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Abstract: The latest results of voltammetric research on the ionic transfer process of ionisable drugs across bare and
lipid-modified liquid-liquid interfaces are reviewed. In recent years, two voltammetric methods have been extensively ap-
plied to this purpose, i.e. the classical four electrode voltammetry at the interface between two immiscible electrolyte so-
lutions, and the “three-phase electrode.” Thus, a brief background of the methodologies and some successful examples of
their application are highlighted in this work. Particular attention is given to the ionic transfer kinetics and to the electro-
chemical characterization of the drug-membrane interactions between the ionized drugs and lipid-modified interfaces. Fu-
ture trends in this area are also mentioned in connection with high-throughput assessment of ADMET properties of drugs.
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INTRODUCTION

Partition coefficients of pharmaceuticals are of utmost
importance during the early stage of the drug design process.
In fact, the drug partition coefficient correlates with the drug
lipophilicity and is used for the estimation of drug transfor-
mation events like absorption, metabolism, and also in mod-
elling the distribution among compartments. Lipophilicity is
one of the most important driving forces sustaining the pas-
sive transport of drugs through biomembranes, and it is a key
factor in drug-receptor interactions [1-3].

Drug lipophilicity is considered to be one of the key
physicochemical parameters that facilitates the prediction
and understanding of the transport processes across biologi-
cal barriers [1, 2]. Drug biodistribution, protein binding and
metabolism pathways are generally dynamic and interde-
pendent processes that interplay and influence each other,
both being strictly related to lipophilicity. Actually, the study
of the ability of a drug to interact with membranes and en-
zymes is of extreme significance for a proper understanding
of its biological or side effects.
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After administration, a drug must cross cell membranes
in order to reach the final target. Living-cell membrane is
regarded as a natural barrier, which separates two phases
having different physical properties and regulates, in a very
strict way, the exchanging drug processes. Among the most
important factors responsible for the mutual exchange of a
drug across cell membranes is its intrinsic lipophilicity,
commonly considered as its affinity towards a lipophilic en-
vironment. This property is usually measured as a
druglmembrane partitioning process through its distribution
in a biphasic system, such as water|oil systems [1-4]. Liquid
systems comprising two immiscible solvents (one of which
is generally water) forming a stable liquid-liquid interface
have been shown to mimic the biological membranes [1-3].
The assessment of oil-water partition coefficients in general,
and octanol-water partition coefficients in particular, have
been widely used to describe the lipophilicity of neutral
drugs, being in turn a molecular descriptor that is often used
to establish gquantitative structure-activity (QSAR), quantita-
tive structure-toxicity (QSTR) and quantitative structure-
metabolism (QSMR) relationships [1-5].

Actually, there is a requirement for the determination of
drug partition coefficients either of the neutral or the ionic
forms, since over 70% of the currently used drugs are ioni-
sable under physiological conditions [1, 2]. In fact, the im-
portance of the lipophilicity of ionisable drugs and solutes
has been underestimated mainly due to the lack of reliable
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methods to determine the partition coefficients of the ionic
forms. However, the understanding of the lipophilicity of
ionisable and ionic drugs has been limited by the lack of
reliable experimental methods to estimate the partition coef-
ficients. Recently, the introduction of voltammetric tech-
niques has opened new perspectives for its evaluation and
use in drug rational design and/or to understand their transfer
process through the biological membranes.

The aim of this review is to highlight the recent advances
in the electrochemical transfer of ionisable compounds.
Since classical electrochemical methodology has several
limitations, new systems with different phase ratios have
been developed in order to extend the electrochemical meas-
urements to attain important health data. In the present work,
two systems - the "droplet system™ using a small volume of
organic phase [5], and four-electrode voltammetry [1-3] —
are considered as important techniques for the study of ionic
transfer reactions. Attention is focused mainly on the papers
published after 2002, since several reviews have been previ-
ously published on the topic [5-10].

FOUR-ELECTRODE VOLTAMMETRY AT ITIES: A
SHORT BACKGROUND

Four-electrode voltammetry at the interface between two
immiscible electrolyte solutions (ITIES) is frequently de-
scribed as the first electrochemical technique suitable for the
determination of the partition coefficients of ions [3]. This
technique is referred as “classical” in ion transfer studies and
comprises external (potentiostatic controlled) polarization of
the interface between two immiscible electrolyte solutions.
Each compartment contains one reference and one counter
electrode similar to what is shown in Fig. 1A. When the ap-
plied potential difference between both conjoined liquid
phases is equal to the standard potential of the ion transfer
process of a given ion, then it will cross the liquid-liquid
interface at an equal rate and, in the voltammetric output,
will be portrayed in a single voltammogram. The voltammo-
gram characteristics will depend on the nature of the trans-
ferred ion, on its charge and concentration, as well as on the
temperature and the nature of the mass transfer phenomena
[1-3, 11]. The partition coefficient of an ion i (logP; ) is as-
sumed to be a direct measure of its lipophilicity. It is linked
to the Galvani potential difference across the interface, as
shown by the following equations (1 to 3):
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where log(P®°?) is the standard partition coefficient of the
ionic solute i transferred from the water (w) into the organic
(o) phase. In the above equations, Ag, is the Galvani poten-
tial difference between the water and the organic phase,
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Fig. (1). A) Diagram of a four electrode cell for electrochemical
studies at the liquid|liquid interface. The aqueous electrolyte (top
solution) contains LiCl as supporting electrolyte, while the organic
phase contains a highly lipophilic organic electrolyte. The cation is
bis(triphenylphosphoranylidene) ammonium (BTPPA*") and the
anion tetrakis(4-chlorophenyl)borate (TPBCI’). Pt-wires (CE) and
Ag/AgCI (RE) operate as counter and reference electrodes in water
and organic phases. B) Cyclic voltammogram showing the ion
transfer of an anion