduction

Structural mapping and electron transfer function of
proteins adsorbed on solid surfaces is broadly important
[1-3]. Proteins frequently exert their natural function in the
adsorbed state, and protein adsorbates can be probed by
surface-based techniques such as X-ray photoelectron [3]
and resonance Raman spectroscopy [4,5], voltametric meth-
ods [6,7], and scanning tunnelling microscopy directly in
aqueous solution (in situ STM) [4,8—13].

Protein structure—function relations involve demanding
isolation, characterization, and chemical or microbiological
modification [1,6,7,12]. De novo design of functional model

Abbreviations: Aoa, aminooxyacetyl; Boc, fert-butoxycarbonyl; D-Galp,
D-galactopyranose; DIPCDI, N,N’ -diisopropylcarbodiimide; DMAP, 4-
dimethylaminopyridine; HOBt, 1-hydroxybenzotriazole; PyBOP, benzo-
triazolyloxy-tris-(pyrrolidino) phosphonium hexafluorophosphate; TFA,
trifluoroacetic acid; Amino acid symbols denote the L-configuration.

" Corresponding authors. Tel.: +45-45252359; fax: +45-45883136.

E-mail addresses: ju@kemi.dtu.dk (J. Ulstrup),
kjj@kemi.kvl.dk (K.J. Jensen).

! Tel.: +45 35 28 2730; fax: +45 35 28 2398,

proteins and development of systematic synthetic procedures
have therefore come forward [13—20]. De novo design
promises to critically test protein folding and stability, ena-
bles construction of ‘isolated’ structural motifs, and if suc-
cessful, ‘tailor-made’ novel protein-like structures. DeGrado
et al. [13] studied de novo design of 4-a-helix bundles and
other fold targets. Choma et al. [14] and Robertson et al. 15]
have developed heme-binding protein models. Mutter and
Vuilleumier [16] described cyclic and linear peptides as
templates for, especially, 4-a-helix bundles. This template-
assembled synthetic protein (TASP) approach was adapted by
Rau et al. [17] for the synthesis of metalloprotein models.
Two of the present authors have developed the use of
monosaccharides as templates for de novo design of 4-a-
helix bundles, so-called carboproteins [18—20].
Voltammetry of redox proteins, long established [6,7], has
mostly rested on macroscopic voltammetry, and use of poly-
crystalline electrodes. Mapping of protein surface function
towards the molecular level, however, requires well-charac-
terized atomically planar surfaces. This facet of contempo-
rary physical electrochemistry and other facets such as in situ
STM have only recently been introduced in the electro-
chemistry of biological macromolecules [4,10,12,21,22].

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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In this report, we describe the synthesis of a novel 4-a-
helix bundle carboprotein 1, which incorporates a thiol
anchor from the template. Carboprotein 1 was prepared by
oxime ligation of a C — terminal peptide aldehyde to a tetra-
aminooxyacetyl (Aoa) functionalized p-Galp (galactopyra-
nose) template, similar to a recently described carboprotein
[20]. The thiol group allows for adsorption to gold surfaces
without interference with folding of the protein. Galp with

thiol anchor 2 and thiol anchor 3 were studied for compar-
ison. Voltammetry of the three molecules on Au(111)-elec-
trodes gave reductive desorption of sulfide-bound
monolayers. In situ STM of the thiol anchor 3 disclosed an
ordered adlayer. These combined strategies show that well-
defined layers of the carboprotein 1 and the fragments 2 and
3 form spontaneously, and hold promise for voltammetry of
adsorbed redox functionalized 4-a-helix bundle proteins.

A
HOOH HOOH TrCH,COOH (6) HOOH Boc,NOCH,COOH (8)
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Fig. 1. (A): Synthesis of the 4-a-helix bundle carboprotein 1. (B): Carboprotein 1, Galp with thiol anchor 2, and the thiol anchor disulfide 3.
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2. Experimental
2.1. Reagents and synthesis

Carboprotein 1 was prepared starting from commercially
available 4-nitrophenyl a-p-Galp (4), which was reduced to
the amine 5 in 88% yield by catalytic hydrogenation (Fig.
1A). Chemoselective coupling of 5 to tritylmercaptoacetic
acid (6), mediated by PyBOP/HOBt provided 4-(tritylmer-
captoacetamido)phenyl a-p-Galp (7), in 69% yield. While
treatment with TFA—CH,Cl,—Et;SiH (1:1:0.1) gave the
reference compound 4-(mercaptoacetamido)phenyl a-p-Galp
(2), per-O-acylation of 7 with N*, N*-Boc,-Aoa-OH (8), [19]
DIPCDI, and DMAP resulted in 4-(tritylmercaptoacetami-
do)phenyl 2,3,4,6-tetra-O-(Boc,-Aoa)-a-p-Galp (9), in 62%
yield. Deprotection with TFA—CH,Cl,—Et;SiH (1:1:0.1)
provided the desired template 4-(mercaptoacetamido)phenyl
2,3,4,6-tetra-O-Aoa a-p-Galp (10), in quantitative yield.

Synthesis of the peptide aldehyde Ac-Glu-Ala-Leu-Glu-
Lys-Ala-Leu-Lys-Glu-Ala-Leu-Ala-Lys-Leu-Gly-Gly-H
(11), is described in Ref. [20]. Oxime ligation proceeded
with 50% excess of 11 relative to 10 under inert atmosphere
to give carboprotein 1 in 76% yield after purification by
preparative HPLC.

N-Phenyl-mercaptoacetamide disulfide (3) was prepared
by DIPCDI-mediated condensation of aniline and tritylmer-
captoacetic acid. Deprotection with TFA in the presence of
Et;SiH, followed by air-oxidation provided 3 in 27% overall
yield.

Other reagents including Millipore water (18.2 M,
Milli-Q-Housing) were ultrapure grade. Buffer solutions
were 0.1 M K,HPO,/KH,POy4, pH 6.9 and 0.01 M NaOH,
pH 11.9.

2.2. Preparation of samples

Au(111) substrates for electrochemistry were prepared by
the method of Clavilier et al. [23] and Hamelin [24]. Prior to
use, Au(111)-electrodes were annealed in a hydrogen flame,
kept for 1 min over a water surface, and then inserted into
ultrapure water. Clean electrodes were transferred to sol-
utions of the carboprotein or fragment molecules. Carbo-
protein 1 was adsorbed by soaking the electrode in 0.23 mM
carboprotein in 0.1 M phosphate buffer for 18 h. Molecule 2
was adsorbed from 4 mM solution in water for 18 h, 3 from
15 mM solution in methanol for 4 h. The resulting samples
were thoroughly rinsed with millipore water.

2.3. Electrochemical measurements and STM imaging

Glassware was cleaned as reported [3,12]. Electrochem-
ical instrumentation was an Autolab system (Eco Chemie,
The Netherlands), controlled by the General System soft-
ware. Capacitance data were recorded by fixing the fre-
quency at 100 Hz with a modulation amplitude of 5 mV. The
Au(111)-electrode was used in the hanging meniscus mode.

The electrode system included a coiled bright platinum wire
as counter electrode and a saturated calomel (SCE) reference
electrode. Electrode potentials are referred to the SCE.
Solutions were deoxygenated by purified argon (Chrompack
5N), and an argon atmosphere maintained over the solution.

A PicoSPM instrument (Molecular Imaging, USA) with
a bipotentiostat for independent control of substrate and tip
potential was used for STM imaging. Electrochemical con-
trol was conducted in an in-house built three-electrode cell,
using 0.1 M HCIO, electrolyte. The substrate was a
Au(111)-disc (MaTeck, 10-mm diameter, 1-mm thick).
Reference and counter electrodes were Pt-wires. Tungsten
tips were prepared and coated as previously [3]. The
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Fig. 2. Reductive desorption of the thiol anchor molecule 3 from Au(111).
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Table 1

Peak potentials and adsorbate coverages for reductive desorption of the thiol anchor 3, the Galp with thiol anchor, 2 and the full carboprotein 1

4-a-helix bundle carboprotein 1

Galp with thiol anchor 2

Thiol anchor 3

Peak (mV) Coverage (mol cm™2) Peak (mV) Coverage (mol cm™2) Peak (mV) Coverage (mol cm2)
pH=6.9 —728 20x107" —630 24x1071° —702 21x1071°
pH=11.9 - - —930 3.9%x10°1° — 848 50x1071°
pH=11.9pH=6.9 1.6 2.4

constant current mode was used with a tip current of 0.3 nA
and a bias voltage of 0.2 V.

3. Results and discussion

The synthesis of carboprotein 1 is outlined in Fig. 1A.
Synthesis of the carboprotein by oxime formation followed
by specific adsorption to a surface, without intermittent
deprotection steps, amounts to sequential chemoselective
ligation. ESI-MS confirmed the identity of 1 in partially
dimerized form via a disulfide bridge (10-20% disulfide).
As both the thiol and the disulfide are expected to undergo
adsorption, this was not critical.

Fig. 1B shows the structure of the full carboprotein 1, the
Galp with thiol anchor aglycon 2, and the thiol anchor
alone, synthesized as the disulfide 3. None of the molecules
contain a redox group but thiol functionalities adsorb
oxidatively on gold surfaces [25,26]. Voltammetric scans
to negative potentials reduce the Au—S bond, liberating the
thiol-containing molecules. Reductive desorption is com-
monly characterized by sharp reduction peaks in basic
solution. The peak area enables estimation of the molecular
coverage, important in STM image interpretation [27].

Fig. 2a shows reductive desorption of the thiol anchor
molecule 3 from Au(111) in 10 mM NaOH, pH 11.9. A sharp
peak appears at — 848 mV. The small shoulder on the
negative side is probably caused by non-ideality of the
Au(111)-surface or spurious impurities. A significantly
broader peak of about 40% of the peak area in the first scan
is seen in the second scan. The positive shift suggests that it
is due to re-adsorption of liberated thiol anchor. Reductive
desorption in 0.1 M phosphate, pH 6.9 gives a broader peak,
at — 702 mV, closer to the onset of dihydrogen evolution
(Fig. 2b). This is of interest as reductive desorption distinct
from dihydrogen evolution at low pH is not common. The
peak area is smaller than at pH 11.9 (Table 1). Subsequent
scans show significant but unshifted residual peaks with
larger relative areas than at pH 11.9. This suggests that the
subsequent peaks are caused by incomplete desorption in the
first scan, rather than desorption followed by re-adsorption.
Fig. 3a shows reductive desorption of Galp with thiol anchor,
2, in 10 mM NaOH, pH 11.9. A sharp peak is again
observed, shifted negatively to — 930 mV. The hydrophilic
carbohydrate group might have been expected to facilitate
desorption, shifting the desorption potential positively, and
the negative shift could be indicative of lateral intermolec-

ular interactions. As for molecule 3, a strongly shifted signal
is seen in the second scan but much smaller for 2 than for 3.
A broader positively shifted signal at — 630 mV is apparent
in phosphate buffer, pH 6.9 (Fig. 3b). This could support that
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Fig. 3. Reductive desorption of the Galp with thiol anchor 2 from Au(111).
(a): 10 mM NaOH, pH 11.9; curve a: first scan; curve b: second scan. (b): 0.1
M phosphate buffer, pH 6.9; curve a: first scan; curve b: second scan; scan
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pH-dependent lateral interactions are indeed important.
Insignificantly shifted but larger residual peaks are again
apparent in the second scan (Fig. 3b), indicative of incom-
plete first scan desorption.

The peak potentials and coverages summarized in Table
1 show:

(a) Close to monolayer coverage is apparent at pH 11.9.
The coverage is larger for molecule 3 than for
molecule 2 due to the smaller size of the former.

(b) The coverages are significantly smaller at pH 6.9
than at pH 11.9, as noted due to incomplete
adsorbate desorption in the first scans at pH 6.9.
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Fig. 4. Reductive desorption of the full 4-o-helix bundle carboprotein 1 from
Au(111). 0.1 M phosphate buffer, pH 6.9. (a): Cyclic voltammetry; curve a:
first scan; curve b: second scan. (b): Differential pulse voltammetry; curve a:
first scan; curve b: second scan; scan rate: 10 mV s~ .
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Fig. 5. Differential capacitance changes on adsorption of carboprotein 1 on
Au(111) from 0.1 M phosphate buffer, pH 6.9. (a): Pure phosphate buffer.
(b): After adsorption of carboprotein 1. (c): After a single negative
reduction potential excursion on carboprotein 1 adsorbed on Au(111).

Fig. 4a shows voltammetric scans of the carboprotein 1,
adsorbed on Au(111) in 0.1 M phosphate, pH 6.9. Reductive
desorption at —707 mV on the ascending dihydrogen
evolution wave is apparent. The adsorbate appears incom-
pletely desorbed after a single scan. Differential pulse

— 53

Fig. 6. In situ STM image of the thiol anchor molecule 3 showing domains of
pin-striped organization of individual molecules, and domain boundaries. 0.1
M HCIO, solution. Tunnelling current 0.3 nA. Bias voltage: 0.2 V. Substrate
electrode potential: — 0.8 V (vs. Pt-reference electrode).
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voltammetry (Fig. 4b) shows a similar pattern. No desorption
could be observed in 10 mM NaOH, where the carboprotein
is rapidly degraded. Peak potentials and coverages according
to a monolayer (Table 1) correspond to a significantly
smaller number of molecules than for molecules 2 and 3
due to the larger size of the full carboprotein.

Fig. 5 shows differential capacitance changes on carbo-
protein adsorption and reductive desorption. A strong phos-
phate adsorption peak dominates in pure buffer [28]. This
peak disappears on protein adsorption but partly reappears
after a negative potential excursion. Fig. 6 shows, finally, an
in situ STM image of molecule 3 on Au(lll) in 0.1 M
HCIO,. This investigation is preliminary, but the image
shows clearly regular domains of adsorbed molecules. The
combined data, based on linear voltammetry, capacitance
measurements, in situ STM, and use of single-crystal electro-
des show that controlled adsorption of biological molecules
of systematically increasing complexity can be achieved.
This holds promise for investigations of 4-a-helix bundle
proteins with redox centres such as heme groups, inserted by
axial histidine coordination in the helices [14,15,17], or non-
covalently by the heme group preference for the hydrophobic
interior between the helices.
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Abstract

Electrochemical impedance has been used to study the adsorption at glassy carbon electrodes of guanine, its corresponding nucleoside,
guanosine, and adenine. Impedance studies at different concentrations and applied potentials show clearly that all three bases are adsorbed on
the electrode, blocking the surface. Irradiating the electrode with low-frequency (20 kHz) ultrasound whilst recording the impedance spectra
increased transport of molecules to the electrode surface with cavitation cleaning the surface and removing strongly adsorbed molecules of
bases. In this way, sonoelectrochemical experiments enabled the electrode processes to be studied in the absence of adsorption. © 2002

Elsevier Science B.V. All rights reserved.

Keywords: Guanine; Guanosine; Adenine; Adsorption; Electrochemical impedance; Ultrasound

1. Introduction

A knowledge of the detailed electrochemical behaviour
of the bases which compose the DNA molecule is of
fundamental importance for understanding their functions
and to throw light on denaturation processes and lesions in
the DNA molecule. Thus, the electrochemical study of
nucleic acids and nucleic acid bases and their adsorption
on different types electrode materials, namely carbon [1,2]
and mercury [3—6], has been of great interest.

The use of ultrasound together with electrochemistry has
been evaluated in voltammetric and sonovoltammetric stud-
ies on the oxidation of thymine and cytosine at a glassy
carbon electrode [3]. The principal effect of ultrasound is to
increase mass transport of the analyte to the electrode and
cause cavitation, which cleans surfaces, i.e. leads to removal
of adsorbed products; ultrasound does not alter directly the
mechanism of electrode reactions.

In this work, impedance, together with differential pulse
voltammetry, has been used to study the electrochemical
behaviour and adsorption at glassy carbon electrodes of
guanine and its corresponding nucleoside, guanosine, and
also adenine with and without applied ultrasound. This is a

* Corresponding author. Tel.: +351-239-835295; fax: +351-239-
835295.
E-mail address: brett@ci.uc.pt (A.M. Oliveira-Brett).

complement to previous studies using electrochemical impe-
dance experiments carried out with a DNA-modified elec-
trode [1].

2. Experimental

Guanine, adenine and guanosine (Sigma, >99% purity)
were used as received. Stock solutions of the bases were
prepared in 0.2 M acetate buffer at pH 4.5 using Millipore
Milli-Q ultrapure water (conductivity <0.1 puS cm ~'). All
experiments were carried out at 25 + 1 °C. A glassy carbon
electrode (Tokai GC 20) of 3 mm diameter, a Pt wire
counter electrode and a Ag/AgCl (3.0 M KCIl) reference
electrode, were all contained in a one-compartment 200 ul
volume microcell. For sonoelectrochemical experiments, a
thermostated cell of capacity 20 cm® was employed.

Electrochemical impedance measurements were carried
out using a Solartron 1250 Frequency Response Analyser,
coupled to a Solartron 1286 Electrochemical Interface con-
trolled by Zplot software; fitting of the spectra was done by
ZSIM CNLS software. A r.m.s. perturbation of 5 mV was
applied over the frequency range 65 kHz to 0.01 Hz with
five frequencies per decade. Sonoelectrochemical impe-
dance experiments were carried out by irradiating the glassy
carbon electrode with ultrasound from a Vibra cell model
501 sonic horn (Sonics and Materials) at 20 kHz with a Ti-

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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tipped probe, of 3 mm diameter at a distance of 6 mm from
the glassy carbon electrode surface.

3. Results and discussion

Successive differential pulse voltammograms of the bases
that form the DNA molecule show, already in the second
potential scan, a significant decrease of the oxidation current
which is attributed to blockage of the glassy carbon electrode
surface [1]. Oxidation peak potentials are at 0.85 (guanine),
1.1 (guanosine) and 1.0 V vs. Ag/AgCl (adenine).

Impedance spectra were recorded in order to probe this
adsorption further over the potential range from 0 to 1.4 V
vs. Ag/AgCl. For potentials less positive than those corre-
sponding to oxidation, the impedance spectra present a pure
capacitive behaviour and close to the oxidation potential a
semicircle corresponding to the oxidation charge transfer
reaction appeared.

To probe the adsorption effect systematically, impedance
spectra at different concentrations and applied potentials
were registered. Fitting of the spectra was done by using a
simple equivalent circuit, composed of a RC parallel combi-
nation in series with the solution resistance, Rq,. The resist-
ance R represents the charge transfer resistance, R, and the
capacitance was represented by a constant phase element
(CPE) in order to take into account its frequency dispersion
behaviour, as normally found for solid electrodes [7]. Cell
resistance values were between 30 and 35 ().

Successive impedance measurements of the DNA-bases
also show increasing adsorption with time on the electrode
surface, reflected in the semi-circle feature, i.e. depressed
semi-circles and an increase of R, as exemplified in Fig. 1
for guanosine. At the same time, there is a small increase in
capacitance. The irreversible adsorption of base on the glassy

70

4
Scan

Fig. 1. Charge transfer resistance, R, for successive impedance measure-
ments at 1.0 V vs. Ag/AgCl at different guanosine concentrations: ()
1x1073(0)5x 1073 (A) 10 x 10 73 (V) 15 x 10 7> M, in pH 4.5 0.2
M acetate buffer.

16

12 |

0 4 8 12 16

Fig. 2. Impedance spectra of 1 x 10~ M adenine, (0) before ultrasound;
(o) with ultrasound power= 135 W c¢m ~ 2; (A) after ultrasound at 1.1 V vs.
Ag/AgCl in pH 4.5 0.2 M acetate buffer. The solid lines represent curve
fitting.

carbon surface is dependent on applying a potential and
occurs during a timescale of minutes (each spectrum takes
approximately 10 min to record), increasing with concen-
tration of base.

Irradiating the zone of the electrode surface with low-
frequency (20 kHz) ultrasound at a power density of 135 W
cm ~ 2 using an ultrasonic probe whilst recording the impe-
dance spectra enables the effect of adsorption on the
electron transfer process to be minimised. At potentials
where charge transfer occurs, the diameter of the corre-
sponding semicircle is constant during successive record-
ings so long as ultrasound is applied. The CPE and CPE
exponent found under ultrasound had values of 6—18 pF
and ~ 0.85, respectively, similar to those obtained in the

Table 1

Charge transfer resistance, R, from impedance spectra for different
concentrations of guanine, guanosine and adenine with and without
ultrasound irradiation at 135 W cm ~ 2 (oxidation potentials of the bases at
which spectra were recorded are in brackets)

[Base] Ultrasound Guanosine Adenine Guanine R /k()
/mM  conditions R /kQ (1.0 V) R/kQ (1.1 V) (0.85V)

1 Before 7.1 20.0 19.9
During 4.9 9.6 4.2
sonication
After 8.6 20.9 16.9

5 During 6.8 8.9 -
sonication

10 During 6.2 7.3 -
sonication

15 During 5.4 7.2 -
sonication

Measurements in pH 4.5 0.2 M acetate buffer.





A.M. Oliveira-Brett et al. / Bioelectrochemistry 56 (2002) 33—35 35

absence of ultrasound. However, the R, values are signifi-
cantly lower than under silent conditions, and represent the
true rate of the electron transfer process without complica-
tions from adsorption (Fig. 2 and Table 1). Table 1 also
demonstrates, for a concentration of 1 mM base, that the
influence of adsorption is similar before and after applying
ultrasound. There is some reduction in R at higher base
concentrations. Sequences of experiments for each of the
experimental conditions were carried out four times and the
difference in calculated parameters was less than 10%.
Comparing the data for the different bases, it is found
that under silent conditions R is lowest for guanosine.
However, with ultrasound and for the concentrations studied
the R -values are similar for all three DNA bases. Con-
sequently, the strength of adsorption of the DNA-bases on
the glassy carbon surface seems to have the same intensity.

4. Conclusion

The adsorption process of DNA bases can be followed by
electrochemical impedance measurements. On glassy carbon
electrodes, the strength of adsorption appears to be similar for
guanine, guanosine and adenine. Irradiation with ultrasound
leads to removal of the “irreversibly”” adsorbed molecules of
base from the electrode surface and permits measurement of
the true electron transfer rate without surface blocking.
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Abstract

The dependence of the impedance of the electrode double layer of mercury electrode on frequency around the potentials of the
tensammetric peaks of single-stranded and double-helical polynucleotides and DNA was studied. From the frequency dependence of the
impedance of the electrode double layer represented in a complex plane impedance plot, the electric equivalent circuit of the electrode
covered with adsorbed DNA layer was determined. It was concluded that the desorption of denatured ssDNA is accompanied by higher
dielectric losses than the desorption of native dsDNA. This can be explained by the higher flexibility of ssDNA compared to the dsDNA. The
capacitance peak of single-stranded polyadenylic acid (poly A) observed at pH 8 around — 1.3 V splits at low frequencies in two peaks.

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

Keywords: Electrochemical impedance spectroscopy; DNA adsorption; Poly A adsorption; Differential capacitance

1. Introduction

Since 1961 when Miller [1] has published his work on
differential capacitance of the mercury electrode double
layer in the solutions of nucleic acids, the measurement of
the impedance of electrified interfaces started to be widely
used for investigation of the interactions of nucleic acids
and their components with electrode surface [2—11]. Differ-
ential capacitance C of the electrode double layer is a
sensitive indicator of adsorption.

Usually, the dependence of C on electrode potential U
(C-U curves) or the dependence of the electrode double
layer impedance Z on frequency (electrochemical impe-
dance spectroscopy, EIS) is measured.

From the measurement of C—U curves, we have found
that bases, nuclesides and nucleotides can form by a two-
dimensional condensation on a compact, self-assembled
layer at the mercury electrode surface [2—7,11]. On the
C—U curves of DNA and synthetic polynucleotides, adsorp-
tion—desorption (tensammetric) peaks are observed [2,7—9].
The native double helical DNA (double stranded, dsDNA)
usually yields just only one tensammetric peak at about

" Corresponding author. Institute of Biophysics, Academy of Sciences
of the Czech Republic, Kralovopolska 135, 612 65 Brno, Czech Republic.
Tel.: +42-5-41517143; fax: +42-5-41211293.

E-mail address: vetterl@ibp.cz (V. Vetterl).

— 1.1 V corresponding to the desorption of the sugar/
phospahte backbone and denoted as peak 1 [9]. The dena-
tured DNA (single stranded, ssDNA) yields besides peak 1
another tensammetric (peak 3) at about — 1.4 to —1.6 V
corresponding to the desorption of bases. If dsSDNA contains
some distorted regions in which hydrophobic bases can
come into contact with the electrode, another tensammetric
(peak 2) appears between peaks 1 and 3 [7—10].

Polyadenylic acid (poly A) may have (depending on pH
and ionic strength) either ss or ds form [12,13]. We have
found that at the frequency of 22 Hz the peak observed on
C—-U curves around — 1.4 V of the ss poly A (pH 8§, 0.1 M
NaCl) is higher and more asymetric than the peak of the ds
poly A (pH 5, 0.1 M NacCl).

With increasing frequency the height of the tensammetric
peaks decreases. The decrease is more pronounced with the
ssDNA and ss poly A than with the double stranded
conformations [14].

Frequency dependence of the impedance of the electrode
double layer (electrochemical impedance spectroscopy, EIS)
[15—17] yields useful information about the adsorption
kinetic and mobility of the adsorbed polynucleotide seg-
ments. The impedance measurements performed with DNA
solutions earlier [17] were at low frequencies disturbed by
noise, the impedance values were scattered and the differ-
ence between impedance spectra of ssDNA and dsDNA
were not quite convincing.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. (A) Complex impedance Z=Z" +iZ" plot of 180 ng/ml native and denatured calf thymus DNA in 0.3 M NaCl +0.05 M Na,HPOy,, pH 8.5, measured at
— 1.14 V. Frequency range 0.25—100 Hz in. . .steps. Temperature 20 °C. Waiting time #, = 1200 s at — 0.6 V. (B) Complex capacitance Y/w=Y" /w+iY” /o plot
of the same sample. (C) C—U curves of 180 pg/ml denatured calf thymus DNA in 0.3 M NaCl+0.05 M Na,HPO,, pH 8.5. Temperature 20 °C.

In this paper, we have studied the adsorption behaviour of 2. Experimental
ssDNA and dsDNA by impedance measurements in order to
find out if the difference in impedance parameters between Calf thymus DNA isolation, thermal denaturation and
ssDNA and dsDNA are statistically significant and can be determination of DNA concentration were carried out as
used for sensing hybridization by DNA biosensors. previously described in Ref. [18]. Polyadenylic acid, potas-
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Fig. 2. Complex impedance Z=Z" +iZ" and complex capacitance Y/w =Y /w+iY" /w plots of 200 pug/ml denatured calf thymus DNA in 0.3 M NaCl+0.05
M Na,HPOy,, pH 8.5, measured at — 1.16 V. Temperature 20 °C. Waiting time ¢, =10 s at — 0.6 V. Frequency range 0.1-50000 Hz in 38 frequency steps.
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Fig. 3. C—U curves of 180 pg/ml poly A in 0.3 M NaCl+0.05 M Na,HPO,, pH 8.5. Temperature 20 °C. Waiting time #; =30s at — 0.6 V. Potential scan from
—1.0to — 1.5 V with a potential step 0.1 V every 2 s (corresponding to the potential scan rate 50 mV s ~ ). Insert shows the dependence of peaks at — 1.25

and — 1.38 V on frequency Frequencies: & 1 Hz, A 5 Hz, O 50 Hz, O 2100 Hz.

sium salt, was supplied by Sigma. Chemicals for preparation
of the supporting electrolyte (NaCl, Na,HPO, and
NaH,PO,) were of analytical grade purchased from Aldrich.
All the measurements were carried out in 0.3 M NaCl with
phosphate buffer pH 4.5 (ds poly A) and pH 8.5 (ss poly A,
DNA) at 20 °C, pH was measured by pH-meter OP208/1
Radelkis (Hungary). The solutions were deaerated using
99.5% argon saturated with triple distilled water. The water
used was distilled in a glass electrodistillator followed by
double distillation in quartz.

The measurement of the frequency (or potential) depend-
ence of the impedance and/or admittance of the electrode
double layer was performed with a hanging mercury drop
electrode (HMDE) using Metrohm VA 663 Stand. The
surface of the mercury drop calculated from the mercury
flow rate by weighing of hundred droplets was
§=(0.33 £ 0.01) mm? corresponding to position 2 on the
Metrohm 663 VA Stand, and the diameter of the drop was
r=0.16 mm. Counter electrode was a Pt wire, reference
electrode was Ag/AgCl in 3 M KCL

The impedance of the electrode double layer of the
mercury electrode was measured using AUTOLAB/FRA
impedance measurement system with the potentiostat
PGSTAT 20 and FRA-DSG, FRA-ADC modules (Eco
Chemie, Utrecht, The Netherlands), the a.c. voltage ampli-
tude was either 2 or 5 mV, the equilibration time (the time
between a new potential and/or frequency step and actual

impedance measurement) was 1 s (C—U curves, Fig. 1C), 2 s
(C-U curves, Fig. 3) and 10 s (frequency dependence, Figs.
1A,B,C and 2). Before the impedance measurements the
electrode was kept at — 0.6 V (second conditioning poten-
tial) for 10 s (Fig. 2), 30 s (Fig. 3) or 1200 s (Fig. 1A,B,C).

3. Results and discussion

Fig. 1A shows the frequency dependence of the impe-
dance of the electrode double layer Z=2Z' +iZ" in the
complex plane impedance plot. Impedance was measured in
the solution of 180 pg/ml native and denatured calf thymus
DNA in 0.3 M NaCl+0.05 M Na,HPO,, pH 8.5 at the

C
|
[
R

o—of O—0

Scheme 1. Equivalent circuit of the mercury —solution interface for a simple
irreversible electrode reaction or for tensammetric process. C;—double
layer capacitance, R;—solution resistance, R,—charge transfer resistance
(faradayic process) or resistance representing dielectric losses (tensam-
metric process — reorientation, relaxation).





40 L. Strasak et al. / Bioelectrochemistry 56 (2002) 3741

Table 1
Parameters of the equivalent circuit (Scheme 1) simulating the complex
impedance plot of DNA (Fig. 1)

DNA EN) R Qcem») R kQcem®d C, @WFem™2) n
Denatured —1.14 100 154 22 0.976
Native —1.14 46 363 2.1 0.957

potential of the tensammetric peak 1 (—1.14 V) corre-
sponding to the adsorption/desorption of sugar-phosphate
backbone.

The complex impedance plots of DNA in Fig. 1A
exhibited arc shapes. Providing that the mercury—solution
interface can be simulated by a parallel combination of C,
(double layer capacitance) and R, (representing dielectric
losses by tensammetric processes and/or charge transfer
resistance by redox reactions; lower R, means higher
dielectric losses) in series with the supporting electrolyte
resistance R; (Scheme 1), the complex impedance plot
should be a semicircle [16,19,20,21] the radius of which
is smaller with lower R, values. Providing that the arc in
Fig. 1A can be regarded as a part of the semicircle
representing by equivalent circuit shown in Scheme 1, we
have evaluated the circuit parameters R, R, and C; (Table
1). It can be seen that denatured ssDNA has a smaller radius
(lower R,) than the native one. Thus, desorption of dena-
tured DNA is accompanied by a higher dielectric losses than
the desoprtion of native dsDNA. Dielectric loss is energy
lost as heat, which arises due to the friction of charged DNA
segments forced to move in a viscous solvent by a.c. electric
field. Higher dielectric losses accompanying the desorption
of denatured ssDNA can be explained by the higher flexi-
bility of denatured DNA compared to the dsDNA resulting
in the faster movement of adsorbed DNA segments by their
desorption from the electrode surface.

The Z values given in Fig. 1A are the mean values
calculated from four measurements. The confidence interval
is shown by a length of abscissa at the corresponding point
and was at 0.25 Hz higher than at 98.6 Hz (Table 2).
Differences between parameters of the electric equivalent
circuits corresponding to native and denatured DNA are
statistically significant.

Another model of the interface at which adsorption—
desorption process takes place is a Debye equivalent circuit
[16] (Scheme 2), where C| is the high frequency capacitance,
Cy+ C;, is the low frequency capacitance, R; is the solution
resistance and R, is the charge transfer resistance. In the case
of redox reactions, the mass transfer Warburg term Wappears

Table 2
The mean values of the electrode double layer impedance and the
confidence interval for native and denatured DNA at 0.25 and 98.6 Hz

DNA fMHz) Z' Q) Z" (Q)

Denatured 0.25 7.7+0.1 7.13 +£0.06

Native 025 78%05 151403

Denatured  98.6 (1.020 + 0.007) x 1072 (9.34+ 0.05) x 1072
Native 98.6 (8.16+0.01)x 1073 (8.440 + 0.006) x 1072

C
[
N
R,
O O
R, Cy

Scheme 2. Debye equivalent circuit. C;—high frequency capacitance,
(Cy+Cy)—low frequency capacitance, R;—solution resistance, R,—
relaxation resistance [16].

instead of R, [15]. In complex capacitance plot ( Y” /w versus
Y’ /w), such a circuit is represented at low frequencies by a
straight line and at high frequencies by a circle above the
vertical Y”/w axis crossing the vertical axis at the capaci-
tance values C;+C, and C; [15]. Fig. 1B is the complex
capacitance plot of native and denatured DNA measured in
the same low frequency range 0.25—100 Hz as impedance
plots shown in Fig. 1A and thus only the low frequency
linear part of the complex capacitance spectrum is presented.
Fig. 2 shows the frequency dependence of the complex
capacitance plot of denatured DNA measured in the fre-
quency range 0.1—-50000 Hz. In this plot, the high frequency
circular part of the complex capacitance plot can be seen.

The capacitance peak of single-stranded poly A observed
on C—U curves around the potential of —1.3to — 1.4 Vis
asymmetrical and at low frequencies splits in two peaks
(Fig. 3). The height of the more negative peak at —1.38 V
decreases with increasing frequency, less strongly than the
height of the peak at — 1.25 V. It means that the adsorp-
tion—desorption process giving rise to the tensammetric
peak at — 1.25 V is slower than the adsorption—desorption
process giving rise to the more negative peak. Thus, the
peak at — 1.25 V obviously results from the reorientation
and/or desorption of the sugar-phosphate backbone, and at
potentials more negative then — 1.25V is poly A adsorbed
at the Hg surface only via bases. The peak at —1.38 V
corresponds to the complete desorption of poly A from the
Hg surface.

4. Conclusion

We have shown that electrochemical impedance spectro-
scopy is a useful tool for sensing differences between single-
stranded and double-helical conformation of nucleic acids
and synthetic polynucleotides.
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Abstract

The adsorption of cytidine at the mercury film electrodes and at the Au (111) single crystal electrode has been investigated. Some kinetic
aspects such as the influence of pH and temperature on the formation or dissolution of cytidine adlayer on the pyrolytic graphite electrode
covered by a mercury film or on the Au (111) have been studied. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Pyrolytic graphite electrode; Mercury film electrodes; Gold single crystal; Adsorption; Cytidine adlayers; Two-dimensional phase transition

1. Introduction

It is generally known that the nucleic acid bases and
nucleosides form highly ordered two-dimensional (2D)
adlayers in a broad range of pH and ionic strength at the
mercury | solution interface [1-3].

The use of the mercury film electrodes (MFE) and/or
solid electrodes has opened a new experimental field for the
study of phase transitions and formation of condensed
monolayer at the electrochemical interface [4]. Adsorption
of the nucleic acid bases and nucleosides on Au (111) has
been studied by several authors during the last 5 years [5—
7]. The potential window for most of the solid electrodes is
about 1 V more positive than for the MFE. The MFE are
appropriate tools for the detection of the 2D condensation of
nucleic acid bases and nucleosides at the potential window
from —2.0 V to 0 V. Thus, we can investigate the effect of
the structure of the substrate of solid electrode on the
formation or dissolution of well-organized monolayers in
the potential window used with a classical hanging mercury
drop electrode (HMDE).

The aim of this work is the study of the kinetic aspects of
phase transitions of the cytidine at the carbon electrode

* Corresponding author. Institute of Biophysics, Academy of Science
of the Czech Republic, Kralovopolska 135, CZ-612 65 Brno, Czech
Republic. Tel.: +42-5-41517143; fax: +42-5-41211293.

E-mail address: vetterl@ibp.cz (V. Vetterl).

covered by a thin mercury film and at the gold single crystal
electrode Au (111).

2. Experimental

The electrochemical set-up consisted of a classical three-
electrode system. The working electrode were: (A) a pyro-
lytic graphite electrode (PGE) covered by a thin mercury
film and (B) a single crystal Au (111). The PGE was
immersed into 0.2 M Hg(NO;), water solution and treated
at potential — 1.0 V for 3 min. The area of the PGE covered
by a mercury film was 0.205 cm?. The gold single crystal
electrode Au (111) of diameter 4 mm was prepared accord-
ing to a technique described by Hamelin [8]. The activation
of the gold electrode Au (111) was described in detail in
Ref. [9]. The counter electrode was a platinum wire. The
reference electrode was: (A) Ag|AgCl|3 M KCI or (B)
Hg | Hg,Cl, | KCl(sat).

The measurements were performed in a solution of 0.5 M
NaCl (Merck, p.a.) with Britton—Robinson (BR) buffer or in
0.1 M KClOy (Fluka puriss., p.a.) with various additions of
cytidine (Sigma).

The current measurements (j—F, j—f) and capacitance
measurements (C—E) were performed using an electrochem-
ical system AUTOLAB (Ecochemie, Utrecht, Netherlands)
equipped with a potentiostat/galvanostat PGStat20 and a
frequency-response analyser (FRA) module.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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3. Results and discussion

3.1. Adsorption of cytidine at the MFE and single crystal
electrode Au (111)

Fig. 1A shows the adsorption of 30 mM cytidine in 0.5
M NaCl+BR buffer in acid (pH 5.0) and alkaline solution
(pH 8.3) at the PGE covered by a mercury film. In the acid
solution cytidine forms only one physisorbed 2D condensed
adlayer around — 0.8 V (region II). In the alkaline solution
cytidine forms two different physisorbed 2D adlayers; the
more negative adlayer around — 0.8 V (region II) and the
other one around — 0.1 V (region III). Regions Ia and Ib
correspond to the dilute and reversible physical adsorption
of individual cytidine molecules (Fig. 1A). Similar adsorp-
tion behaviour of cytidine at the HMDE was described
earlier by Temerk [10,11] and Ibrahim [12].

Fig. 1B,C shows that 50 mM cytidine in the acid (pH 4.2)
and neutral solution (pH 7.0) forms at the Au (111) the
physisorbed 2D condensed adlayer in potential window
from —0.3 Vto +0.07 V (region II). At positive potential
(around potential +0.23 V) cytidine forms ordered chem-
isorbed adlayer in acid and neutral solution (region IV). In
contrast to region I, the extent of region IV is only slightly
affected by temperature or concentration change (not

shown). These data confirm that the formation of layer II
is caused by physical forces and in region IV cytidine is
chemisorbed [13].

3.2. Kinetics of transformations

The kinetics of the 2D condensation or dissolution has
been studied by recording the current transients. We used the
double potential step techniques [14]. The rate of the
transients is characterised by the time ¢,,, at which the
current reaches maximum.

We have studied the kinetics associated with the inter-
facial transformation of cytidine starting from the dilute
adsorption region (Ia) to the physisorbed film (region II) at
the MFE. The kinetics of dissolution of the chemisorbed
layer of cytidine at the Au (111) was studied as well.

The current transients corresponding to the formation of
the ordered physisorbed layer (region II) from dilute adsorp-
tion state Ia recorded for 30 mM cytidine in 0.5 M NaCl+BR
buffer at pH 5.0 on the PGE covered by a mercury film at
various temperatures show that the overall transformation
becomes faster when the temperature is decreased (Fig. 1D).
Such a result is expected for a condensation process since the
activation energy is related to the formation of the critical
nucleus and consequently to the supersaturation of the system
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Fig. 1. (A) Capacitance—potential curves of 30 mM cytidine in 0.5 M NaCl with BR buffer at 10 °C on PGE covered by a mercury film at different pHs: (o) pH
5.0 and (O) pH 8.3. Potential was scanned from positive to negative values. The different adsorption states are labelled Ia, Ib, II and III. Dashed line represents
the C—E curve of the background electrolyte. (B) Current—potential curves of 50 mM cytidine in 0.1 M KClO, at pH 4.2 and (C) at pH 7.0 on Au (111). The
different adsorption states are labelled I, II, IIT and IV. Dashed line represents the j—E curve of the background electrolyte. The scan rate was 20 mV s ~ ', (D)
Influence of the temperature on the rate of transformation Ia — II for 30 mM cytidine in 0.5 M NaCl + BR buffer at pH 5.0 on PGE covered by a mercury film.
Transitions triggered by a potential step from — 1.2 V to various final potentials £; Er is the transition potential la — II. (E) Influence of the temperature on the
rate of transformation IV — II for 50 mM cytidine in 0.1 M KClO,4 at pH 7.0 on Au (111). Transitions triggered by a potential step from +0.18 V to various

final potentials.
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[15]. The effect of the temperature on the transition kinetics is
more pronounced especially for low overpotentials; i.e. when
the final potential £ of the current transient is located close to
the negative edge of the pit (region II). From Fig. 1D, it can
be seen that at higher overpotentials the rate of transformation
la—1I is less affected by the temperature. The observed
influence of the temperature on the rate of transformation of
film is typical for a non-faradaic condensation process con-
trolled by a nucleation and growth mechanism.

The kinetics of dissolution of the chemisorbed layer of
50 mM cytidine in 0.1 M KCIO,4 at pH 7.0 was studied at
the Au (111). The overall rate of transformation of film IV
into film II becomes faster when the temperature is raised
(Fig. 1E) contrary to the effect of temperature on the rate of
formation of the condensed physisorbed film II of cytidine
at the PGE covered by a mercury film. The rate of transients
IV — 1II depends linearly on the final potential E.

4. Conclusion

The adsorption and 2D condensation of cytidine at the
MFE is very similar to that observed at the HMDE. Cytidine
forms at the Au (111) distinct films ranging from a dilute
adsorbed state to a condensed physisorbed film and an
organized chemisorbed layer. The temperature dependence
of the rate of transformation provides clear evidence about
the nature of the interfacial processes of cytidine at the
different substrates.
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Abstract

An effective method for the introduction of oleylamine-modified cytidine units into predetermined position(s) of the oligodeoxyr-
ibonucleotide (ON) chain during automated ON synthesis has been developed. The high yields of the condensation products upon the
introduction of the modified units allow the methods suggested to be used for the synthesis of ONs with two hydrophobic substituents. We
also suggest a simple method for obtaining ONs with 5" -terminal hydrophobic linker with free thiol group. The functionality of synthesized
ON modified by thiol group and that with hydrophobic spacer for the detection DNA hybridization has been approved in conductometric

experiments. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Oligodeoxyribonucleotide; DNA sensors; Hybridization; Conductivity

1. Introduction

In the last few years, the field of nucleic acids chemistry
dealing with their electrochemical properties has intensively
developed [1,2]. This is due to the possibility of using
electrodes with immobilized ONs for the detection of nucleic
acids of pathogenic microorganisms. The development of
effective methods for the immobilization of nucleic acids on
electrode surfaces is therefore an important problem.

The two possible ways for the immobilization of DNA
fragments are noncovalent and covalent binding with elec-
trode surfaces. The first variant provides for the use of
moieties of hydrophobic molecules, such as lipids and fatty
acids, introduced into ON chains and capable to bind with
hydrophobic electrode surfaces (e.g., graphite paste or lipid
membranes) [1,2]. In the second case, the introduction of
reactive groups which are capable to react with a surface of
electrodes is required. The methods for the introduction of the

Abbreviations: CPG, controlled pore glass; TPSCI, 2,4,6-trisopropyl-
phenylsulfonyl chloride; ON, oligodeoxyribonucleotide; MUA, 11-mer-
captoundecanoic acid.

" Corresponding author. Tel.: +7-95-939-3148; fax: +7-95-939-3181.

E-mail address: oretskaya@genebee.msu.su (T.S. Oretskaya).

hydrophobic molecules to ON termini, both during automa-
ted solid-phase synthesis [3—5] and postsynthetically [6,7],
were reported. However, the methods suggested are not
versatile and cannot be used for simultaneous modification
of 3’ - and 5’ -terminal fragments nor for the introduction of
intrachain modified units.

Here, we propose a method for the introduction of
hydrophobic moieties for non-covalent immobilization that
involves the introduction of the modified unit into any
predetermined position of the ON chain during automated
phosphoramidite synthesis. We also suggest a method for
the introduction of hydrophobic linkers carrying terminal
mercapto groups for covalent immobilization of ONs onto
gold electrodes covered by lipids. The ON terminated with
mercapto groups has been used for the fabrication DNA
sensor. The hybridization of DNA has been tested by
conductometry.

2. Experimental
2.1. Chemical modification of ONs

TLC was performed on the Silica gel 60 ,s4F (Merck,
Germany) precoated plates in (A) 95:5 chloroform—ethanol,

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Table 1

Oligonucleotides Primary structure 5’ — 3’ Mass-spectra MALDI,
m/z calc./exp.

(1)) CACCTTGCTGAAATTTTCCC * 6267.4/6266.0

(I CAC* CTTGCTGAAATTTTCCC * 6531.9/6529.6

(1) C* ACCTTGCTGAAATTTTCCC * 6531.9/6526.7

av) CAC* CTTGCTGAAATTTTCCC 6267.4/6265.8

) C* ACCTTGCTGAAATTTTC 6267.4/6268.4

(4%)) AC* CTTGCTGAAATTTTCCC *

(VID) ACCTTGCTGAAATTTTCCC *

(VIID) AC* CTTGCTGAAATTTTCCC

(Ix) XTTTTTTTTTT 3260.9; 6521.8%*
/3262.4; 6524.8 * *

X) XCCCAAAAGTGAAAACAC 5445.4/5446.9

X1) XACCTTGCTGAAATTTTCCC

(XII) XCCTTCAATATGACTTTTATC

C *=2' -deoxy-5-methyl-N4-oleyl.

Il
X= Hs_(CHz)Q_O_Fl’_O_
o

M* * =product of —S—S-dimerisation.

(B) 9:1 chloroform—ethanol, and (C) 98:2 methylene chlor-
ide—triethylamine systems. Column chromatography was
carried out on Silica gel 60 (Merck, Germany) in an ethanol
gradient in chloroform [(D), 0-5% and (E), 0—15%)].

Temperature-dependencies of UV absorption at 260 nm
and UV spectra were registered on a Hitachi 150-20 (Japan)
spectrophotometer supplied with a thermostated cell holder
in a 1-cm quartz cell, mass spectra were measured on a
Finnigan MAT VISION 2000 TOF (MALDI) mass spec-
trometer.

5" -O-Dimethoxytrityl-3" -O-trimethylsilylthymidine was
prepared from (1) as described in Ref. [8] and used without
isolation for the synthesis of (2).

1-(5' -O-Dimethoxytrityl-2’ -deoxy-B-p-ribofuranosyl)-
4-(1-triazolyl)-5-methyl-2-pyrimidone (2). Triazole (6.4 g,
93 mmol) was suspended in acetonitrile (50 ml) and phos-
phorus (V) oxychloride (1.96 ml, 16.9 mmol) was added.
Then triethylamine (15 ml, 110 mmol) was added dropwise at
stirring and cooling on ice, the reaction mixture was kept for
30 min at 20 °C, and a solution of 5" -O-dimethoxytrityl-3’ -
O-trimethylsilylthymidine (5 mmol) in acetonitrile (20 ml)
was added. The reaction was performed for 15 min at 20 °C
(TLC in system A). The reaction mixture was washed with
water, the organic layer was concentrated in vacuo and
chromatographed on a Silica gel column in system E to yield
1.42 g (48%) of (2); R¢ 0.75 (A).

5" -O-Dimethoxytrityl-2 -deoxy-5-methyl-N*-oleylcyti-
dine (3). Compound (2) (0.3 g, 0.5 mmol) was dissolved in
dioxane (5 ml), and oleylamine (1.5 ml, 4.6 mmol) was
added. The conversion at 20°C was monitored by TLC
(system B). After 1 h, the reaction mixture was concentrated
in vacuo and chromatographed on a Silica gel column in
system D to give 0.36 g (90%) of (3); R¢ 0.7 (B).

5" -O-Dimethoxytrityl-2 -deoxy-5-methyl-N*-oleylcyti-
dine 3’ -(N,N-diisopropylamido)--cyanoethylphosphite (4)
was obtained from (3) according to [9].

Immobilization of 5’ -O-dimethoxytrityl-2’ -deoxy-5-
methyl-N*-oleylcytidine (3) on the polymeric support CPG-
500 was performed by the method reported in Ref. [10].

12-(S-trityl)mercaptododecanol-1 (6). Solution of NaOH
(0.48 g, 12 mmol) in 4.5 ml of water was added to 30 ml of
ethanol/benzene (1:1) solution of tritylmercaptane (2.76 g, 10
mmol). After the precipitate formed was dissolved by stirring,
the solution of 12-bromdodecanol-1 (1.326 g, 5 mmol) in 20
ml of ethanol/benzene (1:1) was added. The reaction was al-
lowed for 8 h, filtered and dried in vacuo. The residue was
dissolved in chloroform and washed with 5% aqueous
NaHCOj; (2 X 25 ml), saturated NaCl (50 ml), dried, con-
centrated in vacuo and chromatographed on Silica gel column
in system D to yield 2.2 g (95%) of (6), R;0.25 in chloroform.

MALDI MS (6): calc. C5;H40OS M =460.7, found m/z
459.7.

N,N-Diisopropylamido-(-cyanoethyl)-(12-tritylmercap-
tododecyl)phosphite (7) was obtained from (6) analogously
to the method described in Ref. [9].

Synthesis of ONs (I-VIII Table 1) with oleyl-containing
units was carried out on an Applied Biosystems 380B
automated DNA synthesizer (USA) by the phosphoramidite
method using 0.12 M solutions of modified phosphorami-
dites and the condensation time increased up to 4 min, with
the resulting ONs deprotected as described in Ref. [9]. ONs
with hydrophobic residues were isolated by reverse-phase
HPLC on a Gilson instrument (USA) using a Beckman
Ultrasphere Octyl (4.6 x 250 mm) column and a 0—80%
linear gradient of acetonitrile in 20 mM ammonium acetate
as a mobile phase (80 min).
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Fig. 1. Synthesis of monomeric synthons for the incorporation of oleyl moieties into ONs.

ONs (IX-XII, Table 1) containing 5’ -mercaptododecyl
linker were synthesised as described above. 12-Tritylmer-
captododecylphosphite (7) was coupled to 5’ -termini of ONs
during the last stage of the synthesis. Trityl protecting group
was removed from sulfur after ON cleavage from polymer
support by subsequent treatment with aqueous AgNO; (40
min) and decomposition of forming salt by aqueous DTT (5
min). ONs obtained were isolated by reverse-phase HPLC.

ON (XIII) (5 -ACCTTGCTGAATTTTCCC-(PO,) ™ -
SH) containing 3’ -phosphorothioate group was synthesized
as we described previously in Ref. [11].

Ligation with T4 DNA Ligase was carried out at 4 °C
overnight, with equimolar amounts of ONs and threefold
excess of matrix. The products were identified by relative
mobility in PAGE (20%).

2.2. Preparation of DNA sensor and conductometric detec-
tion of DNA hybridization

The DNA sensor has been prepared as described else-
where [11] by means of chemisorption of thiolated oligo-
nucleotides onto gold support sputtered on a smooth silicon
plate (diameter 0.5 mm). The clean gold support has been
first immersed into 1 uM water solution of oligonucleotides
(without and/or with hydrocarbon spacer) for 10 min and
then into 1 mM ethanol solution of MUA for 1 h. The MUA
forms an insulating layer on a gold support, i.e. covers the
free gold surface. For the fabrication of the sensor we used
thiolated ONs described in this work.

The measurement of the current flow across the supported
thin films was performed with a programmable electrometer,
Keithley 6512 (USA), connected on-line with an IBM PC 486
DX through KPC-488.2AT Hi Speed IEEE-Interface board
[11]. In all experiments, the following buffer has been used:
0.1 M NaF+10 mM Tris—HCI+2 mM EDTA (Sigma), pH
7.6. pH has been adjusted by the addition of a small amount of
0.1 M NaOH. NaF was used in order to avoid the interference
of chlorine anions with gold support. The experiments were
performed at 7=(20 + 1 °C).

3. Results and discussion
3.1. Chemical modification of ONs

To obtain ONs with oleylamine residues, we employed
the method involving the reactive thymidine derivative
bearing a triazole residue in C4-position. The 5 -O-pro-
tected thymidine (1) was modified by the standard proce-
dure [12]. 1-(5'-O-Dimethoxytrityl-2’ -deoxy-p-p-
ribofuranosyl)-4-(1-triazolyl)-5-methyl-2-pyrimidone (2)
was reacted with oleylamine to give 5 -O-dimethoxytrityl-
2 -deoxy-S-methyl—N4—01eylcytidine (3). Compound (3)
was treated with N,N-diisopropylamido-pB-cyanoethylchlor-
ophosphite to obtain the monomeric synthon (4) for ON
synthesis (Fig. 1).

Phosphoramidite derivative (4) was involved into stand-
ard automated ON with no less than 95% yield. In order to
obtain ONs with a modified unit at the 3’ -end, nucleoside
(3) was immobilized on the CPG-500 polymeric support
according to the scheme presented in Fig. 1 to yield (5).
Using compound (4) and/or polymeric support (5), ONs (I-
VIII, Table 1) with oleylamine moieties were synthesized
with sequences complementary to the DNA fragments of the
pathogenic bacterium Salmonella.

In connection with the data obtained for thermodynamic
stabilities of duplexes formed by ONs bearing hydrophobic
substituents, we should expect ONs modified at the chain
ends to hybridize effectively with complementary DNA

moaned ONs
- ACCTTGCTGAAATTTTCCCpCACCTTGCTGAAATTT’I‘CC;—3’

3’ ~-CTTTAAAAGGG-GTGGAACGA-5'
complementary /
matrix

Fig. 2. Incorporation of oleyl-containing ONs into the surface of liposomes.
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Fig. 3. Synthesis of ONs containing thiol linkers at 5’ -termini.

sequences from solution upon the immobilization on the
hydrophobic electrode surface.

ONs containing oleylamine moieties introduced into the
surface of liposomes could easily form duplexes in the
presence of complementary DNA in solution. This fact
was confirmed by the enzymatic ligation of two ONs
containing 5’ - and 3’ -terminal oleyl moieties in the system
mentioned above, as it is shown in Fig. 2.

The data obtained show that the presence of liposomes
has no negative influence on the efficiency of complemen-
tary interactions between ONs containing oleyl residues. It
was confirmed by the fact that yields of ligation products
obtained in the presence of liposomes (65%) did not differ
from those obtained in aqueous solutions (65—70%).

It is convenient to use ONs containing terminal hydro-
phobic “tails” with thiol groups for the immobilization on
golden electrode surfaces covered with hydrophobic layer.
We have elaborated an original scheme of introducing 12-
thiododecanol-1 at 5’ -termini of ONs in the process of auto-

s}

[l

mated solid phase phosphoramidite DNA synthesis without
changing the standard protocols. We have chosen a standard
approach to synthesize ONs with 12-mercaptododecyl
groups attached to 5’ -terminal phosphate: utilizing a com-
pound which will introduce desirable 5’ -terminal modifi-
cation, N,N-diisopropylamido-(-cyanoethyl)-(12-tritylmer-
captododecyl)phosphite (7), in the final coupling step.
Synthesis of (7) included two steps: nucleophilic replace-
ment of bromine in 12-bromododecanol-1 and phosphityla-
tion of hydroxyl group in the resulting compound (6). It was
conducted according to the scheme presented in Fig. 3.

A set of ONs (IX—XII, Table 1) containing 5" -terminal
TrS-group M(8) has been synthesized using phosphorami-
dite derivative (7) with sequences complementary to the
fragments of pathogenic bacteria Salmonella genome.
The final synthetic step was the selective removing of
trityl group from ONs (8) isolated by HPLC with silver
nitrate and the subsequent reduction with dithiothreitol
to give free terminal SH-group in ONs (9).

\d

O
.
O

O

/L

W&y
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oo

i
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Fig. 4. Schematic representation of the DNA sensors formed by single-stranded
amphiphilic layer of MUA. Right side: hybridization with complementary ON.

DNA without (A) and with (B) spacer at the surface of gold layer covered by
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Fig. 5. Changes of conductivity of the DNA sensor as a function of
concentration of complementary strand for sensors formed by single-
stranded DNA without (1) and with (2) hydrophobic spacer. Ag=g — go,
where g is the conductivity of the sensor at a certain concentration of
complementary strand and gy is the conductivity of the sensor in the
absence of complementary chain.

3.2. Detection of DNA hybridization

The principal difference between DNA sensors based on
single-stranded DNA without and with hydrocarbon spacer
(12 methylene groups) (ONs XIII and XI, respectively) is
obvious from Fig. 4, where these two types of sensors are
schematically presented. It can be seen that while for the
sensor without spacer (immobilized ON XIII), certain
distortion of the amphiphilic layer could take place follow-
ing the hybridization with complementary strand, for the
sensor with spacer (immobilized ON XI), the changes in the
ordering of the layer should not be expected. These pecu-
liarities are crucial for the detection of hybridization by
means of measuring the conductivity of the layers. The
relative changes in the conductivity for these sensors as a
function of concentration of complementary chain are
presented in Fig. 5. We can see that while for the sensor
without spacer the conductivity increases, for the second
type of sensor the changes in conductivity are less
expressed. Moreover, at a higher concentration of comple-
mentary strand (¢ >300 nM) we observed the decrease in
conductivity. Thus, for the conductometric detection method
the DNA sensor without spacer would be preferable, while,
e.g., for mass detection, the sensor with spacer could be
more advantageous due to better access of complementary
strand to the sensor surface. The possible mechanisms of the
changes in conductivity of the DNA sensor have been
discussed earlier [11]. We assume that the insulating proper-
ties of the amphiphilic layer decrease due to the hybrid-
ization process followed by distortion.

4. Conclusion

Thus, we have developed an effective scheme for the
introduction of oleylamine-modified cytidine units into

predetermined position(s) of the ON chain during automated
ON synthesis. The high yields of the condensation products
upon the introduction of the modified units allow the
methods suggested to be used for the synthesis of ONs with
two hydrophobic substituents. We also suggest a simple
method for obtaining ONs with 5 -terminal hydrophobic
linker with free thiol group. The functionality of synthesized
ON containing thiol groups and that with hydrophobic
spacer for the detection of DNA hybridization have been
proved by conductometric measurements.
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Abstract

The electrochemical reduction of B-lapachone and its 3-sulphonic salt was studied by cyclic, square wave and differential pulse
voltammetry in aqueous media using a glassy carbon electrode. These compounds have a wide range of biological activities, including
antibacterial, cytotoxic, antifungal, trypanocidal and anticancer action. The reduction of pB-lapachone in the presence of L-cysteine and 2-
mercaptoethanol was studied and the results, together with others already published, suggest that the anticancer mechanism of B-lapachones
can be explained via interaction with topoisomerase. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: p-Lapachone; Cytotoxic action; Electrochemical reduction; Topoisomerase

1. Introduction

B-Lapachone is a naturally occurring quinone, easily
synthesized from lapachol or lomatiol [1]. It has been shown
to have a wide range of biological activities, including
anticancer activity [2,3]. Its mechanism of action as anti-
bacterial, cytotoxic and trypanocidal is related to its redox
cycling nature, generating reactive oxygen species, which
can damage DNA [4]. However, the clinical efficacy of this
drug remains to be explored, and such studies await eluci-
dation of its mechanism of action. The inhibitory effect of 3-
lapachone on human DNA topoisomerase I was investi-
gated [5]. It is suspected that B-lapachone binds directly to
the enzyme to prevent DNA unwinding by topoisomerase I.
It was also suggested that the cytotoxic actions of naphtho-
quinones derive, in part, from alkylation of exposed thiol
residues on topoisomerase II-DNA complexes [6]. The
majority of the above-mentioned biological activities of 3-

* Corresponding author. Tel.: +351-239-835295; fax: +351-239-
835295.
E-mail address: brett@ci.uc.pt (A.M. Oliveira-Brett).

lapachone are dependent on bioreduction. The present work
aims to obtain electrochemical data to help in the elucidation
of the mechanism of the anticancer action of 3-lapachones.

2. Experimental

Calf thymus DNA (sodium salt, Type I) was obtained
from Sigma and r-cysteine and 2-mercaptoethanol from
Aldrich. p-Lapachone (1), 3-sulphonic acid (2) and «-
lapachone (3) used as a model, were synthesized according
to the literature [1]. In an aqueous ethanolic phosphate
buffer pH 7.0, 1 and 3 were prepared, while in aqueous
buffer solutions, 2 was prepared. The experimental con-
ditions were described elsewhere [7]. The electrochemical
DNA-biosensor was prepared as described [8].

3. Results and discussions

Cyclic voltammograms of p-lapachones at a glassy car-
bon electrode show a reversible process involving the same
number of electrons and protons (Fig. 1), and the reduction
potential of B-lapachone is pH-dependent (slope 59 mV per
pH unit) [7].

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Cyclic voltammograms of 0.1 mM p-lapachone: (—) absence and
presence of (— — —) 1 mM and (eee) 0.1 mM L-cysteine. GCE, pH 7.0 0.2
M phosphate buffer, v=100 mV s~'. Insert: plot of I vs. concentration of
L-cysteine.

Electrochemical experiments, with both B-lapachone and
dsDNA in solution, did not show any evidence of inter-
action after 48 h. Using the DNA-biosensor in a solution
containing ssDNA, the peaks corresponding to the oxidation
of the bases guanine and adenine were not affected by the
presence of B-lapachones. The electrochemical DNA-bio-
sensor was prepared by covering a GCE with dsDNA and
enables the evaluation and prediction of DNA damage by
detection of the electrochemical oxidation of the DNA pu-
rine bases, guanine and adenine [8]. These results suggest
that B-lapachones do not damage DNA directly, as already
evidenced by other methods. DNA topoisomerases are
certainly poisoned by B-lapachone, despite the uncertainty
of the exact mechanism of interaction [5,6]. Topoisomerase
IT has 15 essential cysteine residues, any of which, if
favourably located, may be susceptible to oxidation or any
other reaction with quinones. Some thiol reagents, like
mercaptoethanol [6], cysteine or wn-acetylcysteine mimic
the reactivity of thiol-containing enzymes, such as top-
oisomerase. Fig. 1 shows cyclic voltammograms of P-

HS(CH,),OH ‘
S
R H

HO
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-0.8 -0.6 -0.4

E/Vvs. SCE
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Fig. 2. Cyclic voltammograms of 0.1 mM of (I) a-lapachone and (II)
p-lapachone: (—) absence and (eee) presence of | mM mercaptoethanol.
GCE, pH 7.0 0.2 M phosphate buffer, v=100 mV s~ .

lapachone in the absence and in the presence of L-cysteine.
When L-cysteine was added to the medium, the cathodic
peak decreased significantly in size. Also the anodic peak
was affected and new cathodic peaks were observed. This
change is concentration-dependent and at high concentra-
tions, the colour of the reaction solution changes immedi-
ately from bright yellow to pale yellow. These effects can be
attributed to the reaction of -lapachone and r-cysteine. A
similar behaviour to that obtained with L-cysteine, but more
intense, was observed using 2-mercaptoethanol, (Fig. 2). In
the case of quinones, 1,2- and 1,4-Michael-type adducts are
formed by the addition of the thiol group to the quinone
ring, as suggested in the reaction scheme of -lapachone
with 2-mercaptoethanol [6] (see below).

A small change in the voltammogram is observed for
a-lapachone. In the case of B-lapachone, the adducts formed
are not stable and retroconversion to the starting products is
observed.

(0] O
OH OH
(0]
R O R OH
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4. Conclusions

p-Lapachones do not interact directly with dsDNA or
ssDNA. The electrochemical observation of the reaction of
B-lapachone with L-cysteine and 2-mercaptoethanol corrob-
orates results already obtained and constitute additional
evidence for the anticancer mechanism of PB-lapachones
based on the interaction with topoisomerase and/or DNA-
bound topoisomerase.
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Abstract

Constant current chronopotentiometric stripping analysis (CPSA) in combination with adsorptive transfer stripping (AdTS) technique was
used to study the rabbit liver metallothionein (MT) on a hanging mercury drop electrode (HMDE). Metallothionein yielded a distinct, sharp
chronopotentiometric signal at very negative potentials (about — 1.7 V), also known as the “peak H”. The height and potential of this peak
were dependent on experimental conditions, such as buffer composition, pH, and the presence oxygen in solutions. The peak H was highest
in borate buffer with pH close to the isoelectric point (pI) of MT. The chronopotentiometric results contribute to a deeper understanding of the
nature of catalytic hydrogen evolution and demonstrate the usefulness of the peak H in peptide and protein research. © 2002 Elsevier Science

B.V. All rights reserved.

Keywords: Metallothionein; Chronopotentiometric stripping analysis; Adsorptive transfer stripping; Peak H; Catalytic hydrogen evolution; Effect of aeration

1. Introduction

Metallothioneins (MTs) are cysteine-rich proteins of low
molecular weight that bind essential and toxic metal ions
with high specificity and form unusual metal-thiolate clus-
ters [1,2]. In alkaline buffer solutions, both in the presence
and in the absence of cobalt ions, the rabbit liver MT ca-
talyses the evolution of hydrogen. This catalytic effect is well
measurable by the constant current stripping chronopotenti-
ometry [3,4]. In this technique, the stripping is carried out by
applying a constant current, and the electrode potential (E)
vs. time (f) curve is monitored [5]. However, with respect to
the sensitivity of analytical application, the dependence of
(dE/df)~ " vs. potential E was shown to be more advanta-
geous.

The chronopotentiometric peak H [3,4,6] is related to the
DC polarographic “presodium wave” discovered about 70
years ago by Heyrovsky and Babicka [7]. This wave,
resulting from hydrogen evolution catalysed by free -NH,
and -SH groups in the protein molecule [8,9], was not
suitable for analytical purposes because of its distorted
shape caused by the discharge of the supporting electrolyte.

" Corresponding author. Tel.: +42-5-4112-9297; fax: +42-5-4121-1214.
E-mail address: libuse@chemi.muni.cz (L. Trnkova).

The rabbit liver MT was studied on a hanging mercury
drop electrode (HMDE) by means of three potentiostatic
methods (linear sweep, differential pulse, and square wave
voltammetry), and a galvanostatic method (constant current
chronopotentiometric stripping analysis—CPSA) [10]. In
contrast to voltammetric methods, the CPSA yields a well-
developed peak H, which allows the determination of MT at
the femtomole level [10]. In this paper, we have used CPSA
in connection with the adsorptive transfer stripping (AdTS)
technique to study a rabbit liver MT at an HMDE under
different conditions.

2. Experimental

The metallothionein from rabbit liver (MT1A containing
5.9% Cd and 0.5% Zn) and other chemicals (components of
buffers) were analytical grade reagents purchased from
Sigma-Aldrich. All solutions were prepared using deionized
water (Millipore, Milli-Q). Constant current chronopoten-
tiometric measurements (CPSA) were performed using the
AUTOLAB Electrochemical Instrument (EcoChemie, The
Netherlands) connected with the VA-Stand 663 (Metrohm,
Zurich, Switzerland). A standard cell with three electrodes
was used. The working electrode was a hanging mercury
drop electrode (HMDE). The reference electrode was the

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Ag/AgCl/3M KCI electrode, and a platinum wire was used
as an auxiliary electrode. Adsorptive transfer procedure was
performed in a 5-pl drop of the corresponding buffer
solution containing 13.1 nM MT (100 ng/ml) at 0 V.
Adsorption of MT and the subsequent CPSA were carried
out in a buffer of identical composition. All experiments
were carried out at 25 °C. Solutions were deaerated with
argon (99.99%) for at least 10 min prior measurement, and
blanketed with argon during measurement, except for the
experiment conducted in the presence of oxygen. The

A

software GPES 4.4 supplied by EcoChemie was used for
smoothing and baseline correction.

3. Results and discussion

The effect of buffer composition on the CPSA signal of
MT (peak H) was studied using the adsorptive transfer
stripping (AdTS) procedure [11]. This procedure is based
on immobilization on HMDE of the analyte from a small
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Fig. 1. AdTS CPSA peak heights of rabbit liver MT in various buffers. Time of accumulation of MT (100 ng/ml): 120 s, conditioning potential: 0 V, [y: — 1
pA. (A) Dependence of CPSA peak heights on the composition of the background electrolyte: 1—Britton—Robinson (pH 3.9), 2—0.2 M CH;COOH+0.2 M
CH;COONa (pH 5.0), 3—0.1 M NaH,PO,+0.1 M Na,HPO,4 (pH 7.0), 4—0.1 M H3;BO3+0.05 M Na,B4O; (pH 8.0), 5—0.1 M (NH4)H,PO,+0.1 M
(NH4),HPO, (pH 8.3), 6—0.1 M NH;+0.1 M NH4Cl (pH 8.5) and 7—0.5 M NaHCO; +0.5 M K,COj5 (pH 9.5). The peak height obtained in borate buffer
(pH 8.0) was taken as 100%. (B) Dependence of AdTS CPSA peak potential on pH for three selected buffers: 1—pH 3.9, 4—pH 8.0, 7—pH 9.5.
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drop of a solution, followed by washing and electrochemical
measurement in a cell containing a buffer. Before each
CPSA measurement, MT (13.1 nM) was adsorbed from a
buffer solution (5 pul) for accumulation time of 120 s at a
potential of 0 V. In seven different buffers, the heights of
peak H were obtained (Fig. 1): 1—Britton-Robinson buffer
(pH 3.9), 2—0.2 M CH3COOH+0.2 M CH3COONa (pH
5.0), 3—0.1 M NaH,PO,+0.1 M Na,HPO, (pH 7.0), 4—
0.1 M H3BO5+0.05 M Na,B,0; (pH 7.8), 5—0.1 M
NH4Cl1+0.1 M NH; (pH 8.5), and 7—0.5 M NaHCO; + 0.5
M K,COj; (pH 9.5). The best CPSA response and good
reproducibility was obtained in borate buffer. The height of
this peak was taken as 100% for the purpose of comparison
of the peak heights in the other buffers. The visible decrease
of the peak height ( ~ 80%) in sodium phosphate at pH 7
(the column 3) can be explained by the competitive adsorp-
tion of phosphate ions at the electrode surface. This result is
in agreement with the decrease of the peak height observed
during adsorptive transfer stripping in phosphate buffer—
see Fig. 3D in Ref. [10]. The unexpected dramatic decrease
of peak height in ammonium and carbonate buffer solutions
(5, 6, 7) is probably connected with the deprotonization of
MT. With the increase of pH value, the peak H potential
shifts to more negative values (by about 240 mV on going
from pH 3.9 to pH 9.5—Fig. 1B).

The highest peak H obtained in borate buffer (Fig. 2) is
close to the isoelectric point (pI) of MT1A which is 8.38
[12]. The maximum peak height at about pH 8 in borate
buffer corresponds to the most positive potential at this pH.
The shift of the peak potential with pH towards positive
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Fig. 2. Dependence of AdTS CPSA peak height (top figure) and potential of
rabbit liver MT (bottom figure) on pH in borate buffer. The peak height at
pH 8 was taken as 100%. Other conditions are same as in Fig. 1.

potentials may be due to the fact that lower energy is
required for the catalytic reduction of hydrogen at this pH.
The positive effect of borate buffer on the potential and
height of the peak H can be attributed to the specific
behavior of boric acid which, unlike other acids, acts as
an effective proton donor using a water molecule for the
proton transfer process [13]:

MT +H - O — H + B(OH), — MT — H' + B(OH),

Furthermore, we have studied the dependence of the
height of the peak H (without AdTS) on the content of
oxygen in borate buffer solution. It was found that oxygen
present in solutions substantially increased the peak height.
This effect was observed while purging the solutions with
argon for various periods of time (Fig. 3A—the dependence
of MT peak height on deaeration time, inset—30 and 60 s).
The effect of oxygen was confirmed in an alternative
experiment in which the deaerated solutions of MT were
purged with air. The solution, from which oxygen had been
removed (300 s purging with argon), was subsequently
enriched in oxygen by bubbling air through it (Fig. 3B—
the dependence of the peak height on aeration time, inset—
60 s). After purging for 60 s, the peak H still has the value of
700 (s/V). The inset 3B shows the relatively high peak H
(250 s/V) in the absence of oxygen. These results demon-
strate that the oxygen in the solution has a very positive
effect on the derivative CPSA signal of MT (peak H). Our
future study will be focused on the explanation of this effect.

4. Conclusions

Constant current chronopotentiometric stripping analysis
(CPSA), in combination with the adsorptive transfer strip-
ping procedure, was applied to the electrochemical study of
rabbit liver metallothionein (MT) on a hanging mercury
drop electrode. In CPSA, rabbit liver MT yields a sharp peak
H due to catalytic hydrogen evolution at highly negative
potentials (about — 1.7 V). The shape, height, and position
of the peak H are influenced by varying experimental
conditions, such as stripping current, time of accumulation,
pH, buffer components, and the presence of oxygen. The
results show that CPSA can provide valuable information
about the interaction of MT with buffer components, can
yield a deeper insight into the nature of the catalytic
processes of hydrogen evolution, and into the role of MT
in these processes, and can serve as a useful tool not only for
peptide and protein analysis, but also for the study of the
structure and functions of MTs.
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Abstract

Complexes of osmium tetroxide with nitrogen ligands were developed and used in our laboratory as probes of the DNA structure. Here,
we show that the complex of osmium tetroxide with 2,2'-bipyridine (Os,bipy) can be used for modification and electrochemical detection of
proteins at neutral pH. Salmon luteinizing hormone (SLH) containing two tryptophan (Trp) residues and human luteinizing hormone (HLH)
containing one Trp were modified by Os,bipy and measured by differential pulse adsorptive stripping voltammetry (DPAdSV) at a hanging
mercury drop electrode (HMDE). The intensity of the DPAdSV catalytic signals corresponded to the number of Trp residues in the peptide
molecule. Decreasing pH of the background electrolyte from 6.6 to 3.8 led to the increase of DPAdSV signals, suggesting that at pH 3.8, the
DPAdSV detection limit might be well below 1 ng/ml. Our results suggest that Os,bipy is potentially useful for chemical modification of

proteins. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Chemical modification of peptides; Osmium tetroxide,2,2’-bipyridine; Luteinizing hormones; Differential pulse adsorptive stripping voltammetry;

Mercury electrode

1. Introduction

In recent years, chemical probes have been increasingly
applied to study DNA in vitro and in vivo [1,2]. Among them,
single-stranded-selective probes such as diethyl pyrocarbon-
ate (DEPC), bromo- and chloroacetaldehyde (BAA, CAA)
and osmium tetroxide, pyridine (Os,py) have been especially
useful in the studies of supercoil-stabilized DNA structures
[3]. At the beginning of the 1980s, we showed that Os,py
could be applied as a probe of DNA structure, reacting
preferentially with single-stranded (ss) and distorted DNA
regions [4]. Moreover, DNA-Os,py adducts can be deter-
mined by means of differential pulse polarography using the
mercury drop electrode (DME) and voltammetry using the
hanging mercury drop electrode (HMDE); these adducts
produce, in addition to the catalytic signal at about — 1.2
V, also smaller faradaic signals at more positive potentials
[5—7]. Later, it was shown that DN A might be destabilized by

* Corresponding author. Tel.: +420-5-49-24-62-41; fax: +420-5-41-21-
12-93.
E-mail address: palecek@ibp.cz (E. PaleCek).

the relatively high concentration of pyridine [2,5,8—10].
Therefore, pyridine was replaced by 2,2’ -bipyridine (bipy)
and other ligands suitable for probing of the DNA structure,
such as N,N,N',N -tetramethylethylendiamine (TEMED) or
bathophenanthroline disulfonic acid (BPDS).

Application of these complexes as chemical probes of
protein structure may appear quite interesting provided that
these complexes would react with amino acid side chains
under conditions close to physiological. Most chemical
reagents applied for modification of proteins can be used
only under conditions remote to ones in cells, e.g. the
chemical modification of tryptophan residues in proteins
by N-bromosuccinimide is carried out at pH around 4.0,
otherwise the specificity of the reagent to tryptophan and
degree of tryptophan modification is decreased [11]. There-
fore, chemical probes reacting with proteins under physio-
logical conditions are sought. Deetz and Behrman [12]
showed that complex of Os,py with tryptophan derivatives
formed bis(pyridine) osmate esters (Fig. 1) similar to
thymidine-Os,py adducts. In this paper, we modified two
peptides differing in their tryptophan content by Os,bipy
and tested their electrochemical activity at the HMDE. We
found that these peptides produced signals similar to those

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. (A) Formation of the ester between osmium tetroxide,2,2'-bipyridine
(Os,bipy) and tryptophan. (B) Inset, differential pulse adsorptive stripping
voltammograms of Os,bipy-modified salmon luteinizing hormone (SLH).
Two hundred nanograms per milliliter of SLH in 0.1 M Britton—Robinson
buffer, (I) pH 3.8, (II) pH 6.6, inset pH 6.6—zoom. Pulse amplitude 50 mV/
s, scan rate 10 mV/s, time of accumulation 120 s, initial potential —0.10 V,
stirring, moving average baseline correction.

of DNA-Os,bipy adducts and the intensity of these signals
reflected the tryptophan content in the peptide molecules.

2. Experimental
2.1. Materials and methods

Salmon luteinizing hormone (SLH, M,=1182.3) and
human luteinizing hormone (HLH, M,=1212.3) (Scheme
1) were obtained from Sigma. Osmium tetroxide was pur-
chased from JMC (England). All other chemicals were of
analytical grade. Nitrocellulose membranes were obtained
from Millipore. Solutions were prepared from triple-distilled
water. The supporting electrolyte used was 0.1 M Britton—
Robinson buffer. The reaction mixture contained SLH or
HLH at a concentration of 500 pg/ml, 10 mM Tris—HCI (pH
7.0), 2 mM OsO4 and 2,2 mM 2,2 -bipyridine (Os,bipy). The
reaction was carried out at 26 °C for 8 h, dialysed for 5h at 4

SLH: pGlu-His-Trp-Ser-Tyr-Gly-Trp-Leu- Pro-Gly-NH,
HLH: pGlu-His-Trp-Ser-Tyr-Gly- Leu-Arg-Pro-Gly-NH,
Scheme 1.

°C against 0.1 M Tris—HCI (pH 7.0) using nitrocellulose
membranes.

2.2. Apparatus and procedures

Differential pulse adsorptive stripping voltammetry
(DPAdSV) measurements were performed with an Autolab
analyzer (Eco Chemie, The Netherlands) in connection with
VA-Stand 663 (Metrohm, Zurich, Switzerland). Three-elec-
trode system was used consisting of Ag/AgCl/3M KCl
electrode as a reference and platinum wire as an auxiliary
electrode. The working electrode was the hanging mercury
drop electrode (HMDE) with an area of 0.4 mm?. All
measurements were done at room temperature.

3. Results and discussion

Earlier we showed that DNA-Os,bipy adducts produced
polarographic peak at about — 1.2 V due to the catalytic
hydrogen evolution [5,8,9]. The height of this signal
increased with decreasing pH of the background electrolyte
and the signal showed characteristics of catalytic electrode
processes [4—6,13,14]. Because we were interested in
whether peptides modified by Os,bipy would behave in a
similar way, we treated two luteinizing hormones (differing

-1.5
I
-1.0
<
=
— I
-0.5
111
0.0 7 | : ~|-=‘—
-0.9 -1.1 -1.3 -1.5
E/V

Fig. 2. Differential pulse adsorptive stripping voltammograms of Os,bipy-
modified luteinizing hormones: (I) SLH, (II) human (HLH) and (III)
unmodified SLH. Five hundred nanograms per milliliter SLH or HLH in
0.1 M Britton—Robinson buffer, pH 4.0. Other details as in Fig. 1.
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from each other by the number of tryptophan residues
Scheme 1) with 2 mM Os,bipy using the procedure pre-
viously applied for DNA modification [1]. In comparison to
unmodified SLH (Fig. 2), this peptide produced, after the
Os,bipy treatment, a well-developed DPAdSV peak at about
— 1.2 V. While in the 0.1 M Britton—Robinson buffer, pH
6.6, only a small peak was obtained, the peak observed at
pH 3.8 was by almost three orders of magnitude higher (Fig.
1), showing a similar pH dependence observed with the
same peak produced by DNA-Os,bipy adducts.

We compared SLH containing two tryptophan residues
with HLH containing only one tryptophan residue. Both
modified hormones produced well-developed peaks but the
area of HLH peak corresponded to 50% of that of SLH
peak, suggesting that tryptophan residues are responsible for
the observed peaks (Fig. 2). The measurements were per-
formed at relatively high peptide concentration (500 ng/ml)
where the peak height depended little on the peptide con-
centration (not shown). Our results are in agreement with
Deetz and Behrman [12], who showed the formation of
bis(pyridine) osmate esters in tryptophan derivatives similar
to thymidine-Os,py adducts. Using DPAdSV at acid pH, we
were able to detect Os,bipy-modified peptides at concen-
tration down to 1 ng/ml at £, =120 s. It can be expected that
substantially lower concentrations can be determined at
longer accumulation times.

4. Conclusion

In this paper, we show that treatment of peptides with
Os,bipy at neutral pH results in DPAASV peaks at about
— 1.2 V at HMDE. The tests we have so far performed
(unpublished results), including the dependence on pH
mentioned in this paper, suggest that this peak is most
probably due to the catalytic hydrogen evolution. More
details will be published elsewhere. Considering our pre-
vious results obtained with DNA-Os,bipy adducts, studies
of Os,py modification of tryptophan [12,15] and our results
(Fig. 2), we can conclude that for the peak at — 1.2 V
produced by the studied peptides, tryptophan residues are
probably responsible. Using acidic background electrolytes,
subnanomolar concentrations of Os,bipy-modified peptides
can be determined.

The d.c. polarographic presodium wave [16] and Brdicka
double-wave [17] have been known for decades as the only
protein signals due to the catalytic hydrogen evolution.
Brdicka polarographic waves observed in presence of cobalt
ions have been widely applied in medicine [18] and also in
molecular—biological studies [19]. Recently, it has been
shown that peptides [20] and proteins [21] produce constant
current chronopotentiometric “peak H” at highly negative
potentials that is an analogy of the d.c. polarographic
presodium wave (known to be poorly developed and of
little analytical use) [18]. Peak H is well developed and can
be used for the determination of peptides and proteins at

very low concentrations. Here, we demonstrate a new
catalytic reaction of proteins that combine high sensitivity
of the electrochemical determination with the power of the
chemical probes. Our preliminary results of Os,bipy mod-
ification of the tumor suppressor protein p53 are in good
agreement with the results in this paper, suggesting that
Os,bipy might be useful for chemical modification of
peptides and proteins.
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Abstract

Carbon paste electrodes were modified with a nitrofluorenone derivative, 2,4,7-trinitro-9-fluorenone, adsorbed on zirconium phosphate
(ZP). After electrochemical reduction of the fluorenone derivative, it turns into a very efficient mediator for electrocatalytic NADH oxidation,
with a formal potential of about +250 mV vs. Ag/AgCl. The electrochemistry and the electrocatalytic properties of the mediator were
investigated with cyclic voltammetry and rotating disk electrode methodology. The second order rate constant with NADH was evaluated and
found to be higher than 10° M ~ ' s ™', thus approaching true diffusion controlled currents for NADH oxidation. © 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Electrocatalytic reactions of NADH and NADPH at
mediator-modified electrodes have been the subject of many
studies ever since the first paper published on this topic in
1978 [1—4]. The main reason for these studies has been to be
able to very rapidly electrocatalytically oxidise NADH at a
low overvoltage but also to ensure that enzymatically active
NAD " is the product. Various redox mediators commonly
used in bioelectrochemistry have been investigated as pos-
sible electrocatalysts, but only the 2-electron—proton type
acceptors have revealed sufficiently high second order rate
constants (kyps) at low overvoltage and at the same time
guarantee the production of enzymatically active NAD *
[4—6]. Possible candidates from virtually all known quinoic
groups of redox mediators have been investigated with
varying degree of success in terms of lowering the over-
potential, reaching high values of ks, and yielding long-
term stability on the electrode surface [2—4]. One of the
major drawbacks with these type of mediators (2-electron—
proton type acceptors) is the variation of their £’ -value
with pH, from which it follows that a change in pH might

" Corresponding author. Tel.: +46-46-222-7582; fax: +46-46-222-4544.
E-mail address: Lo.Gorton@analykem.lu.se (L. Gorton).

affect the reaction rate with NADH. This is a common
observation with most mediators used that ks is largely pH
dependent [6—11]. One approach to reduce the effect of pH
on the response to NADH when the chemically modified
electrode is used for analytical purposes would be to reach
very high values of k.., so that the reaction becomes
diffusion controlled instead of kinetically controlled. Even
though k., may then still be a function of pH, it remains
sufficiently high so that the reaction is still diffusion con-
trolled. Another approach would be to try to find a way to
immobilise the mediator onto an electrode surface making
its redox reaction on the electrode surface unaffected by the
pH of the contacting solution. It is the object of this
presentation to show that there should be a way to meet
both strategies, i.e., to reach values of ks higher than 10°
M~ 's ™! at an applied potential lower than +300 mV vs.
Ag/AgCl, with an immobilised 2-electron—proton-acceptor
mediator that has an £°" independent on pH.

2. Experimental

2.1. Synthesis of zirconium phosphate

Zirconium phosphate (ZP) was synthesised according to
a previously reported method [12]. A solution of 1 M

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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phosphoric acid (Merck, Darmstadt, Germany) was slowly
added onto 500 ml of zirconium chloride (Fluka, Buchs,
Switzerland) prepared in 0.1 M HCI (Merck), until a slight
excess of phosphoric acid. After that 1.0 M NaOH (Merck)
was added until the pH of the solution become higher than 3
[13]. The gelatinous precipitate formed was washed with
deionised water (Milli-Q system, Millipore, Milford, MA,
USA) 10 times and dried in a thermostated oven for 4 h at
80 °C. The obtained material was ground with a pestle, until
the particles size diameter became smaller than 0.05 mm,
drizzled in a sieve.

2.2. Immobilisation of the organic dyes

Aqueous solutions of 2,4,7-trinitro-9-fluorenone
(Aldrich, structure shown in Fig. 1) with a concentration
of 0.001% (m/v) were used for immobilisation. The proce-
dure used to immobilise the mediator was: to 50 ml of dye
solution were added 50 mg of ZP and the mixture was
shaken for various times up to 1 h. The resulting solid was
filtered, washed 10 times with deionised water, and then
dried under thermostated conditions at 50 °C for 30 min.

2.3. Preparation of modified carbon paste electrodes

The carbon paste electrodes were prepared by thoroughly
mixing 50 mg of graphite (Fluka) and 50 mg of the modified
ZP with 25 pl of paraffin oil (Fluka) in an agate mortar. The
pastes were put into a cavity of an in-house made Teflon
holder using pyrolytic graphite in the bottom for electric
contact and then screwed onto a rotating disk electrode
device (Tacussel, Villeurbanne, France). The final geomet-
rical area was equal to 0.14 cm?.

2.4. Electrochemical measurements

All electrochemical measurements were carried out using
a typical three electrode electrochemical cell. The modified
carbon paste was used as the working electrode, a platinum
ring as the counter electrode and an Ag| AgCl as reference
electrode. An electrochemical analyser (BAS 100 W, Bio-
analytical Systems, West Lafayette, IN, USA) was used
connected to a PC microcomputer for potential control and
data acquisition for all electrochemical experiments. For
some experiments, a Tacussel rotating disk electrode was

NO,

O,N . NO,

O

Fig. 1. Structural formula of 2,4,7-trinitro-9-fluorenone.

used. As supporting electrolyte in the electrochemical cell, a
0.1-M KCI solution or a buffer of 0.1 M Tris or 0.1 M
HEPES (Sigma) was used. The pH of the solution was
adjusted to the required value by adding HCl or KOH
(Merck). All solutions were deoxygenated through bubbling
nitrogen for 20 min before measurements.

3. Results and discussion

Among the possible 2-electron—proton type mediators,
ortho-quinones, phenoxazines, and phenothiazines are the
most frequently studied for NADH oxidation [2—4]. Pre-
vious observations with carbon paste electrodes modified
with these types of 2-electron—proton mediators adsorbed
onto titanium or zirconium phosphate (ZP) have revealed
some interesting peculiarities such as (i) the E° of the
mediator becomes virtually independent of the pH of the
contacting solution between pH 1 and 9 and (ii) the
E°" becomes much more positive compared with its value
at pH 7 in solution or when adsorbed onto carbon [13—19].
As a result of the anodic shift of the £°/, mediators with low
reaction rates with NADH in solution become highly active
for electrocatalytic NADH oxidation. However, ks did not
reach sufficiently high values to allow a truly diffusion
controlled current [20]. Recently, a new type of mediators
was studied based on arylnitro derivatives (ArNO,) reveal-
ing promising properties in terms of E°" and kg [21-24].
The arylnitro compounds as such have no electrocatalytic
activity for NADH oxidation. However, when electrochemi-
cally reduced the nitro-group is transferred into a hydroxy-
lamino functionality:

ANO, + 4e~ + 4HT — ArNHOH + H,O (1)

This hydroxylamine can be reversibly oxidised to the
corresponding nitroso compound:

ArNHOH<AINO + 2¢~ + 2H" (2)

and the ArNO type mediators seem to very efficiently
oxidise NADH when adsorbed onto glassy carbon with
very promising properties in terms of £°” and ks at neutral
pH in the order between 10° and 10* M~ ' s~ ' [22-24].
The present study is therefore rationalised as when adsorbed
on zirconium phosphate a positive shift of the E? is
expected and also a much increased k. value.

Fig. 2 shows a cyclic voltammogram (CV) registered in
0.1 M Tris-buffer at pH 7 for a carbon paste electrode mo-
dified with 2,4,7-trinitro-9-fluorenone adsorbed on ZP after
being electrochemically reduced (reaction (1)) in a first CV
(scan between +450 and — 800 mV vs. Ag| AgCl). What is
clearly seen is a CV typical of an immobilised redox com-
pound. The E°’ of the adsorbed compound was evaluated by
taking the mean value of the anodic and cathodic peak
potentials [25,26] and it was found to be +250 mV vs.
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Fig. 2. Cyclic voltammogram obtained for carbon paste modified with
2,4,7-trinitro-9-fluorenone adsorbed on ZP and after being electrochemi-
cally reduced. Scan rate 20 mV s~ ' in 0.1 mol 1~ ' Tris buffer at pH 7.0.

Ag|AgCl. When compared with the previously published
E*’-value of this compound adsorbed on glassy carbon at
this pH (— 35 mV vs. Ag| AgCl) [22—-24], it is clear that the
E“-value has shifted by almost 300 mV in a positive
direction. There is no direct evidence that the irreversible
reduction of the nitrogroups leads again to the NO/NHOH
couple like on glassy carbon [22—24], and it might be that
the immobilisation in the quite acidic ZP matrix changes the
electrochemistry of the mediator. However, other possible
reactions like reduction into an amino group would not give
rise to such a reversible redox behaviour and at the present
state we suppose that the catalytically active functionality is
again the NO/NHOH couple. The observed anodic shift is in
accordance with previous data for a whole series of com-
pounds adsorbed on ZP and TP ranging from flavins,
phenazines, phenothiazine, phenoxazines, and viologens
[13—-20]. When changing the pH of the supporting Tris-
buffer for values between 1 and 10, very close to identical
E*'-values were registered for the immobilised fluorenone
compound (see Fig. 3). This is also in accordance with
results obtained for the other redox mediators mentioned
above [13—19]. Exchanging Tris for HEPES buffer or KCI
solutions with various pHs resulted in very similar E°'-
values with a tendency for slightly more positive values in
KCI solutions (Fig. 3).

The electrocatalytic activity for NADH oxidation at the
fluorenone-ZP-carbon paste (ZPF) electrode was investi-
gated initially with CV. As can be seen in Fig. 4, in the
presence of NADH the oxidation peak is drastically
increased and the reduction peak decreased (actually it
vanished) indicating a very efficient electrocatalytic effect.
Catalysis is a result of that NADH diffuses to the electrode
surface where it reduces the oxidised mediator (ZPF,,) to
form NAD ™ and the reduced form of the mediator (ZPF,cq)
[27,28]:

NADH + ZPF,, % NAD™ + ZPF,4 (3)
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Fig. 3. Variation of the formal potential, £° , of electrochemically reduced
2,4, 7-trinitro-9-fluorenone adsorbed on ZP with pH and buffer constituents.

where kg 1S the second order rate constant. The reaction is
not stochiometrically complete, as it is not clear whether the
proton is transferred from NADH to the mediator or to the
contacting solution/support material in this case. Reaction
(3) is in turn followed by electrochemical reoxidation of
ZPF,eq.

ZPF, 2 ZPF,, +2¢~ +xH* (4)

where k; is the electron transfer rate between the immobi-
lised mediator and the electrode.

In order to obtain kinetic and mechanistic information
about the electrocatalytic reactions between NADH and ZPF
at pH 7, measurements following the electrocatalytic oxi-
dation of NADH at ZPF-modified carbon paste electrodes
were performed at different NADH concentrations using the
RDE technique. The choice of pH 7 is rationalised with that
most previous values of ks were reported for pH 7 [4] and

4107
s b in presence of 1.6 mM NADH
310"
210° |
<
—~ 110° |
ok
-110° |
N in absence of NADH
_210-5_....I....I....I....I....I....I
-100 0 100 200 300 400 500

E, mV vs Ag|AgCl

Fig. 4. Cyclic voltammograms obtained for carbon paste modified with
electrochemically reduced 2,4,7-trinitro-9-fluorenone adsorbed on ZP in the
absence and presence of NADH. Scan rate 20 mV s ~ ' in 0.1 mol 1~ ' Tris
buffer at pH 7.0.
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Fig. 5. Levich plot for the steady state electrocatalytic response for a carbon
paste RDE modified with electrochemically reduced 2,4,7-trinitro-9-
fluorenone adsorbed on ZP at different [NADH]* in 0.1 mol 1~ ' Tris
buffer at pH 7.0. Apparent surface coverage 1.5 x 10 ~ ' mol cm?.

it is also the pH where both NADH and NAD* show
highest stability when dissolved in aqueous solution [29].
For the investigations on the kinetics between NADH and
the immobilised fluorenone, “an apparent surface cover-
age”, I', of fluorenone of less than 10~ ® mol cm ~ 2 was
chosen [28]. In this report we have deliberately omitted the
notation “‘surface coverage” and rather chosen to use
“apparent surface coverage” as for carbon paste electrodes
bulk modified with monomeric mediators, in contrast to
solid electrodes, it is uncertain how deep into the electrode
material the electrolyte can penetrate and thus the electro-
activity of the modifier. For higher values of I' it is anti-
cipated that more than a monolayer of mediator is present
[28] and it is from previous results expected that not all
mediator molecules would then be easily accessible for
NADH and would thus jeopardise a true evaluation of the
kinetic constants. Additionally, in all cases, in order to have
a global electrode process controlled by the chemical re-
action between NADH and the mediator, the applied po-
tential was set 100 mV more positive than the value of the
E°" of ZPF to set the value of kg high enough to ensure that
reaction (4) will not be the rate limiting step [3,15,28].

Fig. 5 shows the Levich plots obtained for the ZPF-
modified carbon paste for five different NADH concentra-
tions (from 0.2 to 1.6 mM) at pH 7. The oxidation current of
NADH at the modified electrode can be limited by the mass-
transfer of NADH to the electrode surface and/or by the ki-
netics of reaction (3). For the rotating disk electrode, the
mass-transfer limited current (/;;,,) depends on the angular
velocity, w, and the bulk concentration of NADH, [NADH]*,
according to the Levich equation [26]:

Lim = 0.620nFA[NADH]*D?/3y~1/6¢1/2 5)

where n denotes the number of electrons, F' the Faraday
constant, v the kinematic viscosity, and D the diffusion
coefficient, respectively. For calculations the values of D
and vwere 2.4 x 10 ~®cm? s~ ' [30] and 0.01 cm? s ~ ' [26],
respectively.

For a mediated, catalysed reaction, the kinetically limited
current (/i) is generally given by the following expression:

Ikin = nFAkobsF*[NADH]* (6A)

where I'* is the total coverage of the fluorenone. For the
special case of a rotating disk electrode with the restrictions
given, Eq. (6A) reverts to:

nFAkobSF*[NADH]*DZ/?’wI/Z
Lin = . (6B)
D*B3w'/2 + 1.61v!/ Okyys I'*

As is obvious from Fig. 5, there are some kinetic
restrictions in the overall reaction. As the applied potential
is set at +100 mV more positive than the E°'-value of
immobilised fluorenone the reoxidation reaction of reduced
ZPF (reaction (4)) cannot be rate limiting, but rather reaction
(3). An electrode consisting of plain ZP-modified carbon
paste did not reveal any catalytic current at the same applied
potential. Replotting the data in Koutecky—Levich co-ordi-
nates yields perfectly linear plots as revealed in Fig. 6. The
general expression for the overall current, 7, is given by:

I =Ty + Iy (7A)

The Koutecky—Levich equation for the catalytic reaction
occurring at mediator-modified electrodes is then with the
restrictions given (inversion of Eq. (6B) [31,32]):

1 1
I~ nFAkeysI*[NADH]*
N 1 1
0.620nFAv—"/SD?/3[NADH]* w!/2"

(7B)

From the slope, the number of electrons (r) participating
in the reaction can be evaluated and knowing that then from
the intercept ks (once the I'* is known and evaluated by
integrating the area under the CV waves) can also be
evaluated. For this case, the calculated value of the number
of electrons was close to 2 (Table 1). A second way to

04 7 —&— 400 uM
: — % -800 uM
02 f --V--12mM
_ <o+ 1.6mM
0 1 1 1 1 PR PR
0 0.05 0.1 02 0.25

0.15
o " (rad/s) "

Fig. 6. Koutecky—Levich plots of the same experimental data shown in Fig.
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Table 1

Electrochemical and kinetic parameters of electrochemically reduced 2,4,7-
nitro-9-fluorenone adsorbed on ZP for NADH electrooxidation (exper-
imental conditions: 0.1 M Tris buffer pH 7.0)

Parameter 2,4,7-Trinitro-9-fluorenone
E® (mV) +250

I' (mol/cm?) 1.50x 10~ 1°

Ky (mM) 0.20

kops M~ 1s™h 3.20 x 10°

kirn(s™h 635

n 2.30

evaluate n is to plot the slope of the Koutecky—Levich plots
vs. [NADH]*, then expected to yield a straight line, from
which n was also evaluated close to 2. The values of kg,
were, however, strongly dependent on [NADH]* for the
ZPF-modified carbon paste as revealed in Fig. 7, and this is
in accordance with previous results shown for virtually all
mediator-modified electrodes used for catalytic NADH oxi-
dation [2—4,8] and has been explained by that the actual
reaction between NADH and the mediator occurs through
forming a charge transfer (CT) complex before yielding the
reaction products. Reaction (3) needs, thus, to be rewritten as:

Kabs

k+1 — k-z
NADH + ZPMed, © CT —complex <> NAD™
~1

+ ZPMed,eq. (8)

This type of reaction mechanism is closely related to the
Michaelis—Menten kinetics, and the Michaelis—Menten
constant (Ky;) can be defined as:

kot ki

K;
MUk

©)

The heterogeneous second order reaction rate, ks, for
any concentration of NADH can thus be expressed as [8,9]:

ko
= 1
Kobs Ky + [NADHJ* (10)

Substitution into Eq. (7B) gives the following version of
the Koutecky—Levich equation:

1 1

nFA {#4 I'*[NADH]*
Kw-+[NADH]
1 1
. 11
T 0.620nFAv S DA[NADH]* o172 (1)
Inverting Eq. (10) yields an expression:
1 K NADH]*

_ Kv  INADHJ® (12)

kobs - k+2 k+2

Plots of 1/kyps vs. [NADH]* yielded in all cases linear
relationships (see Fig. 7) strongly supporting the belief that
a CT-complex is formed between the mediator and NADH.
From the slope of these graphs values of k., can be
calculated, and by extrapolation to zero NADH concentra-
tions ((NADH]=0%), i.e., from the intercept, values of Ky
can be evaluated. As shown in Table 1, &, was found to be
320X 10°M~'s ™' k63557, and Ky 0.2 mM.

The previously highest reliable values of ky,s were
reported for thionine covalently bound to self-assembled
monolayer of 3,3’-dithiobis(succinimidylpropionate) on Au
(kops=1.2 10° M~ ' s ") with an E® of +240 mV vs.
Ag|AgCl (pH 7.0) [33] and for electropolymerised 1,4-
bis(3,4-dihydroxyphenyl)-2,3-dimethylbutane on glassy car-
bon (kgps=3.6 10° M ~ ' s = 1) with an £ of + 135 mV vs.
Ag | AgCl (pH 7.4) [34]. As was indicated previously [4,6,8]
there seems to be a linear correlation between log kyps Vs
E®’ (or rather AE®"). Actually, there seem to be two linear
relationships between published log ks and E°' [4], one
with a higher slope and the other with a lower slope. For
thionine covalently bound to self-assembled monolayer of
3,3’ -dithiobis(succinimidylpropionate) on Au, log &, falls
on the line with the lower slope [4], whereas for both
electropolymerised 1,4-bis(3,4-dihydroxyphenyl)-2,3-dime-
thylbutane on glassy carbon and the present case of electro-
chemically reduced 2,4,7-trinitro-9-fluorenone with an
E°" of +250 mV, the log ks falls closer on the line with
the higher slope.

In comparison with previously published values for other
mediator-electrode systems, one can conclude that the here
measured ks value is among the highest ones reported so
far [4]. This opens up promising possibilities for practical
applications where such high rate constants are indispen-
sable in order to work under mass transfer limited condi-
tions. This could lead to biosensors with low detection limit,
a short response time and virtually no dependence on the pH
of the sample. However, even though the value of kg is

310°
2510° |
210° [
2] L
= 5100 [
v

110°

5107 |

ol - vy ey ey )
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Fig. 7. Variation of 1/ky,s with [NADH]* for carbon paste modified with
electrochemically reduced 2,4,7-trinitro-9-fluorenone adsorbed on ZP. 0.1
mol 1~ ! Tris buffer at pH 7.0. Apparent surface coverage 1.5 x 10~ '° mol
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very high, the value of Ky, is rather low (0.2 mM), which
means that at these electrodes one would expect linear
calibrations characteristics for NADH only for concentra-
tions below 0.1Ky,. This sets a limit to the practical value of
this electrode and therefore further investigations are neces-
sary to find alternative mediators that when immobilised
onto zirconium phosphate (or similar equivalent materials)
have similar ks but higher Ky, (and lower & ,) values.
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Abstract

Nitric oxide (NO) amperometric microsensor was prepared by the modification of bare carbon fiber electrode by Nafion and cellulose
acetate (CA). Detection limit, response time, reproducibility and influence of some possible interferences (nitrite, nitrate, arginine) were tested
and evaluated. This sensor was used for in vitro determination of NO release from fresh porcine aorta induced by calcium ionophore A23187

(CD). © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since the late 1980s, when the importance of nitric oxide
(NO) in smooth muscle vasodilation has been discovered
[1,2], the research connected with NO produced in the
biological systems is in the center of great interest of many
scientists. NO is an endogenously synthesised (from argi-
nine by nitric oxide synthase, NOS) free radical playing an
important role in many physiological and pathophysiolog-
ical functions, e.g. regulates vascular tone, acts as a neuro-
transmitter and has an antimicrobial activity. The need of its
real time determination flows from the requirements both
basic physiological research and pharmacological monitor-
ing of potential selective NOS effectors/inhibitors.

The measurement of NO is possible to carry out by
indirect or direct methods. Indirect methods are based on
the monitoring of concentration of compounds concerned
with the change of NO concentration, e.g. determination of
L-citrulline [3], nitrite/nitrate as the oxidation products of NO
[4], EPR after the formation of complex NO with haemo-
globin [5], or chemiluminescence after the reaction of NO
with hydrogen peroxide or ozone [6]. For real-time measure-
ments of NO in biological sample, the following factors have
to be considered: (i) low NO concentration (nM up to pM),
(i1) fleeting presence of NO (up to few seconds), (iii)
complexity of such matrix and (iv) limited dimension of
biological samples. The main drawbacks of indirect methods

* Corresponding author. Tel.: +421-7-502-59-350; fax: +421-7-555-72-
065.
E-mail address: katrlik@fpharm.uniba.sk (J. Katrlik).

are discontinuity and not local measurement, which cause
their use for the local NO measurements in real time in
biological sample to be very restrict or impossible. Those
goals should be presently attainable only by direct-ampero-
metric method using microelectrodes with required parame-
ters (fast response, small diameter, sensitivity to low
concentrations). The usage of that type of electrochemical
microsensors allows the observation of the dynamics and
stabilization of NO production in real time, and permits
highly localized measurements with small biological system
in the vicinity of a target place.

It exists several published and few commercially a-
vailable NO microelectrodes. NO can be oxidized at about
+0.7-+0.9 V (vs. SCE) at variously modified C, Pt or Au
electrodes. The electrodes were covered by electropolyme-
rised films (Ni-porphyrin [7,8], o-phenylenediamine [9],
poly(4,4' -dihydroxybenzophenone) [10]) and/or by poly-
meric films (Nafion [7,8,11], cellulose acetate [10,11],
polydimethylsiloxane [12], polystyrene [13]) to increase
sensitivity to NO and to exclude interfering ions. Electrode
with immobilized nanoparticles of palladium [14] was used
for NO detection at +700 mV (vs. SCE) with linear
response from nanomolar to millimolar. NO can also be
reduced, e.g. at surface-modified gold electrode with immo-
bilized cytochrome ¢’at — 220 mV [15]. NO biosensor was
based on the inhibition/activation effect of this radical [16].
With increased interest in direct NO, determination is
connected in searching for many different ways on how to
effect its electrochemical detection [17,18].

One of these ways is the use of modified carbon fiber
microelectrodes [8]. Small diameter of the carbon fiber

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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(usually less than 10 pm) enables sufficient spatial resolution
and measurements in small biological systems. In this paper,
NO microsensor is presented based on the carbon fibers
covered by Nafion and/or acetate cellulose membrane. To
test its ability to measure NO in biological sample in vitro,
NO release from fresh porcine aorta induced by calcium
ionophore A23187 was monitored.

2. Experimental

Arginine and Nafion®117 solution were obtained from
Fluka (Buchs, Switzerland). Arginine, calcium ionophore
A23187 (CI) and cellulose acetate (CA) were purchased from
Sigma (St. Louis, MO, USA). Other reagents were commer-
cially available as analytical grade.

Carbon fiber microelectrodes were prepared from carbon
fibers (Amoco Performance Products, Greenville, SC, USA,
6 um diameter). A bunch of them (4—10) was inserted into a
glass capillary (1 mm i.d., approximately 6-cm length), in-
side the capillary was connected with a bare copper wire by
conductive glue (Electropol, Techlab UPOSAV, Bratislava,
Slovakia) to insure good electrical contact, and the tip of the
glass capillary was sealed with beeswax. The carbon fibers
were shortened to a length of 2—4 mm and the rest of the
beeswax was removed in the flame and electrode was rinsed
with distilled water. The electrode was then modified with
CA (immersed in 1% solution in acetone (55%)-cyclohex-
anone (45%) for 5 s) and/or with Nafion (immersed once or
twice in 5% solution in alcohol for 5 s).

NO measurements were performed by two-electrode
system (prepared carbon fiber microelectrode and saturated
calomel reference electrode, SCE, at 870 mV vs. SCE)
connected with potentiostat PST-3 (FEI STU Bratislava,
Slovakia) and recorder TZ 4620 (Laboratorni pfistroje Praha,
Czech Republic) in a vessel equipped with magnetic stirring.
Current-time response curves were recorded. The height of
the recorded wave (current increase) corresponding to the
concentration of analyte was evaluated. Recording of sensor
parameters and calibration plots were carried out at room
temperature in 0.1 M phosphate buffer pH 7.4 (5 ml). The
portions of saturated standard NO solution (2 mM) were
added with Hamilton’s syringe. A piece of fresh porcine
aorta was put into the vessel with Krebs—Henseleit’s buffer
(10 ml) doped with 0.1 mM arginine at in vitro measure-
ments. These measurements were carried out at 37 °C and
non-stirring condition. The active tip of NO microelectrode
was placed on the aorta endothelium. The release of NO was
stimulated by the addition of CI solution in ethanol (2 mM).

3. Results and discussion
For the preparation of each electrode, a bunch of carbon

fibers (4—10) was used. The preparation of electrode based
on the single fiber was unsuccessful because of the problems

with carbon fiber fragility related to its small diameter (6
pum). The use of a bunch of carbon fibers led to the pre-
paration of usable sensors, however, the increase of noise
sometimes appeared because of fibers flattering. In spite of
the fact that normally carbon fiber microelectrodes present
have acceptable reproducibility and good repeatability of
measurements, reproducibility of fabrication of our NO car-
bon fiber microelectrodes was not in some cases so excellent
(differences in sensitivity of two parallel prepared electrodes
were 5—20%, exceptionally up to 100%) probably due to
possible insufficient removing of beeswax from the carbon
fibers during microelectrode preparation. However, because
each electrode was calibrated before the measurement, the
results are not influenced by this.

Nitrite is the most problematic interference for NO
determination in biological solutions. For that reason, the
electrochemical behaviour of both compounds at different
potentials using bare carbon fiber electrode was studied. In
comparison with maximum relative responses of electrode
to NO and nitrite at 950 mV vs. SCE (100%), no significant
difference in the decrease of relative electrode responses
between them at lower potentials was observed. The same
results were achieved with Nafion-coated microelectrode.
Both for this reason and to achieve suitable sensitivity, the
working potential of 870 mV vs. SCE was chosen.

The bare sensor was sensitive to nitrite, dopamine,
ascorbic acid and CI, no response to nitrate and arginine
was observed. To decrease the response to large molecules,
electrodes were modified with CA. Dip coating in 1% CA for
5 s produced on the electrode surface a sufficient barrier
against used CI (M.W. 523.6), no response after coating was
measured. Responses to the other tested interferences
decreased as follows: for nitrite to about 35%, for NO to
60%, for dopamine to 12% and for ascorbic acid to 17% of
their initial value. This is in spite of the described increase of
sensitivity to NO after this coating step [11]. Because small
molecules (NO) are highly permeable through CA layer, this
decrease is probably caused by the change of electrochem-
ical properties of electrode active surface after coating with
CA. The decrease of sensitivity for dopamine and ascorbic
acid is related to their size, for nitrite (also for ascorbic acid),
it can be due to negative charge of CA.

The bare and CA modified electrodes were coated with
Nafion to decrease response to nitrite and other anions by
dipping the electrode in the 5% solution once or twice for 5 s.
Nafion produces a thin anionic film that repels or retards
charged species (e.g. nitrite). The electrode response de-
creased after one coating to about 35% of its initial value for
nitrite and to 60% for NO, after double coating to about 13%
for nitrite and to 35% for NO. The decrease of NO sensitivity
is higher than reported [11,19,20], what can be again caused
by the changes on the surface of carbon fiber microelectrode.
Anyway, the nitrite response decreased by a factor of 8 and
NO response only by a factor of 3. Dopamine and ascorbic
acid sensitivities decreased after double Nafion coatings to
12%, respectively, 13% of their initial responses. This find-





J. Katrlik, P. Zalesakova / Bioelectrochemistry 56 (2002) 73-76 75

ing is particular because Nafion is for dopamine that is
highly permeable. This decrease likely again results from
electrode surface changing.

Calibration plots for NO sensor modified with CA and
Nafion in aerated and deaerated solution are shown in Fig. 1.
In deaerated solution, no decrease and in the aerated one,
only slow NO concentration decrease during calibration due
to NO oxidation in solution was observed (not shown).

The time of stabilization of initial signal was about 10 min
and was shorter in deaerated medium, this was caused by the
presence of some species on the electrode surface able to be
oxidized in aerated solution. Response time to addition of
NO standard was about 3—4 s. The detection limit was
defined as a signal-to-noise ratio of 3 and was about 1 pM.

The electrode was used for in vitro measurement of NO
release from endothelium of porcine aorta. NO release was
induced by CI, invoking stimulation of constitutive nitric
oxide synthase (cNOS) included in vein endothelium [21].
Fig. 2a shows an amperogram (current vs. time) after the
addition of 40 pl 2 mM CI. CI was injected as close as
possible to the active tip of electrode placed on aorta
endothelium about 60 min after a pig was killed. About
10 s after injection, a rapid increase of current was observed.
The maximal peak value was observed after 1—-2 min after
CI addition, measured current was equivalent to local NO
concentration up to approximately 10 pM. Because the
experiment was carried out at a non-stirring condition, the
local concentration of CI was decreasing in time, propor-
tional to diffusion of CI away from the electrode. Conse-
quential decrease of current equal to local NO concentration
was observed. A new background current level was reached
about 3 min after CI addition. Probably, while concentration
of CI on endothelium surface lowered below certain value,
stimulation of ¢cNOS was not sufficient and production of
NO was stopped or restricted. After a few minutes, the next

60
® aerated solution
50 - A deaerated solution
Ai=a+b.c
40
— 1 a=0,340
< 30+ b=0.411
- r =0.9997 Ai=a+b.c
< 20
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0 20 40 60 80 100 120
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Fig. 1. NO calibration plots at cellulose acetate and Nafion modified carbon
fiber electrode carried out in aerated and deaerated (N,) phosphate buffer
solution 0.1 M, pH 7.4, working potential +870 mV vs. SCE.

:
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Fig. 2. Amperogram showing NO release from porcine aorta endothelium
stimulated by additions of calcium ionophore A23187 (CI), measured by
cellulose acetate and Nafion modified carbon fiber electrode 60 min (a) and
140 min (b) after the death of an animal. Conditions: Krebs—Henseleit’s
buffer doped with 0.1 mM arginine, working potential +870 mV vs. SCE,
at 37 °C, non-stirring.

addition of CI caused similar response. Fig. 2b shows the
amperogram recorded 140 min after the death of an animal.
The course of response is similar but the measured currents
are lower, 200 min after the death of an animal is the
response unmeasured. These results indicate a progressive
degradation of enzyme cNOS in dead animal tissue.

4. Conclusions

Evaluated parameters (detection limit, response time and
influence of interferences) have shown that demonstrated
very simple NO amperometric carbon fiber microelectrode
modified only by cellulose acetate and Nafion membranes
enables to measure NO concentration at micromolar level
(the lowest measured concentration is 1 puM). Nafion and
cellulose acetate membranes form barrier against possible
interferences, but influence of nitrite was not fully removed.
The preparation of the sensors is fast, easy and not expen-
sive. The microelectrode has been successfully used for local
in vitro measurement of NO release from fresh aorta endo-
thelium. However, for future in vitro and in vivo applications
in biological systems at nanomolar level, the oxidation
efficiency of NO at the electrode surface as well as the
reproducibility of preparation has to be improved and also a
biocompatibility has to be counted.
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Abstract

The direct electron transfer between 316 L stainless steel and the NAD-dependent hydrogenase from Ralstonia eutropha was studied by
spectroelectrochemistry. The presence of hydrogenase and NAD ™ clearly increased the quantity of electricity, which was consumed during
the electrolysis performed at potential lower than — 0.70 V/SCE. The involvement of hydrogenase in the cathodic depolarisation theory was
discussed in the light of these results. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Hydrogenase; Stainless steel; Direct electron transfer; Corrosion

1. Introduction

Von Wolzogen Khiir and Van Der Vlugt [1] proposed the
theory of cathodic depolarisation to explain the role of
Sulphate Reducing Bacteria (SRB) in anaerobic microbiolog-
ically influenced corrosion of steels. SRB, which consume
hydrogen in their metabolisms, could shift a possible equili-
brium between proton and hydrogen in solution and conse-
quently increase the rate of proton reduction, that should
result in enhancing the oxidation of iron. At the end of the
century, a lot of authors have agreed or disagreed with this
theory and a large and sharp debate is still a topical question
[2,3]. Some of them argued that corrosion is a kinetically
controlled process and not an equilibrated process. Conse-
quently, the corrosion rate cannot be influenced by the
consumption of hydrogen, which is the end product [4].
Nevertheless, Chatelus et al. [5] and Bryant and Laishley
[6] thought that hydrogenase localised inside SRB, and
exocellular hydrogenase entrapped in the biofilm, too, could
induce a cathodic depolarisation phenomenon. In the present
paper, thin layer spectroelectrochemistry was used to high-
light the direct electron transfer between an NAD-dependent

* Corresponding author. Tel.: +33-561-55-83-02; fax: +33-561-55-61-
39.
E-mail address: dasilva@chimie.ups-tlse.fr (S. Da Silva).

hydrogenase from Ralstonia eutropha and 316 L stainless
steel. Our work attempts to propose a new mechanism of the
cathodic depolarisation.

2. Experimental

The working electrode was a 316 L stainless steel grid
inserted between two glass slides. The thin layer cell was
filled with 50 mM potassium phosphate solution pH 8.0.
The auxiliary electrode was a platinum grid and the refer-
ence electrode was a saturated calomel electrode (SCE). The
reduction current was recorded as a function of time during
successive electrolyses performed at different potentials.
NADH production was simultaneously measured spectro-
photometrically at =340 nm.

3. Results

Fig. 1 represents current versus time resulting from elec-
trolyses performed at different potentials with 2 mM NAD ",
either without hydrogenase, or with 10 U/ml hydrogenase.
Two different potential ranges can be distinguished. In the
first domain, from —0.60 to — 0.65 V/SCE, reduction
currents obtained with or without hydrogenase in the cell
were equal. In the second domain, from —0.70 to —0.90 V/
SCE, currents obtained in presence of enzyme were greater

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Electrolyses performed by spectroelectrochemistry at different
potentials with 2 mM NAD . —: Without hydrogenase and — — —: with
20 U/ml hydrogenase. Current versus time answer.

than in the absence of enzyme. Fig. 2 shows the results of the
spectrophotometric measurements performed during the dif-
ferent electrolyses. NADH concentration is reported as a
function of time. There are two domains, too, in this graph.
A first domain from — 0.60to — 0.75 V/ECS, where NADH
production is nil, and a second domain where the NADH
production rate obtained with hydrogenase was greater than in
the absence of hydrogenase. In conclusion, from —0.70 V/
SCE, the presence of hydrogenase in the cell increased the
charge transferred. This charge was clearly linked to the
reduction of NAD " into NADH. Fig. 3 gives the charge
transferred through the system during electrolyses versus
potential. These charges were calculated by integration of
the previous current—time curves. The experiments were per-
formed with 5 mM NAD " initial concentration, successively
without hydrogenase and with several hydrogenase amounts
(5, 10 and 20 U/ml). When the enzyme and NAD * were in
solution, there was an increase of the charge transferred.
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Fig. 2. Electrolyses performed by spectroelectrochemistry at different
potentials with 2 mM NAD * . —: Without hydrogenase and- - - - - - : with 20
U/ml hydrogenase. NADH concentration versus time answer.
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Fig. 3. Electrolyses performed by spectroelectrochemistry at different
potentials with 5 mM NAD * . -A—: Without hydrogenase, -: with 20 U/ml
hydrogenase, -@-: with 10 U/ml hydrogenase and #=: 5 U/ml hydrogenase.

However, the variation of the initial concentration of hydro-
genase did not affect this behaviour.

4. Discussion

The R. eutropha hydrogenase is an NAD-dependent
enzyme that uses NAD " as electron acceptor to catalyse
hydrogen oxidation. The direct electron transfer on
a platinum electrode led to the reaction: NAD " +H ™ +
2¢ - — NADH. To date, the mechanism on stainless steel
is not so obvious. Three possible mechanisms are reported
in Fig. 4 to explain the catalysis of the solvent reduction. In
mechanism A, the proton (or solvent in alkaline media) is
reduced electrochemically. Hydrogenase consumes the
hydrogen produced and so enhances the reduction rate.
This mechanism exactly corresponds to the so-called theory
of cathodic depolarisation. However, this mechanism has
been severely criticised. The most likely mechanism should
consequently be a direct electron transfer between hydro-
genase and stainless steel. This mechanism can be written
in different ways (mechanisms B or C). In mechanism B,
hydrogenase is adsorbed directly on the stainless steel
while in mechanism C, the electron transfer occurs via an

NADH NAD'

HASE

VaY NAD®  NADH

l T H'+ NAD® NADH M
H

H 2H" HASE

2

_L.\ HH

Mechanism B Mechanism C

Mechanism A

Fig. 4. Possible mechanisms to explain the cathodic depolarisation.
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adsorbed intermediate species of hydrogen. Roughly speak-
ing, these mechanisms might be considered as identical
because the results are similar: the enhancement of the
charges exchanged should correspond to a cathodic depo-
larisation, which occurs through direct electron transfer
from stainless steel to hydrogenase.

5. Conclusion

Influence of the presence of hydrogenase on 316 L
stainless steel was experimentally demonstrated here.
Because the “old” mechanism of cathodic depolarisation
is not theoretically sound, we proposed here to explain this
effect by a direct electron transfer from stainless steel to
hydrogenase. This could be considered a direct cathodic
depolarisation phenomena.

References

[1] C.A.H. Von Wolzogen Kiihr, S. Van Der Vlugt, Water 18 (1934) 147
165.

[2] H. Booth, A.K. Tiller, Polarization studies of mild steel in cultures of
sulphate-reducing bacteria, Trans. Faraday Soc. 56 (1960) 1689—1696.

[3] W.P. Iverson, Direct evidence for the cathodic depolarization theory of
bacterial, Corros. Sci. 151 (1966) 986—988.

[4] J.L. Crolet, De la biologie et corrosion a biocorrosion, Mater. Tech.,
Spec. Biocorros. (1990) 9—13.

[5] C. Chatelus, et al. Hydrogenase activity in aged, nonviable Desulfovi-
brio vulgaris cultures and its significance in anaerobic biocorrosion,
Appl. Environ. Microbiol. 53 (1987) 1708—-1710.

[6] R.D. Bryant, E.J. Laishley, The role of hydrogenase in anaerobic bio-
corrosion, Can. J. Microbiol. 36 (1990) 259—-264.





		The role of hydrogenases in the anaerobic microbiologically influenced corrosion of steels

		Introduction

		Experimental

		Results

		Discussion

		Conclusion

		References






W o

ELSEVIER

Bioelectrochemistry 56 (2002) 8183

Bioelectrochemistry

www.elsevier.com/locate/bioelechem

Electrochemical sensing of DNA—adriamycin interactions

J.A.P. Piedade, I.R. Fernandes, A.M. Oliveira-Brett*

Departamento de Quimica, Universidade de Coimbra, 3004-535 Coimbra, Portugal

Received 1 June 2001; received in revised form 22 October 2001; accepted 9 November 2001

Abstract

Adriamycin, a cancerostatic anthracycline antibiotic, causes considerable death of tumour cells, together with the induction of breaks in
DNA single and double strands. The interaction of this compound with DNA was investigated using an electrochemical DNA-biosensor.
Adriamycin intercalation in DNA disrupts the double helix and the detection of guanine and 8-oxoguanine could mimic one possible
mechanism for the in vivo adriamycin drug action. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The development of electrochemical DNA-biosensors to
detect DNA—drug interactions and DNA oxidative damage
has recently been investigated [1-3]. Adriamycin is an
anthracycline antibiotic known for more than 30 years with
a wide spectrum of antineoplasic action, although it causes
cardiotoxicity. Its mode of action is not yet fully understood,
although it is known that it intercalates strongly to the DNA
double helix mainly at CG-GC steps, the aminosugar being
determinant for intercalation to occur [4]. It interferes in
several ways with DNA regulation machinery and promotes
the generation of reactive oxygen species that ultimately
cause oxidative damage to biomolecules [5,6]. In fact, high
levels of 8-oxoguanine (a main biomarker of DNA oxida-
tion) were detected in cancerous cells treated in vitro with
adriamycin [7], but is not known whether it can directly
oxidise DNA in vivo after intercalation has occurred.

The structurally analogous daunomycin is less toxic than
adriamycin, and has been used as an electroactive probe for
electrochemical detection of hybridization [2,3], but this
work did not include an electrochemical study of the
oxidative damage produced by daunomycin reduced after
intercalation in dsDNA. Chronopotentiometric analysis of

* Corresponding author. Tel.: +351-239-835295; fax: +351-239-
835295.
E-mail address: brett@ci.uc.pt (A.M. Oliveira-Brett).

daunomycin—DNA interaction detected a signal due to the
oxidation of DNA purine bases [8].

The interaction of adriamycin with DNA was investi-
gated using a recently developed electrochemical DNA-
biosensor [1] and it was possible to sense both intercalation
of adriamycin and the generation of DNA oxidative adducts
resulting from adriamycin—DNA interaction.

2. Experimental

Adriamycin (Doxorubicin hydrochloride, 2 mg/ml solu-
tion) from Pharma-APS, and sodium salt calf thymus DNA
(type II) Sigma, were used without further purification.
Adriamycin solutions were prepared directly in pH 4.5 0.1
M acetate buffer electrolyte solutions of ionic strength 0.1.
All solutions were prepared using analytical grade reagents
and purified water from a Millipore Milli-Q system (con-
ductivity<0.1 uS cm™"). The DNA-biosensor was prepared
by physical adsorption of 3 mg of dsDNA onto a glassy
carbon electrode surface [1], previously polished and elec-
trochemically cleaned in supporting electrolyte.

Voltammetric experiments were done using a pAutolab
running with GPES version 4.8 software, Eco-Chemie,
Utrecht, Netherlands. A one-compartment electrochemical
cell with a volumetric capacity of 5 ml, a glassy carbon or
DNA-biosensor [1] working electrode, a Pt wire counter
electrode, and a saturated calomel electrode (SCE) as
reference, were used in all experiments.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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3. Results and discussion

Adriamycin is a complex molecule and different groups
can be oxidised and reduced. At pH 4.5, the reversible
reductions of the 5,12-diquinone groups in the anthracycline
chromophore occur at —0.4 and —0.6 V, Fig. la, and the
oxidation of the 6,11-dihidroquinone-functionality at +0.5
and +0.6 V vs. SCE, Figs. 2 and 3, and both are pH-
dependent.

Differential pulse voltammograms were obtained for the
reduction and reoxidation of the diquinone group of adria-
mycin, Fig. la. They are different from those obtained
using the DNA-biosensor, indicating that adriamycin has
intercalated into DNA and that reactions are occurring
between adriamycin and DNA bases. The formation of
adducts between adriamycin and purine bases has occurred,
Fig. 1b.

Using the DNA-biosensor, a constant potential of —0.6 V
was applied for a period of time in order to pre-concentrate
short-lived adriamycin radical intermediates formed during
reduction of adriamycin, Fig. 2. These radicals, when in
very close contact with DNA, can rapidly interact causing
damage. The damage caused is detected by the occurrence
of the oxidation peaks corresponding to the DNA purine
bases. This enabled the electrochemical sensing and quanti-

fication of the damage caused by adriamycin to DNA. The
appearance of a peak at +0.4 V is attributed to the oxidation
of 8-oxoguanine [9], that is generated by the interaction

.
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Fig. 1. Differential pulse voltammograms in pH 4.5 0.1 M acetate buffer:
(a) bare glassy carbon electrode in a 1 uM adriamycin solution; (b) DNA-
biosensor in buffer after being immersed in a 1 uM adriamycin solution
during 10 min. Pulse amplitude 50 mV, pulse width 70 ms, scan rate 5 mV
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Fig. 2. Background-subtracted differential pulse voltammograms in pH 4.5
0.1 M acetate buffer in 5x10~® M adriamycin, obtained with the DNA-
biosensor: (esee) before and (——) after deposition at —0.6 V for 60 s.

between the adriamycin radical and a neighbouring guanine
in the dsDNA during the cathodic polarization of the
biosensor.

Differential pulse voltammograms obtained with the
DNA-biosensor in a more concentrated adriamycin solution

04 0.6 0.8 1.0
E/V vs.SCE

Fig. 3. Successive differential pulse voltammograms in a pH 4.5 0.1 M
acetate buffer deoxygenated solution of 34 uM adriamycin, obtained with
the DNA-biosensor: (1) 0, (2) 41 and (3) 100 min, E4~=0 V, 74=120 s. (4)
Differential pulse voltammogram obtained with the DNA-biosensor in a pH
4.5 0.1 M acetate buffer deoxygenated solution, E4=0 V, #,=120 s. Pulse

amplitude 50 mV, pulse width 70 ms, scan rate 5 mV s~ .
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when no conditioning potential was applied, Fig. 3, showed
two peaks for adriamycin oxidation corresponding to a
different orientation of this molecule and intercalation took
much longer to occur.

4. Conclusion

Electrochemical sensing of DNA oxidative damage
caused by adriamycin was possible using the voltammetric
DNA-biosensor. This is very important because the DNA—
adriamycin interaction at charged interfaces is closer to the
complex in vivo situation than in solution and shows that
the electrochemical DNA-biosensor can enable a better
understanding of DNA/molecule/ion interactions.
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Abstract

Up to now, the development of the electrochemical DNA hybridization sensors relied on solid electrodes, on which both the hybridization
and detection steps have been performed. Here we propose a new method in which the DNA hybridization is performed at commercially
available magnetic beads and electrochemical detection on detection electrodes (DE). Due to minimum nonspecific DNA adsorption at the
magnetic beads, very high specificity of the DNA hybridization is achieved. Optimum DE can be chosen only with respect to the given
electrode process. It is shown that high sensitivity and specificity in the detection of relatively long target DNAs can be obtained (a) by using
cathodic stripping voltammetry at mercury or solid mercury amalgam DEs for the determination of purine bases, released from DNA by acid
treatment, and (b) by enzyme-linked immunoassay of target DNA modified by osmium tetroxide,2,2" -bipyridine (Os,bipy) at carbon DEs.
Direct determination of Os,bipy at mercury and carbon electrodes is also possible. © 2002 Published by Elsevier Science B.V.
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1. Introduction

Determination of the DNA sequence of individual
eukaryotic genomes is still too difficult to any current
technologies. New approaches are therefore sought and,
among them, sequencing by DNA hybridization is gaining
importance. This kind of DNA (and RNA) sequencing can
be performed by means of the DNA hybridization sensors
with fluorescence detection. Recently, it has been shown
that this detection can be replaced by electrochemical one,
which should be less expensive and simpler. Such sensors
are well suited for decentralized diagnostics as well as for
determination of bacteria and viruses (including biological
warfare) in the field.

Currently developed DNA hybridization sensors are
using single-stranded (ss) short (15—25 nucleotides) oligo-
deoxynucleotide (ODN, probe DNA) immobilized on an
electrode (reviewed in Refs. [1-3]). The ODN-modified
electrode is immersed in target DNA solution to test its
nucleotide sequence. When the sequence of target DNA
matches that of the probe (based on the complementary
Watson—Crick pairing), a probe—target (hybrid) duplex

" Corresponding author. Tel.: +42-549-2462-41; fax: +42-541-2412-93.
E-mail address: palecek@ibp.cz (E. PaleCek).
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DNA is formed at the electrode surface. The hybridization
event (DNA duplex formation) is detected electrochemically
in various ways [4].

This system works quite well with synthetic ODNs when
probe and target DNAs are of about the same lengths. In a
real DNA sequence analysis with longer PCR products,
viral or chromosomal DNAs, the target DNAs are substan-
tially longer than the probe. With longer target DNAs,
difficulties connected with the nonspecific DNA adsorptions
frequently arise, resulting in a loss of specificity and
decreased sensitivity. Elimination of the nonspecific DNA
adsorption at the electrodes (such as carbon or gold ones)
usually applied for the DNA hybridization is very difficult.

At this meeting, we propose for the first time a new
method based on separation of DNA hybridization from the
electrochemical detection. We show that using this method,
it is possible to analyze long target DNAs in the presence of
a large excess of nonspecific DNA.

2. Experimental
2.1. Chemicals

Oligodeoxynucleotides (ODNs) were synthesized by
VBC-Genomics (Vienna, Austria). Dynabeads Oligo(dT),s
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and magnetic particle concentrator MPC-S were products of
Dynal (Oslo, Norway). The nucleic acid concentration was
determined spectrophotometrically using a HP 8452 spec-
trophotometer. OsO4 was supplied by JMC (Great Britain);
other chemical reagents were products of Sigma (St. Louis,
MO).

2.2. Hybridization at the Dynabeads

Aliquots (usually 20 pl) of Dynabeads Oligo(dT),s
(DBT) were washed twice in 1:1 volume of 0.2 M NaCl
and 50 mM phosphate buffer, pH 7.0. Then 20 pl of DNA
solution in the same buffer was added to the DBT. The
samples were shaken for 30 min at 26 °C to allow hybrid-
ization between the DNA in solution and the oligo(dT)
chains on the bead surface. After hybridization, the DBT
was washed five times with 100 pl of 0.3 M NaClO4. DNA
was released from DBT by heating (85 °C, 2 min) into 20 ul
of triple-distilled water.

2.3. DNA depurination

Hydrolysis of ODN was performed by adding 20 pl of 1
M HCIO,4 to sample of the same volume of 2.0-uM ODN

(related to the monomer) and heating for 30 min at 65 °C.
The sample was cooled down, neutralized with NaOH and
20-pl aliquot was added to 1 ml of the background electro-
lyte and used for voltammetry measurements.

2.4. Modification of DNA with Os,bipy

DNA samples (50 ug ml~") were incubated with 2 mM
0OsOy4 and 2 mM 2,2’ -bipyridine (Os,bipy) in 0.1 M Tris—
MHCI (pH 7.4) at 37 °C for 3 h. To remove unreacted
Os,bipy, the samples were dialyzed against 0.1 M Tris—HCl
(pH 7.4) using Slide-A-Lyzer MINI Dialysis Units at 5 °C
overnight.

2.5. Voltammetry

Electrochemical measurements were performed with an
Autolab analyzer (Eco Chemie, The Netherlands) in con-
nection with a VA-Stand 663 (Metrohm, Zurich, Switzer-
land) using a three-electrode system consisting of Ag/AgCl/
3M KCI electrode as a reference and platinum wire as an
auxiliary electrode. The working electrodes were either
hanging mercury drop electrode (HMDE) or pyrolytic
graphite electrode (PGE).

SEPARATION CSV DETERMINATION
DEPURINATION
target DNA
+ hybridization dissociation 1 M HCIO4
65 °C, 30 min
_ (e |
! e
@ DBT o adenine
/\/ 0O  guanine
/\/ DNA
E

Fig. 1. Scheme of DNA (or RNA) hybridization in which Dynabeads oligo(dT),s (DBT) are used as surface H and a hanging mercury drop electrode (HMDE)
as DE. The detection is based on the cathodic stripping voltammetry (CSV) of adenine released from DNA by acid treatment. Adenine, producing a sparingly
soluble compound with the electrode mercury, can be determined by CSV at nanomolar concentrations [6].
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2.6. Cathodic striping voltammetry (CSV) at HMDE

CSV measurements were performed using differential
pulse technique at HMDE with a drop area of 0.41 mm?. All
CSV experiments were carried out with the following
parameters: E;=0.18 V, 1,=120 s, pulse amplitude=50 mV,
step potential=5 mV. Borax buffer (0.05 M, deaerated prior
to each measurement) was used as a background electrolyte.

2.7. Pyrolytic graphite electrode

Before each measurement, the PGE was electrochemi-
cally pretreated at —1.7 V for 60 s in the background
electrolyte followed by renewing the surface using sticky
tape. DNA was adsorbed at the electrode surface from 7-pl
aliquots, containing 0.2 M NaCl, 10 mM Tris—HCI, pH 7.4,
for 1 min followed by rinsing the electrode by distilled water
and transfer of the electrode to the voltammetric cell. Signals
of the DNA-Os,bipy adducts as well as the intrinsic DNA
oxidation signals were measured by square-wave voltamme-
try at following settings: initial potential —1.0 V, final
potential +1.6 V, amplitude 25 mV, frequency 200 Hz. As
a background electrolyte, 0.2 M acetate buffer (pH 5.0) was
used. All measurements were done at room temperature.

3. Results and discussion

We hybridize DNA at one surface with the immobilized
probe DNA (surface H) and perform the electrochemical
detection at another surface (detection electrode, DE).
Finding optimum conditions in this system is much easier
than in the usual one-surface systems (with DNA probe
attached directly to the electrode) because optimum con-
ditions for hybridization are not always the same as those of
the electrochemical detection and vice versa. For example,
(a) strong adsorption of DNA at DE can be exploited to
accumulate DNA at DE, on the other hand, strong adsorp-
tion of DNA at surface H can decrease or even eliminate the
specificity of the DNA hybridization; (b) the DE should be
small to be able to detect small volumes of DNA hybrids
while the hybridization surface H should be sufficiently
large to efficiently capture target DNA; (c) surface H should
be suitable for the probe immobilization while DE should be
best suited for the given electrode process (probe immobi-
lization is not necessary); (d) surface H does not have to be
conductive but the electrode has to be conductive, etc. In our
work, we used commercially available superparamagnetic
Dynabeads oligo(dT), with the covalently attached DNA
probe (dT),s, as surface H and the mercury, solid amalgam
or carbon DEs for the DNA and RNA hybridization Fig. 1.

3.1. Mercury and solid amalgam electrodes

In this paper, we wish to show the usefulness of the
mercury electrodes enabling highly sensitive label-free

selection of DNA and RNA. Mercury electrodes have
not been so far applied in the DNA hybridization sensors
probably due to the strong hydrophobic interactions of ss
nucleic acids with the mercury surface [5], interfering with
the specific probe—target interaction at these electrodes. If
DNA hybridization is performed at surface H, mercury
electrodes prove to be excellent DE, which can be applied
for different purposes, including:

(a) Highly sensitive label-free detection of purine bases
(forming sparingly soluble compounds with the electrode
mercury [6]) released from DNA by acid treatment [4].
Nanomolar and subnanomolar concentration of DNA
(related to the monomer content) can be determined by
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Fig. 2. Differential pulse-stripping voltammograms obtained (Al) after
specific hybridization of (A),s(GAA)s, and (A2) after nonspecific
interaction of (GAA),4 at DBT; e: background electrolyte (without baseline
correction); (B1) is baseline corrected (moving average) curve Al. ODNs
(2 uM) were incubated with DBT, washed, released from DBT and acid-
treated as described in Experimental. An aliquot of ODN, 20-pl, was added
to 1 ml of background electrolyte. HMDE, E=0.18 V, t,=120 s, pulse
amplitude=50 mV, potential step=5 mV. Background electrolyte: 0.05 M
borax.





88 E. Palecek et al. / Bioelectrochemistry 56 (2002) 85-90
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the cathodic stripping voltammetry (CSV) in the presence or
absence of copper ions [4,7,8]. Fig. 2 shows a well-devel-
oped peak of 37-mer ODN (A),s(GAA),, specifically cap-
tured by DBT, contrasting with almost flat curve of the
noncomplementary (GAA), [or (CTT)y, not shown] differ-
ing little from the background electrolyte. Similar results
were obtained with longer target DNAs, including a DNA
PCR product, and in the presence of large excess of non-
complementary DNA [4].

(b) Determination of chemically modified DNA such as:

(i) DNA prelabeled or postlabeled with osmium tetro-
xide,2,2’ -bipyridine (Os,bipy); with this DNA voltam-
metric signals due to the catalytic hydrogen evolution can
be obtained at very low DNA concentrations [9], similar
to CSV mentioned under (a);

(i) cystein-labeled nucleic acids producing signals due
to the catalytic hydrogen evolution in cobalt-containing
background electrolytes [10], similar to signals of pro-
teins and peptides.

3.2. Carbon electrodes

Adenine (A) and guanine (G) residues in DNA and
RNA are oxidizable at carbon electrodes [11—13]. Carbon
electrodes can be applied as DE in DNA hybridization
either for label-free detection of G and A as well as for
the detection of Os,bipy-modified target DNA [9,14] when
working with model ODN systems and possibly also for
target DNA amplified by PCR. The oxidation of A and G
is irreversible while peaks of DNA-Os,bipy adducts show
a certain degree of reversibility [14]. In adsorptive trans-
fer-stripping (AdTS) experiments, previous separation of
the DNA adduct by dialysis or other methods is not
necessary, if a proper washing procedure is used. As
expected, the sensitivity of these techniques depends very
much on the base content of the analyzed DNA (Fig. 3).
Os,bipy reacts preferentially with thymines (T) and DNAs
with a high content of this base can be detected at low
concentrations as shown in Fig. 3A. On the other hand,
DNAs with high contents of G and/or A (and low content
of T) can be better determined by means of oxidation
signals (Fig. 3).

DNA-Os,bipy adducts are immunogenic [15] and can be
determined at high sensitivities by electrochemical enzyme-
linked immunoassay [16] at carbon and other electrodes.
Using alkaline phosphatase and electroinactive 1-naphthyl
phosphate as a substrate, we measured the electroactive
product (1-naphthol) at carbon electrodes. The DNA hybrid-
ization was performed at DBT and long target deoxyoligo-
nucleotides (such as 67- and 97-mers) and a DNA PCR
product (226 base pairs) were detected at high sensitivity
and specificity. Large excess of noncomplementary DNA
did not prevent the determination [16]. Several possibilities
exist to improve performance of this method, including the
application of better substrate/product systems, other Os,L
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Fig. 3. Square-wave voltammograms of covalently Os,bipy-labeled DNA
(A) and of underivatized DNA oligonucleotides (B) at the PGE. (i) 26-mer
ODN (A)14(G)7(T)s; (ii) S1-mer ODN (A)14(G)7(T)z0; (iii) 71-mer ODN
(A)14(G)7(T)s0. A—Peak due to the DNA-Os,bipy adduct: (1) 200, (2) 100,
(3) 50, (4) 25, (5) 13 ng ml~'. The ODNs (50 pg ml~') were treated with 2
mM Os,bipy in 100 mM Tris—HCI, pH 7.6 at 37 °C followed by dialysis.
B—Intrinsic adenine oxidation signal: (1) 250, (2) 125 ng ml~! of
unmodified ODNs. DNA was adsorbed at the electrode surface from 7-pl
aliquots for 1 min followed by rinsing the electrode by distilled water and
square-wave voltammetric measurement in 0.2 M sodium acetate, pH 5
(initial potential —1.0 V, final potential +1.6 V, amplitude 25 mV, frequency
200 Hz).

complexes for DNA modification (in combination with
relevant antibodies), etc.

4. Conclusions

Electroactivity of nucleic acids (NAs) was discovered
more than 40 years ago [17,18] by means of mercury
electrodes. Almost 20 years later, carbon electrodes were
introduced in the NA research [11] and both types of
electrodes have been applied in biochemical analysis of
[13,19-21] (reviewed in Ref. [22]). Mercury electrodes
have shown a remarkable sensitivity for small changes in
the DNA structure and produced an early evidence of DNA
premelting and polymorphy of the DNA double helix
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(reviewed in Ref. [23]). DNA-modified electrodes were
introduced about 15 years ago [24] and in the last decade,
they have been applied in the development of sensors for the
DNA hybridization (reviewed in Refs. [1-3] and damage
(reviewed in Ref. [3]). At this meeting, we show for the first
time a new type of the DNA hybridization system, which
differs from the previous ones (reviewed in Refs. [1-3] by
separation of DNA hybridization from the electrochemical
detection. In this new system, the hybridization is performed
at surface H, optimized for the given purpose and the
detection at the optimal DE. We also show that advantages
of mercury and solid amalgam electrodes can be utilized in
DNA hybridization sensors. The magnetic beads used in this
paper as surface H are well suited for incorporation in a
microfluidic device [25], which can easily handle all the
necessary steps, including washing and the enzymatic
reaction, using pumping and magnetic field systems
[25,26]. Application of microfluidic systems enables minia-
turization and automation, resulting in less reagent and
sample consumption, more efficient and faster hybridiza-
tion, etc.

The usefulness of the magnetic beads in the development
of the DNA hybridization sensors is underlined by the
contribution of Professor Joseph Wang presented at this
meeting, reporting the use of another type of magnetic beads
(covered with streptavidin to which biotinylated ODN probe
is bound). Biotin-labeled 19-mer was used as a target DNA
and streptavidin-labeled alkaline phosphatase was bound to
the biotinylated target DNA and the product of the enzy-
matic reaction was determined at disposable screen-printed
carbon electrodes [26]. He also reported an alternative
detection of the DNA hybridization by means of gold
nanoparticle tags on biotin-labeled ODN 19-mer target
followed by precipitation of silver on the nanoparticles.

Recently, Azek at al. [27] immobilized a PCR-amplified
DNA fragment on carbon electrode and detected the pres-
ence of the specific sequence of the human cytomegalovirus
using a biotinylated probe. Streptavidin conjugated to horse-
radish peroxidase was used to quantify the extent of the
DNA hybridization. This technique may be quite efficient
and useful when relatively short DNA PCR products are
used. It may however be expected that its efficiency will
decrease with the length of the PCR products and partic-
ularly in unamplified DNA samples, where the length of the
specific nucleotide sequence to be detected will represent
too small fraction of DNA adsorbed at the electrode surface.

Our results show that application of the commercially
available beads, developed for separation of mRNA by
hybridization [28], is well suited for DNA hybridization
with minimum nonspecific DNA adsorption at the surface.
We believe that these beads in combination with a suitable
DE, enabling measurement of high electron yield (catalytic)
signals, represent a significant step toward an automatic
DNA hybridization sensor capable to analyze long PCR
products and possibly also natural, unamplified DNA sam-
ples. Present state of the development of the sensors for

DNA hybridization and damage is reflected in a special
issue of Talanta [29] devoted to this subject.
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Abstract

Simple methods of preparing the direct affinity sensors are proposed. Due to the self-consistent introduction of a hydrocarbon chain bound
with oligonucleotide pentadecathymidylate (dT;s) into the hydrophobic region of surfactant bilayer or the adsorption of antibodies on the
bilayer surface, the immobilizations of oligonucleotide or antibodies were carried out correspondingly. The responses were detected by
impedance spectroscopy. Whereas the specific DNA-coupling caused the decrease of real part of impedance, the antibody—antigen
interaction caused the increase of real part. The obtained results give an opportunity for the development of impedimetric affinity sensors for
clinical analysis or for the detection of various environmental pollutants. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: DNA sensor; Surfactants; Affinity interactions; Impedance spectroscopy

1. Introduction

In modern medicine, there is a problem of express
specific recognition of different bioactive compounds and
determination of specific human, viral and bacterial DNA
sequences in diagnosis [1] and a search for adequate
therapy. It is promising to use for these aims biosensors
based on the detection of affinity interactions by some
powerful electrochemical methods such as electrochemical
impedance spectroscopy [2,3].

The bilayers composed of surfactant molecules mimic
the cell membrane structure [4] and are good barriers for
ions [5]. They have been already used for the direct
detection of affinity interactions [6]. Bilayer lipid mem-
branes (BLM) have a biocompatibility and similar physical
properties with natural cell membranes [7]. However, the
wide use of BLMs is restricted by low stability [8]. The
membranes of uncharged surfactant Brij-52 self-assembled
onto the gold electrode are much more stable [9]. In the
present work, we propose to use bilayers of Brij-52 on gold
electrodes as transducers for the detection of affinity inter-
actions. The new affinity sensors possess a high stability.

" Corresponding author. Fax: +7-95-9395417.
E-mail address: MVY @enzyme.chem.msu.ru (M.Y. Vagin).

The level of signal/noise ratio in proposed systems is higher
than in previously reported biosensors [7,10].

2. Experimental

All substances, procedures and experimental set up
were used as in Ref. [9]. The horseradish peroxidase and
antibodies against it were from Immunotech (Moscow,
Russia) and used in glycerin protective buffer solution
with a 10 ~* M concentration and were stored in —20 °C.
All electrochemical methods and equipment were used as
in Ref. [9].

The synthesis of the dT,s in the 5-hexadecylphosphoryl-
pentadecathymidylate (C,4pdT;s) as well as complemen-
tary (dA;s) and noncomplementary dATgC¢G- oligonucleo-
tides was performed by phosphoramidite method as
described elsewhere [11]. DNA-probe (Ci¢pdT;s), dA;s
and dATgC¢G7 were used in double distilled water solution
with 10 ~® M concentration.

The electrodes for affinity sensors were prepared as
follows. Five microliters of Brij-52 solution in pure ethanol
(concentration 10 mM) was syringed onto the top of the
gold disk electrode, and the solvent was allowed to evap-
orate. Then the electrode was put in the phosphate buffer
solution. The bilayer membrane was self-assembled over-

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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night. Afterward, the electrode with membrane was put into
the 10 ~ ® M buffer solution of Ci6pdT;5 or 10~ ® M buffer
solution of antibodies against horseradish peroxidase and
also left overnight.

For the response detection, the electrodes were placed
into an electrochemical cell in buffer solution and the
impedance spectra of the background were recorded. Then
the different oligonucleotides or horseradish peroxidase
solutions were added into the cell with electrode with
immobilized DNA-probes or antibodies correspondingly.
The series of impedance spectra were recorded again.

3. Results and discussion

In the present work, we proposed to use the possibility of
self-consistent introduction of a hydrocarbon chain bound
with oligonucleotide into the hydrophobic region of a Brij-
52 bilayer. The adsorption on the Brij-52 bilayer was
accepted during the incubation. The complementary oligo-
nucleotide coupling with bound one and the antigen—anti-
body binding on the transducer surface should provide the
changes of membrane interfacial properties and therefore the
response generation.

The background spectra of electrodes with Brij-52
bilayer with immobilized particles (Figs. 1 and 2) and the
spectra detected after addition of complementary oligo-
nucleotide dA;s or antigen are shown in Figs. 1 and 2,
respectively. It can be seen that the addition of detected
particles leads to the changes of spectrum. An addition of
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Fig. 1. The background impedance spectrum for the electrode with
immobilized oligonucleotides T;s (M) and spectrum detected in presence of
complement oligonucleotide A;s (10~ M) (O). 0.1 M NaCl, 0.05 M
KH,PO,, pH 7.4; 0.1 V Ag/AgCl/0.1 M KCI.
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Fig. 2. The background spectrum for the electrode with immobilized
antibodies against horseradish peroxidase (M) and spectrum detected in the
presence of antigen (peroxidase 3 x 10 ~> M) (O). 0.1 M NaCl, 0.05 M
KH,PO,, pH 7.4; 0.1 V Ag/AgCl/0.1 M KCl.

dA;s causes the decrease of real part whereas antigen
presence mainly leads to the increase of real part of
impedance. In both cases, the imaginary part of the im-
pedance did not change drastically. Therefore, the com-
plement coupling leads to the decrease of membrane resis-
3tance probably caused by local violations of inner bilayer
order due to the hydrocarbon chains of modified oligo-
nucleotides. At the same time, the large antigen binding
(Mperoxidase = 40,000) increases the thickness of the interfa-
cial layer on the electrode surface and further shields ions
permeation. This effect increases the real part of the
impedance. The background spectra for the Brij-52 bilayer
system with immobilized DNA-probes were the same to
the spectra measured in the presence of noncomplementary
oligonucleotide dATgCsG;. Also the spectra for pure sur-
factant layer on the electrode in absence and in presence of
antigen were identical. Thus, the responses are obviously
caused by specific DNA coupling or antigen—antibody
interactions.

To develop the biosensor based on the affinity interac-
tions detection it is not necessary to measure whole impe-
dance spectrum in wide frequency range of applied
potential. The most significant changes were observed in
the real part of impedance in the frequency range 1—10 kHz
(Figs. 1 and 2). The highest responses were observed on the
frequency of 2 kHz for the DNA-sensor and 3 kHz for
immunosensor. The changes of the response were approx-
imately 40% and 50% from background level correspond-
ingly, which is higher than in earlier reported systems
[7,10].
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4. Conclusion

In the present work, the simple methods of preparing
direct affinity sensors were proposed. Due to the immobi-
lization of the oligonucleotides or antibodies on the trans-
ducer surface we could detect the specific binding of
complement oligonucleotides or antigen—antibody interac-
tion correspondingly. The different nature of response
manifestation was shown. The changes of the response
were approximately 40% and 50% from background level
correspondingly, which is higher than in reported systems
[7,10].

The obtained results give an opportunity for the devel-
opment of impedimetric affinity sensors for the direct
detection of specific DNA sequences or of different anti-
gens.
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Abstract

In recent years, Systematic Evolution of Ligands by EXponential enrichment (SELEX) technique has been developed into a fast growing
field. In contrast to traditional recognition elements, like antibody, our interests focus on novel molecular recognition elements based on
nucleic acids, which are of value both for the therapy and biosensors. A comparative study of thermodynamic for both natural and artificial
RNA/DNA —protein complexes would establish bases for a specificity of complex formation. In particular, we have shown that aptamers
could be used for a direct measuring of thrombin enzymatic activity in a solution. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: RNA/DNA—protein interactions; Ribosome; SELEX; RNA/DNA aptamers; Thrombin; Enzymatic activity

1. Introduction

Wide-scale molecule testing requires a development of
fast and easy-to-use devices, like biosensor. The devices
intimately couple a biological recognition element, interact-
ing with a target analyte, with a physical transducer that
translated the bio-recognition event into a useful signal.

In contrast to traditional recognition elements, like anti-
body, our interests focus on novel molecular recognition
elements based on nucleic acids, which are of value for
biosensors. The unique network structure of single-stranded
DNA and RNA provides a ground for affinity and specific-
ity; and recognition is a basic principle of DNA/RNA—
protein interactions. The parameters of these interactions
could be described in terms of thermodynamic, i.e. dissoci-
ation constant (K4). A comparative study of thermodynamic
for both natural and artificial RNA/DNA-protein complexes
would establish bases for a specificity of complex forma-
tion.

Aptamer is a single-stranded oligonucleotide that could
specifically bind with high affinity and specificity to a
selected target molecule, for example drug, protein, etc.
Aptamers are discovered by in vitro selection process

* Corresponding author. Tel.: +7-095-939-3149; fax: +7-095-939-3181.
E-mail address: Spiridon@genebee.msu.su (V. Spiridonova).

known as Systematic Evolution of Ligands by EXponential
enrichment (SELEX) [1,2]. Generally, SELEX-derived
aptamers could be considered as functional analogues of
monoclonal antibodies. A huge library of single-stranded
oligonucleotides, differing in nucleotide sequence, repre-
sents an array of differently shaped molecules with different
affinities for a different areas of a given target protein. An
initial template is obtained by automatic chemical synthesis
of DNA fragments, and each has a random sequence of 30—
60 nt. Several rounds of selection yield a fraction enriched
in aptamers, with relative binding several orders of magni-
tude higher compared to the initial library. Finally, an
aptamer pool is cloned, individual aptamers are sequenced,
and their affinity for a ligand estimated, providing data for
choosing the best aptamers (“winners”).

This paper describes a power of DNA aptamer to be used
for a direct measurement of thrombin enzymatic activity in
solution.

2. Experimental

Aptamer 5 -CAGTCCGTGGTAGGGCAGGTTGG-
GGTGACT-3 was synthesized on an Applied Biosystems
380B oligonucleotide synthesizer by phosphoroamidate
method.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. A secondary structure of DNA aptamer (A), and a tertiary structure
model of the aptamer—thrombin complex (B) [8].

Human a-thrombin “Fluka” (Switzerland) had 600 NIH
U/mg, a-human thrombin “Renam” (Russia) had 4500 NIH
U/mg. Binding assays were carried out by nitrocellulose
filter partitioning [8]. Buffer was 20 mM Tris—Ac pH 7.4,
140 mM NaCl, 5 mM KCI, 1 mM MgCl,, | mM CaCl,. The
dissociation constant is defined as the protein concentration
at a half value of isotherm flattening, provided that protein

concentration is far greater than that of titrated DNA
aptamer.

3. Results and discussion

As an example of natural RNA-—protein interaction
study, the complexes of prokaryotic ribosomal protein S7
with different RNA has been chosen. In vitro EcoS7 is able
to bind to both Escherichia coli 16S rRNA fragment and E.
coli S12—S7 intercistronic region. It allows to study a
property of a single protein to recognize two different
RNA, by measuring apparent dissociation constants (Ky)
by nitrocellulose (NC) filter-binding assay. The EcoS7—16S
rRNA fragment complex has K=6.5+1.7 nM. TthS7 is able

o, binding
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Fig. 2. Isotherms of thrombin binding to the DNA aptamer under different
conditions. Complex formation was done at 37 °C for 15 min. Circles and
triangles graph—thrombin activity 4500 NIH U/mg, squares graph—
thrombin activity 600 NIH U/mg. 20 mM Tris—Ac, pH 7,6; 140 mM NacCl,
5 mM KCl, 1 mM MgCl,, ImM CaCl,. 20 mM Tris—Ac, pH 7,6; 100 mM
NaCl, 1 mM MgCl,.
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to bind to Eco16S rRNA with K4=36+6 nM, which is high
enough for a heterologous complex.

SELEX technique, applied to S12—S7 intercistronic
fragment (67 ns) of st mRNA [3], has yielded aptamers
to TthS7 with nucleotide sequences different from the
natural variant. The aptamer has K;=50+8 nM, which is
very close to the value of heterologous complex. The results
of the structural—thermodynamic study of the natural
RNA-protein complexes provide a solid base to extend
the approach to artificial complexes.

Thrombin is a multifunctional serine protease with both
pro-coagulant and anti-coagulant functions, therefore has a
high medical significance [4].

The number of authors selected the different families of
DNA aptamers for thrombin [5—8]. One of the best aptamers
is 5 -CAGTCCGTGGTAGGGCAGGTTGGGGTGACT-
3, which forms two G-quartets with an additional DNA
duplex (Fig. 1) The aptamer binds to the protein with K4=0.5
nM [8]. Fig. 2A shows the aptamer binding isotherms for
thrombin, obtained by NC filter binding assay. The buffer
has the same salt components as blood: 140 mM NaCl, 5 mM
KCIL, 1 mM MgCl,, 1 mM CaCl,. Two different samples of
thrombin have been used: from “Fluka”—600 NIH U/mg,
and from “Renam” (Russia)—4.500 NIH U/mg. It turned
out that DNA aptamer binding to thrombin with high
enzymatic specific activity is 20 times higher than Fluka
thrombin. Therefore, it has been clearly demonstrated that
the values of K4 depend on enzymatic activity of thrombin
and not on total protein concentration. The same correlation
was found for some different buffer conditions (Fig. 2B),
despite the absence of K', which stimulates G-quartet
assembly of the aptamer.

Therefore, the DNA aptamer could be used for a direct
measuring of thrombin enzymatic activity in solution.

When the manuscript has been already applied we have
learned that Lee and Walt [9] have applied DNA aptamer for
fiber-optic biosensor for thrombin.
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Abstract

An improved composite bulk-modified bioelectrode setup based on a solid binding matrix (SBM) has been used to develop a glucose/
hydrogen peroxide biofuel cell. Fuel is combined through a catalytically promoted reaction with oxygen into and oxidized species and
electricity. The present work explores the feasibility of a sugar-feed biofuel cell based on SBM technology. The biofuel cell that utilizes
mediators as electron transporters from the glucose oxidation pathway of the enzyme directly to electrodes is considered in this work. The
anode was a glucose oxidase (GOx, EC 1.1.3.4)/ferrocene-modified SBM/graphite composite electrode. The cathode was a horseradish
peroxidase (HRP, EC 1.11.1.7)/ferrocene-modified SBM/graphite composite electrode. The composite transducer material was layered on a
wide polymeric surface to obtain the biomodified electrodic elements, anodes and cathodes and were assembled into a biofuel cell using
glucose and H,O, as the fuel substrate and the oxidizer. The electrochemical properties and the characteristics of single composite
bioelectrodes are described. The open-circuit voltage of the cell was 0.22 V, and the power output of the cell was 0.15 pW/em? at 0.021 V.
The biofuel cell proved to be stable for an extended period of continuous work (30 days). The reproducibility of the biotransducers
fabrication was also investigated. In addition, an application of presented biofuel cell, e.g. the use of hydrolyzed corn syrup as renewable

biofuels, was discussed. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Biofuel cell; Solid binding matrix; Spray-printing technology; Renewable fuels

1. Introduction

The bioelectrochemical generation of power is well
known in the prior art [1,2]. It is also known that biological
process of living organisms can be utilized to enhance the
generation of electrical power [3—5]. This approach repre-
sents an interesting method to supply energy to low power
electrically activated smart materials that can be directly
used in a wide variety of applications such as microdevices,
nanorobots, micropumps, pacemakers, neuromorphic cir-
cuits, etc. [6—8]. Several electrochemical cells utilizing the
biological process of living organisms are shown in pre-
vious literature [9—11], but almost all of them utilize a free
liquid cellular suspension in conjunction with the electrodes
to generate electrical power. However, all of the prior art
devices and process show serious drawbacks because of

" Corresponding author. Tel.: +39-40-9228110; fax: +39-40-9228101.
E-mail address: biosensors_actuators@altavista.com (A. Pizzariello).

their complexity, size, limitation on power generation, poor
reproducibility and reduced longevity due to the fact that the
bacteria apparently were short lived and the cell could
operate only few days before showing a marked decrease
in ability to generate power. Another problem, although not
stated but widely understood, is the health hazard posed by
sludge battery. A sludge battery contains pathogens and this
would pose a very real health concern if the battery leaks.
Alternatively, a series of biocatalysts participate in the
electron transfer chain between the fuel substrates and the
electrode surfaces [12]. That is, instead of microorganisms,
redox enzymes facilitate the electron transfer between sub-
strates and electrode interfaces, thereby enhancing the cell
current. Redox enzymes, electrocatalysts and electrobioca-
talysts were used as dissolved forms into electrolytes [13] or
as immobilized species on the electrode surfaces [14—16].
The recently reported setups have proved to be effective
even though they may present important drawbacks such as
a considerable variability of the bioactive electrodic layer,
an uncertain storage and operational stability, tedious pre-

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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treatments of special and expensive electrodic materials with
a subsequent complex chemical and/or electrochemical
functionalization, the absorption of many interfering spe-
cies, etc.

In our laboratory, we are interested in developing new
composite transducers for amperometric biosensors with
improved environment within the transducer body based
on solid binding matrices (SBMs) of defined molecular
structure [17]. The SBMs are solid at room temperature
and have a beneficial effect on the mechanical and electro-
chemical properties of the final transducer, thus securing
structural and functional stabilization of the biocatalyst [18].
The replacement electrode materials (i.e. gold, platinum and
glassy carbon) is important because that design offers a
number of further advantages such as simplicity, lower cost,
better mechanical flexibility and possibility of miniaturiza-
tion.

The production of electrical power using low-cost bio-
logical matter has been previously demonstrated [19]. Basi-
cally, biofuels are renewable, sustainable, offer lower
greenhouse gas emissions and reduce the demand for
imported fuels. Cellulose material [20] and starch [21]
derivatives represent just two examples of cheap, safe and
flexible feedstocks capable of conversion into solid, liquid
and gaseous fuels by physical, chemical and biological
processes. Thus, we have employed hydrolyzed corn syrup,
a cheap bulky material made from corn starch and industri-
ally used for its sweetness, as a renewable biofuel.

The present work is related to a composite of flexible
graphite material, which can be used in the making flow
fields plates and electrodes, anodes and cathodes, for use in
biofuel cells. The graphite plates as used herein represent
the product of a spray-printing process [22—25] of synthetic
graphite particles, suitably modified with a redox mediator
and a biocatalyst, with a molecular binding agent that
intercalates particles and leading thin conductive sheets
supported on an inert polymeric foil. Our aim consists in
the development and construction of immobilized glucose
oxidase/ferrocene and peroxidase/ferrocene electrodes as an
SBM-based conductive composite sheet. These bioactive
plates provide the basic components to make an improved
biochemical electrical power source that is reproducible,
stable, economical, safe, extremely long lived, “omnivo-
rous” with respect to different fuel class source, compact
and mass-producible.

2. Experimental
2.1. Materials

Peroxidase from horseradish (HRP, EC 1.11.1.7 150 U/
mg solid) and glucose oxidase type VII-S from Aspergillus
niger (GOX, EC 1.1.3.4 180 U/mg solid) were obtained
from Sigma (St. Louis, MO, USA). Hydrogen peroxide
30%, synthetic graphite powder and 2-hexadecanone were

purchased from Fluka (Buch, Switzerland). Ferrocene (Fc)
and D(+) glucose were purchased from Aldrich (Steinheim,
Germany). Hydrolyzed corn syrup ADM 97/71 was
obtained from ADM Corn Processing (Decatur, IL, USA).
Proton exchange membrane (Nafion 117, perfluorinated
membrane, 0.02 mm thick) was purchased from Aldrich
and used as received. Silver ink Electrodag EL-010 was
obtained from Acheson Colloids (Port Huron, MI, USA).
Other reagents were commercially available as analytical
grade. All solutions were prepared using bidistilled water
that had been purified by Milli-Q plus system (Millipore,
Molsheim, France). The inert polymeric foil of spray-
printed electrodes was a flexible polyester sheet of 0.35
mm thickness.

2.2. Apparatus and electrochemical measurement

Cyclic voltammetry studies were carried out with a
computerized electrochemical analyzer Amel 433/W
(Milan, Italy) The output from the polarograph was trans-
ferred to a program emulating a chart recorder (Amel 6.x
series, pro, Milan, Italy) via a data acquisition hardware unit
(PC-compatible computer Olidata, Milan, Italy). Cyclic
voltammograms were performed in 20 ml static 0.1 M
potassium phosphate buffer at pH 7.0, containing 20 mM
potassium chloride unless otherwise stated. Multimeter
Electrometer Mod. 614 (Keitheyl, USA) was used for fuel
cell electrical parameters (current, potential and resistance)
measurements. A glass membrane pH electrode model PHI
2401 (Radiometer, Copenhagen, DK) was used to perform
pH measurements. The electrode was connected with a pH
meter model PHM 85 (Radiometer). Peeko three-way valves
and Masterfex C/L peristaltic pump were obtained from
Cole-Parmer Instrument (Nile, IL, USA). All experiments
were carried out at room temperature (21 + 2 °C).

Fig. 1 shows the process of the spray-printing thick-cover
electrode fabrication. The spraying suspension was fed to
the needle from a suitable glass flask with a screw-type
Teflon stopcock. The top of the stopcock was given a
conical shape, which allowed easy pressure mounting of
standard injection needles. Before spraying, the clean poly-
meric support was inserted into the proper housing. Then,
the support was exposed to the spray through a screen mesh
yielding a 10-electrode template block. In the preliminary
experiments, a modified gauge injection needle (0.3 mm
o.d., 0.14 mm i.d.) was used as spraying tubing. Electrical
contact was ensured by a silver track (1.5 mm X 2 cm)
previously printed on the polymeric support [26].

2.3. Preparation of thick-cover spray-printed electrodes

For the anode, the graphite was first mixed with GOx.
The enzyme (4.0% with regard to the final weight of the
composite material) was dissolved in water and then the
graphite powder was added. The suspension was mixed
thoroughly until water was evaporated. Thick film anode
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Fig. 1. (A) Diagram of spray-printing apparatus, (B) cross section of electrode fabrication procedure by using a suitable screen mesh and (C) schematic diagram
of the spray-printing electrode strip. The electrode area was 0.032 cm”. The drawing is not to scale.

was fabricated on a polyester sheet using a spray-printing
process. The graphite suspension was obtained by adding 15
g of a 3.4% w/w 2-hexadecanone, 0.23% Fc, in chloroform
to 0.5 g of GOx-modified graphite in a small glass vial. In
the case of the cathode, the HRP was substituted to the
GOX. The suspension components were mixed to give a
suspension which could be sprayed through the mesh screen
onto an inert polyester support. First, a suitable size piece of
support sheet was cleaned carefully with ethanol and fixed
to the spray-printing housing. The mixed graphite suspen-
sion was sprayed through the mesh screen producing 10-
electrode template block. After this stage, the dry thin layer
of modified graphite composite was smoothed carefully.
The screen was then removed after yielding the printed
electrode strip. The electrodes were cut off the substrate and
covered with an insulating tape (RS components, Corby,
Northants, UK) to define the working area. Precision of
measurements was estimated using three electrodes taken
from a single set of templates.

2.4. Prototype glucose/oxygen peroxide biofuel cell

A prototype fuel cell was fabricated from glass where the
capacity of the anode and cathode were 20 ml, respectively.
The anode and cathode compartments were separated by a
Nafion 117, perfluorinated membrane 0.02 mm thick. The
overall dimensions of the fuel cell were 6 X 4 X 3 cm. The
anode was a GOX/ferrocene-modified graphite composite
plate with a geometric surface area of 0.032 cm?. The
cathode was a HRP/ferrocene-modified composite plate
with a geometric surface area of 0.032 cm”. The anolyte,

(1 mM D(+) glucose, 0.5 g/l sodium benzoate, 0.1 M
potassium phosphate buffer, pH 7.0) and catholyte (I mM
H,0,, 0.5 g/l sodium benzoate, 0.1 M potassium phosphate,
pH 7.0) were purged with nitrogen for 20 min prior to
operation of the fuel cell and blanketed with nitrogen during
operation. The potential of the anode and cathode were
referenced to a saturated calomel electrode (SCE) located
within the anode and cathode compartments, respectively.
The fuel cell was operated under external loads by placing a
resistor (ranging between 1 () to 5 M()) in series between
the anode and cathode.

3. Results and discussion

The present work reports the innovative production of a
thin, laminar, plate-like enzyme graphite electrode made of
modified graphite impregnated with a solution of a molec-
ular binder and hardened under the action of the progressive
networking subsequent to the organic solvent evaporation.
Spray-printed electrodes have been reported to show differ-
ent electrochemical behavior as compared with conventional
electrodes. This was attributed to increased surface area of
the electrode due to the specific structure of surface-printed
electrodes [20]. Fig. 2(i) shows the cyclic voltammogram of
the GOX-bulk-modified graphite composite electrode in the
absence and in presence of added glucose. With glucose, an
electrocatalytic anodic current was observed (curve b)
implying the effective bioelectrocatalyzed oxidation of
glucose by the biocatalytic enzyme electrode. Fig. 2(ii)
shows the cyclic voltammograms of the HRP-bulk-modified
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Fig. 2. (i) Cyclic voltammograms of (a) GOX/ferrocene-modified
composite electrode and (b) in the presence of added glucose, 10 mM.
(i) Cyclic voltammograms of (a) HRP/ferrocene-modified composite
electrode in background electrolyte and (b) in the presence of hydrogen
peroxide, 8 mM. Background electrolyte: 0.1 M potassium phosphate
buffer, pH 7.0, 20 mM potassium chloride.

graphite composite electrode in the absence of H,O, (curve
a) and in the presence of added H,O, (curve b). The
observed electrocatalytic cathodic current indicates the
effective electrocatalytic cathodic current indicates the
effective electrobiocatalyzed reduction of H,O, by the
biocatalytic enzyme electrode.

The electrocatalyzed reduction of H,O, by the HRP
electrode and the effective electrobiocatalyzed oxidation of
glucose by the GOX electrode permit, in principle, the
design of biofuel cells using H,O, and glucose as the
cathodic and anodic substrates, respectively (Scheme 1).
Hence, the reaction on the anode electrode of the enzymatic
fuel cell is the oxidation of the substrate by enzyme and the
release of electrons at the anode itself. The enzyme glucose
oxidase converts glucose to gluconic acid in the presence of
ferricinium ions. Ferricinium, a redox mediator, readily
captures electrons. Release of the electrons from the reduced
form, ferrocene, becomes easy and fast. The mediator is not
consumed in the reaction. On the cathode electrode, the

Veell

V)
Y

© 108

Eanode Ecathode
Rioad 1
Tcell (variable)
SCE SCE
Anode Cathode
Anolyte Catholyte

Membrane

Scheme 1. Schematic configuration of the biofuel cell employing glucose
and hydrogen peroxide as a fuel and oxidizer, respectively, and GOX- and
HRP-modified graphite composite electrodes as biocatalytic anode and
cathode, respectively.

enzyme peroxidase catalyze the reduction of hydrogen
peroxide to water-oxidizing the heme group of the active
site of the enzyme. The oxidized heme group needs to be
reduced to keep activity and it may be done electrochemi-
cally or by an electron donor species [27]. The electron
donor species, such as ferrocene, is oxidized. Ferricinium
ions produced extract electrons from the electrode. For the
optimization of the biofuel cell element, the potentials of the
enzymes bulk-modified electrodes as a function of the
concentration of the cathodic and anodic substrates were
determined vs. the SCE reference electrode. Fig. 3 shows
the potentials of the GOX electrode at different concen-
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Fig. 3. (a) Potential of the GOX-modified graphite composite electrode as a
function of glucose concentrations. (b) Potential of the HRP-modified
graphite composite electrode as a function of hydrogen peroxide
concentrations.
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Fig. 4. (a) Biofuel cell voltage at different external loads. (b) Current
development by the cell at different external loads. Data record using H,O,,
1 mM, as the substrate solution in the cathodic compartment, and glucose, 1
mM, as the substrate solution in the anodic compartment. The background
electrolyte in both compartments was 0.1 M potassium phosphate buffer pH
7.0.

trations of glucose (curve a) and the potentials of the HRP
electrode at different concentrations of H,O, (curve b). The
potentials of the GOX electrode and of the HRP electrode
become more negative and more positive as the concen-
trations of the glucose and H,O, are elevated, respectively.
The potentials of the electrodes reach saturation at a high
concentration of the substrates. For the specific system, the
saturation potentials of the anode and the cathode are
reached at ca. 0.6 mM of glucose and 0.6 mM of H,0,,
respectively.

The evaluation of the reproducibility of the electrodes
fabrication was based on statistical evaluation of the poten-
tial outputs values vs. SCE at a 0.6 mM concentration of the
substrates. The RDS of the values of the potential outputs of
the electrodes were 3.72% (n=6) and 4.03% (n=6) for the
anode and the cathode, respectively. The enzyme/ferrocene
bulk-modified graphite/SBM composite electrodes display
excellent storage characteristics. Anode and cathode electro-
des were stored under dry conditions at room temperature
for 3 months. After that, they both exhibited a decrease in
the potential output (0.6 mM substrates vs. SCE) of less than
4.0%. In this way, we have satisfactorily overcome the poor
reproducibility and stability that are some of the main
problems inherent in the fabrication biofuel cell electrodes.
The obtained good reproducibility reflect the ability of the
SBM-based electrodes to provide a homogeneous and func-
tional distribution of all electrode components, which leads
to mass producible electrode with a reproducible surface
under controlled conditions.

Taking into account the geometrical electrode area (0.032
cm?), the current generated by the cell at a loading resist-
ance of 100 k() can be translated into the current density,
5.94 A cm 2

The biofuel cell performance was examined at the con-
centration corresponding to 1 mM of each of the two
substrate: fuel and oxidizer. Fig. 4a shows the cell voltage
at variable external loads. The cell voltage increases, and at
an external load of ca. 600 k(), it levels of to a constant
value of ca. 310 mV. Fig. 4b shows the resulting current in
the cell at the variable external loads. Upon increasing the
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Fig. 5. Stability of the biofuel cell voltage operating at the load of 100 k(). Inset (i) represents a schematic diagram of the fuel cell of Scheme 1 to which a
biofuel anolyte and an oxidizer catholyte vessels are attached and, thus, having a structure so that anolyte and catholyte are continuously circulated into the fuel
cell. R1, glucose, 1 mM, anolyte vessel; R2, hydrolyzed corn syrup, 1.75% w/w, vessel; R3, hydrogen peroxide, | mM, catholyte vessel; V1, input three-way
valve; V2, output three-way valve; P, peristaltic pumps; F1, F2, F3, external feeding holes. Background electrolyte: 0.1 M potassium phosphate buffer, pH 7.0.
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external load, the current drops and is almost 100 nA at an
external load of 800 k(). The power extracted from the
biofuel element (P=Vcell X Icell) correspond to 0.15 pW
cm ~ 2 at an external load of 110 k().

While the above biofuel cell is an effective and efficient
fuel cell, its operation is dependent upon maintaining the
anolyte and catholyte solutions in proper chemical balance
or condition and disposing the byproducts of fuel cell
reaction. Fig. 5, scheme (i) diagrammatically illustrates the
system and apparatus for supplying and circulating fresh
electrolytes to and through the cell element. The manner in
which to attain practical, efficient operation of such a cell is
to establish and maintain a continuous flow of fresh anolyte
and catholyte through the cell and to recirculate and to
dispose the used electrolytes.

The stability of the biofuel cell was examined as a
function of time. Fig. 5 shows a long-term dynamic behav-
ior of the cell element when the loading resistance is 100
kQ. The same level of potential output lasted over 15 days.
During the 15 days, pH was controlled and stated at 7.0.
Every 30 h, the glucose and hydrogen peroxide were
controlled by a glucose [28] and hydrogen peroxide [29]
biosensors, and suitable amounts of fuel substance and
oxidizer were fed to the reservoir R1 and R3, respectively,
as one portion, which resulted in the oscillation in the
performance of potential. The circulation rate in this case
was 14 ml min ~'. The voltage decrease by 10.5% after 30 h
of the cell operation. This decrease in the cell performance
could originate from the depletion of the fuel substrate,
interpenetration of the fuel and oxidizer into the respective
counter compartment and the degradation of the biocatalysts
embedded into the electrodes. The decrease in the voltage
output could be compensated by recharging the reservoirs
with the fuel substrate and oxidizer. The biofuel cell dis-
plays good working stability. After 360 h of continuous
work, it exhibited a decrease in the maximum potential
output of 2.32%. On the 15th day, the biofuel reservoir was
changed by switching the V1 three-way valve from R1 to
R2, where there was diluted corn syrup (1.75% in 0.1 M
potassium phosphate buffer pH 7.0) instead of glucose
solution, and the potential output was followed as described
above. In the latter case, the consumed amounts of glucose
were restored by the temporized addition of concentrated
corn syrup. An increase in the potential output was detected
(5.8%). A satisfactory working stability was confirmed.
After 360 h of continuous work, it exhibited a decrease in
the maximum potential output of 2.5%.

4. Conclusions

Fuel cells can produce electricity with a very high
efficiency. They are versatile and can be used between a
wide range of power values and, thus, be sited wherever
electricity is needed. Fuel cell technologies are, therefore,
also strong vectors for increasing the use of renewable

energy sources. The present work explores the feasibility
of a sugar-feed biofuel cell based on SBM technology.

The studied biofuel cell system is a mediator-bound fuel
cell, where the biological part and the electrical part have
been implemented into the same network represented by a
new composite transducer with improved environment
within the transducer body based on SBM of defined
molecular structure. The SBMs are solid at room temper-
ature and have a beneficial effect on the mechanical and
electrochemical properties of the final transducer, thus
securing structural and functional stabilization of the bio-
catalyst. The replacement of classical electrode materials is
important because the presented design offers a number of
further advantages such as simplicity, lower cost, long-term
stability, better mechanical flexibility and possibility of
miniaturization and mass production. In fact, the composite
transducer material can be easily layered (printed) on a wide
variety of surfaces (metals, glass, plastics, etc.), if necessary,
cut with a suitable design and, e.g. layered on to obtain a
battery of several biomodified electrodic elements. In the
practical application and use of this kind of biofuel cell, a
multiplicity or battery of cells (e.g. as a wafer-like setup)
must be provided to generate useful and necessary amounts
of electric power to several micro- or nanodevices such as
artificial muscle transducers, sensomotor systems, neuro-
prostheses, etc.
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Abstract

Horseradish peroxidase (HRP) is a heme protein that acts specifically on H,O, as the electron acceptor. Hemin (Ferriprotoporhyrin-IX) is
the prosthetic group of the enzyme. A direct molecular wire to the redox center of the enzyme is expected to enhance the electrochemical
response of the enzyme. Native HRP was immobilized onto the surface of glassy carbon (GC) matrix using a 16-atom spacer arm. We have
also immobilized the redox center of the enzyme (hemin) through one of the propionate groups onto the surface of glassy carbon matrix using
an 11-atom spacer arm with amino terminus. Apoperoxidase was isolated according to the Teale’s method and was allowed to reconstitute
with the hemin-bound matrix for enzyme reconstitution. The HRP paste and reconstituted-HRP (rec-HRP) paste electrodes were used to
study the electrochemical response to substrate H,O, using electrochemical techniques like cyclic voltammetry (CV) and flow injection (FI)
studies. Flow injection studies using HRP paste electrode showed a linearity from 25 to 200 uM H,0,. The rec-HRP paste showed ~ 100
times increase in the electron transfer rates compared to native HRP paste, and substrate linearity from 25 to 100 uM was observed. © 2002

Elsevier Science B.V. All rights reserved.

Keywords: Enzyme electrodes; Horseradish peroxidase covalent coupling enzyme electrochemistry

1. Introduction

Determination of hydrogen peroxide is of practical
importance (i) in biotechnology and food processing indus-
tries where H,O, is used as a sterilizing and cleaning agent,
(i) in bioanalytical chemistry (oxidase enzyme), where
H,0, is one of the electroactive byproducts released [1,2]
in the reaction and (iii) as an immunoenzyme marker, where
horseradish peroxidase (HRP) is used as a marker enzyme.
HRP (EC: 1.11.1.7) is an important enzyme catalyzing the
oxidation of a number of electron donors through H,O, as
the electron acceptor. The electron donors can be a leuco-
dye, which upon oxidation gives a colored product. The
enzyme, when coupled with an oxidase system or in an
immunoenzyme marker, can be used for various assays with
high specificity. A number of electrochemical sensors for
the determination of the H,O, have been reported in the
literature using either HRP in solution [3] or covalently
immobilized [4] or crosslinked [5,6].

* Tel.: +91-40-30-10-814; fax: +91-40-30-10-120/145.
E-mail address: ckmslrs@uohyd.ernet.in (S. Varma).

Amperometric determination of H,O, using HRP relies
on the principle that the enzyme reduces the peroxide
molecule, thereby getting oxidized to form compound-I:
the oxidized form of the enzyme. This compound-I is two
oxidation state above that of the resting enzyme, the central
metal ion iron gets oxidized to Ferryl (Fe (IV)) state and the
second oxidation equivalent is stored as a porphyrin radical
cation [7]. Compound-I can be represented as [(protein)
(porphyrin) Fe (IV)=0]. A suitable mediator (electron
donor) reduces the compound-I to the resting enzyme Fe
(1IT) state. Most of the sensors recognize the oxidized form
of the mediators at the electrode surface [8]. A number of
peroxide sensors have been reported in the literature [9—14].

In the present paper, we have attempted to increase the
electrochemical response of HRP paste electrode to the
substrate H,O, solution. This was achieved by attaching a
molecular wire to the redox center of the enzyme directly
followed by reconstitution of the enzyme. We have used
cyclic voltammetry (CV) and flow injection (FI) studies
without mediators in order to elucidate the increased
response for the on-line monitoring of H,O,. If suitably
modified, this can be used for immunological studies.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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2. Materials and methods
2.1. Materials

Glassy carbon (GC) Sigradur® G was procured from
HTW (Hotchempatur Werkestoffe Geminewald, Germany).
The GC matrix has highly disordered structure and fracture
pattern kin to that of a glass. Horseradish peroxidase (HRP)
and fumed silica were procured from Sigma (St. Louis, MO,
USA). 1-Ethyl 3-(3-dimethyl aminopropyl) carbodiimide
(EDC) and 1, 6 diaminohexane were obtained from Merck,
Germany. Hemin was obtained from Himedia. All other
chemicals were of AR grade from Qualigens, India.

2.2. Methodology
2.2.1. Immobilization

2.2.1.1. Activation of the matrix. Five hundred milligrams
of GC matrix was heated at 120 °C for 6 h followed by
washing with hot carbon tetrachloride in order to eliminate
the volatile impurities present. The matrix was then heated
with 30 ml of pirhana solution (a mixture of H,SO4/H,0, in
the ratio of 2:1) for 6 h in a hot water bath. This treatment
introduces hydroxyl groups onto the surface of the GC
matrix. The matrix was neutralized with alkali and washed
in 0.1 M saline by spinning the matrix at 10,000 rpm for 10
min at room temperature. This matrix was also used as blank
after drying (for comparison).

Attachment of 16-atom spacer arm. This was done in
three steps:

(a) Carboxymethylation (CM): The activated matrix (250
mg) was incubated with 2% chloroacetic acid (5 ml) in
alkaline medium (2 ml of 6 N NaOH) for 1 h. This step
introduces carboxymethyl groups on the matrix.

(b) Addition of 1, 6 diaminohexane: The CM matrix was
incubated with 5 ml of 1.5 M 1, 6 diaminohexane (pH 4.6):
with EDC as the coupling agent for 4 h at room temperature.
This step introduces 1, 6 diaminohexane to the free car-
boxyl terminus. The matrix at this step is called the amino
matrix.

(c) Attachment of glutaraldehyde: The amino matrix
obtained was treated with 2 ml of 3% glutaraldehyde for 3
h. This introduces glutaraldehyde to the free amino terminus
matrix as a Schiff’s base.

Coupling the HRP. The GC matrix with 16-atom spacer
arm having aldehyde terminus was incubated with 0.5 mg of
HRP (100 U) for 24 h.

i | i
[ GC matrix |—0—CH,—C—NH—(CH,); —N=C—(CH,), —C—H

16-atom spacer arm

Coupling of hemin. Hemin was attached to the amino
matrix using one of the propionate groups present at 6/7

position of the heme. Five hundred micrograms of hemin
was incubated with 100 mg of the amino matrix in the
presence of EDC (40 mg) as the coupling agent at pH 4.6.
Hemin of ~0.07 pg was bound per mg of GC matrix as
determined by specrophotometric assay.

i
[GC matrix |—0—CH, —C—NH—(CH,); —N=CH— CH,—CH,—Hemin

Hemin bound to amino terminus matrix (11-atom spacer arm)

Preparation of apoperoxidase. Apoperoxidase was
prepared using Teale’s method [15] with slight modifica-
tion. Separation of the porphyrin from the apoperoxidase
was done by giving the holoenzyme an acid shock followed
by extracting the prosthetic group into a partially miscible
organic solvent.

One milligram of the native enzyme was suspended in 5
ml of 1 mM Tris adjusted to pH 2 in order to split the
porphyrin from the apoenzyme. This was followed by the
extraction of hemin in 5 ml of cold 2-butanone. These two
phases of liquids are partially miscible with each other, and
hence, two layers could be seen. The upper organic layer
was carefully separated from the lower aqueous layer. The
extraction was repeated twice. The lower protein layer was
suspended in 10 mM Tris (pH 8) followed by dialysis
against 0.1% saline for 10 h at 4 °C. The saline was
changed at least twice.

Reconstitution of the enzyme. 100 mg of hemin-bound
matrix was incubated for 20 h at 4 °C with 400 ug of
apoperoxidase. The excess protein was washed with saline.
The activity of the reconstituted enzyme was checked using
standard activity assay. Approximately 74% of apoperox-
idase could retain its capacity to reconstitute to active
holoenzyme in 1:1 stoichiometric proportions in solution
as seen from the activity assay.

2.2.2. Protein estimation

Lowry’s method of protein estimation was used. A 0.2
mg/ml of standard protein BSA was used to obtain the
standard graph. Alkaline hydrolysis was done in order to
cleave the protein from the matrix and the supernatant
obtained after spinning the matrix was used for estimation.

2.2.3. Activity assay

Activity assay was done using o-dianisidine. It is a
leuco dye capable of existing in two states, reduced (color-
less) and oxidized (colored). In the presence of substrate
H,0,, the enzyme HRP undergoes oxidation to form
compound-I, which is subsequently reduced by the donor
back to the resting enzyme in two steps. The oxidized form
of the donor is colored with maximum absorbance at 500
nm. A calibration curve was obtained using 0.2 U HRP as
the standard. A final concentration of 0.4 mM o-dianisidine
and 0.084 mM H,O, was used in the assay reaction
mixture.
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The enzyme bound matrix was suspended in 10 mM
phosphate buffer (pH 7) followed by the addition of o-
dianisidine and H,O,. After incubation for 5 min, the matrix
was spun at 6000 rpm for 2 min. The supernatant obtained
was used for optical density measurement.

2.2.4. Electrode paste preparation

Modified paste electrodes were prepared using fumed
silica as the binder. A combination of 66% matrix (blank/
modified GC matrix), 33% fumed silica and 1% NaCl was
used. Blank paste electrode (BPE), HRP paste, hemin paste
electrode (HPE) and rec-HRP paste electrodes were used in
our study.

2.2.5. Instrumentation

Standard three-electrode configuration was used for all the
electrochemical studies. For FI studies, we have setup a
simple device using a PC-controlled two-way solenoid pinch
valve to control the solution flow, a home-made potentiostat
was used in order to apply the voltage as seen in Fig. 1.
Working electrode was a micropipette tip with enzyme
modified GC paste packed tightly in it. Counter electrode
(Pt wire) and reference electrode (Ag wire) were used. A flow
rate of 2 ml/min under gravity was maintained. H,O, solution
was allowed to flow through an inlet tube (leading into the

Electrochemical Cell
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electrochemical cell) under the control of a two-way solenoid
pinch valve. Supporting electrolyte used in the present study
was 100 mM KCIl. The working electrode was kept at a bias
of +50 mV vs. Ag/AgCl. For both CVand Fl studies, software
in Borland C++ (V 3.1) was written.

3. Results and discussions

From the protein estimation experiments, 2.25 pg and 0.57
ug per mg of matrix were observed for the HRP and rec-HRP,
respectively. From the activity assay 0.0046 U and 0.002 U
per mg of matrix were obtained for HRP and rec-HRP,
respectively. The original activity of the enzyme was 200
U/mg protein. Therefore, 2.25 pg of enzyme is expected to
have ~0.2 U of activity. The observed activity is approx-
imately 100 times lower. For the reconstituted enzyme, the
activity is 200 times lower. The reduced activity may be
attributed to (1) different kinetics of the immobilized enzyme
and (2) loss of activity due to immobilization.

The CV of modified electrodes showed variations in the
peak positions as seen in Figs. 2 and 3. HRP paste electrode
showed quasi-reversible behavior with the oxidation peak at
—50 mV and a reduction peak at —150 mV (figure not
shown). BPE shows no peaks, only the capacitive currents

150 WHz Pentium PC

CWV I FI
W R C Potentiostat
—== Pt wire _
CounterElectrode Manu:aDIrSW1t|:h
Warking (Ptwire) TTL
Electrode
F o1
Outlet L

Referance
| electrode
S (g rodd

Electrachemical Cell
{teflon block)

Waste
3. Solution

9 ,! Inlet |
!_"4\ S%

—

il

g
Solenoid %!m Electrolvle
pinchvalve @&  Solution
Electroactive
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Fig. 1. Block diagram of the instrumentation. Schematic representation of a home-made setup for carrying out flow injection (FI) studies. The principle of
working of FI setup is that upon the opening of the solenoid pinch valve (TTL pulses or manually) for a small interval of 10 s or so, a small plug of the
electroactive solution ~ 300 pl flows into the electrochemical chamber. The working electrode at an optimum bias subsequently detects this plug flowing over
the surface causing an increase in the current. The current decays as the plug moves out of the electrochemical cell into the outlet tube and waste solution flask.
The width of the peak approximately corresponds to the time the H,O, solution was allowed to flow. In the presence of the supporting electrolyte alone, there

are no peaks observed.
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Fig. 2. CV of (a) blank paste electrode. (b) Hemin paste electrode showing
an oxidation peak at —50 and —275 mV.

are seen (Fig. 2(a)). HPE showed an oxidation peak at —50
mV and a reduction peak at —275 mV as seen in Fig. 2(b).
Upon reconstitution with apoperoxidase, an oxidation peak at
+50 mV and a reduction peak at —100 mV were observed as
seen in Fig. 3(a). In the presence of 0.1 mM H,0, , there is
an increase in the reduction peak observed as shown in Fig.
3(b), indicating that there occurs some electron transfer
processes.

The FI response of HRP paste electrode shows a linearity
response from 25 to 200 pM (figure not shown). Fig. 4
shows the FI response of rec-HRP paste. Each peak corre-
sponds to a single injection of ~ 300 pl of sample. Peaks are
sharp and clear. An enhanced current response (~ 100
times) compared to native HRP paste and the response time

50
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Fig. 3. CV of rec-HRP paste electrode (a) in supporting electrolyte alone
and (b) with 0.1 mM H,0,, an increase in the reduction peak at —50 mV is
observed clearly.
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Fig. 4. Main graph shows the flow injection response of rec-HRP paste
electrode at a bias of +50 mV. Each peak corresponds to a sample volume
of ~300 pl. The peaks are very clear and are sharper than the native
enzyme electrode. The current values are ~ 100 times higher than the native
electrode and the response time as calculated from the width of the peak is
~ 10 s. Linearity from 25 to 100 uM in this case was observed as seen in
the inset. (a) Represents the baseline current without the substrate.

of 10 s was observed. Linearity from 25 to 100 pM was
observed as seen in Fig. 4 inset.

HRP (molecular weight ~40 kDa) is an enzyme where
the depth of the redox center is 4.1 A, which is relatively
low when compared to other oxidoreductases such as
glucose oxidase (8.7 ;\) and diaphorase (6.3 ;\). In the
resting enzyme, ferriprotoporphyrin-IX is present, which is
usually found in the periphery of the protein shell. By
nature, the enzyme is built for an efficient transfer/accept-
ance of electrons on contact with the substrate, and hence,
might also directly communicate with the electrode. This
may be the reason for a good response by the native enzyme
itself (graphs not shown) when compared to the other
systems. In spite of this, their rate of electrochemical
reduction/oxidation may vary with their orientation on the
surface of the electrode [16]. The electrochemical response
can thus be increased by either binding to the electrode
surface functions that can interact with the specific region of
the protein so as to facilitate a proper orientation or by
binding the prosthetic group directly to the electrode surface
followed by reconstitution with the apoprotein [8]. There
have been reports on ways in which the sensitivity of the
molecule to H,O, can be improved, for instance, use of
recombinant types (carbohydrate-free) and with six histidine
tags on the C terminus has been reported [17,18].

In order to improve the electron transfer between the
electrode and the enzyme, the redox center of the enzyme
was directly attached to the electrode. Our results from FI
studies support this.
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On-line monitoring of H,O, is very important in several
areas like biotechnology. Thus, the rec-HRP modified pastes
can be used for efficient electron transfer in a suitable
biosensor. The paste electrodes can be easily screen printed
onto a plastic surface and can be used in disposable
biosensor strips.

4. Conclusions

The molecular wiring to the active site of the enzyme is
effective as seen from the electrochemical studies. Higher
currents suggest that lower electrochemical activation
energy is required when compared to the native enzyme
as the redox center is directly bound to the electrode surface
and a direct electron transfer is possible. CV studies clearly
indicate that the redox center is better accessible and there
are lower capacitance currents seen in the case of rec-HRP
electrodes. This is a preliminary study, and better response
of the electrode system can be obtained by either changing
the site where the porphyrin moiety is attached (for instance,
instead of binding through one of the propionate groups,
other groups like vinyl groups on the molecule can be used
after certain modification as both the propionate groups are
very essential for the enzyme activity) or by modulating the
spacer arm, for instance, introducing conjugate double-bond
systems, so that the electron transfer within the chain is
resonance stabilized and hence faster.

We notice here that the effective activity (equivalent to
the soluble enzyme) is approximately 100—200 times less,
when the immobilized enzymes are considered. However,
we note that the current values (in FI experiments) are
approximately 100 times larger for the rec-HRP system.
This suggests that the electron transfer rates may be 10,000
times higher (compared to the enzyme in solution) which is
very significant. The immobilization process and the site are
to be optimized for full realization of the power of this
technique. In this preliminary work, we have conclusively
demonstrated the possibility of the electron transfer through
the spacer arm.
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Abstract

The electropolymerized toluidine blue film deposited on the glassy carbon electrode show amperometrically detectable pH sensitivity.
This feature of polytoluidine blue (PTOB) film was used for a construction of an amperometric urea biosensor. We have observed a linear
shift of the formal redox potential with increasing pH value between 4 and 8 giving the slope of 81 mV* pH ~ ' Polytoluidine blue film has
had a significantly increased stability and higher electrochemical activity compared to the adsorbed monomeric dye. The polytoluidine blue
urea biosensor has been operating at a working potential of — 200 mV vs. SCE. The sensitivity of the biosensor was 980 nA mM ' cm 2.
The biosensor showed linearity in concentration range up to 0.8 mM with the detection limit of 0.02 mM (S/N=3). © 2002 Elsevier Science
B.V. All rights reserved.

Keywords: Amperometric pH sensing; Biosensor; Polytoluidine blue; Urease

1. Introduction

Redox dyes have many applications in a construction of
mediated amperometric biosensors. Phenotiazine redox dye
toluidine blue has been successfully used in a biosensor
construction employing NAD-dependent dehydrogenase
[1-3] and peroxidase [4].

Electropolymerization of the redox dyes is a simple
procedure for the preparation of stable layers on an electrode
surface [5]. Moreover, electropolymerization yields in a
three-dimensional mediator structure, which is more effec-
tive than the mediator adsorbed in a monolayer.

Recently Stred’ansky et al. demonstrated the feasibility
of the use of monomeric methylene blue, lauryl gallate [6]
and hematein or electropolymerized o-phenylenediamine [6]
as a pH-sensitive redox-active compounds for the construc-
tion of a simple amperometric biosensors based on the use
of pH changing enzymes.

Like in the case of monomeric form of redox dyes,
electrochemical properties of polyredox dyes is also
strongly affected by a pH of the environment. The formal

" Corresponding author. Fax: +421-2-52967085.
E-mail address: vostiar@chelin.chtf.stuba.sk (I. Vostiar).

redox potential of polytoluidine blue (PTOB) film is shifted
to the more negative values with increasing pH [7].

The aim of the present work is to investigate a possibility
of the application of the electropolymerized PTOB as a pH-
sensing layer for the amperometric detection of pH changes.
Successively, the PTOB film with immobilized urease has
been applied for the amperometric urea assay.

2. Experimental
2.1. Reagents

Urease (Ur) and dialysis membrane was purchased from
Sigma and toluidine blue (TOB) from Aldrich. All other
reagents were of analytical grade and were supplied by
Lachema (Brno, Czech Republic). Mcllvine buffer solutions
(pH 4.0-8.0) consisted of 0.1 M citric acid and 0.2 M
solution of Na,HPO, containing 0.1 M KCI.

2.2. Apparatus
Biosensor measurements were carried out on Ampero-

metric Detector ADLC2 (Laboratorni pfistroje, Prague,
Czech Republic) using a glassy carbon electrode (GCE)

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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(d=7 mm) as a working electrode and saturated calomel
electrode (SCE) as a reference electrode. Cyclic voltamme-
try was performed using the GCE as a working electrode,
the platinum wire as an auxiliary electrode and the SCE as a
reference one.

2.3. Procedures

GCE was polished on a 0.05-um aluminium powder,
washed with acetone and redistilled water.

The TOB adsorption takes place when the potential was
cyclically swept from — 0.4 to +0.3 V at the sweep rate of
50 mV s~ ' in Mcllvine buffer (pH=4.0) containing 5 mM
TOB for 10 min. The electropolymerization of TOB was
carried out by cyclic voltammetry in a potential range from
—0.6to +1.2V vs. SCE at the sweep rate of 50 mV s ~ ' in
Mcllvine buffer (pH=4.0) containing 5 mM TOB for 10
min. Electrode surfaces were thoroughly rinsed with redis-
tilled water before use.

Stability of the fixation of adsorbed TOB and PTOB on
the electrode surfaces was tested by using of cyclic voltam-
metry in the range from — 0.4 to 0.3 V at the sweep rate of
50 mV s~ ' in Mcllvine buffer (pH=4.0).

For biosensor construction, 10 ml of the stock solution of
Ur in Mcllvine buffer (pH 7.0 180 U ml ~ ") was pipetted on
the PTOB-modified electrode. Water was allowed to evap-
orate and a dialysis membrane (cut-off 12,000 Da) was
applied and on the electrode surface rubbed with an O-ring.

3. Results and discussion
3.1. Electropolymerization of toluidine blue

When the potential was swept in the range between — 0.4
and +0.3 V vs. SCE, a typical electrochemical behaviour of
TOB monomer was observed with well defined cathodic
and anodic peaks at potentials —0.160 and +0.110 V, res-
pectively. After repetitive cycling, no significant changes in
electrochemical behaviour were observed. After application
of the extended potential range from +0.6 to +1.3 V,
changes in electrochemical characteristics with repetitive
cycling appeared. The anodic peak detected at +1.110 V
represents the formation of radical cations of TOB. A
slow disappearing of the cathodic and the anodic current
peaks of TOB monomer was observed. Slow rising of
cathodic current at +0.025 V was ascribed the formation
of the PTOB film. In a coarse of polymerization, a slight
shift of the anodic peak of PTOB to more positive potentials
(+0.135 V) was observed.

3.2. Stability of electropolymerized polytoluidine blue vs.
adsorbed toluidine blue

Stability of adsorbed TOB vs. electropolymerized PTOB
was tested by repetitive scans as it was mentioned in the

Experimental. Stability of the adsorbed TOB on the elec-
trode surface was insufficient for biosensor construction
because of the gradual decrease of electrode response. The
current peaks of TOB at potentials of —0.160 and +0.110
V disappeared fast and after 20 min of repetitive cycling,
only a 20% of initial current response was detected (Fig. 1).
Stability and electrochemical activity of PTOB was much
higher when compared to the adsorbed one. Initial anodic
peak current value in the case of PTOB (57.5 pA) was
significantly higher compared to the anodic peak current
value of TOB (0.75 pA). After 80 min of cycling, current
peaks of PTOB at potentials of +0.025 and +0.135 V
showed almost 80% of initial height (Fig. 1). A relatively
stable current response was observed in the next 24 h of
repetitive cycling in Mcllvine buffer solution (pH=4.0).

3.3. Amperometric pH sensing with polytoluidine blue

A pH change significantly influences formal redox poten-
tial of the PTOB film, which is shifted to more negative po-
tentials with the slope of 81 mv~ pH™'. When the polymer
covered electrode is polarized at a constant potential, the pH
change is accompanied by a detectable current change.

3.4. Urea biosensor based on urease and polytoluidine blue
During urea hydrolysis, urease immobilized on the

PTOB-modified electrode produced a local pH change
resulted in a detectable steady-state electrode response:

(NH,),CO + 2H,0 + H* ¢ oNH; + HCO;
The influence of the working potential on the ampero-

metric urea biosensor response was tested between — 250
and +50 mV. The sensitivity of the biosensor was almost

111 T T T T T T T T T

1,0 ]

09 - .
] - ]

»n 08+ g - S
J —e—_ 5

Relative response
o o o
[5) B e ~
| I |
1

04 - .

o o
N w
L.
1 1

o
-
1
1

N
o
o
-
o
n
o
w
(=]
[43]
o
[=2}
o
~
o
[e:]
o

t [min]

Fig. 1. Stability of adsorbed TOB @ vs. electropolymerized PTOB O.
Modified glassy carbon electrode immersed in a phosphate buffer (pH 4.0)
containing 5 mM of a monomer. Measurement was carried at a scan rate of
50 mV s~ from —0.4 to +0.3 V vs. SCE.
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Fig. 2. A typical calibration curve of urea detection under optimized
conditions.

constant (200—300 nA mM ™' ¢m™?) in a potential range
between +50 and — 50 mV. When the working potential
decreased further, the sensitivity of biosensor rose very
rapidly up to —200 mV. At this potential, the signal was
leveled-off at the maximum sensitivity of 980 nA mM
cm 2. For further work, a working potential of — 200 mV
was chosen. The sensitivity of urea biosensor in a quasi-
linear region was 980 nA mM ' cm ? with the linear
range up to 0.8 mM (Fig. 2) and the detection limit of 0.02
mM (S/N=3). Response time of the biosensor needed to
attain 90% of steady state current was 20—-30 s.

4. Conclusion

It can be concluded that the electropolymerized toluidine
blue is useful for the amperometric detection of a pH
changes. This principle is applicable in the amperometric
urea biosensor construction. The polymeric form of tolui-

dine blue has significantly improved the stability compared
to the use adsorbed one on the surface of the electrode. The
prepared urea biosensor has acceptable analytical character-
istics. Further improvement of the biosensor characteristics
could be expected after a more systematic optimization of a
biosensor construction and operation parameters.
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Abstract

The direct electrochemical oxidation of B-nicotinamide adenine dinucleotide (NADH) at clean electrodes proceeds through a radical
cation intermediate at high overpotentials and is subject to rapid fouling. Consequently, there has been a considerable body of work over the
last 20 years looking at ways in which to catalyse the reaction using a wide variety of different types of modified electrode. These studies
have resulted in a good knowledge of the essential features required for efficient catalysis. In designing modified electrodes for NADH
oxidation, it is not only important to identify suitable redox groups, which can catalyse NADH oxidation and can be attached to the electrode
surface; it is also important to ensure facile charge transport between the immobilised redox sites in order to ensure that, in multilayer
systems, the whole of the redox film contributes to the catalytic oxidation. One way to achieve this is by the use of electronically conducting
polymers such as poly(aniline). © 2002 Elsevier Science B.V. All rights reserved.

Keywords: NADH oxidation; Dehydrogenase; Biosensor; Charge transport; Conducting polymers

1. Introduction

For simple one-electron outer sphere electron-transfer
reactions at electrodes, the choice of metallic electrode
material has only a minor effect upon the rate of the
electron-transfer reaction (see Ref. [1] for a discussion of
the role of the local density of states at the fermi level). In
contrast, for reactions which involve multiple electron
transfers and the associated formation or breaking of
chemical bonds, the choice of electrode material can have
a profound effect on the rate of the electrode reaction. For
example, for the hydrogen evolution reaction, the rate of
the reaction varies by over 10 orders of magnitude depend-
ing on the choice of metallic electrode. These large effects
arise because the electron transfers proceed sequentially,
one electron at a time, and, therefore, the stabilisation of
the one-electron intermediate species, H,qs in the case of
hydrogen evolution, plays a crucial part in determining the
overall reaction rate. The same problem arises in the
electrochemistry of many molecules of biological interest,
such as P-nicotinamide adenine dinucleotide (NADH),

* Corresponding author. Tel.: +44-2380-592373; fax: +44-2380-
593781.
E-mail address: PN.Bartlett@soton.ac.uk (P.N. Bartlett).

ascorbate, dopamine, etc., where the overall electrode
reaction involves the transfer of more than one electron
and the associated formation or breaking of chemical bonds
(often, proton transfer). Some years ago, it was realised that
the deliberate chemical modification of electrode surfaces
offered a useful way to catalyse such electrode reactions
[2—4]. At a chemically modified electrode, the reactant
from solution undergoes oxidation or reduction by chem-
ical reaction with a mediator species immobilised at the
electrode surface. The resulting reduced or oxidised medi-
ator species is then electrochemically reoxidised or
reduced, ready to react with further reactants from the
solution. The key to the success of this strategy is to find
efficient redox mediators together with methods to immo-
bilise them at the electrode surface, which do not limit the
catalytic process.

1.1. Modified electrodes for NADH oxidation

The electrochemical oxidation of NADH presents a
significant, yet important challenge. NADH is the coenzyme
for more than 350 dehydrogenase enzymes and is the
terminal electron donor in the mitochondrial electron trans-
port chain [5,6]. Thus, the electrochemical oxidation of
NADH to NAD™ (a 2e 1H" oxidation) provides a route

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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to the development of a potentially wide range of ampero-
metric enzyme electrodes for many different substrates. In
addition, because a lot is known about NADH and its
reactions in homogeneous solution, it provides an ideal
model system for testing strategies for the rational design of
modified electrodes. A number of reviews of NADH electro-
chemistry have been published describing the different types
of modified electrode that have been studied [7—10].

These modified electrodes for NADH oxidation and their
application in dehydrogenase-dependent amperometric
enzyme electrodes are examples of what Bard and Faulkner
[11] have termed “‘integrated chemical systems”, i.e.,
assemblies of a number of different chemical components,
each specially selected to carry out a particular function, put
together in a well-defined way in order to produce a func-
tional structure. In this case, the chemical components
comprise the mediator group, some means by which to
attach it to the electrode surface, and in the case of the
enzyme electrode, the enzyme itself immobilised in some
way at the electrode surface. This kind of system can also be
used to construct bioelectronic devices as we shall see
below. A variety of methods exists for the assembly of the
different components at the electrode surface including self-
assembly, covalent attachment and electropolymerisation
[4,12], together with techniques for the characterisation of
the resulting structures.

The direct electrochemical oxidation of NADH at
unmodified electrodes only proceeds at high overpotentials
and leads to fouling of the electrode surface. This can be
understood because the one-electron oxidation product,
NADH *', is difficult to form and highly unstable. Studies
of the rate of homogeneous oxidation of NADH by a variety
of molecules, particularly, the works of Miller et al. [13—
18], provide a clear indication of the type of mediator
species that one should look to use in a modified electrode
for NADH oxidation. Fig. 1 is a linear free energy plot of
the rates of oxidation of NADH as a function of the redox
potential of the oxidant for a variety of different types of
oxidant. From the figure, we can see that one-electron
oxidants, such as ferricenium ions, give low rates of
oxidation of NADH for high thermodynamic driving forces.
In other words, these are a poor choice as mediators for
NADH oxidation. The reason for this was demonstrated by
Miller et al. [16,17] in their study where they showed that
the oxidation of NADH by ferricenium ions proceeds via
formation of the unstable NADH " °, just as is the case for
the electrochemical oxidation of NADH at bare metal
electrodes. In contrast, the ortho-and para-quinones and
diaminobenzenes represent a much better choice as mediator
species because they give higher reaction rates for lower
thermodynamic driving forces. The reason for this is that,
for these oxidants, the oxidation of NADH proceeds via
either hydride or hydrogen atom transfer followed by
electron transfer [14]. Clearly, we should look to mediators
of this type as suitable molecules from which to construct
modified electrodes for NADH oxidation. Gorton [8] has

summarised this requirement by pointing out that good
mediators for NADH oxidation should have structures
which allow hydride transfer from NADH to the oxidised
form of the mediator [9] (Fig. 2).

The rate of reaction of the oxidised mediator with NADH
is not the only constraint. It is also essential to arrange for
the subsequent efficient reoxidation of the mediator by the
electrode. Albery and Hillman [19] pointed out that there
were essentially two strategies for the design of modified
electrodes. Either one can go for a monolayer modification
of the electrode or one could use a multilayer-modified
electrode. For the monolayer case, all the mediator mole-
cules are close to the electrode surface and, thus, can be
directly oxidised by the electrode. The disadvantage is that
the number of mediator molecules is limited, typically
around 10 ~ ' mol cm ~ 2. For multilayer-modified electro-
des, this constraint is removed because more mediator
molecules can be incorporated into a layer at the electrode
surface. However, there is a price to be paid. Now, if all the
mediator molecules are to play a catalytic role, it is essential
to ensure rapid charge propagation between the redox
species in the film and easy diffusion of the NADH within
the film so that the catalytic oxidation of NADH can occur
throughout the film. This has not always proved to be easy
to achieve [20—22]. The advantage of using the multilayer-
modified electrode is that the rate constant for the mediator
NADH reaction does not need to be so high in order to
sustain the same current density. Albery and Hillman [19]
calculated that for a monolayer-modified electrode, the
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Fig. 1. Linear free energy plot for the rate of oxidation of NADH by a range
of possible mediators. m: Ferricenium ions; +: ferricyanide; ®: ortho-
quinones; A : ortho-diaminobenzenes; O: para-quinones; A: para-
diaminobenzenes; : aminopyrimidines. The figure is based largely on
data from the works of Miller et al. [13—18].
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Fig. 2. The general mechanism proposed for efficient oxidation of NADH by a mediator.

second-order rate constant for the catalytic reaction needed
to be >10* dm® mol™! s™', whereas for the multilayer-
modified electrode, the corresponding figure was only 10
dm® mol™' s™'. In Fig. 1, the horizontal lines indicate these
rate constant values. It is clear from the figure that the
preferred approach will be the use of a multilayer-modified
electrode since this allows a lower overpotential for the
electrochemical oxidation and, thus, less interference from
other species in solution.

2. Experimental

Experiments were performed using carbon dual micro-
band electrodes ( ~ 10-um-wide electrodes, ~ 20 pum gap
and ~ 4.5 mm long). Full fabrication details for these
electrodes can be found elsewhere [23]. PANI-PVS films
were deposited potentiostatically at +0.9 V vs. SCE across
the gap between the two microband electrodes, from a
solution containing 21.5% poly(vinylsulfonate) (made from
a 25% poly(vinylsulfonate) solution supplied by Aldrich),
1.88 mol dm ~* H,SO, and 0.44 mol dm ~ * aniline (freshly
distilled).

The microelectrochemical transistors were first oxidised
at +0.7 V vs. SCE in a conventional three-electrode
circuit (with the two microband electrodes connected
together) in pH 5 citrate—phosphate solution for 7 min.
This procedure turned the device to the “off” state. The
device was then transferred to a pH 7 citrate—phosphate
buffer solution containing 0.5 M Na,SO, in a thermostated
cell in stirred solution at 25 °C. A drain voltage of +30 mV
was applied between the two microband electrodes and
NADH (97%, Aldrich) was added to the solution to turn the
switch from the “off” to the “on” state. Full details can be
found in Ref. [24]. The resulting drain current flowing
through the polymer was recorded on a chart recorder
(Gould, 60000 series), and the polymer potential was
monitored with respect to SCE using a high-impedance
pH meter (Corning 145).

For the ethanol experiments, the device in the “off” state
was transferred to a 1 mol dm™> Tris—HCI solution con-
taining 30 mmol dm > NAD" (98%, Aldrich) and 2 mg
ml~" yeast alcohol dehydrogenase (Biozyme). Ethanol
(99.86%, BDH) was added to the solution to turn the device

from the “off” to the “on” state. The experiments were
carried out in a thermostated cell in stirred solution at 35 °C.

3. Results and discussion

An approach that we have been investigating in South-
ampton is the use of poly(aniline) films as electrodes for the
oxidation of NADH. The conducting emeraldine form of
poly(aniline) contains para-quinonimine groups which ful-
fill the structural requirements for NADH oxidation, as
shown in Fig. 2. In addition, the poly(aniline) films can be
deposited by electrochemical polymerisation, making them
ideal for use with microelectrodes, microfabricated struc-
tures or electrode arrays. The films are also electronically
conducting, ensuring rapid propagation of charge through-
out the film. The electronic conductivity of the film can be
utilised in the construction of bioelectronic devices [25].
One problem, which must be overcome in using poly(ani-
line), is to ensure that the polymer remains conducting at
neutral pH. The conducting emeraldine form of poly(ani-
line) that we wish to use to oxidise NADH usually
deprotonates at about pH 5, forming the insulating emer-
aldine base [26]. We and others have shown that the pK, of
the emeraldine form can be shifted to pH 7 or 8 by
incorporation into the polymer of polymeric counter anions,
such as poly(vinylsulfonate) or poly(acrylate), in place of
the small anions, such as chloride or bisulfate, which are
more usually employed [26—31]. This is because for the
small anions, deprotonation of the emeraldine state occurs
with loss of both the proton and the anion from the film. In
contrast, for the poly(aniline)—poly(anion) composite films,
deprotonation can only occur if the loss of the proton is
coupled to ingress of another cation into the film because
the poly(anion) itself is trapped within the film.

Our experiments have shown that poly(aniline) — poly
(anion) composite films are efficient catalysts for the elec-
trochemical oxidation of NADH at potentials around 50 mV
vs. SCE and that the reaction occurs through the formation
of'a complex between the NADH and the polymer, followed
by the oxidation of the NADH [28-31]. We have also
shown that these films can be used to construct micro-
electrochemical transistors, or switches, which respond to
NADH by measuring the change in the conductivity of the
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Fig. 3. Responses of a set of poly(aniline)—poly(vinylsulfonate) microelectrochemical transistors to the addition of 4 mM NADH. All measurements were
made in 0.1 M phosphate buffer (pH 7) containing 0.5 M Na,SO, at 20 °C. The applied drain voltage was 30 mV. The poly(aniline)—poly(vinylsulfonate) films
were deposited across the gaps ( ~ 20 um) between pairs of screen-printed microband electrodes (10 pm wide by 4.5 mm long by passing different amount of

charge as shown in the inset key).

polymer film when it is reduced by NADH from the
insulating, pernigraniline form to the conducting, emeral-
dine form [24]. Our recent work has concentrated on using
these poly(aniline) composite films as electrodes in ampero-
metric enzyme electrodes and in enzyme-based microelec-
trochemical enzyme transistors. For example, we have
investigated the immobilisation of modified forms of lactate
dehydrogenase from Bacillius stearothermophilus onto
poly(aniline)—poly(anion) composite films as part of the

10

next stage in developing integrated chemical systems and
bioelectronic devices based on NADH-dependent dehydro-
genase enzymes [32—-35].

We have also extended our studies of the applications of
these films in microelectrochemical enzyme transistors. Fig.
3 shows results for a set of poly(aniline)—poly(vinylsulfo-
nate) composite films deposited across 20-um gaps between
screen-printed carbon microband electrodes. At time zero,
before any NADH is added, the films are insulating so that the

/nA

ldrain

- 0.20
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Fig. 4. Response of a poly(aniline)—poly(vinylsulfonate) microelectrochemical transistor to the addition of 0.1 M ethanol in 1 M Tris—HCI buffer (pH 7.1)
containing 2 mg ml~" of yeast alcohol dehydrogenase and 30 mM NAD" at 35 °C. The applied drain voltage was 30 mV and the polymer film deposition
charge was 1 mC. The figure also shows the open circuit potential of the film, Epanipys, measured at the same time as the drain current.
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drain current, igni, (i.e., the current flowing through the
poly(aniline) film between the two carbon microband electro-
des) is very small (<100 nA corresponding to a device
resistance of >3 M(2). Upon addition of NADH, the poly-
(aniline) is converted to its conducting form and the drain
current increases eventually reaching a constant, plateau
value. From the figure, we can clearly see the effect of
changing the amount of poly(aniline) deposited, as judged
by the charge passed to deposit the film. For thin films, the
plateau current increases with film thickness. This is
because the conductivity of the poly(aniline) film limits
the maximum drain current under these circumstances. For
thicker films, the plateau currents are no longer dependent
on the amount of poly(aniline) and the device resistance
reaches around 3 k(), a value determined by the resistance
of the carbon microband electrodes rather than the poly(ani-
line) film itself. We can also see from Fig. 3 that for thicker
films, the time taken for the device to switch from its
insulating, “off”, state to its conducting, “on”, state gets
longer as the film thickness increases. This is because more
NADH must react at the thicker film in order to reduce it to
the conducting state than is required for the thinner film.
Thus, there is an optimum film thickness in order to obtain a
response, which is both large and rapid. For this device, it
corresponds to a deposition change of about 1 mC.

Devices of this type can also be made to respond to an
enzyme substrate by using the appropriate NADH-depend-
ent dehydrogenase enzyme. Fig. 4 shows an example for the
detection of ethanol using yeast alcohol dehydrogenase as
the enzyme and a poly(aniline)—poly(vinylsulfonate)-coated
microelectrochemical transistor to detect the NADH gener-
ated by the enzyme-catalysed reaction. Again, the device
switches from “off™ to “on”, this time, upon the addition of
ethanol to the solution. The figure also shows the potential
of the poly(aniline) film measured against an SCE reference
electrode as the switching occurs. The potential of the film
starts off at around 0.18 V where the film is in its insulating
form and falls, as the reaction proceeds and the device
switches on, to around 0.0 V, thus directly confirming that
the measured change in drain current is due to a change in
the redox state of the poly(aniline) film and not a local
change in pH.

4. Conclusions

Poly(aniline)—poly(anion) composite films can be used
for the electrochemical oxidation of NADH at around 50 mV
vs. SCE and pH 7. Because the films are electrochemically
formed and are electronically conducting in their emeraldine
state, these composite films are well suited for use with
microelectrodes and arrays of electrodes and can be used to
fabricate bioelectrochemical devices such as microelectro-
chemical transistors. Future directions for research will
include the development of methods to immobilise dehydro-
genase enzymes on these surfaces to produce integrated

devices incorporating the mediator sites, the enzyme and
possibly, immobilised derivatives of NADH, with a view to
utilising these structures as amperometric biosensors, as
bioelectronic devices and in biofuel cells.
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Abstract

We propose a novel approach, which allows the control of the spatial arrangement of redox mediator, coenzyme and enzyme on the
electrode at a molecular level, using essentially electrostatic interactions. The first step consists of adsorbing a monolayer of molecules out of
a new family of redox mediators, substituted nitrofluorenones. In a second step, a monolayer of calcium cations is immobilized at the
interface. It serves as a bridge between the redox mediator and the subsequently adsorbed coenzyme. The weak interaction between a
carboxyl group of the redox mediator and the coenzyme’s phosphate groups, revealed by QCM measurements, allows the coenzyme to keep
its natural activity in the adsorbed state. In the last step, we use the intrinsic affinity of this monolayer of NAD" for dehydrogenases to build
up a supramolecular sandwich composed of mediator/Ca®" /NAD" /dehydrogenase. This simple modification procedure, which might
constitute a versatile approach for the low cost assembly of well-defined biosensors surfaces, has been successfully applied to the enzymatic
detection of glucose, glutamate and alcohol. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Modified electrodes; Nitrofluorenones; Electrocatalysis; Self-assembled monolayers; Biosensors

1. Introduction

There continues to be a great deal of interest in devel-
oping new biosensors based on NADH dependent enzymes.
The performance of such biosensors depends on the pres-
ervation of the activity of the enzymes employed. Many
efforts have been performed to fix NADH dependent
enzymes at the electrode/electrolyte interface but often
severe drawbacks like partial enzyme deactivation are
observed [1]. We previously described [2,3] a novel
approach to build dehydrogenase biosensors, which allows
to control the spatial arrangement of redox mediator, coen-
zyme and enzymes on the electrode surface at the molecular
level, essentially using electrostatic interactions. This pro-
cedure follows a layer-by-layer strategy that has been also
employed by other groups in a similar context but using
different ingredients [4—6]. The steps in the construction of
our supramolecular sandwich use a calcium bridge between
redox mediator and the NAD"/NADH phosphate groups as
well as the natural affinity of dehydrogenase enzymes for

* Corresponding author. Tel.: +33-5-56-84-65-73; fax: +33-5-56-84-
27-17.
E-mail address: kuhn@enscpb.u-bordeaux.fr (A. Kuhn).

NAD™" [7]. To better understand these interactions at a
molecular level, we propose an investigation by quartz
crystal microbalance (QCM) measurements. Then, we will
finally apply this supramolecular sandwich to the detection
of glucose.

2. Experimental
2.1. Materials

TRIS, calcium chloride dihydrate and glucose, were
purchased from Merck and Sigma, respectively, and used
as received. Glucose solutions were left 12 h for equilibra-
tion before use. TRIS buffer was prepared by dissolving the
adequate amount of compound and adjusting to pH 8 by
addition of HCI.

NAD" was obtained from Sigma with 99% purity.
Glucose dehydrogenase from bacillus megaterium (Sigma)
had an activity of 50—150 units per milligram.

Solutions were prepared from ultra pure water that had
been passed through a purification train (Milli-Q Plus 185,
Millipore).

4-Carboxy-2,5,7-trinitro-9-fluorenone was synthesized as
described in the literature [8].

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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4-Carboxy-2,5,7-trinitro-9-fluorenylidene-malononitrile
has been synthesized by refluxing 0.03 mol 2,5,7-trinitro-9-
fluorenone-4-carboxylic acid, 0.06 mol of malonitrile and
freshly distilled piperidine, in dry methanol overnight (69%
yield). The purity and structure of the final compound has
been checked by NMR, IR and thin layer chromatography.

2.2. Apparatus

Cyclic voltammetry (CV) experiments were carried out
in a conventional one compartment cell with an Autolab
PGSTAT 10 potentiostat at ambient temperature (20 + 2 °C)
in a solution that had been bubbled with nitrogen for at least
15 min. Commercial glassy carbon electrodes with 3 mm
diameter were used (Bioanalytical Systems, BAS). Poten-
tials were measured with respect to a commercial Ag/AgCl
reference electrode (BAS) and the counter electrode was a
platinum wire. If not otherwise mentioned, scans were
started at the positive end of the potential range for studying
the adsorbed mediator and at the negative end of the
potential range for catalysis experiments.

Simultaneous CV and microgravimetric measurements
were carried out with a PGSTAT 10 (Autolab) potentiostat
using GPES 4.5 software and an electrochemical quartz
crystal microbalance, EQCM 5510 commercialised by the
Institute of Physical Chemistry (Polish Academy of Sciences,
Warsaw). The 14 mm diameter, gold covered and AT cut
quartz crystals (5 MHz) were obtained from Omig (Warsaw,
Poland). The sensitivity of the mass measurements, calcu-
lated from the Sauerbrey equation via silver electrodeposi-
tion, was 1 ng Hz~'. Each experiment was performed with a
new crystal.

2.3. Procedures

2.3.1. Preparation of a mediator monolayer on glassy
carbon

A monolayer of 4-Carboxy-2,5,7-trinitro-9-fluorenone
was adsorbed on glassy carbon by the following procedure.
After polishing the electrode with 0.05 um Al,O; powder
(Buehler) and sonicating it in ultrapure water for 1 min, the
catalyst precursor layer is obtained by dipping the electrode
for 10 min in a 0.5 mM solution of the nitro-compound in
THF. Afterwards, the glassy carbon electrode is rinsed with
ultrapure water. This leaves a thin layer of the organic
molecule at the interface because THF, which is miscible
with water, diffuses into the aqueous phase. Subsequently, the
electrode is dipped into the aqueous supporting electrolyte
and the catalyst is activated by transforming two of the three
nitro groups into hydroxylamine by choosing the adequate
negative potential during the first scan [9]. The transforma-
tion of only two out of the three nitro groups has been shown
to be the optimal strategy in terms of catalytic activity [10].
Surface coverages for the modified electrodes were deter-
mined by integration of the voltammetric wave and using the
geometric area of the electrode.

2.3.2. Preparation of the enzyme modified electrode on
glassy carbon electrodes

The monolayer of mediator is fixed as explained above.
In a second step, the free carboxyl substituent of the surface
confined molecules is complexed by dipping the electrode
in a solution containing 400 mM CaCl, for 10 min. After
rinsing in supporting electrolyte, the electrode is immersed
for another 10 min in a solution with 5 mM NAD". As a
consequence, the calcium ions already bound to the medi-
ator will interact with the phosphate groups of the coenzyme
and in this way a layer of NAD" is attached to the surface.
Then, we use the natural affinity of GDH for NAD" to bind
the dehydrogenase to the surface. The mediator/Ca®"/
NAD" modified electrode is dipped for 10 min in a buffer
solution containing 100 units GDH/ml. The enzyme is now
bound to the coenzyme and this complex is attached via the
calcium bridge to the immobilized mediator.

2.3.3. OCM measurements

Prior to each experiment, the gold electrode was cycled
between +1 and — 0.4 V in 0.5 M H,SO, until a reprodu-
cible cyclic voltammogramm, characteristic for a clean gold
electrode was obtained.

Once cleaned, the modification procedure as described
for glassy carbon was used. [9-11].

3. Results and discussion

The cyclic voltammogram in Fig. 1 shows a gold elec-
trode modified with a monolayer of (4-carboxy-2,5,7-trini-

E/V

Fig. 1. Cyclic voltammogram of a gold electrode modified with a mono-
layer of (4-carboxy 2,5,7-trinitro-9-fluorenylidene-malononitrile) (see inset)
when two nitro groups are transformed into hydroxylamine [9—11].
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tro-9-fluorenylidene-malononitrile) when two of the three
nitro groups are transformed into hydroxylamine. The
involved NO/NHOH couples at —93 mV are subject to a
2¢ /2 H" redox process and the obtained monolayer is
fairly stable [9,11]. Therefore, it is a good candidate for the
catalysis of a two-electron process like the oxidation of
NADH. We use the carboxylic group in position 4 to build a
well-defined supramolecular sandwich coenzyme/mediator
via a Ca*" bridge. To check the formation of the adsorbed
layers, we performed QCM measurements. Fig. 2A shows
the frequency changes of the gold crystal modified as in Fig.
1 as a function of time when adding sequentially Ca®*,
NAD" and glucose dehydrogenase. Electrostatic adsorption

350
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Fig. 2. Quartz crystal microbalance measurements at open circuit versus
time. Gold quartz crystal modified as in Fig. 1. (A) Successive addition of
40 mM calcium cations, 1 mM NAD" and 100 U/ml glucose dehydrogenase.
(B) Successive addition of I mM NAD", 100 U/ml glucose dehydrogenase
and 40 mM calcium cations.

of calcium cations, coenzyme and enzyme on the layer are
shown by the large negative frequency shifts observed by
QCM. The adsorption of every component leads to approx-
imately one monolayer compared to theoretical values. The
loading of glucose dehydrogenase (GDH) is found to be
1.9 X 10~ ' mol cm ~ 2 and is close to that calculated for
a closed packed monolayer (1.15 X 107" mol cm™?),
based on the known dimensions of the enzyme
(6.67 X 12.08 X 11,96) nm [12]. As can be seen in Fig.
2B, when Ca®" is omitted during the first step, there is no
direct adsorption of coenzyme on the electrode surface.
Also, there is no unspecific adsorption of enzyme on the
mediator modified electrode. This result is not surprising in
the sense that the carboxyl groups of the mediator are
deprotonated at pH 8 and therefore the surface is covered
with a negatively charged layer. This prevents the negatively
charged phosphate groups of NAD" to approach the surface
and furthermore there is also a repulsive electrostatic inter-
action with the enzyme that globally has a negative surface
charge. However, upon addition of Ca®" to the solution in
the last step, an important frequency decrease is observed
because the cation now serves as a linker between the
negatively charged units and attaches the coenzyme and
the enzyme to the surface. This frequency change is roughly
equal to the sum of the three frequency shifts measured in
Fig. 2A, indicating that in the presence of calcium all three
components of the multilayer finally undergo an ionic self-
assembly, ordering them in the right way. In a control
experiment, we were able to show that when adding first
Ca®" and then the dehydrogenase no adsorption of the
enzyme occurs either. Only after addition of NAD" one
finally ends up again with an increase in mass. These
experiments show that the presence of calcium cations is a
necessary but not sufficient condition to observe the assem-
bly of the multilayer. All the ingredients have a well-defined
structural function in the molecular sandwich and are there-
fore indispensable for its successful construction.

Fig. 3 illustrates the resulting catalytic activity of the
four-layer modified electrode. Cycling in pure supporting
electrolyte gives the background signal of the redox medi-
ator/Ca®>* /NAD" /GDH assembly (thin line). After addition
of 0.5 mM glucose an increase of the oxidation current at
the formal potential of the redox mediator is observed (thick
line). This indicates that even with only a monolayer of
glucose dehydrogenase we are able to detect glucose at a
very interesting potential and with a sensitivity of approx-
imately 0.2 pA mM ' cm 2. This value is quite competitive
with results known from the literature for other electrode
configurations like carbon paste systems [1]. The main
intrinsic drawback of the present modification scheme is
the limited stability of the assembly. On the one hand when
using only non-covalent interactions, it is evident that all
components can diffuse back into solution when the elec-
trode is exposed to pure supporting electrolyte. On the other
hand, these weak interactions were deliberately chosen in
order to leave the enzyme and coenzyme in an environment
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Fig. 3. Detection of glucose with a glassy carbon electrode modified with a
(4-carboxy-2,5,7-trinitro-9-fluorenone)/Ca®" /NAD" /GDH multilayer. The
immobilized glucose dehydrogenase is able to convert glucose, resulting in
an electrochemical signal. Background current of the modified electrode
without glucose (thin line), and with 3.5 mM glucose (thick line).

that is as close as possible to their natural one, so that no or
almost no denaturation occurs. In order to circumvent the
stability problem, we are testing at the moment electrodes
that not only are modified with the mediator/Ca*>" /NAD"/
dehydrogenase multilayer but also have a fifth layer of a
polyelectrolyte on their surface. This last layer seems to
prevent rediffusion of the different ingredients and a stable
response could be obtained using rotating disk electrode
measurements.

4. Conclusion

Calcium cations induce complexing between the carbox-
ylic group of the redox mediator and the coenzyme’s
phosphate groups. This interaction, revealed by QCM
measurements, allows the coenzyme to keep its natural
activity and specificity during the immobilization procedure.
Using the natural affinity of this monolayer of NAD" for
dehydrogenases, we can build a well-defined supramolecu-
lar sandwich (mediator/Ca*" /NAD" /dehydrogenase). This
simple modification procedure was successfully applied to

different enzymatic systems such as glucose dehydrogenase,
glutamate dehydrogenase [2] and alcohol dehydrogenase
[3]- It constitutes a versatile approach that, after improve-
ment of the stability by adsorption of a protecting poly-
electrolyte layer, might lead to an inexpensive alternative for
the construction of well-defined biosensor surfaces.
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Abstract

The present study is concerning the construction of ferricyanide-mediated Gluconobacter oxydans cell ethanol biosensor. The size
exclusion effect of a cellulose acetate membrane was used for elimination of glucose interferences during ethanol assays in real samples. A
typical response time of the biosensor was 13 s with a high sensitivity of 3.5 pA mM ~ . The microbial biosensor exhibits a very low
detection limit of 0.85 uM and a wide linear range from 2 to 270 uM. The operational stability was excellent. During 8.5 h of repetitive
ethanol assays, no decrease in the sensor sensitivity was observed. The biosensor was successfully used in the oft-line monitoring of ethanol
fermentation with a good agreement with HPLC measurements (R>=0.998). © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Amperometric biosensor; Gluconobacter oxydans; Ethanol fermentation; Cellulose acetate membrane

1. Introduction

The determination of ethanol is very important for the
bioprocess control in fermentation industry. Biosensors are
very promising for this purpose, providing necessary infor-
mations that allows feedback control. For the construction of
ethanol biosensors mainly two enzymes are used. Alcohol
oxidase is an expensive and unstable enzyme that is able to
oxidise also methanol with oxygen as a co-substrate. NAD-
dependent alcohol dehydrogenase needs soluble cofactor
(NAD) for active site regeneration and the enzyme kinetics
has an unfavourable equilibrium.

The application of PQQ-dependent dehydrogenases
(PQQ =pyrroloquinoline quinone) is exploited to overcome
the disadvantages related to the use of oxidases and NAD-
dependent dehydrogenases [1]. These enzymes contain a

* Corresponding author. Department of Biochemical Technology,
Faculty of Chemical and Food Technology, Slovak University of
Technology, Radlinského 9, SK-812 37 Bratislava, Slovak Republic. Tel.:
+42-175-296-7085; fax: +42-125-296-7085.

E-mail address: chemtkac@savba.sk (J. Tkac).

cofactor (PQQ) that is tightly but not covalently bound to
the holoenzyme molecule. Moreover, the oxidation of
ethanol by PQQ-dependent alcohol dehydrogenase is irre-
versible [2] and the enzyme is unable to oxidise methanol
[3]. The main drawback of PQQ-dependent dehydrogenases
is the low specific activity and stability after enzyme
purification.

Microbial biosensors have several advantages over enzyme
biosensors: the enzyme does not need to be isolated; the
enzymes are usually more stable in their natural cell environ-
ment; and the coenzymes and activators are already present in
the system [4]. On the other hand, microbial biosensors are less
specific compared to the enzyme biosensors.

Recently, a method for the analysis of samples contain-
ing both ethanol and glucose was developed. This system
consists of the non-specific Gluconobacter oxydans sensor,
which detects both glucose and ethanol, and the selective
glucose sensor which detects only glucose. The concen-
tration of ethanol was subtracted from these two signals
[5].

A simplified procedure for determination of ethanol
selectively in the presence of glucose by mediated G. oxy-
dans biosensor using the size exclusion effect of a cellulose
acetate membrane is presented here.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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2. Experimental
2.1. Cultivation of G. oxydans

The strain of G. oxydans CCM 1783 (ATCC 621) was
cultivated using glycerol as a carbon source according to a
procedure described in our study [4]. The cell biomass was
prepared by aerobic cultivation at 28 °C. Then, the cells were
collected by centrifugation after reaching the late exponential
phase and washed twice with 0.9% sodium chloride solution
containing 2 mM CaCl,. The biomass concentration was
expressed as the weight matter determined by drying to a
constant weight at 105 °C.

2.2. Apparatus

Biosensor measurements were carried out on Ampero-
metric Detector ADLC2 (Laboratorni Pfistroje, Prague,
Czech Republic) using a glassy carbon electrode (GCE) as
a working electrode (d=6 mm) and saturated calomel
electrode (SCE) as a reference electrode.

2.3. Procedures

A cellulose acetate membrane was prepared by dissolv-
ing 1 g of cellulose acetate (approximately 40% of acetyl,
Sigma, St. Louis, USA) in a mixture of 55 ml of acetone and
45 ml of cyclohexanone [6].

The glassy carbon electrode was covered with a suspen-
sion of G. oxydans (0.01 mgpw) in Mcllvaine buffer pH 6.0
containing 2 mM CaCl, together with a ferricyanide sol-
ution (10 nmol). After water evaporation, 25 pl of 1%
cellulose acetate solution was spread on the surface of the
modified glassy carbon electrode. The sensor was left at
ambient temperature until solvents evaporation.

Ethanol was assayed by HPLC as a reference method
(Waters, Milford, USA) with a column packed by Ostion
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Fig. 1. Operational stability of the G. oxydans cell-based ethanol biosensor.
Measurement was carried out at 28 °C at a working potential of 300 mV in
Mcllvine buffer pH 6.0 containing 10 mM of ferricyanide and 2 mM CaCl,.
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Fig. 2. The concentration profile of ethanol during the alcoholic fermentation
with immobilised S. cerevisiae. Biosensor assay (@) and reference HPLC
assay (O).

LGKS 0800 in H" cycle (TESSEK, Prague, Czech Repub-
lic) with differential refractometric detection using 1.25 mM
H,SO, as a mobile phase.

2.4. Ethanol fermentation

The distillery strain of Saccharomyces cerevisiae GY2
(Collection of Microorganisms of the Department of Bio-
chemical Technology, Faculty of Chemical and Food Tech-
nology, Bratislava, Slovak republic) was propagated and
immobilised in alginate beads according to the literature [7].
Batch ethanol fermentation was carried out at 30 °C and the
process was monitored for 9 h.

3. Results and discussion
3.1. Optimization of measurement conditions

It is well known that G. oxydans oxidises ethanol very
effectively. To enhance the sensitivity of detection, ferricya-
nide was chosen as a mediator [8]. Furthermore, the
optimization of several parameters affecting sensor response
was done. The effect of a working potential on the sensor
sensitivity was carried out from 20 to 340 mV with an
optimum at 300 mV. The sensor performance was not
affected by pH in the range studied (5.0—7.0). Further,
Mcllvaine buffer pH 6.0 with 2 mM CaCl, was chosen
because this value was optimal for the biosensor with cells
immobilised behind a dialysis membrane.

3.2. The effect of the cellulose acetate membrane on sub-
strates diffusion

It was confirmed that even a cellulose acetate membrane
spread on a G. oxydans layer hampers the diffusion of
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glucose through this membrane, whereas ethanol diffusion
was possible. The ethanol/glucose sensitivity ratio increased
from 9.3 (a dialysis membrane application) to 541.1 when a
cellulose acetate membrane was used. The cellulose acetate
membrane also had an effect on glycerol diffusion when the
ethanol/glycerol sensitivity ratio increased from 183 to 1367
under the same conditions.

3.3. The basic biosensor parameters

The sensor exhibits excellent operational stability when
the signal was stable during 8.5 h of continual operation
(Fig. 1). The sensitivity of the sensor was very high (3.5 pA
mM ~ 1) resulted in a very low detection limit (0.85 pM, S/
N=3) and wide linear range (2—270 pM). The response
time (13 s, 90% of the steady state) was comparable or
better than in the case of enzyme biosensors. However, the
sensitivity of the biosensor towards propanol and butanol
was at the same order of magnitude compared to ethanol,
the biosensor performance was not disturbed by the pres-
ence of methanol.

3.4. Analysis of real samples

The microbial biosensor with enhanced selectivity was
successfully applied in an off-line monitoring of the batch
fermentation with S. cerevisiae, immobilised in alginate
beads (Fig. 2), even in the presence of 200 g/l of glucose
in the initial stage. The results obtained by the biosensor
were in very good agreement with the HPLC measurements
(R*=0.998).
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Abstract

The potentialities of an electrodeposited biotinylated polypyrrole film as an immobilisation matrix for the fabrication of impedimetric
immunosensors are described. Biotinylated antibody (anti-human IgG), used as a model system, was attached to free biotin groups on the
electrogenerated polypyrrole film using avidin as a coupling reagent. This immobilization method allows to obtain a highly reproducible and
stable device. The resulting immunosensor has a linear dynamic range of 10—80 ng ml ~ ' of antigen and a detection limit of 10 pg ml ~ .
Furthermore, this immunosensor exhibited minor loss in response after two regeneration steps. © 2002 Elsevier Science B.V. All rights

reserved.

Keywords: Electropolymerization; Biotinylated polypyrrole; Impedance spectroscopy; Immunosensor

1. Introduction

During the past few years, immunosensors [1] have been
the subject of increasing interest because of their potential
application as an immunoassay tools in several fields such
as clinical diagnostics and environmental control. Owing to
their low cost, small size, possible use in vivo and also their
short response time, these devices can compete seriously
with classical immunoassays. However, the immobilization
of the molecular receptor on the transducer is of key
importance for the control and the improvement of the
performance of such a sensor. On the other hand, in the
last 40 years, considerable attention has been focused on
conducting polymers because of their unusual electronic
properties and their great potential for biomolecules immo-
bilization. Several immobilization procedures [2] were used
to ensure the coupling of immune species onto conducting
polymers, they range from the entrapment within the poly-
mer film to the electrostatic binding.

* Corresponding author. Tel.: +33-4-72-18-62-43; fax: +33-4-78-33-
11-40.
E-mail address: Nicole.Jaffrezic@ec-lyon.fr (N. Jaffrezic-Renault).

In the present study, the immobilization of the antibody
(anti-human IgG) on a bare gold electrode was achieved by
taking advantage of the strong bond formed between avidin
and biotin. In fact, a biotin polypyrrole was electrodeposited
onto gold electrode and used for the immobilization of the
antibody. This immobilization method was already used by
other authors [3] to ensure the attachment of glucose
oxidase to a glassy carbon electrode. The characteristics of
the derivative immunosensor were performed by electro-
chemical impedance spectroscopy.

2. Experimental
2.1. Reagents

The antibody used was a polyclonal anti-human IgG
developed in goat (y-chain specific). Biotin conjugate was
purchased from Sigma. The antigen was a Human IgG
reagent grade, from Serum, purchased from Sigma. Bovine
serum albumin (BSA; Sigma) was used. The biotinylated
pyrrole was synthesized as described in Refs. [4,5].

Measurements were performed in a solution consisting of
a 10 mM phosphate buffer, 2.7 mM potassium chloride and
137 mM sodium chloride. The pH solution at 25 °C was 7.4.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Complex plane impedance plots for a bare gold electrode after different modification steps: O, after electrodeposition of the biotin polypyrrole film; O,

after immobilization of avidin; A, after immobilization of the antibody.

2.2. Electrode preparation

The electrogeneration of the biotinylated polypyrrole
film on cleaned gold electrodes were performed by electro-
oxidation of the monomer (2 mM) at 0.85 V/Ag|Ag"® in
acetonitrile solution containing 0.1 M TBAP (tetrabutylam-

monium perchlorate) as a supporting electrolyte. The spe-
cific binding of avidin to polymer biotin sites was achieved
via the incubation of the subsequent functionalized electro-
des in a 2 mg ml ~ ' avidin solution, for 30 min at 5 °C. The
obtained electrodes were carefully rinsed with PBS, then
incubated in a solution of biotinylated antibody (anti-human
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Fig. 2. Complex plane impedance plots for an antibody modified electrode at a potential of — 1.4 V vs. SCE and A.C. signal of 5 mV, in PBS, O: without
antigen injection; after antigen injection at different concentrations: O, 10 ngml ~'; o, 50 ng ml ~'; v, 100 ng ml ~ .
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Fig. 3. Response curve of the sensor, applied potential — 1.4 V vs. SCE,
frequency 0.04 Hz, 0.01 M PBS (pH 7.2). O: first use; O: after 1st
regeneration; A: after a 2nd regeneration.

IgG) at a concentration of 1 mg ml ~ ' during 12 h at 5 °C.
These electrodes were then thoroughly rinsed with PBS to
remove the weakly adsorbed antibodies.

3. Results and discussion

In order to characterise the behaviour of the sensing layer
and to optimise the procedure for the measurements, impe-
dance measurements have been carried out during the
various steps of the antibody immobilization process (Fig.
1) It appears that the major changes in the impedance
character occurred at low frequency. Therefore, a frequency
of 40 mHz was chosen for concentration-dependent impe-
dance measurements.

As shown in Fig. 2, the second semi-circle diameter in
the Nyquist plot seems to increase with increasing the
antigen concentration, especially at low frequency. In order
to obtain a calibration curve of the sensor we have plotted
the variation of log(|Z|/|Zo|) versus the values of the
antigen concentration at frequency of 0.04 Hz (cf. Fig. 3).
In the above formula, |Z,| is the modulus of the impe-
dance of the antibody-modified electrode before the injec-
tion of antigens and |Z| is that of the subsequent
electrode after each antigen addition. The immunosensor
had a linear dynamic range from 10 to 80 ng ml~ ' and a
detection limit of about 10 pg ml .

In order to split the antibody—antigen complex and to
regenerate the sensor, acidic buffer (pH 2.3) was applied
for 3 min. Then, the electrode was washed with PBS. As
unexpected, the sensitivity of the sensor increased after
the first regeneration, such surprising result was already
found by other authors using classical immunosensing
tests (ELISA) [6]. This phenomena can be due, in part, to
the improvement of the accessibility of the binding sites
of the antibody after a short-time acidic washing.
Whereas, repeated acidic washing of the sensing layer
may reduce the activity of the antibody, which can
explain the decrease of the sensitivity of the sensor after
the second regeneration.

4. Conclusion

Biotin—avidin system has been used to immobilize bio-
tinylated antibodies on gold electrode functionalized by elec-
tropolymerized biotinylated polypyrrole, in order to con-
ceive an impedimetric immunosensor. It appears that the
subsequent specific immune complexes anti-human IgG-—
human IgG can be monitored by impedance spectroscopy.
Thus, the sensor, exhibits a dynamic range 10—90 ng ml ~ '
and a detection limit of 10 pg ml~'. Furthermore, the
regeneration of the sensing layer was successfully reached
using an acidic solution.
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Abstract

The synthetic peptide acetyl-K,-G-L,4-K;-A-amide (P,4) and its analogs have been successfully utilized as models of the hydrophobic
transmembrane a-helical segments of integral membrane proteins. The central polyleucine region of these peptides was designed to form a
maximally stable, very hydrophobic a-helix which will partition strongly into the hydrophobic environment of the lipid bilayer core, while
the dilysine caps were designed to anchor the ends of these peptides to the polar surface of the lipid bilayer and to inhibit the lateral
aggregation of these peptides. Moreover, the normally positively charged N-terminus and the negatively charged C-terminus have both been
blocked in order to provide a symmetrical tetracationic peptide, which will more faithfully mimic the transbilayer region of natural membrane
proteins and preclude favorable electrostatic interactions. In fact, P,4 adopts a very stable a-helical conformation and transbilayer orientation
in lipid model membranes. The results of our recent studies of the interaction of this family of a-helical transmembrane peptides with
phospholipid bilayers are summarized here. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: o-Helical transmembrane peptide; Phospholipid bilayers; Lipid—protein interactions; Hydrophobic mismatch; Phosphatidylcholine; Phosphati-

dylethanolamine

1. Introduction

Lipid—protein interactions are of fundamental impor-
tance for both the structural integrity and for the various
functions of all biological membranes (see Refs. [1,2]). In
particular, the chemical composition and physical properties
of the host lipid bilayer can markedly influence the activity,
thermal stability, and the location and disposition of a large
number of integral membrane proteins in both the model
and biological membrane systems (see Refs. [1-5]). For
these reasons, many studies of the interactions of membrane
proteins with their host lipid bilayers have been carried out
in both biological and reconstituted model membrane sys-
tems, employing a wide range of different physical techni-
ques (see Refs. [6—10]). However, our understanding of the
physical principles underlying lipid—protein interactions
remains incomplete and the molecular mechanisms whereby
the associated lipids actually alter the activity, and presum-
ably also the structure and dynamics, of integral membrane
proteins are largely unknown. One reason for this situation

" Corresponding author. Tel.: +1-780-492-2413; fax: +1-780-492-0095.
E-mail address: rmcelhan@gpu.srv.ualberta.ca (R.N. McElhaney).

is the fact that most transmembrane proteins are relatively
large, multidomain macromolecules of complex and often
unknown three-dimensional structure and topology that can
interact with lipid bilayers in complex, multifaceted ways
(see Refs. [1-10]). To overcome this problem, a number of
workers have designed and synthesized peptide models of
specific regions of natural membrane proteins and have
studied their interactions with model lipid membranes of
defined composition (see Refs. [11,12]). Physical studies of
such relatively tractable model membrane systems have
already significantly advanced our understanding of the
molecular basis of lipid—protein interactions.

The synthetic peptide acetyl-K,-G-L,4-K;-A-amide (P,4)
and its analogs have been successfully utilized as a model of
the hydrophobic transmembrane a-helical segments of inte-
gral membrane proteins (see Refs. [12,13]). These peptides
contain a long sequence of hydrophobic leucine residues
capped at both the N- and C-termini with two positively
charged, relatively polar lysine residues. Moreover, the
normally positively charged N-terminus and the negatively
charged C-terminus have both been blocked in order to
provide a symmetrical tetracationic peptide, which will more
faithfully mimic the transbilayer region of natural membrane

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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proteins. The central polyleucine region of these peptides was
designed to form a maximally stable a-helix which will
partition strongly into the hydrophobic environment of the
lipid bilayer core, while the dilysine caps were designed to
anchor the ends of these peptides to the polar surface of the
lipid bilayer and to inhibit the lateral aggregation of these
peptides. In fact, circular dichroism (CD) [13] and Fourier
transform infrared (FTIR) [14—16] spectroscopic studies of
P,4 have shown that it adopts a very stable a-helical con-
formation both in solution and in lipid bilayers, and X-ray
diffraction [17], fluorescence quenching [18] and FTIR [14—
16], and deuterium nuclear magnetic resonance (*H-NMR)
[19,20] spectroscopic studies have confirmed that P,4 and its
analogs assume a transbilayer orientation with the N- and C-
termini exposed to the aqueous environment and the hydro-
phobic polyleucine core embedded in the hydrocarbon core
of the lipid bilayer when reconstituted with various phospha-
tidylcholines (PCs) [15]. 2H-NMR [21] and electron spin
resonance (ESR) [22] spectroscopic studies have shown that
the rotational diffusion of P,4 about its long axis perpendic-
ular to the membrane plane is rapid in the liquid-crystalline
state of the bilayer and that the closely related peptide acetyl-
K;-Ly4-Ks-amide (L,4) exists at least primarily as a monomer
in the liquid-crystalline PC bilayers, even at relatively high
peptide concentrations.

2. Materials and methods

Detailed descriptions of the material and methods uti-
lized in the studies reviewed below can be found in the

15:0
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references indicated. Briefly, large multilamellar peptide-
containing phospholipid vesicles were prepared by codis-
solving the phospholipid and peptide in methanol at the
required molar ratio and evaporating the solvent under a
stream of nitrogen. After the removal of the traces of
methanol in vacuo overnight, the phospholipid—peptide film
was hydrated by vigorous vortexing with aqueous buffer at a
temperature well above the gel/liquid-crystalline phase
transition temperature of the phospholipid. This procedure
results in a quantitative incorporation of the «-helical
peptides P,y4, Loy, and (LA);, (but not A,y) into the host
phospholipid bilayer in a transmembrane orientation. The
reader is referred to the original publications for details of
the DSC, and the CD, FTIR, NMR, and ESR spectroscopic
techniques, utilized in these studies.

3. Results and discussion

High-sensitivity differential scanning calorimetry (DSC)
and FTIR spectroscopy were used to study the interaction of
a synthetic model transmembrane peptide P,4 and members
of the homologous series of n-saturated PCs [15]. In the low
range of the peptide mole fractions, the DSC thermograms
exhibited by the lipid/peptide mixtures are resolvable into
two components (see Fig. 1). One of these components is
fairly narrow, highly cooperative, and exhibits properties
which are similar to but not identical with those of the pure
lipid. In addition, the fractional contribution of this compo-
nent to the total enthalpy change, the peak transition
temperature, and cooperatively decrease with an increase
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in the peptide concentration, more or less independent of the
acyl chain length. The other component is very broad and
predominates in the high range of peptide concentration.
These two components have been assigned to the chain-
melting phase transitions of populations of the bulk lipid
and peptide-associated lipid, respectively. Moreover, when
the mean hydrophobic thickness of the PC bilayer is less
than the peptide hydrophobic length, the peptide-associated
lipid melts at higher temperatures than the bulk lipid and
vice versa. In addition, the chain-melting enthalpy of the
broad endotherm does not decrease to zero even at high
peptide concentrations, suggesting that this peptide reduces
but does not abolish the cooperative gel/liquid-crystalline
phase transition of the lipids with which it is in contact. Our
DSC results indicate that the width of the phase transition
observed at high peptide concentration is inversely and
discontinuously related to the hydrocarbon chain length
and that gel phase immiscibility occurs when the hydro-
phobic thickness of the bilayer greatly exceeds the hydro-
phobic length of the peptide. The FTIR spectroscopic data
indicate that the peptide forms a very stable a-helix under
all of our experimental conditions but the small distortions
of its a-helical conformation are induced in response to any
mismatch between peptide hydrophobic length and bilayer
hydrophobic thickness (see Fig. 2). These results also
indicate that the peptide alters the conformational disposi-
tion of the acyl chains in contact with it and that the
resultant conformational changes in the lipid hydrocarbon
chains tend to minimize the extent of mismatch of the

peptide hydrophobic length and bilayer hydrophobic thick-
ness.

High-sensitivity DSC and FTIR spectroscopy were also
used to study the interaction of the synthetic o-helical
hydrophobic transmembrane peptide P,;, and members of
a homologous series of n-saturated diacylphosphatidyletha-
nolamines (PEs) [23]. In the lower range of peptide molec-
ular fractions, the DSC endotherms exhibited by the lipid/
peptide mixtures again consist of two components. The
temperature and cooperativity of the sharper, higher-temper-
ature component are very similar to those of the pure PE
bilayers and are almost unaffected by variations in the
peptide/lipid ratio. However, the fractional contribution of
this component to the total enthalpy change decreases with
increases in the peptide concentration, and this component
completely disappears at higher peptide molecular fractions.
The other component, which is less cooperative and occurs
at a lower temperature, predominates at higher peptide
concentrations. These two components of the DSC endo-
therm can be attributed to the chain-melting phase transi-
tions of the peptide-nonassociated and peptide-associated
PE molecules, respectively. Although the temperature at
which the peptide-associated PE molecules melt is progres-
sively decreased by increases in the peptide concentration,
the magnitude of this shift is independent of the length of
the PE hydrocarbon chain. In addition, the width of the
phase transition observed at higher peptide concentrations is
also relatively insensitive to the PE hydrocarbon chain
length, except that peptide gel-phase immiscibility occurs
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in very short- or very long-chain PE bilayers. Moreover, the
enthalpy of the chain-melting transition of the peptide-
associated PE does not decrease to zero even at high peptide
concentrations, suggesting that this peptide does not abolish
the cooperative gel/liquid-crystalline phase transition of the
lipids with which it is in contact. The FTIR spectroscopic
data indicate that the peptide remains in a predominantly o-
helical conformation but that the peptide a-helix is subject
to small distortions coincident with the changes in the
hydrophobic thickness that accompany the chain-melting
phase transition of the PE bilayer. These data also indicate
that the peptide significantly disorders the hydrocarbon
chains of the adjacent PE molecules in both the gel and
liquid-crystalline states relatively independently of the lipid
hydrocarbon chain length. The relative independence of
many aspects of the PE—peptide interactions on the hydro-
phobic thickness of the host bilayer observed in the present
study is in marked contrast to the results of our previous
study of peptide PC model membranes [15], where strong
hydrocarbon chain length-dependent effects were observed.
The differing effects of peptide incorporation on the PE and
PC bilayers are ascribed to the much stronger lipid polar
headgroup interactions in the former system. We postulate
that the primary effect of transmembrane peptide incorpo-
ration into the PE bilayers is the disruption of the relatively
strong electrostatic and hydrogen-bonding interactions at the
bilayer surface and that this effect is sufficiently large to
mask the effect of the hydrophobic mismatch between the
lengths of the hydrophobic core of the peptide and its host
bilayer.

The interactions of the hydrophobic helical transmem-
brane peptide Ac-K,-(LA);,-Ks-amide [(LA);,] with a
series of n-saturated PCs and PEs were also studied by
high-sensitivity DSC and FTIR spectroscopy [24—26]. In
general, the effects of (LA);, on the phospholipid thermo-
tropic phase behavior are similar to those observed with
P»4, except that (LA),, decreases the temperature and
enthalpy of the gel to liquid-crystalline phase transition
of the host phospholipid to a greater extent, indicating a
more substantial reduction in the organization of the gel-
state bilayers. The FTIR spectra of (LA);, in these phos-
pholipid bilayers indicate that this peptide also retains a
predominantly a-helical conformation in both the gel and
liquid-crystalline phases of the short to medium chain
phospholipids studied. However, when incorporated into
the bilayers composed of the longer chain phospholipids,
(LA);, undergoes a reversible conformational change at the
gel/liquid-crystalline phase transition of the mixture. In the
liquid-crystalline phase, the amide I regions of the FTIR
spectra of these mixtures are indicative of a predominantly
a-helical peptide conformation. However, upon freezing of
the lipid hydrocarbon chains, populations of (LA), giving
rise to a sharp conformationally unassigned band near 1665
ecm ' are formed, indicating a greater degree of conforma-
tional flexibility than for P,4. A comparison of the results
of these calorimetric and FTIR spectroscopic studies with

similar studies of a polyleucine-based analogue of (LA);»
suggests that the thermodynamics of the interaction of
hydrophobic transmembrane helices with lipid bilayers
can be influenced by factors such as the polarity and
topology of the helical surface, factors which are dependent
upon the amino acid sequence of the helix. Also, possible
adjustments to a hydrophobic mismatch between the pep-
tide and its host lipid bilayer cover a spectrum of possi-
bilities which can include changes in the degree of
conformational disorder in the lipid chains and/or signifi-
cant conformational changes on the part of the peptide.

We have also studied the conformation amide proton
exchangeability of the model transmembrane peptide acetyl-
K5-A,4-Ky-amide (A,4) and its interaction with phosphati-
dylcholine bilayers by a variety of physical techniques [27].
A combination of the CD and FTIR spectroscopic results
indicate that when dissolved in methanol or deposited from
methanol as a dried film, A,, is predominantly a-helical.
Upon dissolution in aqueous media, rapid H-D exchange of
A, amide protons occurs, indicating that the peptide is
sufficiently conformationally dynamic that all amide pro-
tons are fully exposed to the solvent. Our CD and FTIR
spectroscopic techniques also reveal that A,, exists primar-
ily as a mixture of helical (but probably not a-helical) and
R-sheet structures in aqueous media at room temperature.
Upon heating, A4 converts reversibly primarily to unor-
dered structures in unbuffered water but irreversibly to
antiparallel P-sheet structures in the phosphate-buffered
saline. Our studies also indicate that although A,, exists
primarily as a membrane a-helix when incorporated into
phospholipids in the absence of water, the hydration of that
system results in a quick exchange of all amide protons.
Also, when dispersed with PC in the aqueous media, the
conformation and thermal stability of A,, are not signifi-
cantly altered by the presence of the phospholipid, its phase
state or its gel/liquid-crystalline phase transition. Our DSC
and ESR spectroscopic studies indicate that A,4 has rela-
tively minor effects on the thermodynamic properties of the
lipid hydrocarbon chain-melting phase transition, that it
does not abolish the lipid pretransition, and that its presence
has no significant effect on the orientational order or rates of
motion of the phospholipid hydrocarbon chains. We con-
clude from these results that A,4 has sufficient a-helical
propensity but insufficient hydrophobicity to maintain a
stable transmembrane association with the phospholipid
bilayers in the presence of water. Instead, A,4 exists
primarily as a dynamic mixture of helices, p-sheets and
other conformers and resides mostly in the aqueous phase,
where it interacts weakly with the bilayer surface or the
interfacial regions of phosphatidylcholine bilayers. Thus,
the polyalanine-based peptides are not good models for the
transmembrane o-helical segments of natural membrane
proteins.

We have investigated the effects of the model a-helical
transmembrane peptide L,, on the thermotropic phase
behavior of the aqueous dispersions of 1,2-dielaidoylphos-
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phatidyl-ethanolamine (DEPE) to better understand the
interactions between the lipid bilayers and the membrane-
spanning segments of integral membrane proteins [28]. We
studied, in particular, the effect of L,4, and the three
derivatives thereof on the liquid-crystalline lamellar (L,)—
reversed hexagonal (Hy) phase transition of DEPE model
membranes by DSC and *'P-NMR. We found that the
incorporation of L,, progressively decreases the temper-
ature, enthalpy, and cooperativity of the L,—Hy phase
transition, as well as induces the formation of an inverted
cubic phase, indicating that this transmembrane peptide
promotes the formation of the inverted nonlamellar phases,
despite the fact that the hydrophobic length of this peptide
exceeds the hydrophobic thickness of the host lipid bilayer.
These characteristic effects are not altered by truncation of
the side chains of the terminal lysine residues or by replac-
ing each of the leucine residues at the end of the polyleucine
core of L4 by a tryptophan residue. Thus, the characteristic
effects of these transmembrane peptides on the DEPE
thermotropic phase behavior are independent of their
detailed chemical structure. Importantly, significantly short-
ening the polyleucine core of Ly, results in a smaller
decrease in the L,—Hj; phase transition temperature of the
DEPE matrix into which it is incorporated, and reducing the
thickness of the host phosphatidylethanolamine bilayer
results in a larger reduction in the L,—Hj; phase transition
temperature. These results are not those predicted by the
hydrophobic mismatch considerations or reported in pre-
vious studies of other transmembrane o-helical peptides
containing a core of an alternating sequence of leucine
and alanine residues. We thus conclude that the hydro-
phobicity and conformational flexibility of the transmem-
brane peptides can affect their propensity to induce the
formation of the inverted nonlamellar phases by mecha-
nisms not primarily dependent on the lipid—peptide hydro-
phobic mismatch.

The molecular organization and dynamics have been
investigated in membranes consisting of 1-palmitoyl-2-
oleoyl-L-a-phosphatidylcholine (POPC) and various ratios
of a transmembrane a-helical peptide L,4, in order to gain
insights into how the transmembrane portions of membrane
proteins are mixed with phospholipids and organized in
biological membranes [22]. Particular attention was paid to
membranes with high peptide concentrations. The molecular
organization and dynamics were studied in the ps-to-us
regime using the various spin-labeling techniques. Conven-
tional ESR spectra, as well as the saturation—recovery curves
measured in both the presence and the absence of molecular
oxygen, showed that the PC spin-labels detect the existence
of a single homogeneous environment, indicating that both
L,4 and POPC are undergoing fast translational diffusion in
L,4—POPC membranes of up to 9 mol% peptide. Since 16—
18 molecules of phosphatidylcholine are required to surround
a transmembrane a-helical peptide, L,, must form L,,-rich
regions at the P/L ratio of 1:10 instantaneously. However,
these results suggest that the lipid exchange rates among the

bulk, boundary, and L,4-rich regions are fast, and that the L,,-
rich regions must be forming and dispersing rapidly in a time
scale shorter than 0.1 ps, the conventional ESR spin-label
time scale and the electron spin-lattice relaxation time scale in
the presence of molecular oxygen. Although this does not
exclude the possibility of the formation of small, stable
oligomers of Ly, it is unlikely because L,, lacks the features
that would favor their formation. L,4 increases the hydro-
phobicity of the central part of the POPC membrane from the
level of 1-decanol to that of pure hexane and also increases
the hydrophobicity near the membrane surface from the level
of 2-propanol to that of 1-decanol. The effect of L,4 on the
order parameter profile is similar to that of decreasing the
temperature by ~ 8 °C between 10 and 55 °C. We conclude
that L,, is highly miscible in POPC membranes even at high
concentrations in the phospholipid bilayer.

We have studied the effects of the incorporation of the a-
helical transmembrane peptides (L,4) and (LA);, on the
thermotropic phase behavior of 1,2-dipalmitoyl-d,-sn-glyc-
ero-3-phosphocholine (DPPC-dg4;) and 1-palmitoyl-ds;-2-
oleoyl-sn-glycero-3-phosphocholine (POPC-ds;) lipid
bilayer model membranes by DSC and the conformational
and orientational order of the phospholipid chains by the
FTIR spectroscopy and H-NMR spectroscopy, respectively
[29]. Our DSC and FTIR spectroscopic studies indicate that
the peptides L,4 and (LA);, both decrease the temperature
and enthalpy of the gel/liquid-crystalline phase transition of
the DPPC-dg; bilayers, with (LA);, having the greater effect
in this regard, as reported previously. An examination of the
FTIR spectroscopic frequencies of the CH, and CD, sym-
metric stretching bands of the infrared spectra of the liquid-
crystalline states of the peptide-free and peptide-containing
DPPC-dg4; and POPC-d3; samples, and a comparison with the
orientational order as measured by the “H-NMR spectro-
scopy, as well as with the chain order as measured by the ESR
spectroscopy, lead us to conclude that the CH, (or CD,)
stretching frequencies of the lipid hydrocarbon chains are not
a reliable measure of the chain conformational order in the
lipid bilayers containing significant amounts of peptides or
other lipophilic inclusions. In contrast, the results of our *H-
NMR spectroscopic studies present a consistent picture in
which both L,4 and (LA);, increased in a similar way the
time-averaged orientational order of the lipid chains of their
liquid-crystalline lipid bilayer hosts, although the ordering by
L,,4 in the DPPC bilayers is greater. The comparison of the
effects L,4 and (LA),, on PC bilayers indicates that the gel-
to-liquid-crystalline phase transition appears to be more
sensitive to small changes in the transmembrane peptide
surface topology than is hydrocarbon chain orientational
order in the liquid-crystalline state.

4. Conclusions

Our studies have shown that the simple peptide models
of the transmembrane segments of integral membrane pro-
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teins affect the thermotropic phase behavior and organiza-
tion of the PC and PE bilayers in different ways, and that the
physical properties of these host lipid bilayers, in particular
the hydrophobic mismatch, can also affect the peptide
conformation and state of aggregation. As well, our studies
have shown that the transmembrane peptides must possess a
sufficient hydrophobicity, as well as a-helical propensity, to
form a stable transbilayer complex with a phospholipid
membrane. Future studies will extend this work to other
structural variations in both the polar capping and hydro-
phobic core regions of these transmembrane model peptides.
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Abstract

Both the organization and function of protein nanostructures in membranes are related to the substructural properties of the lipid portion of
the membrane. Potential differences that are established across the membrane and generate electric fields in these very thin portions are
shown to modulate the organizational and functional properties of the protein modules. Many protein modules also have nonisotropic
distributions of charged sites, including configurations in which there are regions containing predominantly positive fixed charges,
juxtaposed with adjacent regions containing predominantly negative fixed charges. In these double fixed charge regions, very large electric
fields can manifest in the ionic depletion layer at the junction of the two fixed charge regions. Consideration is also given to the manner in
which the intense electric fields that are established in protein modules, such as proton ATPases, can modulate the chemical reactions that are
associated with proton transport and dehydration reactions. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Membrane; Electric Field; Bilayer; Water dissociation; Molecular organisation; Fixed charges

1. Introduction

The overall thickness of cell membranes is typically
around 6 nm. In living cells, electric potential differences
are maintained across the membrane between the cytoplas-
mic compartment and the external medium. The membrane
potential (difference) ranges from a modest 10 mV (for
instance, in human erythrocytes) to more than 240 mV (for
instance, in the giant algal cell of Chara corallina). Neuro-
nes typically have a ‘“resting” membrane potential of
around 60—80 mV and this is a value typical of many other
cells (Fig. 1).

The average electric field strength in cell membranes is
therefore of the order of 107 V/m. Furthermore, the
electric field is not expected to be uniform and hence,
the peak field strength is likely to be much greater than
the average. Here, we will explore some of the mecha-
nisms by which such intense electric fields may modulate
the molecular organisation and functional properties of cell
membranes.

" Corresponding author. Tel.: +61-2-9385-4554; fax: +61-2-9385-4484.
E-mail address: h.coster@unsw.edu.au (H.G.L. Coster).

2. Molecular organisation of membranes

Cell membranes, which separate the exterior environ-
ment from the cell interior, contain functional protein
modules imbedded in a bimolecular lipid sheet or bilayer.
The bilayer serves both as an electrical insulating and
diffusion barrier as well as a supporting matrix for the
protein modules [1]. Such membranes similarly delineate
many of the internal organelles of cells.

The measured electrical conductance of a lipid bilayer
membrane is of the order of 1 mS/m? [2—4]. This makes it
an extremely good electrical insulator, despite the fact that
the bilayer has pore “defects”. The bilayer conductance is
also orders of magnitude lower than measured conductances
of cell membranes. The conduction properties of cell mem-
branes therefore arise from embedded protein modules.
Nonetheless, the insulating properties of the supporting lipid
bilayer that derive from the hydrophobic properties of the
lipid molecules, play a very important role in the organ-
isation of these modules and feature strongly in the electrical
characteristics of the cell membrane.

Many of the protein modules are composed of a number
of subunits that span the membrane with transmembrane
subunits connected by flexible strands that remain external
to the membrane. The positioning and axial orientation of

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. An electron micrograph of the cell membrane (of C. corallina). The
membrane is “fixed” by cross-linking using OsO, that also enhances the
contrast. The two electron opaque regions in its OsO, stained structure cor-
responds to the polar, hydrophilic regions of the membrane, while the central
electron-lucent layer corresponds to the nonpolar, hydrophobic region.

the fully functional modules result from a balance between
opposing hydrophobic and hydrophilic forces, between the
aqueous environment, the nonpolar lipid interior of the
membrane and the polar and nonpolar portions of the
subunits.

2.1. Protein aggregation

Membrane proteins have a central nonpolar region that
approximately aligns with the central hydrophobic region of
the lipid bilayer and polar regions that protrude into the
aqueous environments. Any significant mismatch in, for
instance, the dimensions of the nonpolar region of the
protein and the hydrophobic region of the lipid bilayer will
be associated with a substantial hydrophobic interaction
energy. In principle, it is possible to evaluate the interaction
energy for the many proteins for which the structure is now
known. However, an estimate can be readily made from the
total area of hydrophilic—hydrophobic interfaces and
assuming a hydrophobic interaction similar in magnitude
to that of an oil—water interface, which is ~ 50 mJ/m.

The outcome of a mismatch is generally to induce an
aggregation of the protein subunits [5,6]. For example [7],
consider the hypothetical protein subunits shown in Fig. 2.

In this example, the dimensions of the nonpolar region of
the central portion of the protein (dp) is fractionally larger
than that of the nonpolar region of the lipid bilayer mem-
brane (dy,). It is hypothesised that the subunits exist in the
bilayer either separately or in an aggregation of six subunits.
In the hexamer configuration, the flat faces of the subunits
that interact with their neighbours have matching nonpolar
regions. In the monomer configuration, the hydrophobic
parts of these flat faces would be partially exposed to the
aqueous environment; to an extend of (hyg—hy,). This gives

rise to a difference in the interaction energies, E}, for the
two configurations. At equilibrium, the chemical potentials
for the subunits in these two configurations must be equal.
Thus,

kTInXy

:ul,O + leIlX] +Eh = H6,0 + 6

where X and Xy are the mole fractions (concentrations) for
the monomer and hexamer configurations, respectively, and
Uro and peo represent the respective standard chemical
potentials for a subunit in these configurations and includes
all the concentration independent components to the inter-
action energies. Designating Xy as the mole fraction of
subunits locked up as hexamers we have:

kTln(Xs/6)

Xo = 6Xy or wy o+ kTInX + Ey = pgo + 6

E,, can be substantial, even for very small mismatches
between the hydrophobic regions of the protein and bilayer.
For the hypothetical protein shown in Fig. 2, the mismatch
involves an “oil-water” area of 2r(d,—dy,) per subunit,
where r is the radius of the hexamer. For d,=2.1 nm, d;;,=2.0
nm and r=1 nm, E,~ 10~"® mJ (or 0.062 eV or ~ 2.4 units
of kT at room temperature).

Assuming u; g=He 0 and Xs=10° subunits per unit volume
of membrane locked up in hexamers, the Boltzmann dis-
tribution function then yields a concentration ratio for the

. a._np.o.q._._ - S
| gﬁg%ég%%% {é%%&%?
L

polar regions

hydrophobic regions

Fig. 2. A hypothetical protein module made up of six subunits, embedded in
a lipid bilayer membrane. The subunits may either be dispersed as single
subunits or may aggregate as hexamers. The statistical—mechanical equi-
librium distribution of these configurations is determined by the chemical
potentials of the monomer and hexamers (after Ref. [3]).
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subunits (i.e. Xg/X;) of ~2.25%10° indicating that the
mismatch, of only 0.1 nm, results in essentially all the
subunits forming hexamers.

2.2. Electrostriction effects

Although electrostriction effects in solvent-free artificial
bilayers are minimal [8], the extremely high electric field
strengths in a cell membrane may give rise to electrostriction
effects in proteins imbedded in the bilayer and this can have
profound effects on the molecular organisation of the proteins
in these membranes. This may be illustrated by considering
the effect on the protein module and subunits shown in Fig. 3.

Since most of the electric field generated by the mem-
brane potential V appears across the nonpolar part of the
membrane, compression of the proteins due to electro-
striction will also be largely confined to the nonpolar parts
of the protein modules. Take the case where the proteins
have a dielectric constant &, and an uncompressed thick-
ness of the hydrophobic portion of dy. When a field is
applied, the electric stress is balanced by elastic restoring
forces and assuming that the proteins are ideal elastic
materials, this yields [9,10]:

Epéo V2 _ Y/d dx o do
2d2 do X d

where d is the thickness of the nonpolar portion of the
modules or subunits in the presence of the field, Y is the
elastic modulus of the subunits and ¢, is the dielectric
permittivity of free space.

2.3. Effect of membrane potential on protein aggregation

As the membrane potential changes, the electrostriction
effects on embedded proteins may induce the type of
mismatch discussed above that result in strong aggregation
of protein subunits. Alternatively, the effect may result in
nonpolar regions of the proteins becoming more closely
matched dimensionally with those regions of the lipid
bilayer. The latter would cause the subunits to disassociate.
At very high membrane potentials, the electrostriction may
be so severe that the nonpolar regions of the proteins
become smaller than those regions of the bilayer and
aggregation of the subunits would then again be induced.

V=0 V<>0

Fig. 3. Electrostriction of protein modules imbedded in a lipid bilayer
membrane.

Thus, the large electric fields present in cell membranes
and the large changes in those fields that are associated with
membrane phenomena such as action potentials, electro-
genic ion transport, etc., can potentially be a major deter-
minant of protein organisation and function in membranes.

2.4. Fixed charges in proteins

The detailed structure of a number of functional mem-
brane proteins are now available. As expected, these pro-
teins contain fixed charges that arise from the ionization of
basic and acidic amino acids comprising the protein. Such
fixed charges modify the permeation of mobile ions into the
modules that they form in a membrane. The resulting
electro-chemical profiles and space charge effects can con-
trol electrical conduction through the modules and can give
rise to highly nonlinear electrical characteristics.

The ion partitioning into a fixed charge system such as a
membrane protein is not only affected by the fixed charges,
but also by the Born (image) forces [11] that are determined
by the dielectric properties of the protein and the external
aqueous solution. The Born image energies are dependent
on the ionic radius R, charge ez (valency z) as well as the
dielectric constants of the solution (¢;) and protein (¢,) and
is given by:

TR SR

87‘680R & &1
For a potassium ion, the Born energy for partitioning into a
protein with a dielectric constant =10 is ~0.1 eV. For
comparison, the partitioning energy for such an ion into the
interior of a lipid bilayer (e,=2.1) is ~3 eV (or ~ 120 units
of kT at room temperature).

The effect of ion partitioning on the concentration
profiles of mobile ions (hydrated cations and anions
assumed to be of equal radius) permeating a protein module
with no fixed charges is illustrated in Fig. 4a.

On the other hand, if the dielectric effects are ignored
(¢1=¢y), the fixed charges give rise to the usual Donnan
equilibrium which is dominated by the requirement for
macroscopic neutrality. The concentration profiles in this
instance are more like those shown in Fig. 4b for the case
when the fixed charge concentration C,- is much larger than
the ionic concentration of the solution C,, or as in Fig. 4c
for the case when C,-C,. It should be noted that while in
aqueous plant cells, the situation C,-C, is not uncommon
for most isotonic solutions in mammalian tissue C,-~ C,.

When both dielectric and fixed charge effects occur, the
profiles for the mobile ions are likely to be similar to those
shown in Fig. 5. Here, the concentration of those ions with
charge of the same sign as the fixed charges (co-ions) are
depressed in the protein both by the Born energy and the
Donnan effect, while the counter-ions reach values close
(slightly higher than) to the fixed charge concentration.
Note that this also establishes a large lattice potential
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C=C=Co
G=C.=Co

Dielectric effect only

No fixed charges. g >¢,

(a)

(b) Cx->>GCo

-

Fixed charge effect only, (g, =&y
Fixed charge concentration Cx-

(¢) Cx- <<Co

Fig. 4. Modules in contact with aqueous ionic solutions which permeate the system. (a) The effect of the dielectric alone. (b, ¢) The effect of fixed charges
without dielectric effects; (b) the fixed charge concentration, C,-, is much greater than the ionic concentrations, C,, in the external solution and (c) when the
fixed charge concentration is similar or less than the concentration of ions in the external solution.

between the solution and protein matrix given by the
Donnan potential:

kT

1n & W/ (T)
e G

where y = ¢

¥

y is the partition coefficient determined by the Born energy
Ws.

2.5. Double fixed charge modules

An interesting case arises when a transmembrane protein
module contains a negatively charged region in juxtaposi-
tion with a positive fixed charge region. The ionic profiles
are then like those shown in Fig. 6.

At the junction of the positive and negative fixed charge
regions, a layer develops which is largely depleted of both
anions and cations. This is a layer with a large space charge
associated with a large junction potential ¥; (the sum of the
two solution-protein Donnan potentials, ¥, and ¥;). Most
cells maintain sizeable “resting” potentials (¥) which are

idemnsnn e e -

L3
¥
x
-

o+

Fig. 5. Ion profiles in a fixed charge system in which differences in the
dielectric constants also give rise to ion partitioning as a result of the Born
image forces.

normally negative on the cytoplasmic side with respect to
the external solution. This membrane potential results in an
additional bias appearing across the low conductance deple-
tion layer. For the DFCM orientation depicted in Fig. 6,
Gauss’s law yields that the increased bias across the deple-
tion layer will lead to an increase in the width of the central
depletion layer where the space charge is almost equal to the
fixed charge concentration.

2.6. The chemiosmotic theory: vectorial chemistry

The ATPase is a protein module that can utilise the
differences in the chemical potential of protons and the
electrical potential difference (that is, the electrochemical
potential difference for protons) across the membrane, to
drive the synthesis of ATP from ADP and phosphate. This
process requires the transport of protons from one side of
the membrane to the other. In most systems at moderate
pH, the concentration of protons, however, is extremely
low and may limit the reaction kinetics. For instance, the
total number of protons in the lumen of a mitochondrium
at pH 6 is only 10. While the driving force for the ATP
synthesis derives from the difference in the electrochemical
potential of proteins across the inner membrane of the
mitochondria, the kinetics may be limited by the number of
protons locally available and their rate of production from
the dissociation of water.

The structure of the ATPase modules is now becoming
clear and it appears that the F, portion of these modules
contain DFCM regions [12]. The overall scheme is as
shown in Fig. 7.

The depletion layer in the DFCM region in the F, portion
of the module, may play an important role in that this is a
region where extremely large fields are generated [13];
exceeding 10* V/m.

The significance of this is that the dissociation of water is
drastically altered in such electric fields.
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Donnan potential

Lipid bilayer

Junction potential Trans membrane potential

+ Fixed charges
= ionised sites on protein

Fig. 6. Profiles of electric potential in double fixed charge modules (DFCM) in membranes. The fixed charges in each half of the lattice are opposite in sign and
are neutralised by mobile counter ions that permeate the module. The co-ions in each lattice are depressed. At the junction of the two fixed charge regions, a
layer forms, which is largely depleted of mobile ions and which will have a low conductance. A large junction potential will develop across this region as will
an external potential when applied across the membrane. The additional potential will increase the width of the depletion layer for the orientation of the DFCM
and potential shown in this diagram.

The conversion of ADP to ATP involves the following The reaction is driven therefore by the relative chemical
reaction: potentials for the various components in this reaction. Note
that in this scheme, the protons on the external and internal

ADP + POH + 2H{ < ATP + H,0 + 2H;" sides of the membrane are treated as different species. The
equilibrium concentrations of ATP and ADP will depend on

The equilibrium for this reaction is given by: the concentration of the water molecules. The water under-

o goes dissociation according to the scheme:
[ATP] x [H,0] x [H]

K =
[ADP] x [POH] x [H{]? H,0<H" 4+ OH™

Membrane ADP

Fig. 7. A schematic drawing of the ATPase module. The F, portion contains fixed charges that form a DFCM region. This will establish an intense electric field
in the depletion layer in this region. Here, field-enhanced water dissociation might supply “dry” protons that drive the kinetics of the ATP synthesis.
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with an equilibrium constant given by:
K =[H"] x [OH]

If we take the concentration of water molecules in
aqueous phases as approximately constant (~55 molar),
then7 for a neutral solution, K=10~"* with [H']=[OH ]=
1077,

When the electric field is very intense, the equilibrium
constant for the dissociation of water increases dramatically
(Wien dissociation effect [14—16]). Indeed, greatly
enhanced water dissociation has been observed in DFCM
(bipolar) membranes when sufficiently large bias potentials
were applied [17,18]. The current, then also rises very
rapidly with increased bias and the current is then carried
predominantly by protons and hydroxyl ions.

Water dissociation induced by intense electric fields in
the F, portion of the ATPase would have major consequen-
ces because it:

(i) generates larger numbers of protons for the reaction
and

(i1) reduces the concentration of water molecules which
will drive the synthesis reaction kinetics, which is in
essence a dehydration reaction.

3. Conclusion

The presence of thin membranes in living cells, in
conjunction with transmembrane potentials, create large
internal electric fields that have an important role in mem-
brane protein organisation and function. Furthermore, in
membranes containing proteins with fixed charge regions,
the fields create regions where additional field effects occur.
These additional effects may be sufficiently intense to
considerably alter the aqueous chemistry. It may be that
biological evolution has exploited this to its advantage.
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Abstract

The topography of bacteriorhodopsin (bR) in situ was earlier studied by using the tritium bombardment approach [Eur. J. Biochem. 178
(1988) 123]. Now, having the X-ray crystallography data of bR at atom resolution [Proc. Natl. Acad. Sci. 95 (1998) 11673], we estimated the
influence of membrane environment (lipid and protein) on tritium incorporation into amino acid residues forming transmembrane helices. We
have determined the tritium flux attenuation coefficients for residues 10—29 of helix A. They turned out to be low (0.04 +0.02 A~ for
residues adjacent to the lipid matrix, and almost fourfold higher (0.15 + 0.05 Afl) for those oriented to the neighboring transmembrane
helices. We believe that tritium incorporation data could help modeling transmembrane segment arrangement in the membrane. © 2002

Elsevier Science B.V. All rights reserved.

Keywords: Bacteriorhodopsin; Transmembrane helix; Tritium stratigraphy; Attenuation coefficient

1. Introduction

The elucidation of the spatial and functional organization
of biological membranes is one of the most important tasks
in cellular biology. Specifically, membrane proteins repre-
sent extraordinary technical difficulties to the mostly com-
mon used in structural biology methods such as
crystallography, solution and solid-state NMR spectroscopy.

In 1988, the topography of bacteriorhodopsin (bR) in situ
was studied by using the trittum bombardment approach [1].
In essence, in this approach a specially prepared target
maintained at the temperature of liquid nitrogen is exposed
to a beam of thermally activated (2000 K) tritium atoms to
substitute hydrogen for trittum [2]. The action of “hot”
tritium atoms on the rapidly frozen aqueous suspension of
native purple membranes revealed bR segments localized to
the membrane interior and those lain outside or close to
membrane surface. The bombarding resulted in 10-fold
lower incorporation of tritium in transmembrane helices in

" Corresponding author. Tel.: +7-95-939-54-08; fax: +7-95-939-31-81.
E-mail address: ksenofon@belozersky.msu.ru (A.L. Ksenofontov).

comparison with loops. Now, having the X-ray crystallog-
raphy data of bR at atom resolution [3], we address that
work again to analyze the values of tritium incorporation in
the residues of membrane-spanning segments as a function
of their position in the membrane. In this respect, the tritium
bombardment approach as was offered earlier [4] may be
regarded as ““tritium stratigraphy.”

2. Experimental

The coordinate system of the bR trimer (Ref. [3], PDB
accession number 1 BRR) was transformed so that z-axis
was arranged along the membrane normal, and z coordinates
of NZ atoms of Lys 40, 41 and 159, and OD2 atoms of Asp
36, 38, 102 and 104 being in the vicinity of lipid headgroups
became close to zero. Then z coordinates of CA atoms of
each amino acid residue indicated its distance from the
cytoplasmic side of the membrane.

The accessible surface areas of the amino acid residues in
bR trimer were calculated using Whatlf package of pro-
grams for tritium atom effective radius of ~ 0.9 A [5].

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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3. Results and discussion

Bacteriorhodopsin is a membrane protein comprising
seven transmembrane «-helices (named A—G) and extra-
membrane loops. It is organized into trimers in situ (Fig. 1,
inset). The experimental data of the work [1] allowed us to
analyze the values of specific radioactivities of the amino
acid residues forming transmembrane helices A, B, C, F and
G. Here are the results obtained with the most fully
characterized helix A.

Helix A is located at the periphery of the bR protein
complex and is surrounded by lipid matrix as well as protein
helices B and G (Fig. 1). It crosses the membrane at an angle
of 23° to the membrane normal.

We have studied the dependences of ratios of the amino
acid residue-specific radioactivities normalized by the tri-
tium incorporation probability coefficients and the residue
accessible surface areas upon the positioning of the residues
in the membrane using the general formula

(4:i/kiSi) [ (4;/KS)) = exp(—p;(xi — x7)),

where A4;, A; are the specific activities of amino acid residues
i and j (taken from the work [1]); k;, k;— the corresponding
tritium incorporation probability coefficients [6]; S;, S;—the

CYTOPLASMIC

29 VAL

26 TYR
25 LEU

22 LEU

19 LEU
18 ALA

15 LEU

12 TRP

11 ILE
10 TRP

EXTRACELLULAR

Fig. 1. Cartoon and strands representation of the bR fragment spatial
structure (Ref. [3], PDB accession number 1BRR; visualization with the
program Ras Win Molecular Graphics). Helix A sterical surroundings are
lipid molecules and protein helices B and G. The residues adjacent to the
lipid matrix are indicated. Inset: bR trimer viewed along the bilayer normal.
The fragment of the bR monomer including A, B and G helices is in frame.

to lipid

to protein

Fig. 2. Schematic representation of helix A (the butt reamer) indicating
amino acid residues numbers. The residues having the attenuation
coefficients equal to 0.04 + 0.02 A~" are denoted by circles; 0.15 £+ 0.05
A, by diamonds.

residue accessible surface areas; x;, x;— the distances of the
residue CA atoms from the cytoplasmic side of the mem-
brane; p;—the tritium flux attenuation coefficient of ith
residue.

To analyze in detail the influence of environment (lipid
and protein) on trittum incorporation, we have determined
the tritium flux attenuation coefficient y; for amino acid
residues 10—29 of helix A. The residues could be combined
in two groups in accordance with their attenuation coeffi-
cients, and each group turned out to be located on a certain
side of the helical surface (Fig. 2). The attenuation coef-
ficients are low (0.04 + 0.02 ;\*1) for residues positioned in
the vicinity of the lipid matrix. This value is close to that we
have determined earlier for the acylglicerol residue region
of the liposome bilayer [7]. The attenuation coefficients for
another group of residues oriented to the adjacent protein
helices are almost fourfold higher (0.15 £ 0.05 /&7]). Appa-
rently, protein helices shield the neighboring helix surface
from the tritium flux substantially, while the lipid matrix is
almost transparent for hot tritium atoms. It is in accord-
ance with the earlier results: the penetration of hot tritium
atoms into globular proteins does not exceed 5 A [2],
whereas lipid membrane attenuates the trittum flux only
partly [8].

Thus, the values of attenuation coefficients for trans-
membrane helix residues indicate the nature of their sterical
surrounding: if it is a protein or a lipid. Therefore, basing on
the trititum incorporation data about a segment of a trans-
membrane protein, we could suppose about its arrangement
in the membrane.

4. Conclusion

Tritium bombardment data could be used in protein
structure modeling to distinguish the transmembrane helix
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areas oriented to the lipid membrane from those located near
the protein secondary structure elements. Knowledge of the
tritium intramolecular distribution combined with the struc-
tural predictions allows to conclude about the number,
lengths, and also the arrangement of membrane-spanning
a-helices.
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Abstract

Purple membrane (PM) fragments were adsorbed on a dioleoylphosphatidylcholine (DOPC) monolayer and on a mixed alkanethiol/
DOPC bilayer supported by mercury to investigate the kinetics of light-driven proton transport by bacteriorhodopsin (bR). The light-on and
light-off capacitive currents on an alkanethiol/DOPC bilayer at pH 6.4 were interpreted on the basis of a simple equivalent circuit. The pH
dependence of the biphasic decay kinetics of the light-on currents was analyzed to estimate the pK, values for the transitions releasing
protons to, and taking up protons from, the solution. The linear dependence of the stationary light-on current of bR on a DOPC monolayer
self-assembled on mercury upon the applied potential was interpreted on the basis of an equivalent circuit. © 2002 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Bacteriorhodopsin (bR) is a proton pump present in the
purple membrane (PM) isolated from Halobacterium sali-
narium, which pumps protons from the cytoplasmic (CP)
side of the membrane, where the electrochemical potential
of protons is lower, to the extracellular (EC) side, where it is
higher. The energy required to pump protons is provided by
light, which converts the chromophore all-trans retinal,
attached to the amino group of a lysine residue as a
protonated Schiff base, into the /3-cis isomer. This isomer-
ization brings the proton of the Shiff base close to the
carboxyl group of an aspartate residue, starting a cyclic
sequence of conformational transitions and protonation—
deprotonation steps, which cause the translocation of a
proton from the CP to the EC side. PM fragments are
readily adsorbed on thiol/lipid bilayers supported by gold
[1] or mercury [2], as well as on phospholipid monolayers
supported by mercury [3], with the EC side turned prefer-
entially toward the metal. If the PM fragments adsorbed on a
mixed bilayer or a lipid monolayer are illuminated with

" Corresponding author. Tel.: +39-55-275-7540; fax: +39-55-244-102.
E-mail address: guidelli@unifi.it (R. Guidelli).

green light, protons flow from the solution toward the metal
side of the PM. This flux must be compensated for by a flux
of electrons to the metal surface along the external circuit, to
keep the applied potential £ constant. This results in a
negative capacitive light-on current. Interrupting illumina-
tion causes a smaller positive capacitive light-off current.

2. Experimental

The water used was obtained from light mineral water
by distilling it once, and by then distilling the resulting
water from alkaline permanganate. Merck reagent grade
KClI was baked at 500 °C before use to remove any organic
impurities. Inorganic salts were purchased from Merck.
Hexadecanethiol (HDT) from Fluka and dioleoylphosphati-
dylcholine (DOPC) from Lipid Products (South Nutfield,
Surrey, England) were used as received. PM fragments
prepared by the standard protocol were kindly provided
by the Max-Planck-Institut fir Biophysik (Frankfurt/Main).
Measurements at different pH values were carried out with
universal buffer (28.6 mM in KCI, H;BO3;, KH,PO,, Tris
and citric acid) by adjusting the pH with 0.2 M NaOH or
with 0.2 M HCL. All potentials are referred to the AgAgCI(1
M KCI) reference electrode, unless otherwise stated. Self-
assembly, characterization and properties of mixed thiol/

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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lipid bilayers supported by mercury are described elsewhere
[4]. The procedure adopted gives rise to a lipid monolayer
on top of the thiol monolayer, with the polar heads of the
lipid directed toward the solution. The surface area of the
mercury drop was 1.41x102 cm?.

The experimental set-up used in the present measure-
ments is described in Ref. [2], apart from minor differences.
The current generated by illuminating the PM fragments
adsorbed on a lipid-coated hanging mercury drop electrode
was amplified (Current Amplifier, Keithley 428), filtered,
recorded (16-bit analog—digital converter, IOtech ADC488/
85A), visualized (Oscilloscope, Tektronix TDS 340A) and
stored (Power PC G3, Macintosh). Operation of the exper-
imental set-up and data acquisition were carried out under
computer control. To increase the signal to noise ratio,
current vs. time curves were stored upon averaging no less
than 15 current transients.

3. Results and discussion

3.1. DC photoresponse of PM fragments adsorbed on a
HDT/DOPC bilayer supported by mercury

The light-on current of PM fragments adsorbed on a
HDT/DOPC mixed bilayer supported by mercury is
negative over the whole pH range from 2 to 11, while
the light-off current is positive (see Fig. 1). Plots of the
light-on and light-off peak currents against pH exhibit a

40 -

bell-shaped maximum at about pH 6, as shown in the
inset of Fig. 1. The typical shape of the light-on and
light-off currents can be interpreted on the basis of the
equivalent circuit of Fig. 2a. Here, bR is represented as a
current source, and the dependence of the current on time
is expressed a priori as a sum of exponentially decaying
contributions plus a constant contribution b, which rep-
resents the stationary current:

L(t) = z": aexp(—t/t;) + b. (1)

This expression holds strictly for a sequence of n con-
secutive irreversible monomolecular transitions. In particu-
lar, if each transition is much slower than the preceding one,
7; is the time constant for the i-th transition and the
corresponding amplitude, «;, is inversely proportional to
7;. The PM is represented as a current source (the bR), with
in parallel the resistance R,, and the capacitance C,, of the
PM. The mixed bilayer supporting the PM is represented as
a further R,C; mesh in series with the PM. The equivalent
circuit is closed on the external applied potential £. A gate
function is applied to the current source, which activates the
current source at time =0, when the PM is illuminated, and
deactivates it at time =7, when illumination is interrupted.
The resistance R, and capacitance C, of the mixed bilayer,
obtained from impedance spectroscopy measurements, are
equal to ~20 MQ cm? and ~ 0.50 puF cm 2. In view of the
high time constant, R,C, the analysis of the equivalent

v v L)
6 7 8 9 10 11 12

yyi pH
1 L] 771 1 )
0.00 0.02 0.04 0.50 0.52 0.54
t/s

Fig. 1. Light-on and light-off current on a HDT/DOPC bilayer at pH 6.4. Open circles are experimental values, the solid curve is the best fit obtained from the
equivalent circuit of Fig. 2a. For the parameters employed see the text. The inset shows plots of the light-on (squares) and light-off (triangles) peak currents

against pH.
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Fig. 2. (a) Equivalent circuit for PM adsorbed on a HDT/DOPC bilayer; (b)
simplified equivalent circuit for PM adsorbed on a DOPC monolayer.

circuit simplifies, yielding the following expression for the
current [5]:

E Cs

I(t) =
O=r3m tc+a

Tm -
E a; et/
Tm — T

i

T
b= a— et | with
+< i aTm_rl)e ]m

T = (Cp + Cs)Ron. )

For simplicity, in fitting the photocurrent calculated from
this equation to the experimental one at pH 6.4, only one
time constant for the pump current of Eq. (1) was employed,
i.e. 79=7.7 ms. The corresponding amplitude, a;, was
adjusted so as to normalize the calculated photocurrent to
the experimental one. The open circles in Fig. 1 show the
experimental photocurrent on the HDT/DOPC bilayer at
pH 6.4, while the solid curve is the best fit to the photo-
current: it was calculated by setting a;=500 nA cm =,
C,=1.8 pF cm 2, R,,=7.44 KQ cm? and =200 nA/cm>.

The light-on current vs. time curves are satisfactorily
fitted with two exponential terms of Eq. (1), yielding two
pH-dependent time constants, 7, and t,. The plots of the two
rate constants 1/t and 1/t, against pH, shown in Fig. 3, are
bell-shaped, and can be fitted to a sum of Henderson—
Hasselbalch terms:

ki
k=ko+ Z T oMk (3)

It is of interest to examine the limits of validity of this fit-
ting under the present conditions, which provide the pH
dependence of the slower transitions [5]. Each of the terms

in Eq. (3) can be considered to express the forward rate
constant of an irreversible (k+/4)th step downhill with res-
pect to a k-th protonation step in quasi-equilibrium, which
takes place over a pH range where other possible proto-
nation steps are shifted completely toward either the fully
protonated or the fully deprotonated form. The quasi-equi-
librium conditions for the A-th protonation step, under the
assumption that the sum of the concentration [A] of the
protonated form A and that, [B], of the unprotonated one is
a constant (const), is written:

ki r(const — [A])[H] =k [A];

Fer[H']

Al =const—————
[ ] kk7b + kkjf [Hﬂ

= Constm .

Since the (k+h)th step is the rate determining one, all
preceding steps can be approximately regarded as in
quasi-equilibrium. Hence, the concentration [C] of the
reactant for the (k+h)th step is related to the concentration,
[A], of the product of the protonation step through the
product, Hfikh +1 Ki, of the equilibrium constants of all the
pH-independent steps interposed between the k-th and the

6.16+0.13

8.43+0.07
4.43+0.27

4.09+0.10

7]

1234567891011
pH

Fig. 3. Plots of the two rate constants for the light-on current on a HDT/
DOPC bilayer as a function of pH. Upper plot: fast component; lower plot:
slow component. The solid curves are the best fits to a sum of Henderson—
Hasselbalch terms, with the resulting pK, values reported next to the curves.
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(k+h)-th step. The rate of the (k+h)th rate determining step
is therefore given by:

k+h
1
v = ken),r[C] = Ki[A] = const/ ————————.
i:kH+1 1 + 10pH-PK:

Over a different pH range where a different protonation step
is operative, while the others are completely shifted toward
either the protonated or the unprotonated form, analogous
considerations apply. This justifies the use of a fitting with
the expression of Eq. (3).

When applied to the two pH-dependent rate constants for
the light-on current, the fitting yields two practically iden-
tical pairs of pK, values, namely pK,=4.1-4.4 and pK,=
8.3—8.4. The highest rate constant was fitted with a three-
term Henderson—Hasselbalch equation, such that a third
value, pK3=6.16, was obtained. These values can be inter-
preted by considering the bR photocycle. The highest rate
constant attains a maximum value of ~210s™' at pH 7 and
decreases to ~50 s~ at pH 3. It is close to the apparent
time constant for the decay of the O intermediate, as
determined spectroscopically [6]. Based on related data in
the literature, concerning the pH-dependence of photoelec-
tric signals, this component is attributed to the actual rate-
limiting step of the photocycle. The pK; value, 4.1-4.4,
obtained from the fitting of the pH dependence of this rate
constant almost coincides with that, 4.3—4.5, of the proton
release group (PRG) when Asp-85 is present in the proto-
nated form. Such a pH dependence can, therefore, be
explained by considering that, as the pH is decreased
straddling this pK, value, the capability of the PRG to
release a proton to the EC side during the L to M transition

0.00 1
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-0.10 1

-0.151
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-0.20 -

-0.25 4

-0.30

decreases and ultimately vanishes. As pH becomes appreci-
ably less than pK, the proton is released directly by Asp-85
during the O to bR transition, at the end of the cycle, while
the PRG remains constantly protonated. The further pK,
value, pK,=8.3—-8.4, is practically coincident with the pK,
value, 8.1-8.3, of Asp-96 [7]. This further pH dependence
is, therefore, explained by considering that, as pH is
increased straddling this pK, value, the capability of Asp-
96 to transfer a proton to the Schiff base during the M to N
transition decreases, and ultimately vanishes. In fact, at pH
values appreciably higher than pK,, Asp-96 remains con-
stantly in the deprotonated state. The pK; value can be
assigned to the pK, of the PRG during the L to M transition,
when the fast proton release takes place. A pK, value of 6.1
was extracted by Mirsa [8] from the pH dependence of the
area under a microseconds photocurrent component; this
was regarded as the pK, of the PRG in M, in good agree-
ment with the 5.8 value obtained from spectroscopic meas-
urements [9,10].

3.2. DC photoresponse of PM fragments adsorbed on a
DOPC monolayer self-assembled on mercury

The light-on current of PM fragments adsorbed on a
mercury-supported DOPC monolayer attains a stationary
value that first increases linearly from +30 mV vs. AgAgCl1
M KCI, where the stationary current is vanishingly small, up
to about —350 mV, and then decreases toward more
negative potentials, as shown in Fig. 4. The initial increase
in the stationary photocurrent with a negative shift in the
applied potential is explained by the translocation of protons
across the PM fragments being assisted by an electric field

1 ) )
-600 -500 -400

) I ) !
-300 -200 -100 0 100
V/mV

Fig. 4. Plot of the stationary light-on current on a DOPC monolayer as a function of the applied potential £ measured vs. Ag/AgCl(1 M KCI).
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increasingly directed toward the electrode. A rough estimate
of the absolute potential difference across the mercury/water
interphase, apart from the contribution from electron spill-
over assumed to be constant over the potential range of
interest, yields a value of —150£50 mV at —450 mV/SCE
[11]. This points to an absolute potential difference of
~+300 mV for the zero stationary photocurrent on the
DOPC monolayer, which is relatively close to the value,
+250 mV, estimated on natural biomembranes by the
voltage-clamp technique [12]. This is due to the fact that
at potentials positive of —300 mV vs. Ag|AgCl|(1 M KCI),
where the differential capacity, C;, of the lipid monolayer
starts to increase with respect to its flat minimum, the film
becomes disorganized, with the lipid molecules strongly
tilted and, possibly, almost flat on the mercury surface. The
surface dipole potential created by these molecules is there-
fore small, and the PM fragments experience by far the
majority of the whole potential difference across the inter-
face. At potentials negative of ~—300 mV, the DOPC
molecules start to become more organized and to assume
a more vertical orientation, with a resulting decrease in the
differential capacitance, C,, and an increase in the resist-
ance, R, of the lipid monolayer. This causes an increasing
fraction of the potential difference across the interface to
accumulate in the lipid film. As long as a negative shift in
the applied potential, E, improves such an organization of
the lipid monolayer, the potential difference across the PM
becomes less negative, with a resulting decrease in the light-
on stationary current.

The linear dependence of the stationary current upon E,
for E values positive of —300 mV, can be justified on the
basis of the equivalent circuit of Fig. 2b. Here bR is
represented as a voltage source £, in series with a number
n of R,C; branches (1<i<n), which are in parallel with each
other and with a resistance R,. E, is activated at time =0
and deactivated at time =T by a gate function. The PM
consists of the whole branch representing the bR, with in
parallel the resistance, R,,, and the capacitance, C,,, of the
PM, as well as the external applied potential E. For
simplicity, the R;Cs mesh representing the supporting lipid
monolayer will be disregarded. The analysis of this equiv-
alent circuit, summarized in Appendix A, shows that each
R,C; branch contributes to the current, /, an exponentially
decaying term of relaxation time 7;,=R;C; and amplitude
a;=E,/R;, while the resistance R, is responsible for the
stationary current b=FE,/R,. According to this equivalent
circuit, the background current, namely the current that
flows along the external circuit both in the presence and
in the absence of illumination, is given by /,ck=E(1/R,,+1/
R,). In this case, the stationary current, measured with
respect to the background current, amounts to E,/R,, and
is therefore independent of the applied potential E. To
account for the experimental behavior, one must make the
reasonable assumption that, in the absence of illumination,
the applied potential, £, cannot drive the current through the
proton pump because of an adverse conformational state.

With this assumption, the background current equals E/R,,.
Hence, the stationary current, measured with respect the
background current, is now equal to (E+E,)/R, and varies
linearly with E, in accordance with the experiment.
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Appendix A

Node analysis applied to nodes A and B,, with 1 <i<n,
yields the differential equations:

I=Y —+ 24—
>R +Rp 7 (a);
; d[E,G(t,T) — v; . .
% _ C"W with 1<i<n (b), (A1)

where v; is the potential difference across the resistance R; and
G(¢,T) is a gate function. In writing Eq. (A1), use was made of
the equation E=—FE,G(#,T)+v, and account was taken that
dE/dt=0. Eq. (A1-b) is Laplace-transformed by making use
of the relationship L{dG(¢,T)/dt}=[1—exp(—sT)] and by
noting that v{¢=0—)=0. Substituting the expression for
v{(f) resulting from the inverse Laplace transformation into
Eq. (Al-a) yields:

E
+ -2 fort < T,
R,
"\ E ( t ) "\ E ( t— T)
1= Lexp| — — Lexp| —
i—1 Rl P Rlci i—1 1 P RlCl

References

[1] K. Seifert, K. Fendler, E. Bamberg, Charge transport by ion trans-
locating membrane proteins on solid supported membranes, Biophys.
J. 64 (1993) 384—-391.

[2] A. Dolfi, F. Tadini Buoninsegni, G. Aloisi, M.R. Moncelli, Bacterio-
rhodopsin-containing membrane fragments adsorbed on mercury-sup-
ported biomimetic membranes, Electrochem. Commun. 1 (1999)
131-134.





156 A. Dolfi et al. / Bioelectrochemistry 56 (2002) 151-156

[3] R. Guidelli, G. Aloisi, L. Becucci, A. Dolfi, M.R. Moncelli, F. Tadini
Buoninsegni, Bioelectrochemistry at metal water interfaces, J. Elec-
troanal. Chem. 504 (2001) 1-28.

[4] F. Tadini Buoninsegni, R. Herrero, M.R. Moncelli, Alkanethiol mono-

layers and alkanethiol/phospholipid bilayers supported by mercury: an

electrochemical characterization, J. Electroanal. Chem. 452 (1998)

33-42.

A. Dolfi, F. Tadini Buoninsegni, M.R. Moncelli, R. Guidelli, Photo-

currents generated by bacteriorhodopsin adsorbed on thiol/lipid bi-

layers supported by mercury, Biolphys. J., submitted.

S.P. Balashov, M. Lu, E.S. Imasheva, R. Govindjee, T.G. Ebrey, B.

Othersen, Y. Chen, R.K. Crouch, D.R. Menick, The proton release

group of bacteriorhodopsin controls the rate of the final step of its

photocycle at low pH, Biochemistry 38 (1999) 2026-2039.

[7] Q. Li, S. Bressler, D. Ovrutsky, M. Ottolenghi, N. Friedman, M.
Sheves, On the protein residues that control the yield and kinetics
of O(630) in the photocycle of bacteriorhodopsin, Biophys. J. 78
(2000) 354-362.

[5

[}

[6

=

[8] S. Misra, Contribution of proton release to the B2 photocurrent of
bacteriorhodopsin, Biophys. J. 75 (1998) 382-388.

[9] L. Zimanyi, G. Varo, M. Chang, B. Ni, R. Needleman, J.K. Lanyi,
Pathways of proton release in the bacteriorhodopsin photocycle, Bio-
chemistry 31 (1992) 8535-8543.

[10] S.P. Balashov, Protonation reactions and their coupling in bacterio-
rhodopsin, Biochim. Biophys. Acta 1460 (2000) 75—94.

[11] F. Tadini Buoninsegni, L. Becucci, M.R. Moncelli, R. Guidelli, Total
and free charge densities on mercury coated with self-assembled phos-
phatidylcholine and octadecanethiol monolayers and octadecanethiol/
phosphatidylcholine bilayers, J. Electroanal. Chem. 500 (2001) 395—
407.

[12] G. Nagel, B. Kelety, B. Mockel, G. Biildt, E. Bamberg, Voltage
dependence of proton pumping by bacteriorhodopsin is regulated by
the voltage-sensitive ratio of M; to M,, Biophys. J. 74 (1998) 403 —
412.





		DC photoelectric signals from bacteriorhodopsin adsorbed on lipid monolayers and thiol/lipid bilayers supported by mercury

		Introduction

		Experimental

		Results and discussion

		DC photoresponse of PM fragments adsorbed on a HDT/DOPC bilayer supported by mercury

		DC photoresponse of PM fragments adsorbed on a DOPC monolayer self-assembled on mercury



		Acknowledgements

		References






W o

ELSEVIER

Bioelectrochemistry 56 (2002) 157—158

Bioelectrochemistry

www.elsevier.com/locate/bioelechem

Mixed urease/amphiphile LB films and their application
for biosensor development

Aidong Zhang *°, Yanxia Hou™®, Nicole Jaffrezic-Renault®*, Jialiang Wan ®,
Alexey Soldatkin *¢, Jean-Marc Chovelon ¢

IFOS-LPC1, UMR CNRS 5621, Ecole Centrale de Lyon, 36 Ave Guy de Collongue, BP 163, F69131 Ecully Cedex, France
®Department of Chemistry, Central China Normal University, Wuhan 430079, PR China
°IMBG, National Academy of Sciences of Ukraine, Kyiv 252143, Ukraine
dLACE, UMR CNRS 5634, Claude Bernard University-Lyonl, 69622 Villeurbanne Cedex, France

Received 1 June 2001; received in revised form 27 November 2001; accepted 30 November 2001

Abstract

The optimal conditions for the formation of a stable mixed urease/octadecylamine (ODA) film at the air—water interface are determined.
This film is efficiently transferred onto the hydrophobized surface of a pH-ISFET, and the features of the urea enzymatic field-effect
transistor (ENFET) are determined: detection limit 0.2 mM, response time 15 s, and dynamic range 0—20 mM. © 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Langmuir—Blodgett technology has been considered as a
convenient tool for designing artificial systems (LB films)
with biological functions such as biosensors [1]. The ultra-
thin, structure-ordered films with the incorporation of bio-
molecules much resemble the biological membrane
environment [2] and, thus, the preservation of a high
enzymatic activity is expected. Until now, many kinds of
biosensors have been designed with the LB films as the
biosensitive part; however, few papers are concerned with
urease mixed LB films [3]. The aim of this work is focused
on the formation of stable mixed urease/amphiphile Lang-
muir monolayers at the air—water interface, the monolayer
transfer and the biosensor characteristics of the enzymatic
field-effect transistor (ENFET) obtained by the deposition of
the LB film on a pH-ISFET.

2. Experimental

Urease (EC 3.5.1.5) from Jack Beans with a specific
activity of 800 U mg ' was used. Langmuir experiments

* Corresponding author. Tel.: +33-472-186-420; fax: +33-478-331-140.
E-mail address: Nicole.Jaffrezic@ec-lyon.fr (N. Jaffrezic-Renault).

were performed on a Langmuir trough from NIMA (model
611). The chloroform solution of octadecylamine (ODA) or
behenic acid (BA) with a concentration of 1 mg/ml was
spread (22 pl used for ODA and 25 pl for BA each time)
onto the subphase.

Infrared spectroscopy was performed on Perkin-Elmer
2000 (GB) with a standard ATR accessory. The response of
the ISFET modified by the mixed LB film to the addition of
urea solutions was conducted with a laboratory ISFET meter
(IMT, Neuchatel, Switzerland) in a phosphate buffer solu-
tion with a pH of 5.5.

3. Results and discussions

The adsorption of urease in the subphase onto the ODA
or BA monolayer can reach equilibrium after about 2—3 h,
and the associating process is much similar to that of the
reported BuChE/ODA monolayer [4]. The adsorption proc-
ess is driven by the electrostatic interaction between urease
and ODA or BA. In the case of ODA, at a pH value of the
subphase of 5.5, the positively charged ODA head can
interact with the negatively charged portion of the urease
surface and induce the formation of a stable mixed Lang-
muir monolayer at the air—water interface. A similar ad-
sorption process can occur, but with a reverse electrostatic

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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interaction, for urease and BA. According to the comparison
of the IT-T curves of ODA/urease and BA/urease, the slope
of the pressure growth of ODA/urease is higher than that of
BA/urease. This means that the ODA/urease complex is
more stable than the BA/urease one. The adsorption process
for ODA and urease is nearly complete after 2 h, whereas
for BA, the process is complete after at least 3 h.

After the adsorption equilibrium is reached, the formed
mixed urease/ODA monolayers are compressed to different
target pressures. As shown in Fig. 1, for the mixed mono-
layer of ODA/urease with urease concentrations of 4 and 12
mg/l in the subphase, there are obvious phase transition
points, which take place at a surface pressure of 32 mN
m !, and different molecular areas with different urease
concentrations. This can be attributed to the extrusion
process of urease molecules from the entrapped state to
the adsorption state on the positively charged head of the
ODA monolayer. For the highest urease concentration (16
mg/l), the curve does not exhibit obvious phase transition
points at a definite surface pressure. This may be due to the
fact that entrapped urease molecules in the monolayer
cannot be easily expelled.

At a surface pressure between 35 and 40 mN m~"' and at
a trough temperature of 5 °C, the formed mixed ODA/
urease monolayer shows high stability, which has been
demonstrated by the molecular area ratio 4/4,—time evolu-
tion isotherms. This kind of mixed monolayer can be
effectively transferred onto the surfaces of SiO,/Si sub-
strates or of ISFET that were previously hydrophobically
treated by the grafting of octadecyltrichlorosilane (OTS),
with a transfer ratio between 80% and 110% by the vertical
dipping method. The FTIR-ATR spectra display the exis-
tence of the absorption bands centered at 1657 and 1543
ecm™ ! due to the protein peptidic bond, and the peak
intensities increased with the increase of the number of
the deposited ODA/urease monolayers.

Fig. 2 shows the response to urea of ENFET obtained by
the deposition of six mixed ODA/urease films on a pH-
ISFET after stabilization of the mixed LB film by reticulation
in a glutaraldehyde vapour. The steady-state response of the
biosensor is achieved within 15 s, the detection limit for the
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Fig. 1. Surface pressure—molecular area isotherms for pure and mixed
ODA/urease monolayers after adsorption equilibrium (pH 5.5).
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Fig. 2. Response of the mixed ODA/urease LB film-modified ISFET as a
function of urea concentration in the phosphate buffer solution, pH 5.5.

urea determination is 0.2 mM, and the dynamic range is from
0 to 20 mM of urea concentration in the logarithmic scale.

4. Conclusion

The stable mixed amphiphile/urease monolayer can be
obtained at the air—water interface by carefully modulating
the amphiphilic type (ODA and BA in this case), the urease
concentration in the subphase, associating time, surface
pressure and the temperature of the subphase. The formed
urease-associated amphiphile monolayer can be efficiently
transferred onto the hydrophobic surface of SiO,/Si sub-
strates and ISFET with a high transfer ratio. Thus, good
biosensor characteristics of ENFET obtained by deposition
and stabilization of a mixed amphiphile/urease LB film on a
pH-ISFET are obtained.
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Abstract

A novel experimental technique used to investigate chlorophyll films on a hanging mercury drop electrode is described. Two different
procedures are employed to prepare self-assembled chlorophyll monolayers and multilayers on the mercury electrode. Upon illuminating the
chlorophyll a (Chl)-coated mercury electrode with an appropriate light source, the photocurrents generated by the Chl aggregates are
measured under short-circuit conditions in the absence of photoartefacts. The preliminary results obtained by this novel technique are

presented. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

An important biomolecule is chlorophyll a (Chl), a
pigment present in the thylacoid membranes of higher plants
that plays a fundamental role in the photosynthesis, whereby
solar energy is converted to the stored free energy of
carbohydrates. It consists of a porphyrin ring that chelates
Mg(II) and contains a network of conjugated double bonds
that absorb light; its long hydrocabon side chain imparts to
chlorophyll a high affinity for lipids. In the thylakoid mem-
brane, chlorophyll is present in the antenna complex, which
consists of hundreds of chlorophyll molecules that absorb
light and transfer their energy to a special pair of chlorophyll
molecules. These in turn transfer the excited electron to
plastoquinone, a molecule very similar to ubiquinone, which
is reduced to the corresponding quinol and shuttles electrons
to another protein incorporated in the thylakoid membrane.

The aim of the present research is to investigate self-
assembled chlorophyll films on a mercury electrode using a
novel experimental method, which has been recently devel-
oped in our laboratory to study the function and properties
of photoactivatable compounds. Self-assembled Chl mono-
layers and multilayers supported by a hanging mercury drop
electrode were formed by two different procedures. Upon
illuminating the Chl-coated mercury electrode, the photo-
currents generated by the Chl aggregates were measured

" Corresponding author. Tel.: +39-55-4573100; fax: +39-55-4573098.
E-mail address: moncelli@mail.uifi.it (M.R. Moncelli).

under short-circuit conditions in the absence of photoarte-
facts. The preliminary results obtained by this novel techni-
que are presented.

2. Experimental
2.1. Chemicals

The water used was obtained from light mineral water by
distilling it once, and then by distilling the resulting water
from alkaline permanganate, while discarding the heads.
Merck reagent grade KCI was baked at 500 °C before use to
remove any organic impurities. All inorganic salts were
purchased from Merck. All measurements were carried out
in 0.1 M KCI at pH=8.5 (1.2x 107> M NaOH and 5x 10>
M H;BO3). Chlorophyll a was extracted from the cyano-
bacterium Spirulina gelteri and purified according to the
method described in Ref. [1].

2.2. Experimental set-up

The experimental set-up employed in the present meas-
urements is shown in Fig. 1. The whole set-up was con-
tained in a water-jacketed box D, thermostated at 25
°C=£0.1. The electrolytic solutions in the two cells A and
C were deaerated by purging with high purity argon for no
less than 20 min. The home-made hanging mercury drop
electrode (HMDE) used in the measurements is described
elsewhere [2—4]: in the present measurements, a surface

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Experimental set-up. F: Faraday cage; D: water-jacketed box; HMDE: hanging mercury drop electrode, A: three-electrode cell; B: vessel; C: two-
electrode cell; S: movable support; OF: optical fiber; LS: light source; L: optical fiber coupler; S: shutter; A: current amplifier; R: recorder; PC: computer.

area of 1.4 1072 cm” was adopted. The HMDE was housed
in a water-jacketed sleeve on the top of the box, so as to
permit the mercury reservoir to be effectively thermostated.
The vertical movements of the HMDE through the argon—
solution interface were realized by means of an oleodynamic
system; this ensured the complete absence of vibrations
while permitting an appreciable range of velocities. A second
oleodynamic system S was used for the horizontal move-
ments of the movable support, on which the two cells and the
vessel were placed; this permitted the HMDE to be posi-
tioned above, and then lowered into, any of these vessels.
The water-jacketed box was contained in a Faraday cage
F to avoid electrical noise. A vibration-free table was also
employed to prevent mechanical vibrations.

The glass cell A was used to form Chl films by the
spreading procedure and contained a platinum counter-
electrode, an SCE reference electrode and, when required,
the working electrode HMDE. The differential capacitance
C of the working electrode was measured in this cell by ac
voltammetry with a Metrohm Polarecord E506 (Herisau,
Switzerland), and was directly obtained from the quadrature
component of the ac current. The ac signal had a 10-mV
amplitude and a 75-Hz frequency. The system was cali-
brated with a precision capacitor. The vessel B contained the
Chl solution in pentane and was used to form a Chl film by
the soaking procedure. The Plexiglas cell C contained an
Ag—AgCl (0.1 M KCl) reference electrode and, when

required, the HMDE; it was provided with a quartz optical
fiber (0.6 mm in diameter), whose tip was positioned on the
cell bottom and was pointed vertically toward the HMDE
for its illumination [5]. For a good alignment of the optical
fiber with the mercury drop, the cell was mounted on an x—y
slide. The monochromatic light source LS (red light laser,
670 nm, Electron, Model LA5-3.5G-670) was focused and
collimated using an optical fiber coupler (Newport, Model
F-915T). Light pulses were produced using an electrome-
chanical shutter S (blade shutter and digital shutter con-
troller, Model 845, Newport), which was controlled by the
computer PC through a digital-to-analog converter (IOtech
DAC488/2). The current generated by illuminating the Chl
adsorbed on the mercury drop under short-circuit conditions
was amplified (Current Amplifier, Keithley 428), recorded
(16-bit analog-to-digital converter, IOtech ADC488/8SA),
visualized (Oscilloscope, Tektronix TDS 340A) and stored
(Power PC G3, Macintosh). Operation of the experimental
set-up and data acquisition were carried out under computer
control (GBIP interface, National Instruments board) using a
home-made acquisition program written in LabView envi-
ronment. To increase the signal to noise ratio, current versus
time curves were stored upon averaging no less than 50
current signals. The signal was usually sampled at 200-us
intervals over a 120-ms time window.

Chl absorption spectra were determined by a UV —visible
spectrophotometer (Cary Varian 3). Because of the high
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sensitivity of chlorophyll to the blue and red components of
visible light, all measurements were carried out under green
light conditions.

2.3. Formation of chlorophyll films

Films of chlorophyll were transferred on a mercury drop
by using two different procedures:

(a) Spreading procedure: the Chl coating was obtained
by spreading an amount of Chl corresponding to 6—
8 monolayers, dissolved in a suitable solvent (pen-
tane or hexane), on the surface of an electrolytic
solution, allowing the solvent to evaporate and
immersing the mercury electrode into the solution
through the Chl film;

Soaking procedure: the Chl coating was obtained by
immersing the mercury drop in a solution of Chl in
pentane or other organic solvent for 15-20 s; the
Chl-coated mercury drop was then rinsed with the
pure solvent to remove unadsorbed chlorophyll and
immersed into the electrolytic solution.

(b)

With both procedures, Chl solutions of different concen-
tration in various solvents were employed.

3. Results and discussion
Owing to the peculiar structural characteristics, chloro-

phyll may easily form different aggregates in solution, i.e.
monomer, dimer, oligomer or polymer, depending both on

161

the concentration of chlorophyll and on the solvent nature.
These various species present different properties and reac-
tivity, as a result of the specific interactions between the
aggregate and the surrounding medium.

To determine the structural organization, purity and
concentration of the Chl samples, the absorption spectra in
diethylether were recorded. The typical spectrum of chlor-
ophyll a in this solvent presents two sharp peaks at =428
and 660 nm, which are characteristic of the monomeric form
of chlorophyll a [6]. If the oligomeric form is present, an
additional peak at A~ 745 nm is observed [7,8]. The Chl
adsorption spectrum in pentane shows that chlorophyll is
present as a monomer at low concentration (2X 10~ M). At
concentration higher than 4X 10> M, the oligomeric form
is also present, as can be deduced from the appearance of
the corresponding peak in the adsorption spectrum.

The differential capacities of the Chl films prepared by
the spreading and soaking procedures were determined by
ac voltammetry. The differential capacity measurements
were carried out in 0.1 M KCI at pH=8.5 since chlorophyll
a presents its maximum stability at this pH [9]. The differ-
ential capacity C versus potential £ curves were usually
recorded over a potential region ranging from —0.2 to —0.9
V (SCE). In the case of Chl films formed by the spreading
procedure, C has a value of 2.7-3.3 uF cm 2. We also
observed that, as the mercury electrode was repeatedly
immersed through the argon—solution interface, C progres-
sively decreased and finally attained a constant value of 0.3
uF cm 2, as shown in the inset of Fig. 2. We may explain
the behavior of C by assuming that a low value of the
differential capacity corresponds to the formation of a Chl
multilayer on the mercury electrode and that chlorophyll is
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Fig. 2. Photocurrents generated by Chl films supported by a hanging mercury drop electrode. Photocurrents a and b are obtained from Chl films formed by the
spreading procedure after 2 and 11 immersions of the mercury electrode through the argon—solution interface, respectively. Photocurrent c is obtained from a
Chl film formed by the soaking procedure. The left y-axis refers to curves a and b, while the right y-axis refers to curve c. The inset shows the plot of the
differential capacity of Chl films obtained by the spreading procedure as a function of the number of immersions of the mercury electrode through the argon—

solution interface.
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mainly present as a monomer at the argon—solution inter-
face. The differential capacity of Chl films obtained by the
soaking procedures is much lower and equal to 0.6+£0.1 pF
cm 2. If the Chl-coated mercury electrode was then rinsed
with the pure solvent, C increased up to 1.14+0.2 uF cm 2.

The Chl films formed by the spreading and soaking
procedures were photoexcited with red light. The resulting
photocurrents were strongly dependent on the procedure
used in preparing the film, as shown in Fig. 2. As a rule, Chl
films obtained by the spreading procedure yield very low
photocurrents of about 0.4—0.5 nA (curve a). As the differ-
ential capacity decreases progressively, the photocurrent
increases up to a maximum value of 1-2 nA (curve b).
On the other hand, Chl films obtained by the soaking
procedure yield much higher photocurrents (curve c¢), which
usually range from 10 to 40 nA (see left y-axis).

The photocurrents generated by the Chl films on mer-
cury may be qualitatively explained in the following way.
First of all, we have to consider that chlorophyll in the
excited state is both a strong reductant, with a redox
potential of about —1 V/NHE when it releases the excited
electron, and a strong oxidant, with a redox potential of
about 1 V/NHE, when it takes up an electron to fill the hole
left by the excited electron. Considering the photocurrents
shown in Fig. 2, we observe that the photocurrents have a
negative sign, which corresponds to the transport of neg-
ative charge from the mercury electrode toward the aqueous
solution [5]. Therefore, the photocurrent observed is
actually a reduction photocurrent. This cathodic photocur-
rent is due to the transfer of electrons from the mercury
electrode to the chlorophyll molecules, which in turn release
their excited electron to the water molecules with hydrogen
evolution.

4. Conclusion

Self-assembled chlorophyll films supported by a mercury
electrode can be conveniently investigated using the novel
experimental set-up described in this report. Our preliminary
results show that a photocurrent can be measured upon

shining the Chl-coated mercury drop with red light. This
photocurrent can be qualitatively explained in terms of a
Chl-mediated electron transfer from mercury to water with
hydrogen evolution. Further characterization of the Chl
films on mercury is underway.
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Abstract

The ionic conductivity of lipid membrane pores has been theoretically analysed in terms of electrostatic interactions of the transported
ions with the low-dielectric pore wall for a commonly encountered case of unequal concentrations of electrolyte on the two sides of curved
lipid membranes. Theoretical analysis of the data on the conductivity of the electroporated membrane of lipid vesicles (Lecithin 20%) of
radius @=90 nm yields the molar energy of interaction of a small monovalent ion with a pore wall wg=9+1 RT (or wyg=22+kJ mol ),
corresponding to a mean pore radius of 7,=0.56+0.05 nm. The proposed theoretical approach provides a tool for the analysis and description
of the nonlinear current—voltage dependencies in membrane pores and channels. © 2002 Published by Elsevier Science B.V.

Keywords: Lipid vesicles; Electroporation; Electrooptics; Conductometry; LambertW function; Nernst—Planck equation

1. Introduction

The current—voltage characteristics of lipid membrane
pores and protein channels frequently do not obey Ohm’s
law. Rather, the electric current nonlinearly depends on the
applied voltage [1-3]. The departure from the classical
Ohm’s law in lipid membranes can be caused by the
electrostatic interactions of the ions with the low-dielectric
pore wall. Actually, if a point charge ¢ is situated near the
boundary of two dielectrics, say between water (dielectric
constant &,=80) and the lipid phase of the membrane
(em=2.5), g in water induces in the neighboring membrane
(em) an image charge ¢’ . Since &y > &, ¢’ has the same sign
as q. Therefore, g experiences a repulsive force from
¢ tending to repel the ion from the lipid phase. Without
aqueous pores or channels, the transfer of a monovalent ion
through a lipid membrane encounters the Born free energy
barrier of AGg=62RT, where R is the gas constant and 7 is
the Kelvin temperature [4]. In pores and channels, the value
of the barrier is lowered by a factor of 3—4 [5]. At constant
radius of the pore, the height of the energy barrier can be
reduced by an external electric field [1,2].

The conductivity of planar, UO,*"-ion modified asolectin
bilayers has been studied previously at equal electrolyte
contents on the two membrane sides [1,2]. In the present
paper, we generalise the existing description to the common

* Corresponding author. Tel.: +49-521-106-20-53; fax: +49-521-106-
29-81.
E-mail address: eberhard.neumann@uni-bielfeld.de (E. Neumann).
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case of curved membranes of spherical vesicles and differ-
ent salt contents on the two membrane sides.

2. Experimental

The approach for the determination of the surface fraction
J» of membrane electropores and the membrane conductivity
Am from electro-optical and conductometrical measurements
of salt-filled vesicles exposed to a rectangular electric field
pulse has been described previously [6—8]; it is applied here
to NaCl-filled lipid vesicles (Lecithin 20%) of radius =90
nm. The lipids of the total concentration [Ly]=1 mM are
suspended in 0.2 M NaCl solution and freeze—thawed five
times in liquid nitrogen to obtain solute equilibration between
trapped and bulk solution. In order to remove external NaCl,
the vesicle suspension is dialyzed against degassed sucrose
solution of the same osmolarity (0.33 M sucrose). The final
NaCl concentration is ¢.,=0.2 mM in the bulk and ¢;,=0.2 M
in the vesicle interior, respectively. The lipid concentration of
[Lt]=1 mM and a vesicle radius of a=90 nm correspond to the
vesicle number density p, = 2.4 X 10'%/1; the average distance
between the vesicle surfaces is /= 0.566 pm, qualifying the
suspension as diluted [8].

3. Results

The analysis of turbidity and conductometric relaxations
in the salt-filled vesicles exposed to the rectangular field
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Fig. 1. (a) The surface fraction f, of the membrane pores and (b) the
membrane conductivity 4,,, respectively, as a function of the electric field
strength E. Squares in (a) and (b) represent the experimental data, the solid
lines refer to the theoretical predictions. Experimental conditions: one
rectangular electric pulse of the field strength E and the pulse duration
tg=10 at 7=293 K (20 °C); salt-filled unilamellar lipid vesicles (Lecithin
20%) of mean radius ¢ =90 (£10) nm, internal NaCl content ¢;,=0.2 M,
total lipid concentration [Z]=1.0 mM, suspended in isotonic 0.33 M sucrose
and 0.2 mM NaCl solution. Data of T. Griese, Bielefeld.

pulse of the field strength 0 < £ MV m™'<7.5 and the pulse
duration #z=10 ps (data of T. Griese, not presented) shows
that the surface fraction f, of membrane electropores
increases with E and levels off at E=2 MV m~' (Fig. la).
The membrane conductivity 4, nonlinearly increases with £
without levelling off (Fig. 1b).

4. Theory

The ion flux Ji=(dn;/d?)/S, across a pore, where #; is the
amount of ions of the type i, ¢ is the time, and S, is the
surface cross-section of the pore, is classically described by
the Nernst—Planck equation:

- dCl ZiF qu
5=-n(E+cir <) (1

where Cj(x) is the ion concentration profile in the pore along
the x-axis (membrane normal), D; is the average diffusion

coefficient of the ion in the pore range, z; is the charge
number (with sign), F is the Faraday constant, R is the gas
constant, and ¢@(x) is the electric potential in the pore:
PX)=Pex(¥)+im(x). Here, @i, is the electric image poten-
tial induced by the moving ion and ¢, = — [ E,(x)dxis the
potential of the transmembrane field E,(x). We assume that
the concentrations C;j(0) and Cj(d) of the ions at the two pore
ends at x=0 and x=d are equal to the bulk ion concen-
trations ¢;(0) and c;(d), respectively. Hence, C;(0)=c¢;(0) and
Ci(d)=ci(d). The conductivity /, of the electrolyte in the
pore is given by

iy =J/Ep (2)

where the total current density j refers to the flux contribu-
tions of all ion types:

j:FZ zi;. (3)

The strength of the external field across the pore is
Epy= —(@ex(d)—ex(0))/d=—Ag@/d and d is the membrane
thickness. For the simple case of a monovalent 1:1 electro-
lyte where | z;|=1, the insertion of Eq. (1) in Egs. (3) and (2)
and integration yields:

oD [ c0)explkol0) - c. (@ext,o(@)
7 d
Er | et oonas

e (0)exp(k_9(0)) — ¢ (d)explk_p(d)
d
/0 exp(k_p(x))dx

4)

where the approximation D= D, = D_ has been introduced.

Different from the traditional integration of the Nernst—
Planck equation using ¢;,(x)=constant [9], we consider a
specific trapezium shape of the image potential: @;,(x) at
x<0 and x>0, @n(X)=@5, (x/h)sign(z) at 0 <x <h, Pim(x)=
O at h<x<d—h, Qim(x)=@%m ((d—x)/h) sign (z) at d—h <
x <d, where # is the length of the pore entrance (Fig. 2a) and
sign(z) is the sign of the ion. Integration of Eq. (4) for the
case |Ag|>25 mV yields:

F
I = 2exp |(anl | = ¢fy) o (5)

where n=h/d is the relative size of the pore entrance (Fig.
2b), 2°=F*D(c(0)+c(d))/RTand o=(1—RT/(F3y,)). It is noted
that except for the term o, Eq. (5) is similar to the analogous
approximation of Glaser et al. [2] applied to one pore, but Eq.
(5) is closer to the exact Eq. (4) than the approximation of
Glaser et al. (Fig. 3).

For practical purposes, it is recalled that the membrane
conductance Gp,=A4,Sn/d, where S, is the total membrane
surface area and 4, is the membrane conductivity, refers to
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the measured current / and the voltage U as G,=I/U. If the
membrane pores are specified by the additive parallel
conductances, G,=4,S,/d,,, where S, and d,, are the surface
area and the length of one pore, respectively, the relation
Gn = Zi (Gp), holds. Here, i is the summation index:
i=1,2,...N,, where N, is the total number of pores. If d=d,
holds, we obtain Sy, A, = Zi (Spip); + AL (Sm — Zi (Sp);)-
Usually, the conductivity 4; of the closed lipid membrane
is very small (1, =5%107"* S m™'). When the pores are
represented by a mean conductance /, and a mean area S,
the total surface fraction of pores is defined by f,=N,Sy/
Sm- Insertions and rearrangements yield for this case:

A = 2 o (6)

(for a single current event /,, the conductance G, is given
by G,=I,/U=2,S,/d,,). In the case of salt-filled vesicles, the
inequalities Aj,>Adex and A, <2 (d/a) hold, where 7,

a) o | P

ex
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o
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b)
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Fig. 2. (a) The electric potential ¢, of an external transmembrane field and
@im the image potential of an ion along the pore x-axis. (b) Forces on the
moving ion (shown by arrows) from the induced image charge in the pore
walls.
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Fig. 3. Conductivity /4, of a single pore as a function of the potential
difference A across the membrane calculated with: (a) exact (Eq. (4)), (b)
approximate (Eq. (7)), and (c) approximate (Eq. (11)) from Glaser et al. [2]
applied to one pore. Calculations were performed for monovalent 1:1
electrolyte, C(0)=C(d)=0.2 M, the membrane thickness d=5 nm, the size of
the pore entrance #=0.5 nm (see Fig. 2), and the image potential ¢%,=0.23
V, corresponding to the energy barrier wy=9RT.

and A are the conductivities of intravesicular and external
media, respectively. Hence, Ap can be presented by
Ap=A¢of(Am), where f(1y)=1—Ana/(2d/) is the conduc-
tivity function and A g, is the f-average transmembrane field
strength at 1,,=0, A@o=13aE/2; 0 is the angle between the
membrane site and the direction of E [4]. Substitution of
Eq. (5) and Ag into Eq. (6) yields the solution (by Maple 5):

, 1,20 F(\/3aaEn/2 — o)
m — ex L =
A fAexLambertW ( 7. exp R

(7)
where f=4d°RT/(F30aEh) is a dimensionless factor and
LambertW is a special function [10].

5. Data analysis

Analysis of the 4, data (Fig. 1b) with Eq. (7) yields the
relative size n=0.12+0.01. With d=5 nm, we obtain #=0.6
nm and the value of the image potential of a monovalent
ion is ¢9,=0.23+0.003 V, corresponding to the molar
energy wo=F¢2,=9+1 RT (or wy=22+2 kJ mol™").
According to Parsegian [5], the value wy=9RT refers to
themean pore radius 7,=5RT/w;=0.56+0.5 nm. Total elec-
trical energy we; of an ion in a pore can be characterized by
the energy difference weIZF(anaEf(im)J3/2—q)?m). With
increasing external field strength 0<E/MV m '<7.5, wy
becomes less negative: —9<w./RT<—7. For f, and 4, in
the limits 0<f,<1.5X1072 and 5.0X10 "*</./S
m~'<3.2x107° (Fig. 1), respectively, insertion of the values
h=0.6 nm, 7°,=0.56 nm, and @,=0.23 Vinto Eq. (5) yields the
conductivity and conductance of a single pore, 1.8 X 10" %<
Jp/Sm'<6.2x107" and 0.036<G,/pS<1.2, respectively.
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Table 1
Key electric parameters of electroporated lipid membranes at two limiting
field strengths £

E/ wal ol I Ao/ G,/
MVm™) @) (107  @Sm) @Sm’) (S

0 —9+1 0 5%1077 0.18 0.036
7.5 —7+x1 1.5+0.1 32+6 6.2+0.5 1.2+0.1

We=F(onaEf (Jm) | 3/2— %) is the electric energy of a monovalent ion in a
pore, f, is the surface fraction of membrane pores, A, is the total
conductivity of the membrane, 4, is the conductivity of a single pore, and
G, is the conductance of a single pore. Here, the mean pore radius is
7=0.56%0.5 nm.

The key electric parameters of the porated lipid membrane
are summarized in Table 1.

6. Discussion

The small length, 2= 0.6 nm, of the curved pore entrance
suggests that the pore shape is close to cylindrical (Fig. 2b).
The relative size of the pore entrance n=5h/d=0.12 = 0.01 is
similar to the value n=0.15 calculated for the electropores
in planar, UO,*"-ion modified asolectin bilayers [2]. The
value of the interaction energy wo=9 = 1 RT for ions in the
membrane pores of lipid vesicles compares well with wy=
7.7RT in electropores of asolectin planar membranes [2].
The conductance G, of a single pore is rather small:
0.036 < G,/pS <1.2at 0 < E/MV m~' <7.5. For a compar-
ison, the G, of membrane protein channels is a factor 10—
100 larger than the G, of the membrane electropores [3]. For
larger pores, spontaneous rapid flickering of pores is
improbable, at least at E=7.5 MV m~'. Note that the
minimum energy difference AW=W,— W;,=8.5 kT ex-
ceeds the manifold kT. Here, W, is the electric polarization
energy of a single pore in the pole caps of the vesicles,
W,=9ma>eo(ew — em)ip E/(8d)=17 KT, Wy, is the edge
energy of the hydrophilic pore, Wegge=2mA7,=8.5 kT,
7,=0.56 nm, a=90 nm, and &=28.854 x 10~'* C* J!
m ' [2]. Additionally, after switching off the electric field,
the characteristic time of pore resealing is larger than 7 ps
[11]. Therefore, within the 10 ps of the electric pulse
duration, the net pore closing can be safely neglected. The
small value of G, for the lipid pores can be rationalized by
the small value of 74,=0.56 nm, leading to the large electro-
static barrier wo = 5RT/f,=9RT for ions [5].

Note that already, the simple trapezium shape of the image
potential is sufficient to describe the field dependence of the
membrane conductivity. Alternatively to the electrostatic

energy of image charge, the barrier w, can be attributed to
the energy of eventual partial dehydration of the ion entering
the pore. In any case, the effect of the energy barriers of
different nature and shape on the conductivity of pores and
channels can be calculated with Eq. (4) numerically.

7. Conclusion

The dependence of the membrane conductivity on the
field strength can be consistently described with an integrated
Nernst—Planck equation combined with a trapezium-shaped
ionic energy barrier by a LambertW function. The analytical
expressions account for asymmetrical concentrations of elec-
trolyte on the two membrane sides and the partial discharging
of the membrane due to a finite pore conductivity (f(4,)<1).
The theoretical approach and the experimentally accessible
parameters can be used for an exact determination of the
fraction f, of pores from the membrane conductivity A, in
lipid vesicles.
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Abstract

A new approach is proposed to model a collective ion channel dynamics. We have assumed that ion channels create a two-component
spatio-temporal interaction field. Every channel at its current spatial location in membrane contributes permanently to this field with its state
(open or closed) and coupling strength to other channels. This field is described by a reaction—diffusion equation, the transition of ion
channel from closed to open state (and vice versa) is described by a master equation, and migration of channels in membrane is described by
a set of Langevin equations coupled by the interaction field. Within this model, we have investigated critical conditions for spatial
distribution of ion channel activity. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Ton channels; Collective phenomena; Nonlinear dynamics; Noise

1. Introduction

Voltage-gated ion channels are proteins responsible for the
generation of electrical signals in nerve and other excitable
cells. They work by selectively conducting ionic currents
through impermeable membranes [1]. Generally, the chan-
nels can switch between different conformational states,
which are conducting (open) or nonconducting (closed), with
voltage-dependent rates of transition. One consequence of the
voltage-dependent transition rates is the intrinsic noise an
ensemble of channels generates, which may lead to nontrivial
dynamics. The suggestion that the noise may be a source of
order rather than disorder, and that a biological organism
makes use of energy-driven fluctuations for the purpose of
signal and free-energy transduction was put forward almost
10 years ago by Astumian et al. [2]. In a recent study [3], the
fluorescence of a rat neurons stained with the voltage-sen-
sitive dye were optically excited in synchrony with electric
stimulation of the cell, and recorded with a high spatial re-
solution. During an action potential, the fluorescence patterns
exhibited clusters of different sizes corresponding to a non-
homogeneous distribution of electric field across the mem-
brane. To gain insight into this and related problems, we have

* Corresponding author. Fax: +42-12-6541-2305.
E-mail address: babinec@fmph.uniba.sk (P. Babinec).

in this study further developed our model of ion channel
collective dynamics [4].

2. Stochastic model of channel state change and
migration

Let us consider a two-dimensional spatial system with
the total area 4, with N ion channels. Each of them can be in
one of two opposite states (open and closed), denoted as
0;==+1; i=1,...,N. Here, 0; is considered as a channel
parameter, representing an internal degree of freedom.
Within a stochastic approach, the probability p,(0,,f) to find
the channel i with the state 6;, changes in the course of time
due to the following master equation:

d
4Pl = > wl(0:1 6/ )pi(0) 1)
07

—pi(0:,1) Y w0/ | 0y). (1)

07

Here, w(0/ |0;) means the transition rate to change the state 0,
into one of the possible states, 0/ , during the next time step,
with w(6;/6;)=0. In the considered case, there are only two
possibilities, either 6=+1—6/ =—1, or §;=—1—

! =+1. We will start with a simple assumption that the
change of states depends on the “impact factor” [;, and a
noise intensity quantified by a “generalized temperature” T

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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(more precisely, we should write kg7 for the noise intensity,
but for simplicity we have put Boltzmann constant kg =1). At
the thermal equilibrium, the generalized temperature is iden-
tical with the ordinary Boltzmann temperature, but in bio-
membranes may be significant additional stochastic fields of
various origins, therefore the generalized temperature may be
significantly higher than ordinary temperature. This excess of
noise may lead, e.g. to the increase of signal-to-noise ratio,
which is known as stochastic resonance effect [5].

A possible ansatz for the transition rate reads:

w(0f |0;) = n exp{L;/T}. )

Here, n[1/s] defines the time scale of the transitions.

Within a simplified approach, every channel can be
ascribed a single parameter, the “strength”, s;. Furthermore,
an ion channel distance d;; may be defined, which measures
the distance between each two channels (i,j) in a biomem-
brane space, which does not necessarily coincide with the
physical space. It is assumed that the impact factor between
two channels decreases with the distance in a nonlinear
manner. The above assumptions are included in the follow-
ing ansatz:

N
Ii:—gi Z Sjgj/dg' +691‘, (3)

J=1 g%

n>0 is a model constant and e is the external influence,
which may be regarded as a global preference towards one
of the states. The long-range coupling between ion channels
arises from membrane-mediated direct energy interactions
[6], and also from global capacitative coupling [7]. As a
basic element of our theory, a scalar spatio-temporal inter-
action field hy(r,t) is used. Every channel contributes per-
manently to this field with its state 0; and with its strength s;
at its current spatial location r;. The interaction generated
this way has a certain life time 1/f[s], further, it can spread
throughout the system by a diffusion-like process, where D),
[m?/s] represents the diffusion constant for interaction
exchange. We have to take into account that there are two
different states in the system, hence the interaction field
should also consist of two components.

The spatio-temporal change of the interaction field can
be summarized in the following equation:

N

= Z S; 5&91 5(1' - ri) - ﬁhe(l‘, t)

i=1

+ DyAhy(r, ). (4)

0
Ehﬂ(ra t)

Here, d4,9, is the Kronecker Delta, indicating that the chan-
nels contribute only to the field component which matches
their state 0. o(r — r;) means Dirac’s Delta function used for
continuous variables, which indicates that the channels
contribute to the field only at their current position, r;.

The interaction field /¢(r,?) influences the channel i as
follows: at a certain location r;, the channel in the state
0;=+1 is affected by two kinds of interaction; the inter-
action resulting from channels which are in the same state,
hg—+1(r;,t), and the interaction resulting from the channels
with the opposite states /y— _ 1(r;,f). The diffusion constant
D,, determines how fast the interaction spreads, and the
decay rate § determines, how long a generated interaction
will exist.

For the change of states, we can generalize the transition
probability, Eq. (2), by replacing the impact factor /; with
the influence of the local interaction field. A possible ansatz
reads:

w(0f | 0:) = n exp{[ho (ri; 1) — ho(ri, )]/ T}

w(0; [ 0;) =0 (5)

As in Eq. (2), the probability to change state 0; is rather
small, if the local field %y(r;f), which is related to the
support of state 0;, overcomes the local influence of the
opposite state. This effect, however, is scaled again by the
generalized temperature 7, which is a measure for the
randomness in channel interaction. Note that this temper-
ature is measured in units of the interaction field.

The complete dynamics of the ensemble of ion channels
can be formulated in terms of the canonical N-particle
distribution function

P(Qviat):P(915r17"‘70N1rN7t)5 (6)
which gives the probability to find the N channels with the
states 0,. . .,0y in the vicinity of ry,...,ry on the biomem-
brane surface 4 at time ¢. Considering both state changes
and movement of the channels, the master equation for

P(0,r,t) reads:

= P(0;r,1)

|
M

e (@10 )P’ 10

5=}

' #0

w0 | 0" )P(0,r,1)]

N
Z aVth r, t) (Q7 r, t))
nAiP(BQy t)] . (7)

The first line of the right-hand side of master describes the
“gain” and ‘“‘loss” of channels (with the coordinates
ry,...,ry) due to state changes, where w(0|0’ ) means any
possible transition within the state distribution 6’, which
leads to the assumed distribution 0. The second line
describes the change of the probability density due to the
motion of the channels on the surface. Eq. (7) together with
Eqs. (4) and (5) forms a complete description of our system.
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3. Critical conditions for spatial separation of ion
channel activity

Starting with the canonical N-particle distribution func-
tion, P(0,r,f), Eq. (7), the spatio-temporal density of chan-
nels with state 0 can be obtained as follows:

o(r, 1) = / > Sop 8(r—1y)
i=1

XP(Bl,l'l...,HN,I'N,I) dry...dry. (8)
Integrating Eq. (7) according to Eq. (8) and neglecting
higher order correlations, we obtain, using the transition
rates from Eq. (5), the following reaction—diffusion equa-
tion for ny(r,f)

%n@(r ) = —v{ng(r,t)ocvhg(n t)| + D,Any(r,t)
— Z 9’ | 9 n() r, t)
070
+w(0] 0" ng (r,1)]. 9)

With 0={+1,—1}, Eq. (9) is a set of two reaction—
diffusion equations, coupled both via ny(r,f) and hy(r,?).
Inserting the densities ny(r,f) and neglecting any external
preferences, Eq. (4) for the spatial interaction field can be
transformed into the linear deterministic equation:

2h@(l’, t) = Sng(l‘, t) -

5 Pho(r,t) + DyAhg(r,t). (10)

The solutions for the spatio-temporal distributions of chan-
nels and states are now determined by the four coupled
equations, Egs. (9) and (10). For our further discussion, we
assume again that the spatio-temporal interaction field
relaxes faster than the related distribution of channels into
a quasi-stationary equilibrium. From Eq. (10), we find with
(0/96)hg(r,f)=0 and D, =0:

ho(r, 1) :%ng(r,t), (11)

which can now be inserted into Eq. (9), thus reducing the set
of coupled equations to two equations.

The homogeneous solution for ny(r,f) is given by the
mean densities:

(12)

ng = <n0(r, t)> =

N =

Under certain conditions however, the homogeneous state
becomes unstable and a spatial separation of ion channel
activity occurs. In order to investigate these critical con-
ditions, we allow small fluctuations around the homoge-
neous state 71p:

5"0

no(r, 1) = g + ong; <1, (13)

Inserting Eq. (13) into Eq. (9), a linearization gives:

Oony B nsh
- {Dn 2ﬁ:| Adng + [ BT —1’]:| (5119 —51/1_9).
(14)
With the ansatz
ong ~ exp (At + ikr) (15)

we find the dispersion relation A(k) for inhomogeneous
fluctuations with wave vector Kk:

J1(K) = —k*C 4 2B; J (k) = —k*C (16)
nsn osn

B= —n; C=D, ——.
T

For homogeneous fluctuations, we obtain from Eq. (16)
) _

A = Z;”—zn; Jp=0 for; k=0, (17)

which means that the homogeneous system is marginally
stable as long as 4; <0, or s 77/fT<1. The condition B=0
defines a critical generalized temperature

TS = (18)

m’:u

For temperatures 7<T,°, the homogeneous state ny(r,t)=
n/2, where channels of both states are equally distributed,
becomes unstable and the spatial separation process occurs.
This is in direct analogy to the phase transition obtained
from the Ising model of a ferromagnet. Here, the state with
T>T corresponds to the paramagnetic or disordered phase,
while the state with T<T,° corresponds to ferromagnetic
ordered phase.

The conditions of Eq. (17) denote a homogeneous sta-
bility condition. To obtain stability against inhomogeneous
fluctuations of wave vector k, the two conditions 4;(k) <0
and A,(k) <0 have to be satisfied.

Taking into account the critical temperature T1°, Eq. (18),
we can rewrite these conditions, Eq. (16), as follows:

TC
(0, - D5) - 2n( - 1) 20 (19)

k*(D, — D%) > 0.

Here, a critical diffusion coefficient, D,; results from the
condition C=0:

DS =

n

(20)

N R
=g

Hence, the condition D,>D)j, denotes a second stability
condition. In order to explain its meaning, let us consider
that the diffusion coefficient of the channels D,, may be a
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function of the generalized temperature 7. This is reasonable
since the generalized temperature is a measure of random-
ness in channel interaction, and an increase of such a
randomness leads to an increase of a random spatial migra-
tion. The simplest relation for a function D,(T) is the linear
one, D,=uT. By assuming this, we may rewrite Eq. (19)
using a second critical temperature, Ty instead of a critical
diffusion coefficient D

TC
kzu(T—T;')—ZV/(%—Q >0 (21)
Ku(T —T5) > 0.

The second critical temperature, 75, reads as follows:

e osn o o
T2_2u /))_2HT1' (22)
The occurrence of two critical temperatures 77 and T
allows a more detailed discussion of the stability conditions.
Therefore, we have to consider two separate cases: (1)
T7>Ty and (2) T <T5. In the first case, T7>T5, we can
discuss three ranges of the temperature T

(i) For T>T7, both eigenvalues 4;(K) and 4,(k), Eq. (16),
are nonpositive for all wave vectors, k, and the homogenous
solution 72/2 is completely stable.

(ii) For T{>T>T5 the eigenvalue A,(K) is still nonpos-
itive for all values of k, but the eigenvalue 1,(K) is negative
only for wave vectors that are larger than some critical value
K>k

» 2 I7 =T

K=""_1 "
© T W T—TS

(23)

This means that, in the given range of temperatures, the
homogeneous solution 7/2 is metastable in an infinite
system, because it is stable only against fluctuations with
large wave numbers, i.e. against small-scale fluctuations.
Large-scale fluctuations destroy the homogeneous state and
result in a spatial separation process, i.e. instead of a
homogenous distribution of states, channels with the same
state form separated spatial domains which coexist.

(iii) For T<T5 both eigenvalues A;(k) and A,(K) are
positive for all wave vectors k, which means that the
homogeneous solution 7/2 is completely unstable. On the
other hand, systems with spatial dimension L<2n/k, are
stable in this region.

In the second case, Ty < T5, which corresponds to o>2y,
already small inhomogeneous fluctuations result in an
instability of the homogenous state for T<T5, i.e. we have
a direct transition from the completely stable to the com-
pletely unstable regime at the critical temperature 7="T5.

In conclusion, we would like to note that our model of
collective ion channel dynamics only sketches some basic
features of structure formation in excitable biomembrane

systems. There is no doubt, that in the real living cells, a
more complex behavior among the ion channels occurs, and
may depend on numerous influences beyond a quantitative
description. One especially interesting direction of the fur-
ther development is analysis of the possible orchestration of
ion channel fluctuations by a cytoskeleton in a cooperative
manner [8,9] in a squid’s giant axons. The first step is to
analyse subthreshold dynamics in periodically stimulated
axons [10] in the framework of our model. Our next step
would be the study of channels noise in neurons of the
superficial medial entorhinal cortex, which are responsible
for delivering information to the hippocampus via the
perforant path. These neurons exhibit subthreshold oscilla-
tions in membrane potential at a frequency 8 Hz [11].

We hope that our model may give rise to further inves-
tigations in this exciting field of bioelectrochemistry.
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Abstract

This paper presents a historic perspective on the origin of the lipid bilayer concept and its experimental realization. Additionally, current
studies in close collaboration with our colleagues on the use of supported BLMs as biosensors and molecular devices are delineated. Further,
recent research of others on BLMs (planar lipid bilayers) is referenced. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In 1961 at the Symposium on the Plasma Membrane,
when a group of unknown researchers reported the recon-
stitution of a bimolecular lipid membrane in vitro, the report
was met with skepticism. Those present included some of the
foremost proponents of the lipid bilayer concept, such as
Davson, Danielli, Stoeckenius, Adrian, Mauro, Finean, and
many others [1]. The research group began the report with a
description of mundane soap bubbles, followed by ‘black
holes’ in soap films, . . . ending with an invisible ‘black’ lipid
membrane, made from lipid extracts of cow’s brains. The
reconstituted structure (60—90 A thick) was created just like
a cell membrane separating fwo aqueous solutions. The
speaker then said “...upon adding one, as yet unidentified,
heat-stable compound. . .from fermented egg white. . .to one
side of the bathing solutions. . .lowers the resistance. . .by 5
orders of magnitude to a new steady state. . .which changes
with applied potential. . .Recovery is prompt. . .the phenom-
enon is indistinguishable. . .from the excitable alga Val-
onia. . ., and similar to the frog nerve action potential” As
one of the members of the amused audience remarked,

* Corresponding author. Physiology Department, Michigan State
University, East Lansing, MI, 48824, USA. Tel.: +1-517-355-6475/1275,
fax: +1-517-355-5125.

E-mail address: ottova@msu.edu (A. Ottova).

*“.. .the report sounded like. . . cooking in the kitchen, rather
than a scientific experiment!”” That was in 1961, and the first
report was published a year later [1]. In reaction to that
report, Bangham [2], the originator of liposomes, wrote in a
1996 article entitled ‘Surrogate cells or Trojan horses’: . . .a
preprint of a paper was lent to me by Richard Keynes, then
Head of the Department of Physiology (Cambridge), and my
boss. This paper was a bombshell. . .. They (Rudin, Mueller,
Tien and Wescott) described methods for preparing a mem-
brane. . .not too dissimilar to that of a node of Ranvier. . . The
physiologists went mad over the model, referred to as a
‘BLM’, an acronym for Bilayer or by some for Black Lipid
Membrane. They were as irresistible to play with as soap
bubbles” [2].

Indeed, the group under the leadership of D.O. Rudin,
then working in Philadelphia, PA, on the 9th floor, at
Eastern Pennsylvania Psychiatric Institute (now defunct),
was playing with soap bubbles with the ‘equipment’ pur-
chased from the local toyshop! While nothing unusual for
the researchers at work, it must have been a curious and
mysterious sight for the occasional visitors who happened to
pass through the laboratories there!

2. Results and discussion

The accompanying table below summarizes the results of
the past four decades of investigation of bilayer lipid
membranes (BLMs or planar lipid bilayers).

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Decade

First Decade (1961—-1970)

Technique for BLM formation; excitability-inducing-material (EIM), discrete channel

conductance; antigen—antibody, enzyme—substrate interactions photoelectric effects [14,15].

Second Decade (1971-1980) Models for the plasma membrane of cells, the nerve membrane, the cristac membrane of
mitochondria [24,38], the thylakoid membrane of the chloroplast [8,14], the visual receptor
membrane of the eye, and many others, last but not the least a model for the purple
membrane of H. halobium [17]; ion channel reconstitution [35,36,38,39].

Third Decade (1981-1990)

Molecular mechanisms of membrane processes. Supported BLMs on metal substrates

(s-BLMs). Mechanisms of photosynthesis, membrane bioenergetics [21]. Solar energy
utilization via semiconductor septum electrochemical photovoltaic cells [8,16],

electroporation [19].
Fourth Decade (1991-2001)

Supported BLMs on hydrogels (sb-BLMs), tethered (t-BLMs)[27]. Supported BLM-based

sensors and devices. Molecular mechanisms of membrane processes [18,25,28,33-36,39]
(apoptosis, [25], PDT [18]); BLM-based biotechnology and molecular electronics
[9-13,22,23,26,30—32,37,40—48]; DNA—-BLM interactions [29].

To mark the 40th anniversary of the discovery of the
BLM, we have prepared an article for the occasion; it is
titled “The Lipid Bilayer Concept and Its Experimental
Realization: From Soap Bubbles, the Kitchen Sink, to
Bilayer Lipid Membranes™ [3]. This paper traces the inspi-
ration for lipid bilayer research, which dates to Robert
Hooke’s and Newton’s time (1672 and 1704, respectively).
Today, after four decades of research and development,
BLMs (also referred to nowadays as planar lipid bilayers),
along with liposomes, have become established disciplines
in certain arecas of membrane biophysics and cell biology
[4-8], and in biotechnology [9—-12]. The lipid bilayer,
existing in all cell membranes, is most unique in that it
serves not merely as a physical barrier among cells, but
functions as a two-dimensional matrix for all sorts of reac-
tions. Also, the lipid bilayer, after suitable modification, acts
as a conduit for ion transport, as a framework for antigen—
antibody binding, as a bipolar electrode for redox reactions,
and as a reactor for energy conversion (e.g. light to electric
to chemical). Furthermore, a modified lipid bilayer performs
as a transducer for signal transduction (i.e. sensing), and
numerous other functions as well [13-20,48]. All these
myriad activities require the ultrathin lipid bilayer of 5-nm
thickness. To study BLMs in detail, the task has been a
daunting one until a few years ago, since a 5-nm BLM is an
extremely labile structure with limited lifetime. Planar
BLMs can now be formed on various substrates with
long-term stability, thereby opening the way for basic re-
search and developments work in biotechnology [3,8,10—
12].

3. Conclusion

As of today, black lipid membranes (BLMs or planar
lipid bilayers) have been used in a number of applications
ranging from fundamental membrane biophysics including
photosynthesis, practical AIDS research, and ‘microchips’

study [3,48]. In reactions involving light, BLMs have
provided insights to the conversion of solar energy via
water photolysis, and to photobiology comprising apoptosis
and photodynamic therapy [3,15,16]. Supported bilayer
lipid membranes (s-BLMs) are being used in biosensor
development [10—12]. In addition, the above-mentioned
paper reviews the studies of our laboratory and recent
research of others on the use of BLMs as models of certain
biomembranes [7,16—21]. We also describe briefly our
present work on s-BLMs as biosensors and molecular
devices; as well as delineate the other experiments carried
out in close collaboration with colleagues on s-BLMs
[9,10,22-26,28—31,44].
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Abstract

In this work, we report the influence of the electrostatic interaction between lipid bilayer membranes and their solid polyelectrolyte
multilayer support on the properties of the membrane. All involved sample preparation steps were carried out as convenient adsorption
procedures from aqueous solutions. The lipid fluidity within the membrane as well as the surface coverage of the support could be tailored via
the electrostatic interaction strength between the lipid bilayer and the supporting polyelectrolyte cushion. © 2002 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Among the variety of concepts for supported model
membranes, e.g. Refs. [1—4], the introduction of the electro-
static interaction to a polyelectrolyte-supported charged
model membrane is expected to be a promising concept
towards the goal of simulating a biological membrane in
order to study its complex properties [5]. All preparation
techniques involved in this approach are based on self-
assembly processes, leading to a convenient water-based
technique to build up a model membrane [6,7]. In the
following, the results of structural and functional investiga-
tions on these assemblies are reported.

2. Experimental

The polyelectrolyte multilayers consisted of poly(ethyle-
neimine) (PEI, My = 50-60 kg/mol, 50 wt.% aqueous
solution, Aldrich), poly(4-styrenesulfonicacid) sodium salt
(PSS, My = 70 kg/mol, Aldrich) and poly(allylamine)
hydrochloride (PAH, Mw = 50—60 kg/mol, Aldrich) and
were prepared via the adsorption process from solutions
described by Decher et al. [6] on functionalized Au or SiO,

* Corresponding author. Tel.: +49-6131-379-160; fax: +49-6131-379-
100.
E-mail address: knoll@mpip-mainz.mpg.de (W. Knoll).

substrates. The lipids used for the preparation of the bilayers
were dimyristoyl-L-a-phosphatidylglycerole (DMPG, nega-
tively charged in aqueous solution), dimyristoyl-L-a-
phosphatidylcholine (DMPC, zwitterionic) and nitrobenzox-
adiazole-Cy4-L-a-phosphatidylcholine (NBD-C4-PC) as a
dye for the fluorescence measurements. Lipid mixtures were
prepared in order to dilute the charge density of the lipid
bilayer.

Uni-lamellar lipid vesicles (ULV) were prepared via the
extrusion technique [8]. The sizes of the formed vesicles
were determined via dynamic light scattering technique
(DLS) [9]. The ULVs were floated onto the swollen poly-
electrolyte support [7]. All aqueous preparation steps were
carried out in MilliQ water or in buffer solution (pH 5.4 for
impedance spectroscopy), respectively.

The polyelectrolyte-supported bilayers were investigated
by means of time-dependent surface plasmon spectroscopy
(SPS) [10,11], neutron reflectometry (NR) [12], impedance

Table 1
Hydrodynamic radius Ry of the liposomes prepared via the vesicle extru-
sion technique measured via dynamic light scattering

Lipid system Ry (nm)

DMPC 484+ 0.5
DMPG 18.0+2.0
DMPC/DMPG (10:1) 53.0£2.0
DMPC/DMPG/NBD-PC (10:1:0.1) 520x1.0

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Left-hand side: NR data of (A) the support without lipid, (C) DMPC/DMPG (10:1) on the support (4 PSS/4 PAH). The solid lines in (A) and (C)
represent the model calculations of the data according to the parameters in Table 2. The doted line (B) represents a simulation of a lipid bilayer without an
additional non-specific layer on top (see text). The curves were artificially shifted for clarity. Right-hand side: calculated profiles of the scattering length density
b/V corresponding to the calculations (A): blank support, (B) dotted: theoretical profile without non-specific top layer and (C) the supported bilayer plus non-

specific top layer.

spectroscopy (IS) [13,14], as well as fluorescence recovery
after photobleaching (FRAP) [15].

3. Results and discussion

The swelling mechanism and structural properties of the
polyelectrolyte support were reported earlier [16]. The
polyelectrolyte support used for these studies consisted of
4 x 4 polyelectrolyte layers of alternating charge. The
equilibrium swollen thickness in the aqueous environment
was 17.1 £ 0.5 nm obtained from NR measurements (see
below). This architecture was reported to provide an opti-
mum support for lipid bilayers [17].

The crucial property of the lipids is their ability to form
stable and uniform monolayers and bilayers. In the case of
lipid mixtures, this ability is strongly related to their misci-
bility. The miscibility of lipids is predicable from the differ-
ence of the phase transition temperatures (7,,) of the lipids
involved. Perfect miscibility occurs if AT, =Ty, — Tpy,, = 0.

Table 2
Parameters of the model calculations shown in Fig. 1

T, values for the lipids used in this work were Ty,
(DMPC)=T,, (DMPG)=23 °C [18]. According to these
values, all mixtures of DMPC and DMPG were expected to
be stable due to the perfect miscibility.

The sizes of the lipid vesicles prepared from lipid
mixtures and pure lipids were investigated with DLS. The
resulting hydrodynamic radii are summarized in Table 1.
The DLS experiments yielded diameters of neutral lip-
osomes and liposomes with diluted charge of twice the
pore diameter of extrusion membrane. Completely charged
liposomes were smaller, approximately 30% of the neutral
vesicles diameter. The effect was discussed in the literature
[19]. Due to their small size and thus their large mechanical
surface tension due to the high curvature, the fully neg-
atively charged DMPG liposomes were expected to fuse
readily onto the ‘attractive’ polyelectrolyte support termi-
nated by a positively charged PAH top layer.

SPS kinetics yielded the equilibrium adsorption time of
the ULVs onto the swollen polyelectrolyte support (5—7 h
for both types of vesicles). The thickness of the bilayer

Calculation parameter Lsio, (nm) blVgupport (x 10~ CA” 2) Lgupport (nm) Osupport (M)

Support (A) 29+0.2 41102 17.1+0.2 30+02

Calculation parameter b/ Vheadgroup Lheadgroup (1'11'1'1) b/Vtails Ltails (nm) b/ Vtop layer Ltop layer (nm)
(x107°A?% (x107°A? (x107°A?

Supported bilayer (C) 58403 1.0+ 0.2 0.2+0.1 4.0+0.2 49+0.5 45.0+0.5

L denotes layer thicknesses, b/V scattering length densities, and ¢ surface roughness.





R. Kiigler, W. Knoll / Bioelectrochemistry 56 (2002) 175-178

formed via fusion of DMPC/DMPG (10:1) vesicles onto the
support (4 PSS/4 PAH) was estimated by SPS. The Fresnel
calculations resulted in a thickness of the adsorbed lipid
layer of L=14.5 £ 1.5 nm. The thickness was significantly
larger than the thickness of a DMPC bilayer reported in
the literature (L=4.3 nm, Ref. [20]), indicating that prob-
ably non-fused vesicles were left on top of or within the
bilayer.

The NR experiments with the DMPC/DMPG (10:1)
system resulted a similar structural picture (Fig. 1). The
simplest model to simulate the experimental reflection data
obtained from the supported bilayer included a distinct
bilayer box profile plus a non-specific layer on top (profile
C in Fig. 1; for simulation parameters, see Table 2). The top
layer was approximated by the uniform layer with the
average scattering length density /) shown in Fig. 1 and
Table 2. The thickness of the top layer was well defined by
the visible modulation in the reflection data with a short
period in g. The thickness of the top layer determined from
the mentioned modulation was in the order of the radius of
the fused liposomes. The modulation was strongly damped,
indicating a rough interface towards the superstrate. The
simulation without the additional non-specific top layer did
not describe the data in a satisfying way (dotted curve B
and profile B in Fig. 1).

The lateral fluidity of similar DMPG/DMPC bilayers was
measured via FRAP (Fig. 2, see below). The surface cover-
age of the lipid material (Fig. 3) was calculated from the
membrane capacity obtained via IS [14]. FRAP showed a
decreasing lateral lipid fluidity with an increasing charge
density of the lipid mixture, whereas IS showed an increas-
ing surface coverage, and thus, a decreasing membrane
capacitance. These competing dependencies were closely
related to the concentration of negatively charged lipid head
groups in the bilayer and were interpreted as follows: the
negatively charged head groups were attracted and immobi-
lized by the positively charged top layer of the support. The
electrostatic interaction hindered the lateral lipid diffusion
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Fig. 3. Surface coverage calculated from membrane electrical capacity
measured via IS.

but was, however, favorable for the formation of a stable and
dense bilayer.

4. Conclusions

Lipid bilayer membranes were formed via the adsorption
of vesicles prepared from lipid mixtures. The entire sup-
ported bilayer assembly was based on convenient adsorption
processes from liquids. NR as well as SPS measurements
indicated the existence of a layer on top of the bilayer, most
likely formed by imperfectly enrolled vesicles.

Crucial membrane properties such as the lateral fluidity
and membrane surface coverage appeared to be competitive
with respect to the interaction strength between the charged
membrane and support. Both properties could be tailored via
the strength of the electrostatic interaction (simply by chang-
ing the concentration of the charged lipid in the mixture).
However, the investigated membrane characteristics were not
yet near to the ideal values reported in the literature. Further
work is needed to find an optimum situation between the

800+
600
4001 DMPG 100%
200+
0 ly--.—.r‘ T WWI T T T
-10 0 10 20 30 40 50
time / sec

Fig. 2. Membrane fluidity dependent on electrostatic interaction strength between the support and bilayer measured via FRAP. Left-hand side ULVs consisting
of DMPG/DMPC (1:10) at T=39 °C. The solid line represents a fit of the data based on Fickian diffusion with a lateral diffusion coefficient D=0.80 x 10 ~*
cm?/s and a relative recovery of the fluorescence intensity of 89.7%. Right-hand side: pure DMPG ULVs.
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competition between lateral fluidity and surface coverage of
the lipid bilayer.
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Abstract

The insulating properties of self-assembled thiolipid monolayers and tethered lipid bilayers on polycrystalline gold electrodes were
studied by means of cyclic voltammetry (CV). These films were formed by two-step self-assembly processes. Electrochemical measurements
of the heterogeneous electron transfer rate constant of different redox couples such as potassium ferrocyanide (K4[Fe(CN)¢]) and dopamine
(DP) were used to examine the molecular integrity and structural defects and pinholes within the monolayers. We demonstrate by means of
cyclic voltammetry that the bilayer lipid membranes tethered to the gold surface are blocking, stable, yet retaining their dynamic properties
and can be used as a model of the cell membrane. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Cyclic voltammetry; t-BLMs; Potassium ferrocyanide; Dopamine; Membrane models

1. Introduction

Since the works of Allara and Nuzzo were first published
[1-3], the self-assembled monolayers of alkanethiols and
their derivatives on gold have been widely investigated [4—
32]. Nowadays, it seems that such stable, well-organized
films with well-defined structure and thickness can be
applied, for example, in the studies of electron transfer
[8—13], in the investigation of electrochemical behavior of
different redox couples, in particular biological molecules
covalently bound with the electrode surface [15—-20], in the
preparation of microelectrodes and microsensors [19—
23,29-31] or in the modeling of the surface-supported
biomimicking bilayer systems [24—32].

However, the structure and organization of the mono- and
bilayer films are often very far away from ideal and the
blocking properties are not satisfactory, therefore the use of
such modified electrodes is to a certain extent limited. This is
the main reason why it is very important to examine the
properties of mono- and bilayers before further studies
concerning applicability are performed [32]. This paper
summarizes the results of our studies on blocking properties

* Corresponding author. Tel.: +48-22-8220211x286; fax: +48-22-
8225996.
E-mail address: zebra@chem.uw.edu.pl (A. Zebrowska).

of two novel thiolipid monolayers as well as bilayers con-
taining them, tethered to the polycrystalline gold electrode.

2. Experimental
2.1. Chemicals

All chemicals used during electrochemical experiments
were of the highest purity commercially available: LiClO,4
(Aldrich, ACS grade), KCI (POCh, reagent grade), potassium
ferrocyanide (K4[Fe(CN)g]) X 3H,0O (Sigma, 99%), 3-
hydroxytyramine hydrochloride (DP) (Fluka, 99%). Aqueous
solutions were prepared from water of high purity (Milli-Q).
The gold used for the working electrode was a commercially
available polycrystalline gold wire of 99.99% purity (0.5 mm
in diameter). The two thiolipids dipalmitoylphosphatidyle-
thanolaminomercaptopropionamide (DPPE-MPA) and cho-
lesteryl 3-mercaptopropionate (Chs-MPA) were synthesized
according to the previously described procedure [33,34].

2.2. Instrumentation
Electrochemical measurements were conducted with a

PC-controlled, custom-built potentiostat/galvanostat (KSP
Electronics, Poland), using a conventional small three-elec-

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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trode cell. All potentials are referred to an Ag|AgCl|1 M
KCl,q reference electrode. Potassium hexacyanoferrate(I),
and dopamine solutions used for integrity tests on mono-
and bilayers were thoroughly derailed with argon.

2.3. Electrode preparation

The electrodes were fabricated and modified by tethering
of thiolipid monolayers to the surface of gold according to
the procedure described previously [34]. Such modified
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electrodes were then examined for the presence of pinholes
in the monolayer. These measurements were carried out in
0.1 M LiClO,4 aqueous supporting electrolyte containing one
of the two electrochemical probes, hydrophilic K4[Fe(CN)¢]
or amphiphilic dopamine. Most of the thiolipid-modified
electrodes prepared that way exhibited good integrity and
blocking behavior and were then used in the following ex-
periments.

Then, a second layer was attached to a thiolipid-modified
electrode by a subsequent transfer of a lipid layer from air/
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Fig. 1. Cyclic voltamograms of (1) 1 mM K4[Fe(CN)e] and (2) 1 mM dopamine in 0.1 M LiClO4 aqueous solution buffered with phosphate buffer pH 6.94 on
Au electrode covered with self-assembled DPPE-MPA monolayer (a) and DPPE-MPA +DOPC bilayer (a'). Inlets show voltamograms for the same redox
probes on bare gold.
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water interface as in Refs. [33,34]. The driving force of this
attachment is the hydrophobic effect that is connected with
the reduction of free energy of thiolipid/water interaction by
exposition of hydrophilic heads of phospholipid molecules
into aqueous solution. Such parameters like the thickness of
mono- and bilayers, the conformation of the thiolipids
molecules on the surface and the flexibility and stability
of the membranes have been described previously [33,34].

3. Results and discussion

The tests, the integrity and compactness (the absence of
any pinholes and structural defects) of different self-
assembled thiolipid monolayers: DPPE-MPA and Chs-
MPA and two tethered t-BLMs containing these monolayers:
DPPE-MPA + DOPC and Chs-MPA + DOPC were carried
out by means of cyclic voltammetry (CV) [35]. For this pur-
pose, we used kinetically facile hydrophilic redox probe—

D .

In(j/uA/cm?)

K4[Fe(CN)g] (E°=237 mV) as well as amphiphilic dopa-
mine (E,°=298 mV, E," =498 mV), (Fig. 1). As it is shown
in Fig 1. The presence of the layers highly attenuated both
the reduction and oxidation reactions of the redox couple.
For a comparison, the inlets in Fig. 1 show the same
voltammograms recorded on bare gold. From this figure, it
is evident that the current density at the formal potential is
negligible in comparison to a bare electrode. Moreover, one
can notice almost perfect, exponential shape of anodic
branch of voltammograms recorded on the monolayer and
bilayer modified gold. The fact that the dependence of
current density vs. potential is not sigmoidal in shape clearly
demonstrates that the pinhole defects present in well-ordered
mono- and, in particular, bilayers are electrochemically
immeasurable. Therefore, we can draw a conclusion that
the obtained mono- and bilayers are free of any considerable
pinhole defects which means that the redox couples are
unable to gain a direct contact with the electrode surface
[36,37].
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Fig. 2. Tafel plot of In() vs. n for irreversible reaction of (1) 1 mM K4[Fe(CN)e] and (2) 1 mM dopamine in 0.1 M LiClO4 aqueous solution buffered with
phosphate buffer pH 6.94 on Au electrode covered with self-assembled DPPE-MPA monolayer (a), DPPE-MPA + DOPC bilayer (a"), Chs-MPA monolayer (b)

and Chs-MPA +DOPC bilayer ().
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Table 1

Kinetic parameters for redox reactions of potassium ferrocyanide and dopamine on the gold electrode covered with DPPE-MPA, DPPE-MPA + DOPC and Chs-

MPA and Chs-MPA + DOPC, respectively

Type of the redox probe Layer type i (m/s) p
K4[Fe(CN)g]
(8 in 0.1 M KCl aq=3.1x 10~ * [11],
£ in 0.1 M LiClO4 aqg=4.38 x 10 ) DPPE-MPA 8.42x 10~ 0.22
DPPE-MPA + DOPC 7.65%x1077 0.17
Chs-MPA 555x 107 0.20
Chs-MPA +DOPC 3.28x1077 0.22
Dopamine
(8 in 0.1 M KCl aq=5.78 x 10 ~ > [13],
£ in 0.1 M LiClO4 aqg=5.78 x 10~ %) DPPE-MPA 7.08 %1078 0.33
DPPE-MPA + DOPC 2.64%x10°8 0.35
Chs-MPA 233 %1077 0.10
Chs-MPA +DOPC 9.87x 108 0.08

These results suggest that the electron tunneling through
the layer is a general mechanism of the electron transfer for
our studied systems. Therefore, we were able to use the
Tafel approach for the kinetically controlled electrode pro-
cesses [38—40]. The exemplary Tafel plots of the two redox
couples for the mono- and bilayer, respectively, are pre-
sented in Fig. 2. Almost all of these plots are nearly linear
for overpotential exceeding 200 mV [7]. Therefore, based
on the Tafel equations, the transfer coefficients f for
K4[Fe(CN)g] and dopamine on both DPPE-MPA and Chs-
MPA monolayers as well as DPPE-MPA + DOPC and Chs-
MPA +DOPC bilayers were calculated from the slope of the
linear part of the plot. Furthermore, we have estimated the
values of the standard rate constants k, of the reactions on
the modified surface of the gold electrode. These kinetic
parameters for both redox couples and all types of the layers
that were used to modify the electrode surface are summar-
ized in Table 1. Table 1 also presents the kg values of the
investigated redox couples on bare gold under the same
experimental conditions. In order to evaluate these values,
we used the voltammograms shown in the inlets of Fig. 1. In
LiClO4 aqueous supporting electrolyte, the kinetics of
K4[Fe(CN)g] is much slower as compared to KCl electrolyte
[35]. The fact that the voltammogram of this couple behaves
quasi-reversibly (AE, =110 mV) enabled us to evaluate the
standard rate constant k; of this couple according to the
procedure described by Nicholson [41]. The same procedure
was used to evaluate the kg value from the first pair of redox
peaks for dopamine (AE,; =377 mV and AE,, =257 mV).
Our experimental data for both redox probes on bare gold in
0.1 M LiClO4 aqueous supporting electrolyte buffered with
phosphate buffer at pH 6.94 are presented in Table 1. The
obtained values are almost an order of magnitude smaller
than those typically found in an aqueous solution of KCI as
a supporting electrolyte.

Basing on the results presented in Table 1, it is reason-
able to draw a conclusion that all mono- and bilayers affect
the redox reaction mechanism differently for the different
redox probes present in the solution. It is interesting that in
the case of the hydrophilic probe K4[Fe(CN)¢], the standard

rate constants are three orders of magnitude smaller as those
on bare gold, while in the case of dopamine, the amphiphilic
molecule, the standard rate constant decreases only two
orders of magnitude. It is possible that the amphiphilic
molecule of dopamine penetrates the layer more deeply
(especially through the small defects, e.g. collapse sites, in
the hydrophobic chains region that brings about the decrease
of the real distance of the redox molecule to the electrode
surface). In agreement with these results, our SERS results
(not shown) of ordering the tethered DPPE-MPA [33] and
Chs-MPA [34] monolayers show that both trans and gauche
types of C—C bond orientation next to the sulphur atom
contribute to the spectrum. This may be responsible for an
imperfect organization of the hydrocarbon chains within the
hydrophobic region of tethered monolayers. The addition of
a second phospholipid layer, as it could be expected,
increases the blocking properties of the thiolipid monolayer
and the values of standard rate constants ., are smaller than
in the case of the monolayer (Table 1). It is also interesting
that the obtained values of the standard rate constants k are
comparable to the values obtained for the electrode modified
with the shorter than thiolipids thiols such as for example
C1sSH [44,45]. This suggests that more liquid molecules of
the thiolipid form quite blocking, well-ordered layers with-
out significant pinholes what is in agreement with previous
results on gold and mercury modified with thiols of different
lengths [7,42—46]. These results confirm that the thiolipid
mono- and bilayers have good blocking properties and they
could be used in the study of a tunneling process through the
incorporated species.

4. Conclusions

The blocking properties and integrity of the described
mono- and bilayer systems containing Chs-MPA and DPPE-
MPA monolayers tethered to the gold surface are satisfac-
tory and even better than could be expected based on
literature. Such mimetic systems due to their reproducibility,
stability and simple way of preparation can be widely used
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as good models of biological lipid membranes in the future
studies.
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Abstract

The effect of D-glucose and insulin on conducting properties of supported bilayer lipid membranes (s-BLM) modified by anthraquinone-
2-sulphonic acid (AQS) at the presence of potassium ferricyanide was studied by means of cyclic voltammetry (CV). Both the oxidation and
the reduction current peaks were found to decrease at the presence of glucose in concentration range varying from 10 to 320 mM. The
influence of insulin on membrane properties is ambiguous. While the pretreatment of membrane with 20 mU 17" of insulin evoked slight
increase of the current with unchanged course of the dependence of peak current on glucose, the decrease of conductance was observed above
10° mU ™! of insulin. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: s-BLM; Glucose; Insulin; Cyclic voltammetry; Biosensor

1. Introduction

High stability of supported lipid bilayer membranes (s-
BLM) and incorporation of electrochemically active mole-
cules into the lipid matrix opens up the possibility for the
construction of electrochemical biosensors based on s-BLM
[1,2].

Glucose carriers mediate the transport of glucose across
the biological membrane. Though the successful attempts of
immobilization of glucose transporters into the planar lipid
bilayer membranes [3] and the supported lipid bilayer
membranes [4] for glucose biosensing have been made,
glucose or its derivatives by itself could alter biophysical
properties of the lipid matrix [5,6]. Glucose transport by
carriers becomes activated by the binding of insulin to the
specific receptors in the plasma membrane, but there is
likewise an evidence of nonreceptor mediated mechanism of
insulin—membrane interaction [7,8].

This study deals with the investigation of the effect of
glucose and insulin on the conducting properties of s-BLM
modified with anthraquinone-2-sulphonic acid (AQS) by
cyclic voltammetry.

* Corresponding author. Fax: +42-1-55-420253.
E-mail address: grosiar@central.medic.upjs.sk (J. Sabo).

2. Experimental

S-BLMs were made of 5% egg phosphatidylcholine
(Sigma) in ethanol and n-dodecane (Sigma) with 1 mM
AQS (Sigma). Potassium ferricyanide, p-glucose and the rest
of the chemical compounds were of the analytical grade.
Neutral solution of biosynthetic human insulin was pur-
chased from NovoNordisk. Hanks solution with 10 mM
phosphate buffer prepared in deionised water was adjusted
to pH=7.4. S-BLMs were formed as described previously [9]
on a tip of a Teflon-coated platinum wire (diameter 0.5 mm,
cross-section area 1.96 X 107> cm?). Membrane self-assem-
bly was monitored at 50 mV and 10 kHz by the capacitance
plot. The electrode with lipid layer was kept in bathing
electrolyte for several hours till the membrane became
stabilized and suitable for the cyclic voltammetry measure-
ments. AC measurement as well as recording of cyclic
voltammograms (CV) was performed with an electrochem-
ical analyzer IMbe (Zahner Elektrik). An Ag/AgCl electrode
was used as reference. The concentrations of K5[Fe(CN)g],
glucose and insulin in the bathing electrolyte were changed
during the cyclic voltammetry experiments by addition of the
appropriate amount of the concentrated solution. The
response was monitored after 30 min when the system was
stabilized, i.e. CV did not changed in time. The electrical
capacitance of s-BLM was also measured. The parameters of
the s-BLM were measured at room temperature (21+1 °C).

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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3. Results and discussion

Membrane parameters reached the steady state values
several hours after immersing a platinum wire with a lipid
drop into the bathing electrolyte. In our experiments, the
specific capacitance of s-BLM per unit area for the stabilized
membranes reached 0.06 uF cm 2. This value is considerably
lower than the specific capacitance of the free standing
bilayer lipid membranes (BLM). Analysis of the electrical
parameters of lipid layers on a rough metal support (a tip of
metal wire) lead the authors of Ref. [10] to the essential
revision of s-BLM model as a simple lipid bilayer on a solid
support. According to the work cited above, rather than a
bilayer, a monolayer and even a three-layer structure
appeared on the metal surface, interrupted by “islands™ of
uncovered metal support. During our experiments, s-BLMs
were stabilized at a higher thickness and seems to have
multilayer structure. Therefore, the occurrence of the uncov-
ered areas of metal support and consequently direct contact of
electrolyte with platinum seems to be less probable due to the
rather low specific capacitance of s-BLMs obtained in our
work.

CVs of s-BLMs modified with AQS were recorded in the
presence of K;[Fe(CN)g] (Fig. 1). Concentrations of potas-
sium ferricyanide at which the oxidation and reduction peaks
have occurred strongly depended on the parameters of the s-
BLM in the steady state. Generally, they were observed at
200 mM ferricyanide concentration. From CV measured
between 0 and 800 mV at voltage scan rate 50 mV s ',
well-pronounced oxidation and reduction peaks can be
noticed at 660 and 525 mV, respectively. Peak-to-peak
separation as well as the ratio of peak currents indicates
possible irreversibility of electron transport. The dependence
of relative change of peak current on the glucose concen-
tration clearly shows pronounced membrane response to
glucose (Fig. 2). The peak current of s-BLMs treated with
glucose in the concentrations exceeding physiological ones
(10—-320 mM) was found to decrease; at the concentration

exceeding 300 mM, the oxidation and the reduction peaks
became even completely extinct (not shown). The results
obtained evidence that glucose can effectively influence the
properties of AQS modified s-BLM and block all “active
sites” in the membrane.

The specific capacitance of s-BLM after the treatment with
glucose was considerably higher than initial values and
reached approximately 0.34 pF cm 2.

Though an electron transfer between ferricyanide and Pt
electrode through AQS modified s-BLM is supposed to be the
main cause of redox reaction, a direct electron transfer of
electroactive species through the structural defects in the lipid
layer induced by the modification of membrane with AQS is
equally possible.

The increase of membrane capacitance and the decrease
of the elasticity modulus £, of s-BLM treated with high
glucose concentration (0.3 M) have been demonstrated in
Ref. [5]. The changes of membrane parameters due to the
solvent redistribution from the thicker regions of s-BLM
could also influence the distribution of mediator molecules
through s-BLM or their orientation in the membrane,
resulting in the reduction of the current of either oxidation
and reduction peak after the application of glucose.

Taking into consideration a possible extension of the
measurements to probing for glucose in human blood, phys-
iological concentration of insulin (20 mU 1~'=0.134 nM) was
examined. The treatment of the s-BLM with insulin evoked
the slight increase of redox current. Following addition of
glucose produced the similar reduction of peak current as for
the previous experiments with glucose. In contrast to the
effect of 20 mU 1! of insulin, the treatment with insulin from
1 to 30 pM brought about peak reduction in the whole
observed interval (Fig. 3). After CV experiments examining
the influence of insulin in the concentration range from 1 to
30 uM on the s-BLM properties, the moderate decrease of the
specific membrane capacitance was observed—it changed
from the initial average value 0.09 uF cm ™2 to 0.07 uF cm >
for the set of seven membranes.
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Fig. 1. Cyclic voltammogram of s-BLM modified with 1 mM AQS (1) and s-BLM modified with ]| mM AQS in the presence of 120 mM K;[Fe(CN)s] (2).

Scan rate is 50 mV s~ ..
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Fig. 2. Dependence of the relative change of oxidation (O) and reduction (®) peak current of the self-assembled phosphatidylcholine membranes modified with
1 mM AQS on the glucose concentration. Results are means of five experiments+S.E.

The influence of insulin on the supported membrane
properties is ambiguous as far as the low concentration of
protein increases the conductance of s-BLM modified with
AQS, the decrease of redox current is observable at the
insulin concentration above 10° mU 17",

The membrane—insulin interaction can be effectively
modified not only by major membrane structural lipid, but
the additives of different origin as well [11]. AQS
molecule could play a role of such an additive inducing
the changes of the physical properties of the membrane
and facilitating the insertion of insulin into the membrane
or its absorption on membrane surface, in contrast to the
lipid membrane without modifiers. It was demonstrated
[12] that the increased internalization rate of insulin by
synthetic liposomal membranes might result from an
increase in membrane fluidity caused by chromium pico-
linate.

Nonspecific influence of insulin on the viscoelastic
properties of the planar lipid bilayer membranes without
any protein receptor or modifier demonstrated by authors
of the paper [8] showed that insulin at low concentrations

(107'"'-107° M) adsorbs on the lipid membrane with the
insertion of peptidic chains into the hydrophobic region of
the membrane. The change of membrane viscoelastic
properties at distances exceeding the effective diameter
of the peptide molecule associated with the increase of
membrane surface charge at pH=7.4 caused a diminution
in the Young elasticity modulus and the coefficient of
dynamic viscosity that was followed by an increase in
membrane conductivity. Our experiments with low insulin
concentration are consistent with the results of the studies
cited above. Adsorption of insulin present in physiological
concentration in bathing electrolyte increases the surface
potential [8] and facilitates the contact of electroactive
species with the platinum electrode, resulting in an
enhancement of membrane conductivity in accord with
the results described in Ref. [8].

Our findings suggest that such a high concentration of
insulin, as 1-30 pM, could cover the supported membrane
minimizing the number of “binding sites” in s-BLM. The
result is consistent with the work of Omodeo-Sale et al.
[13]; according to that, high concentration of insulin may
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Fig. 3. Dependence of the relative change of oxidation (O) and reduction (®) peak current of the self-assembled phosphatidylcholine membranes modified with
1 mM AQS on the insulin concentration. Results are means of seven experiments+S.E.
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simply “coat” the bilayer structure of the large unilamellar
vesicles by hydrogen or electrostatic bonds without pene-
trating into the hydrophobic core of the membrane.

The exact mechanism of insulin—bilayer interaction
leading to change of CV current response of supported
membrane as well as the electrochemistry of the occurring
redox reactions cannot be exactly deduced from our experi-
ments. However, they might be admittedly important for the
successful construction of an s-BLM-based biosensor sen-
sitive to glucose.

4. Conclusions

The experiments revealed the influence of glucose on the
electrochemical properties of s-BLM modified with AQS at
the concentration above the physiological level in contrast
to the unmodified membrane. At the same time, the course
of the dependence on glucose was unchanged for the low
concentration of insulin. We suppose that the hyperglycemic
concentration of glucose change membrane fluidity. It
seems possible that glucose influence the ordering of bilayer
lipid membrane, which results in lower transmembrane
current. The effect of concentration dependence of current
in oxidation and reduction peaks could be used for con-
structing glucose sensor based on s-BLM.
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Abstract

The results of extensive in vitro studies of DNA —lipid complexes allowed us to propose a model for the structure of such complexes and
their involvement in the formation of DNA—membrane complexes (DMC). DMC seem to form the basis for such cellular structures as
Bayer’s junctions and nucleoid of bacteria, the nuclear pores, annulate lamellaec and nucleoid of eucaryotes. The role of DMC in gene
expression is discussed. Numerical density of mitochondria during cell aging correlates with the density of bacteria in batch culture. It is
concluded that aging is caused by the unlimited growth of mitochondria and their subsequent degradation. The role of DMC in mitochondrial
DNA damage at aging is discussed. The way of increasing the life span by controlling the density of mitochondria in a cell volume is likewise
discussed. DMC formed between any two intracellular membranes can serve the basis for the membrane continuum in a cell. © 2002 Elsevier

Science B.V. All rights reserved.

Keywords: DNA; DNA—membrane complexes; Mitochondria; Aging

1. Introduction

The coexistence of three main cellular components—
proteins, nucleic acids and lipids—assumes the existence of
three types of interactions between them: protein—nucleic
acids, lipid—proteins and lipid—nucleic acids.

However, the existence of DNA-Ilipid interactions has
been questioned by most biologists to date. It is therefore
necessary to discuss some aspects of DNA-lipid interac-
tions and their role in cell functioning and in the formation
of various cellular structures.

2. DNA-lipid complexes in vitro

IR spectroscopic analysis of DNA —lipid complexes (total
fraction of lipids of a rat liver) showed that DNA denaturates
in the presence of these lipids [1]. However, it is possible that
denaturation of DNA could be caused by drying—rehydra-
tion during the procedure used for preparing DNA—lipid
complexes for IR-spectroscopy experiments. Calorimetric
investigation of the complex polyA#*polyU-phosphatidyl-
choline liposomes in the absence of divalent cations revealed

* Tel.: +7-967-735243; fax: +7-967-790509.
E-mail address: basylyk@yahoo.com (V.V. Kuvichkin).

minor changes in the melting profile of a lipid and poly-
nucleotide [2]. Thus, despite the existence of the interactions
between DNA and liposomes composed of zwitterionic or
negatively charged phospholipids, these interactions do not
lead to significant changes in the structure of complexes or
their components.

In a paper by Budker et al. [3] and in our work [4], it has
been shown that specific interactions between zwitterionic
phospholipids and polynucleotides take place in the presence
of divalent metal cations (Me*"). These complexes may play
an important role in a cell.

Briefly, the results of the investigation of DNA—phos-
phatidylcholine—Me*" (triple complexes) can be presented
as follows:

(1) DNA forms complexes with three main lipids:
phosphatidylcholine (PC), phosphatidylethanol-
amine (PE) and sphingomyelin (SM). Addition of
other lipids to these complexes caused the increase
or decrease of the energy of these interactions [4].

(2) The ability of divalent cations to form complexes
with DNA and PC correlates with the degree of
binding of these cations to PC [4].

(3) Liposomes fuse (either partially or completely) in
the presence of Me*" and DNA, i.e. DNA acts as
fusogene [5].

(4) DNA is partially unwound in triple complex [3,4].

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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(5) The *'P-NMR method revealed a strong change in a
signal connected with phosphate groups of PC,
which implies the formation of triple complexes
between phospholipids, DNA and Mg>" [6].

(6) A cooperative character of Mn®* binding in the
DNA-PC complex has been shown [5].

3. The model of triple complexes and their role in the
formation of cellular structures

It is known that, at the end of the anaphase, nuclear pores
are formed simultaneously with the assembly of a new
nuclear envelope. The membrane vesicles, which appear
due to the breakdown of the old nuclear envelope and
sarcoplasmic reticulum, are involved in the process of new
nucleus assembly [7]. Apparently, the assembly of nuclear
pores in the interphase is realized in a different way [8].

We suggested the following way of formation of inter-
phase pores (Fig. 1). The interaction of chromatin DNA,
which is in the form of nucleosomes, with inner nuclear
membrane results in the invagination of this membrane in
the direction of the cytoplasm. This leads to a contact
between two nuclear membranes (Fig. 1a).

The histones do not prevent the interaction of DNA with
the membrane since they are known to interact with both
negatively charged [9] and neutral phospholipids [10]. Thus,
it is possible that DNA (chromatin) is capable of penetrating
into lipid bilayers. DNA helix unwinds in lipid environment
and forms a prepore (Fig. 1b). This process is accompanied
by a fusion of two membranes and the formation of a true
nuclear pore (Fig. 1c) [11].

The process of nuclear pore formation in the late ana-
phase from membrane vesicles at the moment of chromatin
decondensation [12,13] is presented in Fig. 2 (II). It is seen
that:

¢ the fusion of two vesicles takes place when DNA (or
DNA-RNA hybrid) is localized between vesicles.
The DNA plays a role of fusogene;

¢ unwinding DNA or DNA—RNA hybrid on equator of
the large vesicle appeared from two fused vesicles;

* there is fusion of eight vesicles with the large vesicle,
which is encircled on equator with single-stranded
DNA and DNA-RNA hybrids, the formation of
prepore;

e there is fusion of remaining vesicles with a prepore
membrane on its perimeter with the formation of
fragments of a nuclear envelope with pores;

¢ there is fusion of fragments of the nucleus envelope
and vesicles in a closed nuclear envelope.

The data indicating the possibility of the formation of a
nuclear envelope with pores in an extract Xenopus laevis in
the absence of DNA [14] seem to be in contradiction with
our model. However, the presence of a number of double-

(@)

S O

0,06 000,66066006006600.00000000000000000
0 9.55%%

Fig. 1. Scheme of the interphase DMC formation (for details, see the text).

stranded RNA in the ooplasm, as well as the presence of
nonchromosomal DNA in a cytoplasm of many cells [15]
that can initiate the formation of pore complexes, makes this
argument inconsistent. The confirmation of our model is
based on recent data on the connection of chromatin DNA
with nuclear envelope [16].

4. DMC, mitochondria and aging

Mitochondria could be involved in aging process. The
theory of aging based on a role of mitochondria will be
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Fig. 2. The model of interphase (I), anaphase-telophase (II) nuclear pores assembly and intermembrane continuum (III).

regarded in the context of reactive oxygen species-induced
damage of mitochondrial DNA, their membranes and
decreasing activity of respiratory enzymes [17]. We believe
that one of the important factors of mitochondria functioning
and responsible for their degeneration at aging is the DMC
[8]. A fraction of DMC of mitochondria was prepared almost
simultaneously with DMC of bacteria by the same M-band
method [18]. The fact that mitochondrial membranes interact
with DNA in vitro in the presence of divalent metal cations
[3] confirms that the complexes of DNA with the mitochon-
drial membrane can be formed in vivo. Morphologically,
such contacts may look like Bayer’s [19] junctions of
procaryotes, i.e. they represent sites of partial or complete
fusion of inner and outer mitochondrial membranes. Such
zones of junction of two types of membranes have been
revealed by electronic microscopy [20,21]. Moreover,
according to our opinion, such type of interactions can
respond to the formation of contacts between outer mem-
branes of some mitochondria resulting in their association.
The partial or complete fusion of any neighboring cytoplas-
mic membranes under the effect of DNA can initiate the
formation of contacts and pores between them. This process
thus resulted in a formation of united endocellular membrane
continuum. The existence of such intermembrane contacts
has been shown recently [22]. Nuclear, mitochondrial or
cytoplasmic DNA [15] participates in the formation of such
contacts. Thus, contacts may be formed between intramito-
chondrial membranes (cristae, cristac and the inner mem-
brane of mitochondria, outer and inner membranes of

mitochondria). The loss of DNA in mitochondria results in
considerable changes in their structure and damage of intra-
and intermitochondrial continuum of membrane [23]. The
structure of such contacts is shown in Fig. 2(III). The
changes in the lipid composition of mitochondrial mem-
branes at aging play an important role in this process. The
main lipid that is responsible for the formation of DMC in
mitochondria may be cardiolipin. Cardiolipin binds to DNA
through a bridge of Me*". The level of this lipid in the inner
mitochondrial membrane is considerably reduced on aging
[24]. The DNA damage in the form of point mutations and
deletion of major regions of mitochondrial DNA on aging is
shown [25]. Many years ago, in the system DNA-lip-
osomes, it was shown that the DNA damage is induced by
oxidized lipid [26]. This fact is in line with our hypothesis
that DMC are the main target that is damaged at aging. This
is due to the fact that any sites of DNA are in direct contact
with lipids and their peroxides.

5. Dimensional limitation of life span

The analysis of the problem of the origin of eucaryotic
cell from primary eucaryotes and eubacterias and in the
symbiosis of mitochondria and eucaryotic cells [27] allows
to discuss the mechanisms of aging from unconventional
point of view. Possible reason of aging result in degeneration
of mitochondria is due to the violation of their interaction
with a cell nucleus [28,29]. However, we will discuss this
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Fig. 3. Phase of mitochondria growth in a cell (for details, see the text).

problem from the microbiological point of view. Specifi-
cally, there is analogy between the behavior of mitochondria
and bacterial cells in batch culture [30]. We considered a cell
as a partially closed reactor in which bacterial cultures
(mitochondria) grow. It is known that in batch culture, the
bacteria growth curves have distinct phases. The first is lag
phase and happens when the growth of bacteria is very low.
The exponential growth phase or logarithmic phase turns
into stationary phase leading to the phase of cell death.
Similar phases can be found in the development of mito-
chondria in a cell. Morphometric data obtained by means of
electron microscopy confirmed this observation [31,32]. The
dependence of the number of mitochondria per unit volume
of a cell (numerical density: N,) on the age of organism
correlates with the curves of bacterial culture growth (Fig. 3).

This parameter appreciably increases for adult animals in
comparison with young ones and considerably falls with
aging, sometimes, even lower than N, of a young animal. It
should be noted that a cell is not closed, but an open system,
permanently exchanging with the environment. Neverthe-
less, our comparison is reasonable because cell division
decreases with age or absolutely terminates, and thus
approaching the model that we consider.

In food-restricted experimental animals, the curves of
culture growth are characterized by the elongation of
exponential growth phase. Perhaps it can explain the exten-
sion of life span of these animals at these conditions [33].
One unexpected conclusion consists in destroying a part of
mitochondria (preferably defective and low active) and
leaving a space for the growth of normal mitochondria. It
results in the improvement of energetic cell and its renewal.
The ways of such destruction can be different (antibiotics,
various inhibitors of respiration, etc.). Wide application in
medicine of antibiotics and other drugs that influence the
activity and division of mitochondria [34] is one possible
factor that increase the life span of man. It is also possible to
destroy mitochondria with the help of apoptotic factors [35]

and the uncouplers (for example, fatty acids as natural “mild
uncouplers”) [36]. For regularly divided cells, the degrada-
tion of mitochondria was not shown. This suggests that
aging is determined by the failure of cells of differentiated
organism to divide regularly. This results in the overpro-
duction of mitochondria in cells and their subsequent
damage. Uncontrolled by nucleus, the division of mitochon-
dria (mitochondrial cancer?!) leads to cell death, damage of
organ functions and death of all organism. The most suitable
way to fight aging can be limitation in food or special diet.
Our theory is in accordance with the correlation between
species-specific metabolic rate (“rate of living”) and life
span [37].

The limitations in nutrition can be reduced to change the
stereotypes of our lifestyle, when an increasing number of
countries provoke their inhabitants to overeating. The rea-
sonable diet can be useful, prevents diseases and lengthens
our life.
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Abstract

Two pools of DNA-bound lipids were isolated from DNA supramolecular complex (SC-DNA): loosely bound (extracted with 35%
ethanol) and tightly bound lipids (extracted after additional treatment DNase I). The compositions of the two lipid pools from different
sources (rat thymus, liver, loach sperm, pigeon erythrocytes, Zajdel ascites hepatoma, Ehrlich ascites carcinoma, sarcoma 37, Escherichia
coli B and T2 phage) were studied. The possible functions of DNA-bound lipids, especially of cardiolipin and cholesterol, at the attachment
of DNA loops to the nuclear matrix, in DNA replicon organization, replication and transcription are discussed. © 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Neutral lipids and phospholipids are not only compo-
nents of the nuclear membrane, but they also represent
important components of a number of intranuclear genetic
structures, including chromosomes, chromatin and nuclear
matrix [1,2]. The natural DNA-bound lipid complexes were
isolated for the first time from rat thymus and liver in the
authors’ laboratory in 1974 [3]. These types of complexes
were then isolated from other mammalian cells, tumor cells,
bacteria and phages [4—6]. Firstly, the area of research of
natural DNA-lipid (membrane) complexes is at present
very acute because of importance of general principles of
their structure and function in the development of new
nonviral gene delivery systems for gene therapy purposes.
Secondly, the natural DNA-bound lipids are considered
now, in the post-genome era, to be involved in regulation
of gene expression along with proteins and methylation of
nucleic acid bases [6]. This paper is aimed to analyze the
data on structural and functional role of natural DNA-bound

" Corresponding author. V.N. Orekhovich Institute of Biomedical
Chemistry, Russian Academy of Medical Sciences, 10, Pogodinskaya St.,
119992 Moscow, Russia. Fax: +7-95-245-0857.

E-mail address: renat@ibmh.msk.su (R.I. Zhdanov).

lipids in various levels of DNA structural organization in
chromatin. The lipid conception of chromatin organization
is proposed here for the first time.

2. Experimental
2.1. Objects

Rat thymus and liver, regenerating liver, pigeon eryth-
rocytes, loach sperm, Ehrlich ascites carcinoma, Zajdel
ascites hepatoma, sarcoma 37, Escherichia coli B and phage
T2.

2.2. Soft phenolic method

Soft phenolic method was used for isolation of highly
polymeric DNA supramolecular complexes (SC-DNA)
[7,8]. It includes very soft lysis of cells or nuclei with
phenol-saturated (66%) aqueous solution at pH 8.5 (triple-
repeated phenolization with 15 min of shaking followed by
centrifugation at 6000 rpm/min). It results in extraction of
97% of total lipids and proteins and dialysis of final viscous
DNA solution (against physiological solution) instead of its
precipitation with ethanol. Final DNA solution was treated

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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with RNases A or Tl to remove RNA, followed by
phenolization procedure and dialysis. This method results
in lipid-bound DNA preparations with very high viscosity
and molecular mass (3X10°~3x10° Da), and concentra-
tions not exceeding 100—120 pg/ml. Depending on the
source, the SC-DNA preparations, isolated with the method
above, contain 0.1-3% of acidic nonhistone proteins
(NHP), 0.1-3% of specific lipids and 0—15% of RNA [5].

2.3. Lipids

Lipids were extracted from the SC-DNA by a variety of
techniques including a classical method [9] using the
chloroform/methanol (2:1) mixture and separated by thin
layer chromatography (silicagel H) in appropriate solutions:
hexane/ethyl ether/acetic acid=73:25:2 (for neutral lipids)
and chloroform/methanol/water=65:25:4 (for phospholipid
separation) [5].

2.4. Experimental methods

The method of X-ray diffraction, circular dichroism, mi-
crocalorimetry, electron microscopy, viscoelastometry and
sedimentation were used in this study as described else-
where [5].

3. Results and discussion

Our study established for the first time that the extraction
with chloroform/methanol (2:1) mixture removes only a part
of the lipids from SC-DNA. We demonstrated that lipids in
SC-DNA are presented as two pools: the pool of lipids
loosely bound to the DNA (~ 60%), and the pool of lipids
tightly bound to the DNA (~40%). The loosely bound
lipids are extracted from the SC-DNA under mild treatment:
with 35% aqueous solution (24 h, 37 °C without stirring). In
contrast, the tightly bound lipids can be extracted with the
chloroform/methanol (2:1) mixture only after incubation of
residual DNA with DNase I (1 h, 37 °C).

3.1. Composition of DNA-bound lipids in eukaryotes and
prokaryotes

We found that the DNA-bound lipids of eukaryotic and
prokaryotic cells contain neutral lipids and phospholipids
[3—6]. Phospholipids from eukaryotes consist of at least
five individual fractions: cardiolipin, CL (40—50% of total
phospholipids), phosphatidylethanolamine, PE (25-30%),
phosphatidylcholine, PC (15-20%), phosphatidylserine, PS
(5—7%), phosphatidylinositol, PI (3%) and only traces of
sphingomyelin, SM, or phosphatidic acid, PA. In opposite,
DNA-bound phospholipids from E. coli B and phage T2 are
only presented by CL (60—70%) and PE (30—40%). The
typical composition of DNA-bound phospholipids is pre-
sented for rat thymus in Fig. la.
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Fig. 1. Composition of DNA-bound lipids of rat thymus, in percentage of
total phospholipids (CL 45%, PE 30% and PC+PS 25%) (a) or neutral (CE
40%, DG 30%, FFA 20% and FC 10%) (b) lipids.

Neutral lipids from normal eukaryotic cells, £. coli B and
phage T2 contain four individual fractions: fatty acid esters
of cholesterol, CE (38—40%), free fatty acids, FFA (20—
25%), diglycerides, DG (25—30%) and free cholesterol, FC
(8—10%) (Fig. 1b). Furthermore, we showed that the DNA
from three types of transformed (cancer) cells contain
additional fractions: triglycerides (3%) and monoglycerides
(3%). Thus, the DNA-bound lipids have an unusual specific
composition which differs essentially from those of nuclear
membrane, chromatin and nuclear matrix lipids, where the
major lipids are presented by cholesterol, PC and SM [2].

3.2. Characteristic features of DNA-bound lipids

(1) The DNA-bound lipids consist of two pools differing
in tightness and the nature of their binding to the DNA
molecule: loosely bound lipids and tightly bound lipids.
These two pools of natural DNA-bound lipids have different
quantitative lipid composition and different fatty acid com-
position [3-5,10]. Two different metabolic pools of lipids
are also revealed in rat liver nuclear membrane and chro-
matin (FC, CL and SM), which in turn contain different
(pH-optimum and K, values) lypolitic enzymes (sphingo-
myelinase, SM synthase and PC-dependent phospholipase
C) [11,12]. Besides, it is shown [13], that there are in fact
two distinct subnuclear pools of diglycerides in rat liver: the
first one which is highly saturated and monounsaturated
(90% of total nuclear diglycerides) and the second one
which is highly polyunsaturated. The authors suggest that
the pools are independently regulated, possibly, by two
different nuclear phospholipases C.
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(2) Neutral lipids dominate over phospholipids (Fig. 2),
contain considerable amount of diglycerides and free fatty
acids and fatty acid esters of cholesterol dominate over free
cholesterol.

(3) Cardiolipin is the major phospholipid, whereas PC is
the minor one. Free cholesterol is a minor neutral lipid.

(4) There are equal contents (percentage of total lipids) of
cholesterol and cardiolipin.

(5) Almost all of chromatin cardiolipin (100%) and
cholesterol (60%) are localized in the DNA.

Based on the data presented, we conclude that specific
natural DNA-bound lipids are of chromosomal origin and
represent an integral part of DNA.

3.3. The arguments (our own results and/or literature data)
in favour of structural lipids in DNA. Possible functions of
DNA-bound lipids

Small-angle X-ray scattering analysis of SC-DNA of rat
thymus and loach sperm revealed two equatorial reflexes
(21.4 and 60 A): the second reflex disappeared after DNA
delipidization with 35% aqueous ethanol solution (the reflex
at 60 A was not observed with commercial DNA of calf
thymus, Worthington, USA) [5,14]. Analogous reflex at 60
A due to lipids was observed with calf thymus nucleohi-
stone by Pardon and Wilkins [15]. Our studies of the
dependence of Bragg’s distances of these reflexes on
DNA concentrations suggested that the SC-DNA is essen-
tially the fibrils [14], each with four DNA molecules packed
side-by-side and/or end-to-end by lipids. In support of this,
our electron microscopy studies revealed DNA fibrils 50—
70 A in diameter consisting of four DNA molecules [16]
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Fig. 2. Contents of DNA-bound neutral lipids (gray) and phospholipids
(black) of SC-DNA of various eukaryotic and prokaryotic cells (percentage
to DNA, w/w). (1) Rat thymus; (2) rat liver; (3) regenerating liver, S-phase;
(4) regenerating liver, G,-phase; (5) loach sperm, supercoiled DNA; (6)
loach sperm, relaxed DNA; (7) pigeon red blood cells; (8) Zajdel ascites
hepatoma; (9) sarcoma 37; (10) Ehrlich ascites carcinoma; (11) E. coli; (12)
T2 phage.

and also loop- and rosette-like DNA structures with com-
pactization centers, which were converted to linear duplexes
20 A in diameter after incubation with pancreatic lipase
[5,17].

Using the circular dichroism method (CD), it was shown
that SC-DNA from actively transcribed cells (thymus, spleen,
kidney, rat brain and Ehrlich ascites carcinoma) have, as a
rule, A-form, while SC-DNA from repressed genome (pigeon
erythrocytes and loach sperm) occurs in B-form [5]. Through
special experiments, it was discovered that DNA conforma-
tion change is due to lipids, in particular, cardiolipin [18].

The method of adiabatic scanning microcalorimetry
revealed the jump in heat capacity on heat absorption curves
at 200—300 kJ/kg degree in 20—25 °C interval for SC-DNA
from rat thymus and loach sperm (with commercial DNA,
such a jump did not occur) [5]. It is important that this surge
disappeared only after treatment with lipase or phospholi-
pase.

Addition of unlabeled and (2-'*C-acetate) labeled total
rat liver lipids to cell homogenate prior to SC-DNA iso-
lation did not change the lipid contents and did not reveal
any radioactivity in the complex [5]. The amount of tightly
bound lipids in DNA from Ehrlich ascites carcinoma cells
does not depend on either the method of DNA isolation or
on the isolation from cells, nuclei or chromatin [5,19]. Thus,
by various biochemical, physico-chemical and physical
methods, it was proven that lipids (lipoproteins) are
involved at various levels of supramolecular organization
of DNA.

3.4. Lipid concept of chromatin organization

Thus, the data discussed above are summarized here as a
lipid contribution to the protein concept of chromatin
organization, which could be important along with consid-
ering the role of specific nonhistone proteins.

(1) Chromatin lipids: cardiolipin, diglycerides, choles-
terol and its ethers—play the key role in the supramolecular
organization of chromatin [2,4—6].

(2) There exist two pools of DNA-bound lipids: loosely
bound and tightly bound ones. Qualitative and quantitative
compositions of the two pools depends on the object’s nature,
genome activity, on the phase of cell cycle and the presence of
malignancy. Compositions of the two lipid pools distinct, in
principal, with contents of cholesterol, cardiolipin and phos-
phatidylcholine. The loosely bound lipids may act as linkers
between DNA replicon transcription, whereas the tightly
bound lipids may be the specific sites of attachment of
DNA loops to the nuclear matrix [4,5].

(3) Anionic phospholipids (cardiolipin and phosphatidyl-
serine), in contrast to amphiphilic and cationic phospholi-
pids (phosphatidylcholine and phosphatidylethanolamine),
promote chromatin decondensation, substitute H1 histone
from linker DNA, induce transition of chromatin from
solenoid to nucleosome conformation and activate RNA
polymerase [20].
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(4) The ratio of neutral lipids to phospholipids into DNA,
increases dramatically (by 2-3-fold) during malignant
transformation (Fig. 2), however, the contents of cardiolipin
are not changed, but the new lipid fractions (mono- and
triglycerides) appear [5].

(5) The lipids of chromatin/DNA play a structural role
(diglycerides and cholesterol), a functional role (cardiolipin
and sphingomyelin), and a structural—functional role (car-
diolipin and sphingomyelin) [2].

(6) Cardiolipin has a common antigenic “‘interphos-
phate” moiety with DNA [21]. All amounts of chromatin
cardiolipin and cholesterol (60%) are bound to the DNA [5].
Cardiolipin is the phospholipid of proliferation and domi-
nates in “active” genomes [6]. Cardiolipin regulates activity
of DNA topoisomerase II [22], which is localized just at the
DNA loop attachment site on the nuclear matrix, e.g., at the
replication initiation site. Cardiolipin regulates the DNA
replication, replicative proteins—DNA A protein E. coli
and SV-40 T-antigen (animals) being activated [2,23].
Cardiolipin specifically abolishes the inhibitory effect of
histones on chromatin transcription and modulates the bind-
ing of histones to DNA [24]. Cardiolipin provides the DNA
B-form-to-A-form transition in the complex with RNA
polymerase 1, which is necessary for the transcription
[2,18].

(7) The lipids of SC-DNA and chromatin (cardiolipin
and cholesterol) are the targets for ionizing radiation and
antitumor drugs, they are responsible for DNA degradation
through free radical mechanism [5] in the chromatin/DNA.
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Abstract

The Na/K pump transient currents in skeletal muscle fiber were identified using an improved double Vaseline gap voltage clamp
technique. The asymmetric characteristics of the pump current—voltage relationship were studied. The definition of the Na/K pump currents
was the ouabain-sensitive currents, where ouabain is a specific Na/K ATPase inhibitor. Membrane potential was held at —90 mV, the
membrane resting potential. A series of stimulation pulse-pairs symmetric to the membrane resting potential were applied to the cell
membrane. The summation of the currents responding to the two pulses in each pair indicates the asymmetry of the pump currents with
respect to the membrane resting potential. The voltage dependence of the Na/K pump transient currents from skeletal muscle is similar to the
steady-state /- curve from either skeletal muscle fibers or cardiac muscles. It is a sigmoidal-shaped, asymmetric curve with respect to the
membrane resting potential. This asymmetric, rectifier-like voltage dependence indicates that a symmetric oscillating membrane potential
may generate a net, outward pump current. In other words, the Na/K pump molecules may be activated by an oscillating membrane potential.

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

Electrogenic pump molecules in cell membrane are essen-
tial for active transport systems capable of moving ions across
cell membrane against electrochemical gradients. By expend-
ing energy carried by ATP molecules, ions can be moved
across the cell membrane from a low concentration compart-
ment to a high concentration compartment.

Na/K ATPases are popular active transporters in many
kinds of cell membranes. By extruding three Na* ions and
pumping in two K ions in one cycle at an expenditure of
one ATP molecule, the Na/K ATPase generates a net out-
ward transmembrane current. These molecular pumps play a
significant role in maintaining the membrane resting poten-
tial, providing energy for secondary membrane transport
systems and regulating the cell volume. Gadsby et al. [1]
were the first to demonstrate the voltage dependence of the
Na/K pump current in isolated heart cells.
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The voltage dependence of the Na/K pump currents in
skeletal muscle fibers has not been reported, even though
the population of the pump molecules is large in skeletal
muscles, especially in red muscle fibers. One of the possible
reasons is the difficulty of obtaining accurate measurement
of the transmembrane currents in skeletal muscle fibers
using the traditional micropipette voltage clamp technique.

We have studied the voltage dependence of the Na/K
ATPase currents by directly measuring the pump currents
using our improved double Vaseline gap voltage clamp
technique. Several methods have been used to quantitatively
identify the amount of the pump current in a wide range of
membrane potential. The results showed a sigmoidal-
shaped, asymmetric characteristic curve of the pumps’
current—voltage relationship with respect to the membrane
resting potential. The current—voltage dependence of the
skeletal muscle fibers is similar to the pumps’ -V curve of
cardiac myocytes obtained by others [2]. The pump current
in skeletal muscle fiber is larger than those in cardiac muscle
fiber because the pump molecular density in red skeletal
muscle fiber is higher than that of cardiac muscle fibers.

However, all of these results obtained either form ven-
tricle myocyte or skeletal muscle fibers, the currents were
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sampled 200 ms after the change of membrane potential.
Consequently, the resultant voltage dependence only reflects
the steady-state pump currents as a function of the mem-
brane potential. In this paper, we now report our results in
studying the transient changes of the pump currents as a
function of the membrane potential. We would like to
confirm whether the Na/K ATPase’s current—voltage rela-
tionship retains an asymmetric, rectifier-like shape when the
membrane potential quickly changes.

The pioneer work has been done by Tsissie and Tsong
[3], who found that an oscillating electric field can in-
crease the intracellular K ions by measuring changes in
radio active dye intensity. Further theories have been de-
veloped about electrocoupling of membrane proteins [4,5].
The results presented in this paper are among a series of
studies in further investigation of how an oscillation
electric field affects the electrogenic pump molecules by
directly measuring the pump currents upon exposure to an
electric field.

2. Materials and methods
2.1. Skeletal muscle fiber preparation

The protocol of single fiber preparation is followed from
the others [6—9] and used in our laboratory with some
improvements. Briefly, skeletal twitch muscles, semitendi-
nosus and illus, were separated from American frogs, Rana
pipen. A single fiber was hand-dissected and mounted in a
custom-made chamber. The fiber was held by two clips at
two ends. The fiber was electrically isolated into three pools
by two Vaseline-seal partitions. The width of the two
partitions and the width of the central pool are 100 and
300 pm, respectively. The fiber was stretched up to a
sarcomere length of 3 um. The purpose of the stretching
is to avoid fiber contraction during electrical stimulations.

The sections of the fiber in two end pools were treated by
a solution with 0.2% saponin for 2 min and then washed out,
where the fiber segments were permeabilized electrically and
ionically. The three pools were then connected to a voltage
clamp by six agar bridges and three Ag/AgCl pallets.
Resistance of these agar bridges and pallets was less than 1
K ohm. Stimulation pulses were delivered through a voltage
clamp (Axon 2000 Whole Clamp) controlled by an IBM-
compatible computer. Data were sampled by an Axon data
acquisition board (AC 1200) and stored in a hard disk for
further analysis.

2.2. Solutions

In order to compare the Na/K pump currents measured
from skeletal muscle fibers and those measured from cardiac
myocytes [1], the solution preparation was similar as that
used in cardiac study. Even though the solution ingredients
and concentration may differ because of a difference in the

animals used (frog versus guinea pig), the principle of
solution design is the same. The membrane conductance
was purposely reduced by block Na*, K" and Ca®"* chan-
nels. The low membrane conductance can reduce the re-
sidual transmembrane current and increase the signal/noise
ratio in the measurement of the Na/K pump currents. To
reduce the outward K current across the cell membrane,
K™ concentration in the internal solution is reduced to 10
mM by substituting with Cs " ions. In addition, 1 mM 3-4
Diaminopyridine (DAP) and 20 mM tetraethylammonium
(TEA) were added in the external solution to block the K *
channels. In the external solution, the nominal value of
Ca’" is zero. To further block the residual Ca>* channel
currents, | mM of Ba>", 0.2 mM Cd*" and 1 mM of Cs*
were used in the external solution. The Na* channels were
blocked by adding 1 uM Tetradotoxin (TTX) in the external
solution.

To maximize the Na/K pump currents, about 40 mM
Na ' and regular K" concentration were used in the internal
solution and external solution, respectively. To identify the
Na/K pump current, 0.1 mM ouabain, the specific inhibitor
of the Na/K pump molecule, was used in the experiments.

The ingredients and their concentration in the experi-
mental solutions are listed as follows (in mM):

Relaxing solution: 120, K—glutamate; 1, MgSQOy; 0.1,
EGTA; 5, PIPES.

Normal Ringer solution: 120, NaCl; 2.5, KCI; 2.15,
NazHPO4; 085, NaH2P04; 18, CaClz.

Internal solution: 40, Na—glutamate; 22.5, Cs—gluta-
mate; 5, Cs,—PIPES; 20, Cs,—EGTA; 6.8, MgSQy; 5,
glucose; 5.5, K,—ATP; 10, Tris—Creatine Phosphate.
External solution: 120, NaCl; 5.4, KCI; 4, MOPS; 1.8,
MgCl,; 1, BaCly; 0.2, CdCly; 1, CsCl.

2.3. Electrophysiology measurements of the Na/K pump
currents

The transmembrane currents were measured responding
to the same stimulation pulses before and after changes of
the external solution with 0.1 mM ouabain. The Na/K
ATPase currents were defined as the ouabain-sensitive
currents by subtracting the transmembrane currents with
ouabain from those currents without ouabain. The mem-
brane potential is held at — 90 mV, which is the regular
resting potential for skeletal muscle fibers. A sequence of
stimulation pulse-pairs holding the membrane potential
from — 170 to — 10 mV were applied to cell membrane.
In each stimulation pulse-pair, two pulses were symmetric
with respect to the membrane resting potential having the
same magnitude but opposite polarity. The purpose of
choosing these pulse-pairs is to study the asymmetry of
the pump currents with respect to the membrane resting
potential. If the pump’s /—V curve is symmetric with respect
to — 90 mV, the pump currents responding to the two pulses
in each pair should have the same magnitude.
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3. Results

With the Na/K pump strongly activated by a high intra-
cellular Na™ concentration (40 mM) and normal external
Na® and K* concentrations (120 mM Na" and 5.4 mM
K™ in external solution), a sequence of 700-us pulse-pairs
symmetric to the membrane holding potential at — 90 mV
was applied to the cell membrane, as shown at the top of
the upper panel of Fig. 1. The transmembrane currents res-
ponding to these pulses were recorded and superimposed,
as plotted in the upper panel of Fig. 1. After adding 0.5 mM
ouabain, a cardiotonic steroid that specifically inhibits the
Na/K pump molecules, to the external solution, the same
stimulation sequence was re-applied to the cell membrane.
The Na/K pump currents can be defined by subtracting the
transmembrane current in the presence of ouabain from
those in the absence of ouabain. To study the asymmetry of
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Fig. 1. The upper panel shows the transmembrane currents responding to
four stimulation pulse-pairs, holding the membrane potential from — 160
to — 10 mV. The currents were recorded with no ouabain in the solution.
Summations of the currents, (/;+7 _ ;)control, Tesponding to the pulses in each
pair indicate the asymmetry of the current—voltage relationship for control.
After 0.1 mM ouabain was applied to the external solution, the same
stimulation pulse-pairs were delivered to the cell membrane and the
responding currents were measured (not shown). The asymmetric features
of the current—voltage relationship can be obtianed by (/;+7_ ;)ouabain-
Finally, those summations for the currents in the presence of ouabain were
subtracted from those in the absence of ouabain, shown in the lower panel
of the figure. These results indicate that the Na/K pump currents responding
to a positive pulse are larger than the response to a negative pulse when the
membrane potential was held at — 90 mV. In other words, the pumps’ /-7
curve is asymmetric to the membrane resting potential.
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Fig. 2. The Na/K pump currents plotted as a function of membrane
potential. The currents represented by open squares are defined by ouabain-
sensitive currents, while the currents represented by solid circles are the
pump currents obtained by eliminating the external K ions.

the transient pump currents with respect to the membrane
resting potential, we added the pump currents correspond-
ing to two pulses in each pair. The results are shown in the
lower panel of Fig. 2. These nonzero results illustrate the
asymmetry of the transient pump current with respect to
the membrane potential of — 90 mV. The increase in pump
currents elicited by the positive pulse is larger than the
decrease in pump currents elicited by the negative pulse in
the same pair. Fig. 2 provides strong evidence that the
transient pump currents measured less than 700 ps after
the changes in membrane potential retain a nonlinear vol-
tage dependence. More specifically, the Na/K pump /-V
curve is asymmetric with respect to the membrane resting
potential.

The current values at last 30 data acquisition points at the
end of the current plateau were averaged and plotted as a
function of the membrane potential shown in Fig. 2. Fig. 2
indicates a rectifier-like voltage dependence of the Na/K
pump transient current in skeletal muscle fibers.

4. Discussion

When comparing with the steady-state current—voltage
relationship, we found a similar voltage dependence. Both
IV curves show a sigmoidal shape and asymmetric voltage
dependence with respect to the membrane resting potential.

In this paper, we mainly present our study results of the
pumps’ transient current—voltage relationship and do not
show our results of an oscillating electric field-induced
effects on the pump functions. However, the rectifier-like
shape of the Na/K pumps’ /- ¥ curve conveys an important
point that when the membrane potential is set (biased) at the
membrane resting potential, a symmetric oscillating mem-
brane potential may generate a net, outward transmembrane
current because of the asymmetric features of the /- curve.
The pumps’ nonlinear voltage—current relationship is sim-
ilar to the /- curve of a semiconductor rectifier. When the
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cell membrane is held (biased) at its resting potential of
—90 mV, depolarizing cell membrane can significantly
increase the pumping rate to generate a large outward
current, while hyperpolarizing the membrane potential leads
only to a slight decrease in pump current. By integrating the
whole cycle, the net transmembrane current should be a
nonzero, outward current.
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Abstract

We have obtained the theoretical dependences of stromal metabolite steady-state concentrations on external inorganic phosphate (P;)
concentration. For this purpose, the theoretical model of photosynthesis, earlier described in [Ann. Appl. Biol. 138 (2001) 117], was modified
to account for the regulation of starch formation by 3-phosphoglycerate (PGA) to P; ratio. When the rate constant of starch synthesis is taken to
be independent on PGA/P; ratio, the steady-state concentrations of Calvin cycle metabolites and starch were found to change insignificantly as
external P; concentration increases in wide range. However, as external P; range exceeds a critical value, the steady-state concentrations of all
metabolites change abruptly. If the rate constant of starch synthesis depends on PGA/P; ratio, the steady-state concentrations of stromal
metabolites change qualitatively in the same way with the increase of external P;. However, no abrupt changes of metabolite and starch steady-
state levels at high concentration of P; are observed. These results testify that the control of starch synthesis by PGA/P; ratio makes the

photosynthetic system more stable in wide range of external P; concentrations. © 2002 Published by Elsevier Science B.V.

Keywords: Starch; Inorganic phosphate; Phosphate translocator; Theoretical model

1. Introduction

Calvin cycle activity is regulated in answer to the phys-
iological needs of photosynthesising cell. Inorganic phos-
phate (P;) and triose phosphate levels play an important role
in this regulation due to the work of phosphate translocator
(TPT) [2]. TPT provides the inorganic phosphate balance
inside and outside the chloroplast. A change in inorganic
phosphate level indirectly influences the carbon fixation
activity through the variation of Calvin cycle intermediate
concentrations in the chloroplast [3]. If triose phosphates
(TP) exit from the chloroplast via TPT due to high concen-
tration of external orthophosphate, then a smaller portion of
TP is used for ribulose bisphosphate (RuBP) regeneration.
Ribulose bisphosphatase (RuBPase) activation takes time
and hence the rate of CO, fixation decreases [2,4]. Thus,
high concentrations of inorganic phosphate in cytosol may
limit the photosynthesis rate. This limitation can be dimin-
ished by 3-phosphoglycerate (PGA) or TP addition due to
TPT function in the chloroplast envelope [5]. An increased
availability of exported products of photosynthetic metabo-
lism (photosynthates) in the cytosol does not decrease the net

* Corresponding author. Fax: +7-95-939-1195.
E-mail address: Nastya@bio471b.phys.msu.su (A. Tuleshova).
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Calvin cycle activity, but redirects the reaction flux to starch
production [6]. The starch is a basic supplying substance of
plant cell, which is formed and accumulated in the chlor-
oplast. ADP-glucose pyrophosphorilase (AGPase) is a key
enzyme of starch synthesis in the chloroplast stroma. The
studies of starch deficient mutants show that starch level is
directly correlated with AGPase activity, which is the
required PGA for maximal activity and is inhibited by
inorganic phosphate [7]. Many works [6,8] contain theoret-
ical models comprising starch synthesis, but they do not
account for the regulatory role of PGA/P; ratio in starch
synthesis. In the present work, we calculate and compare the
dependences of stromal metabolite steady-state concentra-
tions on the concentration of external P; in a theoretical
model of photosynthesis with and without taking into
account the regulation of starch synthesis rate constant on
PGA/P; ratio.

2. Methods

We have used a theoretical model of photosynthesis
including light absorption, charge separation, linear and
cyclic electron transfer between the photosystems, main
reactions of Calvin cycle and TPT, earlier described in
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Ref. [1]. We have extended the model to include the starch
synthesis and degradation. In the modified model, the starch
is obtained from TP in a single reaction where two inorganic
phosphate molecules form. For starch synthesis regulation
by PGA/P; ratio, the rate constant of the starch synthesis was
taken to be proportional to PGA/P; ratio. The regime with
the inorganic phosphate lack was used in our calculations in
order to increase the system sensitivity to the inorganic
phosphate concentration alterations in the cytosol. The
calculations were conducted with the help of a home-made
Fortran 5.0 program. Standard program Merson was used to
solve the system of ordinary differential equations consist-
ing the model under consideration.

3. Results and discussion

Theoretical dependences of Calvin cycle intermediate
steady-state concentrations on external P; concentration in
the regime with P; lack are represented in Figs. 1 and 2. We
can see that PGA concentration decreases, concentrations of
glyceradehyde 3-phosphate (G3P), ATP and RuBP do not
alter significantly, concentrations of diphosphoglycerate
(DPGA), starch and external trioses increase with the
increase of external phosphate concentration. As external
P; level exceeds a critical value, steady-state concentrations
of all the above-mentioned metabolites change abruptly.
These results may be explained by the supposition that
while external concentration of P; is lower than the critical
one, the system successfully processes the entering phos-
phate; it is utilized in ATP formation or exchanged for TP
via TPT. Triose leak from the chloroplast can be compen-
sated by their synthesis in Calvin cycle. When the critical
concentration of P; is reached, TP flow to the cytosol
exceeds the rate of its formation inside the chloroplast,
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Fig. 1. The dependence of steady-state concentrations of PGA (+), RuBP
(A), G3P (#k) and ATP ('¥) on external orthophosphate concentration
without tacking into account the starch synthesis rate dependence on the
PGA/P; ratio.
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trioses begin to exit rapidly to the cytosol and to join
partially the starch production pathway. These processes
result in the decrease of RuBP, PGA and DPGA levels and
increase in external triose and starch levels. As TP is
actively exported, orthophosphate almost does not exit from
the chloroplast, but is used for ATP synthesis. ATP con-
sumption for RuBP and DPGA formation decreases due to
low substrate levels in these reactions. The inclusion of
internal P; into ATP formation and diminished ATP expen-
diture in Calvin cycle reactions result in an increase of
steady-state ATP concentration. ATP is produced faster than
consumed, hence, the concentrations of substrates for ATP-
consuming reactions decrease; G3P exits to the cytosol for
sucrose synthesis.
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The steady-state Calvin cycle intermediate, ATP and
starch concentrations versus external phosphate plots for a
model with starch synthesis rate constant depending on
PGA/P; ratio are presented in Figs. 3 and 4. First of all, it
can be noted that the steady-state concentration of starch
decreases insignificantly while external P; concentration
increases (Fig. 4). It can be explained as follows. If the
external P; concentration increases, more trioses will flow
from chloroplast to cytosol in exchange for inorganic
phosphate. There will be less PGA and more P;, hence,
the PGA/P; ratio will decrease. AGPase will be inactivated
and starch synthesis will slow down. Figs. 3 and 4 show
that, as in the model with starch synthesis independent of
PGA/P; ratio, PGA concentration is diminished, G3P and
RuBP concentrations almost do not alter, internal P;, DPGA
and external trioses are accumulated, ATP concentration
decreases insignificantly with the increase of external P;.
However, unlike the previous case, no abrupt changes of
Calvin cycle metabolite concentrations are observed. Most
likely, as P; concentration increases, the ratio PGA/P; and
hence starch level in the chloroplast decline and triose
synthesis proceeds more efficiently. These results testify
that the control of starch synthesis by PGA/P; ratio has made
the system more stable in wide range of external P;
concentrations.

4. Conclusion

We have obtained theoretical dependences of steady-state
concentration of stromal metabolites on the concentration of
P; in cytosol in two cases with PGA/P; dependent starch
production and without this dependence. The results
obtained have been discussed. Our theoretical investigates
lead to the conclusion that the steady-state levels of Calvin
cycle intermediates are controlled by the external level of
inorganic phosphate.
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Abstract

Scientific interest in the interaction of nonionizing electromagnetic fields with biological systems is longstanding, but often still
controversial. Theories, models and computer simulations have usually emphasized physical interactions with subsystems (e.g. cell
membranes) of a biological system. By extending this first necessary physical step to a second step of explicitly and quantitatively
considering chemical changes, increased understanding appears possible. In the case of “strong fields”, the role of field-altered chemistry is
important to electrochemotherapy [Biochem. Pharmacol. 42, Suppl. (1991) 567] and creation of transdermal microconduits [Bioelectrochem.
Bioenerg. 49 (1999) 11; J. Controlled Release 61 (1999) 185; J. Invest. Dermatol. 116 (2001) 40] For “weak fields” (a topic with much more
controversy) consideration of chemical change shows that organized multicellular systems can be understood to respond to extremely small
electric [Chaos 8 (1998) 576] or magnetic fields [Nature 405 (2000) 707]. In contrast, isolated individual cells interacting via voltage-gated
channels [Proc. Natl. Acad. Sci. 92 (1995) 3740; Biophys. J. 75 (1998) 2251; Bioelectromagnetics 20 (1999) 102], or processes without
“temperature compensation” [Biophys. J. 76 (1999) 3026], appear implausible. Satisfactory understanding is likely only if experimental and
theoretical work is reconciled, which should therefore be emphasized. The interaction of electromagnetic fields with biological systems is of
interest because of fundamental scientific curiosity, potential medical benefits and possible human health hazards. © 2002 Published by
Elsevier Science B.V.
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1. Introduction cell electroporation under controlled conditions that meas-
ure both electrical quantities and molecular uptake will be
Prediction of both physical and chemical changes is particularly valuable [17,18].
central to understanding weak field interactions from DC
to microwave frequencies [2,3,4] [5,7,11-16] and for
understanding heating, electroporation and other responses
for strong fields used in vitro [17,18] and in vivo [19-21]
(Fig. 1).

Quantitative understanding of chemical change is mostly
lacking, but is directly relevant to electrical drug delivery,
and indirectly relevant to electromagnetic field sensory
systems and exposure of humans to electromagnetic fields.

Experimental determination of the amount of chemical

2. Methods

Attention is directed to quantitative understanding of
chemical change due to both a field exposure and competing

PHYS — CHEM — BIOL

Fig. 1. Emphasis of the fact that an electromagnetic field is a physical and

change, particularly for individual cells within a system, is
important to making comparisons with theoretical predic-
tions [23]. Such measurements have been reported only
occasionally, even for electroporation [1,24—30]. Individual

* Tel.: +1-617-253-4194; fax: +1-617-253-2514.
E-mail address: jim@hstbme.mit.edu (J. C. Weaver).
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not a chemical agent. In the chemical change approach, a field can create a
biological effect only through the sequence of the physical field (“PHYS”)
altering one or more chemical processes (“CHEM™) within the context of a
biological system (“BIOL”). This basic sequence has not been emphasized
in most prior analysis, where mainly physical considerations have been
used. In the “chemical change approach”, theoretical models representing
classes of biophysical mechanism are used to generate quantitative esti-
mates of the alteration of chemistry within a biological system by a field
exposure [5—10,22].
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influences. The basic, simple idea is that the field-induced
change should stand out against changes due to other sources.
This leads to consideration of a signal-to-noise ratio crite-
rion,

S
N2+ V2 + €2+ 12 + B2

(S/N)cuem = (1)

based on chemical changes (Fig. 2), rather than the purely
physical quantities that have usually been considered [15].
Eq. (1) holds for the case that competing chemical changes
(Table 1) can be approximated as independent and random
around their mean values.

Nonionizing fields are considered, even for electropora-
tion (maximum transmembrane voltage of ~ 1 V) involv-
ing an energy per elementary charge of ~1 eV
(1.6 X 107" J>KT), which is too small to ionize most
molecules. Alteration of the rate of an ongoing, metabol-
ically driven chemical reaction or transport process by a
field can, however, alter biochemistry, and thereby create a
potentially causal chemical change.

3. Results and discussion

Significant progress has been made with respect to
chemical change analysis. For example, two types of
sensory systems have been shown to be consistent with
theoretical models. Elasmobranch fish, such as the shark,
are known to respond to seawater environmental electric
fields of the order E. = 5 X 10”7 V m™~' within about 1 s
[14]. This can be accounted for by a theoretical model
based on a slight alteration of ion transport across the
membrane of the ~ 10* detector cells in each ampulla of
Lorenzini [5]. In the case of weak magnetic fields, there are
many examples of observations of animal behavior that

S—»
N—>
V—p
c—>»
I—»
B—p

Fig. 2. Illustration of a field-induced chemical change and competing
chemical changes for one step in a biochemical pathway, with biochemical
amplification (gain=g) that results in a measured quantity, x. This is
analogous to an electronic amplifier in which the signal (S) and competing
effects are all referenced to an input. See Table 1 for definitions of com-
peting changes N, V¥, C, I and B. This representation allows one to consider
the magnitude and variability in experimentally measured effects, and to
make comparisons with what is expected from theoretical estimates of
chemical change.

Table 1

Chemical change due to a field exposure and to competing influences

Symbol Chemical change Source

S g Field-induced chemical
change signal

N V=g Molecular shot noise
(fundamental) [5-9,22]

14 iy Chemical change due to
temperature variations [10]

C fic Chemical change due to
concentration variations

1 im Chemical change due to
mechanical interference

B g Chemical change due to

background fields

How can a field-induced chemical change (the “‘signal”, S) be understood
to stand out against changes that are due to competing sources of change?
The above origins of chemical change are distinguished to assist in
analyzing experiments and understanding conditions for which a biological
effect could be expected. In some cases, one or two sources may pre-
dominate, so that not all sources need be considered. Fundamental “che-
mical noise” (molecular shot noise) is always present, but may not be the
largest source of competition. Theoretical models for biological sensing of
weak electric fields [5] and small magnetic field differences [6], as well as
electroporative uptake of small amounts of the anticancer drug bleomycin,
have been shown to satisfy a chemical change-based signal-to-noise ratio
using fundamental chemical noise, N [31].

involves detection of small differences (in magnitude or
direction) of essentially constant magnetic fields [32,33].
Some theoretical models have postulated involvement of
radical-pair reactions [34,35]. An explicit chemistry-based
signal-to-noise ratio model supports this possibility, and
shows that a minimum size should be involved [6]. Multi-
cellular structures are therefore probably essential for bio-
logical detection of weak fields, because a coordinated
sharing of chemical change improves a chemistry-based
signal-to-noise ratio. Both the elasmobranch fish model [5]
and the magnetic field model [6] involve many cells, and
therefore satisfy this condition. Without a strong coupling
between electromagnetic fields and biochemical processes,
this makes responses by individual cells implausible.
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Abstract

An oriented single shell model is used to describe the absorption of electric field energy for a cell of the general ellipsoidal shape exposed
to a homogeneous AC-field. A finite element approach allowed us to derive characteristic equations describing the dependence of the field
distribution on the cell geometry, the electric properties of the structural media, membrane and bulk solutions, as well as on the field
frequency with a subcellular resolution. Finally, equations were derived for the absorption at certain sites of the model. The model allows for
the introduction of frequency-dependent cellular media properties. Experimentally, the new cell parameters can be verified by dielectric
single-cell spectroscopy. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Power dissipation; Absorption; Finite element model; Dielectric dispersion; Electro-smog

1. Introduction
1.1. Absorption of a homogenous volume element

The Grotthus—Draper principle implies that only the
absorbed part of the electromagnetic field energy may
influence an exposed object. Therefore, the magnetic cell
properties can be neglected. For a small volume element of
homogeneous electrical properties, length / and cross-sec-
tional area A4, the current depends on the applied field
strength and the impedance Z*:

A (1)
o + jwegy

where o, j, w and gy are the specific conductivity, imagi-

nary unit the circular frequency and the permittivity, respec-

tively. The asterisk (*) denotes the complex properties of the

impedance. The volume-specific absorption Py of a volume

element is caused by Ohmic heating:

Py = Ego (2)

where E. is the effective local field strength.

* Corresponding author. Lehrstuhl fiir Biophysik, Fachbereich Biol-
ogie, Universitidt Rostock, Gertrudenstr. 11a, 18057 Rostock, Germany.
Tel.: +49-381-498-2037; fax: +49-381-498-2039.

E-mail address: jan.gimsa@biologie.uni-rostock.de (J. Gimsa).

1.2. Model for the local field

To describe structural dispersions we have applied our
cell polarization model adapted to ellipsoidal cells [1,2]. It
consists of a homogeneous cytoplasm covered by a homo-
geneous membrane layer of constant thickness. The model
provides access to the potentials, the local fields and thus the
local absorption in the cellular media.

2. Results and discussion
2.1. Estimating the local fields

Using the voltage divider properties of the model [1], we
derived equations for the absorption at certain sites within
(cyt) and in the vicinity (extl, ext2, meml, mem?2) of the
cell (Fig. 1, lower left).

The local field in a homogeneous object of ellipsoidal
shape, which is exposed to a homogeneous field, is constant
[3]. This condition applies to the cytoplasm. The field
strength at the cell’s surface (ext) can be found from the
boundary conditions for potentials and fields at the cell
surface and the effective properties of the Maxwellian
equivalent body of the cell [1]. Assuming isotropic mem-
brane properties the field in the central plane of the
membrane at mem2 is the average of the internal and the

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Frequency spectra of absorption at the sites defined in this figure for different axes (a, b or ¢) oriented in parallel to the field. Lower left: Definition of
certain sites of the cell model: inside the cytoplasm (cyt), inside the membrane (polar site: mem1, equatorial site: mem?2), and in the external medium at the cell

surface (polar site: extl, equatorial site: ext2), respectively. extl, ext2: The

frequency dependence of absorption reflects the distortion of the external field by

the polarization of the cell. cyt: Absorption in the cytoplasm. Please note that cell orientation changes the absorption in the medium and high frequency ranges
in different ways (arrows). For high frequencies the local absorption within the cytoplasm exceeds that at all other sites. mem1, mem?2: The polar membrane

absorption (mem1) vanishes around 10 MHz. Please note that the absorpti

external fields at the surfaces. The local field at mem1 may
reach extremely high values. It is oriented in parallel to the
external field. The following equations can directly be
derived from the electrical model:

ZFErint
Egyi=—g———— 3
N+ ZE+ 75 (3)
ZEEFing
E xtl — 4
T ZE 1 ZE) (e — 1) @
o (ZF + Z3)Erint (s)
ST+ zE+ z5r
ZE¥ing
E, = 6
me Tz ZE + 28 (6)
E FEex ZZi* Z:l Eriy
Emem2 = o  Feo = ( i ) Tint (7)

2 C2ZF -z ZE)r

on at mem?2 is very small for all frequencies.

rinf 18 the influential radius; 7 is the semi axis oriented in
field direction (see Ref. [2]). Indices i, m, and e stand for
cytoplasm, membrane and external medium, respec-
tively.

Table 1
Simple equations to estimate the field for the different sites of the cells for
Emem1 please see also [4]

Frequency Very low Medium Beyound Maxwell—
range Wagner-dispersion
of bulk media

=( ~ OeLring ~ geEring

E

eyt r(0e=0i)+rint i r(ee—&i) it éi
E(ring—r) GE(ring—r)
E =( ~ _ OiLVini ~ iL\Tin
extl H{(Ge=01)Frint Gi (ee—&) i
E. ~ Erinr = GeEring = e Ering
ext2 r (Ge=01)+int Gi 1(ee =) +rintéi
E =~ Erint ~ e Ering ~ &i&eErin
meml d (rin—r)em+dee Em (r(6e—&1)+inf &)
E =~ Erint ~ GeEring ~ e Ering
mem?2 2r r(Ge=0i)+rint i r(ee—&i)+rinf i
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Table 2

Parameters for model calculations (Gimsa and Wachner [1])

a b c d & &m o ai Om O

7.7 um 4 pm 1.85 um 8 nm 50 9.04 80 0.53 S/m 1 uS/m 0.12 S/m

2.2. Deriving characteristic equations

For certain frequency regions, equations 3—7 can be
simplified even further (see Ref. [1]). Three frequency
ranges can be distinguished [1]. Whereas at low frequencies,
the high membrane impedance determines field distribution,
in the medium frequency range beyond the membrane dis-
persion, Zpy is determined by the membrane capacitance
and can be omitted. In this frequency range, the conduc-
tivity contributions of the external and internal media
dominate the field distribution. In contrast, at very high
frequencies permittivities are dominating. The membrane
field at meml is of a similar order (or even larger than) the
fields of the cytoplasm and the external medium. (See
Table 1).

To calculate the frequency and cell shape dependence of
the absorption of a hypothetical cell, the full equations and
typical parameters were used (Fig. 1) [1].

For the parameters given in Table 2, E., reaches its
highest value in the medium frequency range.

2.3. Molecular dispersions

The frequency-dependent behavior of the absorption can
strongly change when frequency-dependent electrical media
properties, based on their inherent, molecular structure, are
introduced into the model: e=¢(w) and o=a(w) [5].

3. Conclusions

Our model describes the local field and absorption
distribution inside and around ellipsoidal cells. Two struc-
tural dispersion processes, the membrane and the bulk
conductivity dispersions, influence the local field distribu-

tion in dependence on the field frequency and, consequently,
the absorption within the cytoplasm, the membrane and the
external medium. We found a strong dependence of the local
absorption on the geometrical properties of the model. An
advantage of our approach is that the model calculations can
be directly tested by dielectric single-cell spectroscopy
methods such as dielectrophoresis and electrorotation. Such
experiments are essential to obtain more detailed informa-
tion on nonstructural dispersion processes.
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Abstract

Molecular dispersions may significantly alter the frequency dependence of structural polarizations. Consequently, the molecular
properties cannot be neglected when the energy absorption is calculated with a subcellular resolution. Our example presents calculations that
explain the absorption in single human red blood cells. The molecular properties of the cytoplasm have been derived from literature data on
the impedance of Hb suspensions. The resulting cell properties were then compared to own data obtained by single cell dielectric

spectroscopy. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Molecular dispersions; Human red blood cells; Hemoglobin; Ellipsoidal single shell model; Single cell dielectric spectroscopy

1. Introduction
1.1. Energy absorption of biological cells

Biological cells, their compartments and the adjacent
media absorb energy when exposed to electromagnetic
fields. The volume specific absorption (P,) is proportional
to Joule's heating given by the square of the effective local
field strength (E.g) and the specific conductivity (g) of the
medium

PV:ngfa (1)

Field distribution is frequently calculated assuming electri-
cally homogeneous, isotropic properties for the cytoplasmic
and membranous compartments as well as for the external
medium. A medium (index k) would possess a frequency-
independent permittivity (¢) and conductivity (o). How-
ever, molecular dispersions may result in frequency-depend-
ent permittivities and conductivities, which in turn are of
importance for the frequency-dependent local field and

* Corresponding author. Tel.: +49-381-494-2037; fax: +49-381-494-
2039.
E-mail address: jan.gimsa@biologie.uni-rostock.de (J. Gimsa).

energy absorption [1-3]. In this paper, we consider dis-
persions of the cytoplasm of human red blood cells (Fig. 1).

1.2. The model

The calculations are based on the model proposed by
Gimsa and Wachner [4] and which was recently extended to
the general ellipsoidal shape. The model consists of three
RC pairs in series, representing the very special geometry of

Hydrated Hb + Side chains
35%

Hydration shell
(8.75%)

Cytoplasmic water
65%

Fig. 1. Schematic drawing of the cytoplasmic content of human red blood
cells. The concentrations of the compartments are given in vol%.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 2. Frequency-dependence of the cytoplasmic permittivities, conduc-
tivities and field strengths (V/m) for a single shell model, with or without
molecular dispersions. For cell parameters, see Table 1. The model cell is
assumed to be orientated with the symmetry axis perpendicular to the
external field.

a finite element ansatz that corresponds to the Laplace

solution. Accordingly, the electrical properties of the exter-
nal (e), membrane (m) and cytoplasmic (i) media are

Table 1

M. Simeonova et al. / Bioelectrochemistry 56 (2002) 215-218

correctly reflected by the well-known expression for the
complex, specific conductivity a*

)

where ¢, stands for the absolute permittivity of vacuum. The
model allows for the introduction of molecular dispersions
by replacing oy and ¢ in Eq. (2) by (see Refs. [2,3] and
references cited therein)

or = oy + jexgow, with k=e, m, i

1
glw) =¢6° + &,
( ) k Z 1 + ((DTJ)Z(li%) J
wZTA (1—04)
on(w) =0 +2a Yy (™) ~Ag 3)

where o, &=, ako are the circular field frequency, the
permittivity at infinite frequency and the static conductivity,
respectively. 7, Ag and o; are the time constant, the
dielectric decrement and the frequency distribution of a
certain molecular dispersion, j. Starting from the assump-
tions in Ref. [5], an equation for the homogeneous effective
cytoplasmic field can be derived

E
E = — = (4)
(T=m)(1+ 520 +n g

where E, n, d and r are the external field strength, the
depolarizing factor for the axis oriented in field direction,
the membrane thickness and the cell radius, respectively.

Electrical properties of the exterior, membrane and cytoplasm used in the model calculations

Human red blood cells, standard model

Medium, k Permittivity (&) Conductivity (g/S m ~ ")
Exterior, € 80 0.12
Membrane, m 9.04 @ 8 nm thickness [3] 10~ ° 3]
Cytoplasm, i 50 [6] 0.53 [6]
Frequency dependent cytoplasmic properties
Cytoplasmic f;i (MHz)  Ag for different volume Extrapolated data for Single cell dielectric spectroscopy:
compartments contributions (%) of a physiological concentrations: f; MHz), ¢ and ¢ (S m ™~ h
compartment gand o (Sm )
Ae Ao al) ol(w) f Ae Ao a() ()

Hb 1 15% 22% 35% 203.8 0.4 (1.12) 212 0.4 [3]

63 [9] 89 [7] 145 0.01 (1.13) 15 162 0.14 [3]

a=0.5[3]

Hb side chains 50 22% Hb 26.6% Hb  35% Hb 58.8 0.41

4.5 (7] 5.4 (7] 7 0.02 50 0.54 [6]

(1.15)
Hydration shell 500 100% 8.75% 51.8 0.43
(0.25 g/g Hb) 55 [7] 4.8 0.27
47 0.7

“Bulk” water 20,000  85% 65%

55 [9] 42 52.7 20,000 45 499

5[8 534 5 [8] 50.4

Three sources of data, corresponding to the three curves in Figs. 2 and 3, were used (see explanations in the text). The dispersions of the cytoplasmic properties
are described by dielectric decrements (Ag;) and the resulting increments (Ag;) in the cytoplasmic conductivity, occurring around specific relaxation frequencies

(f)) with a distribution parameter (o) of 0, if not otherwise stated.
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1.3. Dielectric parameters

For red blood cells, the cytoplasmic properties are mainly
determined by the most abundant components, i.e. hemo-
globin (Hb) and cytoplasmic water.

The distinct dispersions below 500 MHz are related to the
polar nature of Hb, the internal vibrations of Hb side chains
and to the dielectric properties of the protein-bound water
(Fig. 2, insert). These dispersions have been extensively
studied in Hb solutions at different concentrations and tem-
peratures [6,7]. Information on the cytoplasmic properties
can be also obtained under more physiological conditions by
single cell dielectric spectroscopy (SCDS) [3]. However, the
latter experiments suggested a single broad relaxation
(2=0.5), centered at 15 MHz, with a dielectric decrement
of 162. The dispersions observed at frequencies above 500
MHz must be assigned to small molecular component, e.g.
free water. Nevertheless, in the cytoplasm much of the water
is structured by the high protein and ion concentration,
suggesting modified dielectric properties [8,9].

Table 1 presents literature data and model parameters
used to calculate the curves in Figs. 2 and 3.

The standard model of human red cells assumes 3.3, 3.3
and 1.65 pm for the semi-axes and frequency-independent
properties [3]. For a description of the frequency-dependent
cytoplasmic properties, data from dielectric spectroscopy
(DS) on Hb suspensions and SCDS were used. The latter
data could directly be taken from the literature [3]. How-
ever, since SCDS measurements in the medium GHz range
were limited technically, an additional dispersion corre-
sponding to the cytoplasmic bulk water was introduced in
order to cover the frequency range to 30 GHz. This dis-
persion was adjusted to give a relative permittivity of 5 at
frequencies higher than 50 GHz [8]. For the DS parameter
set, the dielectric decrements of the Hb compartments were
extrapolated to their physiological volume concentrations:

2 s
— no dispersions /j
P — ScDs /
------------- Hb solution data //
/
/

Absorption/Wm”

6 7 8 9 10 11
log(Frequency/Hz)
Fig. 3. Frequency-dependence of the cytoplasmic power absorption (W/

m?®), with or without molecular dispersions. The absorption is normalized to
an external field strength of 1 V/m.

hydrated Hb (35%), hydration shell (or bound water, 8.75%)
and cytoplasmic water (or bulk water, 65%) ([6], Fig. 1).
Starting at a relative permittivity value of 5 [8] and summing
up the decrements of all compartments a DC value of 203.8
has been obtained. For both parameter sets the related con-
ductivity steps were calculated from Eq. (3). A conductivity
0f 0.54 S/m measured at 250 MHz [6] was used as a reference
to estimate the absolute values of the conductivity plateaus
for SCDS.

2. Results and discussion

The DS and SCDS methods are based on different
principles. DS, which has been applied on Hb solutions is
an impedance technique, registering the integrative electric
response of a population of objects and the suspension
medium. The distributions in size and shape, in the orienta-
tion of nonspherical objects and even in the physiological
status of biological objects cause a scatter in the response.
The contributions of the various effects are hard to distin-
guish and thus hard to evaluate. Therefore, DS calls for mo-
nodisperse systems. Monodispersity is not necessary in
SCDS, where the response of the individual object is based
on the difference in the polarizabilities of object and medium.
This differential principle leads to a much higher parameter
resolution at the single cell level. Nevertheless, the resolution
of DS on molecular suspensions can hardly be obtained on
complete cells, even not by SCDS. This coincides with
Schwan’s notion of the molecular dispersions in cells as
hidden by the much stronger structural dispersions [10].

Interestingly, a comparison between the parameter sets
from Table 1 reveals a fairly good quantitative agreement in
the overall dielectric decrements obtained on Hb solutions
and cells by DS and SCDS, respectively. This is true, al-
though SCDS does not resolve the dispersion steps obtained
by DS.

For a precise model of cellular absorption, it will be of
great interest to re-introduce the frequency dependence of
the properties of molecular suspensions into a cell model
which can be tested by SCDS. Although Schwan et al. dealt
intensively with the properties of red blood cells [6] and
later on with those of Hb suspensions [7,8], such a complex
cell model has never been established, partly due to the
inability of the impedance technique to prove it (H. Schwan,
personal information, Oslo, 2001).

The extraordinary height of the conductivity step (around
50 S/m) in the GHz region is mainly due to the high
dispersion frequency of the cytoplasmic water (Fig. 2A,
compare to Eq. (3)). The cytoplasmic fields in the models
with and without molecular dispersions are not significantly
different (Fig. 2B). However, the molecular dispersions, and
consequently the molecular absorption, strongly modulate
the overall cytoplasmic absorption.

The value of 0.5-0.6 W/m® obtained for frequency
independent properties, at an external field strength of 1
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V/M, is exceeded by a factor of 140, resulting in an absorp-
tion of around 80—85 W/m>. Introduction of the molecular
properties results in a strong difference between the two
models, especially above 100 MHz, where the molecular
properties induce a significant increase in the cytoplasmic
conductivity (see Eq. (1)).

The SCDS frequency range has recently been extended
into the low GHz-range. Our future goal is to verify the
cytoplasmic properties by SCDS—the only technique that
allows for a high parameter resolution under physiological
conditions. Here, individual human red blood cells are a
well-established model system for dielectric investigations.
Knowledge of the actual cytoplasmic properties will con-
tribute to the understanding of the interaction mechanisms
of cells and electromagnetic fields.
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Abstract

The rod photoreceptor cells are electrical dipoles sustained by cell metabolic energy. Polarity of photoreceptor cells is directly connected
to the so-called “dark current” which circulate along the living photoreceptors. Since only the living cells in a good functional state display
electrical polarity, the orientation of photoreceptors in static electric field reflects their viability as long as it depends on the functionality of
molecular mechanisms that maintain the dark current. Studying the rod cells’ orientation in static electric field at different times after their
isolation is thus an accurate way to evaluate the cell viability/degeneration. Retinal transplant experiments in animals and humans, which are
presently in progress, require a quick and reliable viability test of cells/tissue to be transplanted. Checking the orientation pattern of rod
photoreceptors in static electric field prior to transplantation is a candidate method for an accurate cell viability test. © 2002 Elsevier Science

B.V. All rights reserved.

Keywords: Cell viability; Photoreceptors polarity; Orientation patterns; Retinal transplant

1. Introduction

We have previously reported that isolated frog retinal
rods behave as electrical dipoles, orienting in DC fields [1].
The rod cell polarity is sustained by cell metabolism being
associated to the dark current, which flows along the cell
and vanishes when retina is pretreated with ouabaine [2]. It
was suggested that inspection of the orientation patterns of
the rod cells suspension in static electric field can provide a
quick check of the cell structural and functional integrity,
which is a condition for maintaining intact their polarity
(Fig. 1).

The interest for such a test was reawaken by recent
records which show that research on retinal degeneration
(rd) therapy includes manipulation of groups of viable
photoreceptor cells in order to transplant pieces of healthy
retina to experiment animals and human volunteers affected
by rd. Using healthy, viable retinal cells for transplant is one
of the crucial conditions for the operation success [3,4].

In this paper, polarity of fresh isolated frog photoreceptor
rods is checked at different times after their isolation (15
min, 30 min, 1 h, 1.5 h, 2 h).

* Corresponding author. Tel./fax: +40-401-312-59-55.
E-mail address: ekovacs@univermed-cdgm.ro (E. Kovacs).
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Fig. 1. (A) Angle distribution curves for rod cells in static electric field (®)
and in the absence of the field (O). Frequency is the number of rod cells in a
given range of angles. (B) The measurement of the angle between the rod
cell and the electric field direction. The measurements of angles were made
on 103 rods in the absence of DC field and on 97 rods in the presence of the
field (from Ref. [1]).
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Fig. 2. Orientation degree of rod cells in static electric field at different times after their isolation (linear fit): (A)—15 min, (B)—30 min, (C)—60 min, (D)—90
min, (E)—120 min, (F)—slope of A—E linear fits. N=n, — n;. n,: Number of rod cells in a given angle range after the application of DC field. n;: Number of
rod cells in a given angle range before the application of DC field.
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2. Experimental

Retinas were dissected from the eyecup of dark-adapted
Rana ridibunda frogs. The rod cell suspension was obtained
by shaking gently the dissected retinas in 1 ml Ringer
solution [2] buffered to pH 7.7-7.8 with NaOH. The
electric field was generated by two parallel-platinized plat-
inum electrodes connected to a D.C. power supply.

An amount of 30 ul of suspension fluid was applied on a
microscope slide between the two electrodes and then
covered with a cover slip. Snapshots were taken before
and after the application of the electric field (4 V/cm for 5
min). We used an infrared light microscope and an SL XRS-
1 infrared light sensitive video camera connected to a
computer with a MiroVideo DRX acquisition board and
MGTI Video Wave video acquisition software. The procedure
was repeated at 15, 30, 60, 90 and 120 min after the rod cell
suspension had been prepared.

The angles between the rod cell outer segments and the
direction of the external electric field were measured using
Image Pro Plus software on the acquired images. Only intact
rod cells (that had preserved both outer and inner segment
during suspension preparation) were taken into account. By
convention, all angles were between 0° and 180° (angles
between 180° and 360° were considered as belonging to
180—0° interval). Results were exported in Microsoft Excel
for further interpretation. The distribution of the angle ori-
entation was plotted on a chart and a linear fit was performed.

3. Results and discussion

Fig. 2 shows that orientation of rod photoreceptors
parallel to the DC field decreases progressively after their
isolation. This is illustrated by plotting the number of cells
oriented in a certain angle interval vs. angle intervals.

For the sake of accuracy the data were “‘normalized”; the
number of cells oriented in a certain angle interval (V) was
computed by subtracting the number found in the absence of
electrical field (n,) from the cell count in the same angle
interval in D.C. field (n;).

We have previously demonstrated [1] that rod photo-
receptor polarity is connected to the dark current, being
supported by cell metabolic energy. Most probably, it
results from asymmetrical distribution of ion pumps along
the cell since cells treated by ouabaine are not polar any
more [1,2].

Thus, the degree of rod cell orientation indicates the
degree of their polarity, which, in turn, reflects the integrity
of cell metabolic machinery that drives the dark current.

The decreasing slope of the linear fits in Fig. 2 shows
that as the time from the cell isolation increases, less cells
belong to the small angles interval (close to “angle 07,
which means parallel orientation to the field direction).
Since their electrical polarity decays, they can no more be
oriented by the applied DC field.

4. Conclusion

We suggest that the electrical polarity of visual rods can
be used for global evaluation of rod cells viability by
checking the orientation of cells in weak DC fields. Image
processing of cells orientation patterns in DC field,
inspected by optical video microscopy, provides the statis-
tical distribution of cells orientation angles which is a
relatively quick, sensitive and reliable parameter which
reflects the level of cell metabolism/viability.
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Abstract

Due to the extensive use of electromagnetic fields in everyday life, more information is required for the detection of mechanisms of
interaction and the possible side effects of electromagnetic radiation on the structure and function of the organism. In this paper, we study the
effects of low-power microwaves (2.45 GHz) on the membrane fluidity of rod photoreceptor cells. The retina is expected to be very sensitive
to microwave irradiation due to the polar character of the photoreceptor cells [Biochim. Biophys. Acta 1273 (1995) 217] as well as to its high
water content [Stud. Biophys. 81 (1981) 39]. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Athermal microwave effects; Photoreceptors; Membrane fluidity

1. Introduction

Previously reported experimental studies on the irradi-
ation of living cells with athermal microwaves have pro-
duced conflicting results [1-3].

No information is available concerning the effects of low
level microwaves on retinal cells.

In our experiments, we study the effects of low-power
microwaves (2.45 GHz) on rod photoreceptor cell mem-
brane.

It was found that microwave-induced modifications on
membrane fluidity of photoreceptor cells are strongly
dependent on the power density of incident radiation:

* fluorescence anisotropy decreases in rod suspensions
irradiated at 15 pW/cm? (1 h irradiation time);

¢ fluorescence anisotropy increases in rod suspensions
irradiated at 5, 6 and 7 mW/cm? (1-2 h irradiation
time);

e no microwave effects were observed at 1, 3, 8 and 9
mW/cm?.

" Corresponding author. Tel./fax: +401-312-59-55.
E-mail address: dpologea@fx.ro (R. Pologea-Moraru).

2. Experimental

2.1. Membrane fluidity measurements by fluorescent
depolarization

The membrane fluidity of irradiated and control photo-
receptor cells were monitored by fluorescence anisotropy
measurements of TMA-DPH labeled photoreceptor cells [4].
TMA-DPH binds on the hydrophilic external surface of the
cell membrane.

(O (O)wems

1-[4-(trimethylammonium) phenyl]-1,3,5-hexatriene (TMA - DPH)

Upon excitation of a molecule with polarized light, the
molecule will emit a fluorescent radiation, more or less
polarized, depending on the degrees of freedom of the
molecule during the lifetime of the excited state. Depolari-
zation degree of fluorescent light is a measure of the
fluorophore freedom and therefore it is a measure of fluidity
of the surrounding medium.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Time dependence of fluorescence anisotropy for different microwaves irradiation power densities (O—1 mW/em?, A—3 mW/cm?; x —5 mW/cm?;
®—6 mW/cm?; *—7 mW/cm?;, A—8 mW/em?; m—9 mW/cm?)/fluorescence anisotropy control values. In one experiment, every value of the parameters
Iyv, Iy, v Inn is the average of 150 different values. For every power density, five experiments were performed.

The monitored parameter is the fluorescence anisotropy
r, defined by:

. Iy — Glyn
Iyv +2Glyg

I, v—recorded intensity of vertically polarized fluores-
cence light when excitation light is vertically polarized.
Iyy—recorded intensity of horizontally polarized fluo-
rescence light when excitation light is vertically polarized.
G——correction factor depending on the fluorometer used
for measurements; it is due to the imperfection of the
detection system and of monochromators.
_av

G =
Iun

Iyv—recorded intensity of vertically polarized fluores-
cence light when excitation light is horizontally polarized.

Igyg—recorded intensity of horizontally polarized fluo-
rescence light when excitation light is horizontally polar-
ized.

The excitation and emission wavelengths for TMA-DPH
are:

Aexcitation = 336 nm and Aemission = 429 nm.

2.2. Preparation of rod cell suspensions

Frogs (Rana ridibunda) were dark-adapted for 24 h; their
retinas were dissected from the eyecup and pigment epithe-

lium in Ringer’s solution (NaCl—111 mM; KCl—2.5 mM;
CaCl,—1 mM; MgCl,—1.6 mM; Hepes—3 mM; EDTA—
0.01 mM, glucose—1 mM; buffered to pH=7.7-7.8 with
NaOH).

The rods were isolated by gentle brushing of 12 retinas in
1 ml of Ringer’s solution. All operations were performed in
dim red light.

3.5

Effect magnitude

0 T T T T 1
3 5 6 7 8

Microwaves power density/mW cm2

Fig. 2. The power density “window” observed in the range 5—7 mW/cm?.
The effect magnitude is represented by the ratio: average value of the
plateau membrane fluidity/control membrane fluidity. The four bars at each
power density correspond to different experiments.
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2.3. Labeling the rods membranes with TMA-DPH

Five microliters of TMA-DPH stock solution (0.5 mM
TMA-DPH in dimethylformamide-DMF) and 1 ml of rod
suspensions were added to 1 ml Ringer’s solution in a
fluorometer cuvette. TMA-DPH was incubated with rod
membranes for 2—3 min.

2.4. Rod irradiation with microwaves

The irradiation of photoreceptor suspensions was per-
formed in the cuvette holder of the spectrofluorometer using
a coaxial cable, built so that a uniform power density was
obtained in the probe; the cellular suspension was continu-
ously stirred by a magnetic stirrer.

The irradiation parameters were: microwave frequency,
2.45 GHz; irradiation times below 2 h; power densities
below 10 mW/cm?.

Fluorescence anisotropy was measured before, during
and after microwave exposure of rod suspensions.

3. Results and discussion

Our results show that low level microwaves have small
but significant effects on photoreceptor cell membranes.

A decrease in fluorescence anisotropy was observed in
the rod suspensions irradiated at 15 uW/em? (1 h irradi-
ation); for irradiation at 5, 6, and 7 mW/cm? (1-2 h
irradiation) fluorescence anisotropy of rod cells increases

(Fig. 1).

The increase of fluorescence anisotropy is very sharp
during the first hour of irradiation, proceeding thereafter to a
plateau (5 and 7 mW/em?); for 6 mW/cm?, the rate of
increase is much smaller (Fig. 1). No microwave effects
were observed at 1, 3, 8 and 9 mW/cm?® (Fig. 1). The
observed effects show a power density “window” in the
power range 5—7 mW/cm? (Fig. 2).

These effects are not due to the photoreceptor cells
ageing or to the internalization of TMA-DPH, as was shown
by measurements on controls labeled with TMA-DPH.

The mechanisms of interaction between photoreceptor
cell membranes and low-power microwaves can not be
described at this moment. To understand this kind of
phenomena it is necessary to perform more experiments
using different microwave frequencies, irradiation times and
power ranges in order to reveal other power densities and/or
frequency “windows.”
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Abstract

A number of structures with magnetic moments exists in living organisms that may be oriented by magnetic field. While most
experimental efforts belong to the area of effects induced by weak and extremely low-frequency electromagnetic fields, we attempt to give an
attention to the biological effects of strong static magnetic fields. The influence of static magnetic field (SMF) on metabolic activity of cells
was examined. The metabolic activity retardation is observed in human leukemic cell line HL-60 exposed to 1-T SMF for 72 h. The
retardation effect was observed as well as in the presence of the mixture of the antineoplastic drugs 5 fluorouracil, cisplatin, doxorubicin and

vincristine. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: HL-60; Magnetic fields; Chemotherapy; Cytotoxicity

1. Introduction

From one point of view, living organisms are electro-
magnetic systems that use electromagnetic fields from
protein folding and macromolecular interactions trough
membrane functions to the propagation of information in
nervous system. Interest in the interaction of electromag-
netic field with living organisms has been triggered primar-
ily from epidemiology studies, which have reported weak
associations between magnetic field exposure and a variety
of cancers. Therefore, research efforts were mainly focused
on weak and extremely low-frequency fields. However, the
present experiment is concerned with possible influence of
relatively “strong” static magnetic field (SMF) on metabolic
activity of cells. Concerning strong SMF, growing demand
for the study of biological effects is generated by spreading
magnetic resonance imaging system used for medical diag-
nosis and the probable introduction of new technologies
such as magnetically levitated trains.

Electromagnetic fields have been used for decades in
medical therapy, confirming that under certain conditions
non-ionizing electromagnetic energy can influence physio-
logical processes in organism. Coupling magnetic field ex-

* Corresponding author. Fax: +42-1-55-420253.
E-mail address: grosiar@central.medic.upjs.sk (J. Sabo).

posure with possible chemotherapy of cancers is a new
fascinating area that has been evolving in recent years.
Current evidences suggest that cell processes can be influ-
enced by the combination of magnetic fields and drugs.
Exposure of mice by low-frequency pulsing electromagnetic
field increased the bone marrow toxicity of cyclophospha-
mide [1]. In an in vitro cell growth assay, carboplatin
potency against human cancer cell lines A-431 and HT-29
increased after 1-h pulsed magnetic field (PMF) exposure
with an average field strength of 0.525 mT. The potentiating
effect was not observed with cisplatin. Daunomycin was
potentiated only against HT-29 [2]. Cisplatin, carboplatin
and doxorubicin had an increased tumoricidal effect when
the whole organism of a mouse xenograft cancer model was
exposed with the same field as it was mentioned above. The
mean tumor volumes in mice treated with combination of
drug and pulse magnetic field was 52%, 34% and 35% of
that found in the respective cisplatin, carboplatin and dox-
orubicin drug alone groups [3].

The modulating effects of magnetic field on the efficacy
of cancer chemotherapy may find a particular role even in as
serious problem as the resistance of tumor cells to many
anticancer drugs. Exposure of KB-Ch-8-5-11, a multidrug
resistant human carcinoma subline, which over-expresses P-
glycoprotein and is resistant to colchicine, daunorubicin,
doxorubicin, vinblastine and actinomycin D, to PMF-
enhanced potency of daunorubicin only when PMF expo-
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sure occurred in the presence of drug. It has been suggested
that this phenomenon is related to the inhibition of the efflux
pump, P-glycoprotein [4].

The actions of combination of a SMF and antineoplastic
drugs on cellular processes are virtually unknown up to this
time. The present study was undertaken to examine an
influence of SMF on metabolic activity of widely employed
HL-60 human leukemic cells as a model system. The
purpose of this investigation was to evaluate whether static
magnetic field could modulate the potency of antineoplastic
drugs in similar way as pulsed magnetic field.

2. Materials and methods
2.1. Cell culture

HL-60 promyelocytic cell line was kindly provided by
Dr. M. Hajduch (Palacky University). This cell line was
maintained in RPMI 1640 (Gibco, Great Britain) containing
10% fetal calf serum, 25 mg/100 ml glutamine and pen-
icillin/streptomycine (100 L.U. ml~' and 100 pg ml ',
respectively).

2.2. Metabolic assays

For an assessment of the cytotoxic effect of tested agents,
the thiazolyl blue (MTT) method was used in all experi-

220V -~
17
"1"if T<40°C
6 "1"if the flowis O.K.
8
7 >

ments [5]. Briefly, cell suspensions containing 3 x 10*
viable cells per vial were cultivated in 96 well tissue culture
plates (Falcon Becton-Dickinson, USA) with or without
tested drugs in final volume of 100 pl for 72 h. The
cultivation was performed at 37 °C in a humidified 5%
CO, atmosphere. After 72 h of cultivation, MTT (Sigma,
USA) was added to each sample and the cultivation was
continued for additional 4 h. During this period, the living
cells were produced from the yellow soluble MTT blue
insoluble formazan forming microscopic crystals in the cell
culture. The reaction was stopped by an addition of 10%
lauryl sulfate (Sigma) into each well, and the content of the
wells was spontaneously dissoluted within the following 12
h, thus allowing the measurement of optical density. The
optical density of each well was measured spectrophoto-
metrically at 540 nm in an ELISA reader MRX Dynatech
(Great Britain). The obtained values were calculated and
expressed as percentage of metabolic activity in comparison
with controls taken as 100% metabolic activity.

2.3. Magnetic exposure

Cells are exposed to SMF in an apparatus made in the
authors’ laboratory (Fig. 1). The static magnetic field was
generated by a pair of coils that are coaxial with iron core in
an approximate Helmholtz configuration made of copper
wire wound around ring form. The coils were driven by
custom-made DC power supply. One disadvantage of large

Setting:
Temperature Concentration CO,
+12V 290V -
+24V

Measured
value

15

Fig. 1. Principle scheme of apparatus (regulation of temperature and concentration of CO5). 1: electromagnet, 2: power supply, 3: pump, 4: chiller, 5: flow
transducer, 6: AND element, 7: relay, 8: temperature transducer, 9: area of the cuvette, 10: CO, meter, 11: CO, supply, 12: solenoid valve, 13: CO, regulator,
14: heating, 15: temperature regulator, 16: temperature transducer, 17: power supply, 18: cuvette, 19: hygrometer.
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Fig. 2. Effect of SMF on metabolic activity of HL-60 cells. Bars represent
the mean £ SD of eight independent experiments. The error margins
represent standard deviation (SD). Statistical significance is assessed using
Student’s #-test; * * p<0.01. The error margin over control bar represents
interincubator variability & 3.7%.

electromagnets is their current consumption that requires
cooling systems to reduce heat generated by the magnet
coils. Special water-cooled aluminium discs are placed
inside coils to isolate a sample from temperature variation
during experiments involving long-term exposure. The
electromagnets incorporate double overheating control—
the detector of flow of cooling water and over-temperature
sensors placed on wires of coils both with feedback pro-
tective circuits that turn off power supply at a failure of the
cooling system.

For the study of samples, strong homogenous field up to
1 T was achieved between ring pole caps as the gap was
relatively small (2 cm) compared with the face diameter of
the poles (10 cm). Magnetic flux density generated by coils
expressed in tesla and homogeneity of field was determined
and mapped for nine different points between the magnet
ring pole caps by DTM-151 digital teslameter.

Each well with cells was placed within homogeneous
part of the magnetic field. The space between coils was

enclosed and rebuilt as an incubator, where temperature,
humidity and CO, were maintained at constant values
throughout the exposure period automatically.

Temperature was continuously monitored by thermocou-
ple probe sensitive to 0.1 °C, humidity by hygrometer
(£ 1%) and CO, concentration by CO, detector ITR 498
ADOS (Germany). Signals from thermocouple and CO,
detector, after processing by printed circuit board, switch
on/off heat and solenoid valve for automatic supply of CO..
Sensors of laboratory thermometers were placed in three
different points around the jacket for sample inside of the
incubator for continuous visual verification. Control cul-
tures were maintained in different conventional incubator
SANYO MCO-17AL

O HL-60 -SMF O HL-60 +SMF

120

100 A

80 - ok

60

40 A

Metabolic activity (% of control)

20 A

cl c2 c3 cd c5
Treatment

Fig. 3. Effect of SMF on the potency of the mixture of antineoplastic drugs
5 fluorouracil (SFU), cisplatin (C), doxorubicin (D) and vincristine (V).
Bars represent the mean £ SD of three independent experiments. The error
margins represent standard deviation (SD). Statistical significance is
assessed using Student’s t-test * p<0.05, **p<0.01. Concentration of
drugs in the mixture: ¢, (C=170 mM, 5F =154 mM, D=3.45 mM, V=54
mM), ¢, (C=42.5 mM, 5F=38.5 mM, D=863 nM, V=13.5 mM), c;
(C=10.6 mM, 5F=9.63 mM, D=216 nM, V=3.38 mM), c; (C=664 mM,
5F=601 nM, D=13.5 nM, V=210 nM), ¢5 (C=166 nM, 5F=150 nM,
D=3.38 nM, V=53 nM).
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3. Results and discussion

We evaluated the effect of SMF exposure at field
strengths of 1 T on metabolic activity of human leukemic
cell line HL-60.

Cells were taken from a single “parental” flask and
placed into control and exposed plates. Control cultures
were maintained during exposure in different incubator.
Conditions for growth (temperature, 5% CO,, humidity) in
control and SMF incubators were identical. To rule out a
possibility of interincubator artifacts, a series of seven
experiments was performed. For each experiment, plates
with cells were placed in both incubators and after 72 h, the
metabolic activity by MTT test was determined. Intraincu-
bator variability equal interincubator variability of metabolic
activity (SD=3.97%, error bars over control in Fig. 2).

We firstly investigated the influence of SMF exposure at
field strength of 1 T on metabolic activity of HL-60 cells.
The results of eight replicate experiments are shown in Fig.
2. Application of 1-T SMF for 72 h on HL-60 cells retarded
metabolic activity to 81% (p<0.01).

The metabolic activity assay was used to investigate the
modulating effect of the combination of static magnetic field
and the mixture of antineoplastic drugs: 5 fluorouracil,
cisplatin, doxorubicin and vincristine. In Fig. 3, it can be
seen that SMF enhanced the cytotoxic effect of antineo-
plastic drugs. The HL-60 cells were treated with varying
concentrations of the mixture of drugs and exposed to 1-T
SMF. Metabolic activity was assessed after 72 h by MTT
test. The mixture of antineoplastic drugs, depending on
concentration applied, significantly decreased metabolic
activity of cells in the absence of magnetic field. If applied
with static magnetic field, significant differences were
found. SMF enhanced cytotoxic effect of antineoplastic
drugs in all concentration used. The suppression of meta-
bolic activity was significant in concentrations c,
(p=0.0116), c4 (p=0.009), c5 (p=0.019). As the measure-
ment of metabolic activity using the MTT assay is directly
proportional to the cell number [5], we suppose that the
decrease in metabolic activity reflects the concomitant
decrease in cell number.

Our results show that SMF had a pronounced effect on
metabolic activity of human leukemic cell line HL-60. A
number of studies have dealt with nonthermal interactions
of electromagnetic fields with cells [6,7]. In vitro, exposure
of murine immune cells to 0.025—-0.15-T SMF decreased
macrophage phagocytosis and enhanced apoptotic death of
thymocytes [8]. If indeed SMF can influence the basic
cellular processes, then it is evident that fast growing
malignant tumor cells should be affected more than the
normal cells, which could be of particular significance to
cancer therapists.

It is unknown why cell growth would be suppressed by
the presence of SMF. Magnetic fields of more than 1 mT can
have measurable effects on the lifetime of radicals [9].
Chemical reactions are decelerated if the final state has

smaller susceptibility than the initial state [10]. According to
theoretical studies, a field of 0.5 T could decrease a reaction
by 0.2% and if a given biochemical reaction chain consist of
15 reactions, then overall reduction of the final products
would be about 20%, which is in rough agreement with our
experimental data recorded when 1-T SMF is used [14].
Affected rates of biochemical processes could be linked to
enhancement of lipid peroxidation [11], modulation of
transcription, increased activity of ornithine decarboxylase
and free calcium concentrations in cells [12]. Transforma-
tions on molecular level could result in apoptosis [13] or
enhanced cytotoxicity of antineoplastic drugs.

Regardless of the unknown mechanism, the data pre-
sented in the current report can help pave the way for testing
possibilities of therapeutic uses of magnetic field. Moreover,
understanding the biological effects of strong magnetic
fields and their operating mechanisms would enhance chan-
ces for elucidation of possible causal relationship of
extremely low-frequency electromagnetic field and cancer,
which is naturally a cardinal concern of research in the field
at present.
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Abstract

This paper reports the first clinical safety study of human tolerance of electrical sensation using non-invasive, flexible surface-type
electrodes and exponentially decaying electric pulses. The study evaluated the effect of electric fields in the absence of a drug and an
anesthetic, and was performed in light of potential applications in the field of erectile dysfunction (ED). Twenty impotent patients who had
previously received injection or intraurethral therapies were enrolled in the study. Voltage escalations from 50 to 80 V (in 10-V increments)
with a single pulse of 3-ms duration were performed with meander-type electrodes placed on the shaft and part of the glans of the penis. The
electric fields-induced sensation was assessed via a pain scale from 0 to 10. All 20 patients, who were free to withdraw from the study at any
point, completed the voltage escalation study. No clinical safety concerns were apparent and no skin irritation was observed after electric
treatment. Our initial study indicates that the pulses in the tested voltage range were well tolerated by most patients. In previous animal
experiments under analogous experimental conditions, the application of 50 V has been found effective for transdermal drug delivery into the

penis. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Electrical sensation; Human; Skin; Electroporation; Impotence; Anesthesia

1. Introduction

Skin is a potentially attractive target tissue for local and
systemic delivery of therapeutics. It is easily accessible,
constantly regenerating, and provides a large surface area.
Transdermal drug delivery also offers potential advantages
over other delivery routes such as injection or oral medi-
cation: convenience, non-invasiveness, and potentially
fewer side effects for local treatments. However, the skin’s
highly resistive outer layer, the stratum corneum, presents a
strong barrier to the delivery of therapeutic levels of most
drugs. Electroporation (EP) of skin is a powerful tool for
decreasing the resistance of the stratum corneum and to
enhance drug penetration. Recent progress in understanding
the mechanism and effectiveness of EP in cutaneous drug
delivery has been summarized in [1]. Although about 200
patients have been treated under local or general anesthesia
with EP in the context of electrochemotherapy of tumors
[2,3], very few studies have assessed the tolerability of EP
on healthy skin without anesthesia [4]. For further clinical

" Corresponding author. Fax: +1-858-410-3397.
E-mail address: 1zhang@genetronics.com (L. Zhang).

applications, it is important to answer key questions such as:
How painful is EP? Is EP safe?

Since nerve sensations and pain are subjective experi-
ences, the threshold of tolerability of the electrical treatment
is expected to vary from subject to subject. Only human
studies can provide direct answers to the question whether
pain experienced during electrical treatment is acceptable or
not.

The level of sensation or pain induced by equal stimuli
depends largely on the concentration of sensory receptors in
the skin, which varies with the anatomical location, as well
as the individual’s subjective threshold. The penile skin,
especially at the glans, is one of the most sensitive locations
in the human body due to the high density of nerve endings
and vascularization. In cooperation with others, we had
previously shown in rabbits that topical application of
vasodilators to the penis, when followed by EP of the penile
surface, caused various degrees of erection [5]. No erection
was observed with the control groups (either EP alone no
drug or drug alone no EP). It indicates that EP increases the
permeability of the skin tissue for transdermal delivery.
These encouraging results and the potential of providing
an alternative treatment for impotent patients prompted us to
assess the tolerability and safety of electric fields in patients

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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suffering from erectile dysfunction (ED). ED is a medical
disorder for men. It has been estimated that it is prevalent in
2% of men aged 40 years, and in 50% of the male
population that is 70 years and older. ED affects more than
20 million men in the US. Intracavernosal injection of
vasodilators, such as prostaglandin E1 (PGE1, alprostadil,
CAVERIJECT®), is still a commonly, though now less
frequently, used treatment of ED. It is very painful and
carries a high risk of corporal fibrosis at frequent usage [6].
Another approach is transurethral delivery of penile suppo-
sitories (alprostadil, MUSE®), which can also be painful
and is less effective than injection [7]. More recently, an oral
formulation of sildenafil citrate (VIAGRA®) has become
available and is now the first line of treatment. However, the
use of VIAGRA ® is associated with side effects, and cannot
be used without significant risk by ED patients with
cardiovascular disease or patients who depend on medica-
tions containing nitrates.

The goal of the study reported here was to investigate the
safety of electric field and the tolerability of electrical
sensation in the absence of a drug and an anesthetic. This
is the first clinical study approved by an Institutional
Review Board (IRB) determining the sensation caused by
electric field using non-invasive electrodes. Electrical sen-
sation (pain) was assessed by 20 ED patients via a scale
ranging from O to 10 following voltage escalations. In order
to develop a clinical viable treatment with electroporation,
we should consider both aspects: (1) maximize the effi-
ciency of electroporation, and (2) minimize the pain asso-
ciated with electrical sensation induce by electric fields.
Therefore, the patients’ response obtained from this study
will be valuable information for determining the feasibility
of further development in the field of electroporation with
potential medical applications.

2. Experimental
2.1. Study design

This IRB-approved clinical study was conducted by
MDS Harris (Lincoln, NE) in Phoenix, AZ. Twenty ED
patients were enrolled in this study. Each patient signed an
Informed Consent Form prior to receiving the treatments.
Subjects were divided into two groups: 10 subjects who had
undergone the intracavernosal injection treatment, and 10
subjects who had used the transurethral therapy. During the
screening period, subjects were given a demonstration of the
Genetronics Transdermal Delivery Device (exponential
pulse generator and a surface-type meander electrode) and
received an electrical pulse on their forearm. Those subjects,
who did not wish to continue, were free to withdraw at that
time. Subjects who consented to continue proceeded with
the screening process. The medical screening process
involved medical history, physical examination, and clinical
laboratory tests (hematology, serum chemistry, urinalysis,

HIV antibody screen, and urine screen for alcohol and drugs
of abuse). On the scheduled study day, subjects self-admin-
istered (under supervision) the Genetronics Transdermal
Delivery Applicator which covers the penile shaft and part
of the glans. Each subject initially received a single pulse at
50 V. If the subjects tolerated the 50 V without any severe or
serious adverse experiences, they could continue with
voltage escalation in 10-V increments up to a maximum
of 80 V, depending upon their tolerance for the procedure.
The pulse length was always set at 3 ms. There was at least a
1-h rest period between voltage escalation applications.
After each pulse application, every subject filled out a form
about the experienced sensation and rated the sensation of
pain on a scale ranging from 0 to 10, with zero indicating no
sensation and 10 indicating excruciating pain. Vital signs
(blood pressure, pulse) were evaluated prior to, and follow-
ing each treatment. Urinalysis was conducted from a sample
obtained at the end of the voltage escalations for each
subject. The subject used the same set of meander electrodes
throughout the voltage escalation.

2.2. Pulse generator and electrode

The pulse generator was equipped for clinical use and
delivers exponential pulses (Genetronics, San Diego, CA).
The Transdermal Delivery Applicator consisted of two
rectangular meander-type electrode patches (2 X5 cm each),
attached to the inside of an inflatable cuff which is normally
used to measure the blood pressure on the arms of infants
(Tycos Instruments, Arden, NC). The meander electrode
patch consisted of an array of interweaving electrode fingers
with alternating polarity [8]. Each electrode finger was 0.2
mm wide and was separated by a 0.2-mm gap from its
neighboring electrodes. The gap was filled with insulator to
eliminate some bypass current between the adjacent electro-
des. The patient aligned the two meander electrode patches
lengthwise along the sides of the mid-shaft such that the
electrodes also extended onto the sides of the glans.

2.3. Test procedure

The pulse generator was calibrated before each pulse
application. The surfaces of the electrodes were cleaned
with alcohol swabs and allowed to dry thoroughly. The
patient cleaned the penile skin surface on both sides (left
and right) of the midshaft and on the glans with alcohol
swabs and let the skin dry thoroughly. Next, the patient
moistened the penile skin using a cotton ball wetted with the
saline solution (sham drug). After that, the patient posi-
tioned the meander electrode patches as described above,
wrapped the cuff around the penis and secured the cuff by
closing the Velcro® fasteners. The patient then inflated the
cuff slowly until the cuff and electrodes made uniform
contact with the surface of the penis, usually at a pressure
of 20-30 mm Hg. The electrodes were connected to the
pulse generator and a single pulse was delivered. At the end
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of the procedure, the cuff was deflated and removed
together with the electrodes.

3. Results and discussion

Patients were subjected to single pulses of 50—-80 V
escalating in 10-V increments and delivered for 3 ms. The
patients were asked to rate the pulse sensation on a scale of
0, no pain, to 10, excruciating pain. The results of this study
are shown in Table 1. Pain scores up to and including level 5
were considered tolerable. The percentage of tolerability at
each voltage level was calculated by multiplying the number
of subjects rating the degree of sensation up to level 5 by
100 and dividing this result by 20 (the total number of
patients enrolled). At 50 V, the tolerability of pulse sensation
was 100%, and 65% of the ratings fell between no pain and
mild (0 to 2). At 60 and 70 V, tolerability declined slightly
to 93%, with 30% of the ratings still between 0 and 2. When
the voltage increased to 80 V, the tolerability dropped to
75% due to the fact that 25% of the patients marked pain
scores from 6 to 9. In summary, all patients passed the single
pulse tests (50—-80 V, 3 ms) without rating the sensation
excruciating. Across the voltage escalation range from 50 to
80 V, the overall of the tolerability was 90% (72 out of 80
scores). No side effects of electrical treatment were
observed or reported according to clinical examination of
the patients before and after the tests.

Many different factors affect the sensation generated by
electrical pulses delivered to the skin, including voltage,
current, current density, pulse length, frequency, waveform,
and body location. In this study we evaluated one of the
most important factors, i.e., voltage. Aside from its direct
effect on nerve stimulation, voltage also influences the
amount of current flow. It is known that above the percep-
tion threshold, the quality of sensation changes with increas-
ing current and the degree of pain increases nonlinearly [9].
One effect of delivering an electrical pulse of the magnitude
we applied in this study is the breakdown of the insulating
layer of the skin, the stratum corneum, thus allowing higher

current flow into and through the skin [10]. This, in turn,
increases the level of sensation. With increasing applied
voltages, the electrical resistance of the skin decreases
significantly. Therefore, it is not surprising that the level
of sensation can escalate substantially with a relatively small
increase in applied voltage. This phenomenon was observed
in our study when the voltage was elevated from 50 to 80 V.
For electroporation enhanced transdermal drug delivery, a
high degree of breakdown of the skin impedance is desir-
able. However, in the treatment of patients a compromise
has to be found that allows sufficient drug permeation
through the porated skin tissue while not generating unac-
ceptable pain in creating the pores. In experiments with
rabbits under similar pulsing conditions, an applied voltage
of 50 V was effective in delivering a sufficient amount of
PGELI transdermally into the penis to cause a full or partial
erection in all treated animals (#=9). The application of the
same voltage to humans was tolerable to 100% of the
patients tested. Knowing that the thickness of human penile
skin differs from the rabbit’s, and even if the voltage has to
be increased to 80 V in order to achieve effective drug
delivery in humans, that voltage would still be tolerable to
90% of the patients we tested.

Besides voltage and current, another important factor is
anatomical location. As mentioned, the penis is one of the
most sensitive areas of the body and the application of 80 V
caused significant distress to 25% of the patients. On the
contrary, in a different study on topical delivery of lidocaine,
where we tested the pain response to electroporation with
meander electrodes targeting the forearm skin, the pain
scores were mostly below levels 2 and 3 [4]. In that study,
the pulse conditions were actually more intense (80 V, 10
ms, two cycles of six pulses each). Both in the study just
mentioned and in the study reported here, no skin irritation
was observed post electrical treatment. However, in a rat
study with caliper electrodes, where the skin-fold was
electroporated between two flat, parallel metal plates, the
appearance of erythema was reported [11]. In this case, not
only were the upper-most layers, including the stratum
corneum affected by the electrical pulses, but also the

Table 1
Summary of electrical sensation assessment in ED patients
Set voltage Pain score
0 1to2 3to4 5 6to7 8t09 10
No Pain Mild Discomforting (Between) Distressing Horrible Excruciating
50V 3 10 6 1 0 0 0
60V 1 8 10 0 1 0 0
70V 1 2 10 5 1 1 0
80V 0 1 10 4 2 3 0
Total subjects per score 5 12 36 10 4 4 0
Tolerability (%) (50 V) 100% >
(60 V-70 V) 93% > 5% —» 2% ——»
B0V)75% > 10% —>» 15% —»

Twenty patients were given one electrical pulse each at escalating voltages from 50 to 80 V. After each pulse, every patient scored his subjective sensation
(pain) according to the scale given above. Pain scores up to and including level 5 were considered tolerable.
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underlying tissue. This points out the advantage of electrode
designs such as the meander electrodes which allow the
initial electric fields to be mostly localized within the
superficial layers of the skin, thereby avoiding undesirable
effects, including pain, in underlying tissues.

In summary, this study provides evidence that electrical
treatment with the purpose of enhancing transdermal drug
delivery appears feasible, even in sensitive areas like the
penis. Previous studies mentioned above, which included
actual drug delivery by electroporation in animals and
humans, make it likely that under the pulsing conditions
we found acceptable in this study, effective drug delivery
may be achieved even in the absence of anesthesia. The
electrode applicators and delivery conditions used here can
be optimized further depending on the disease target and
medical requirements.
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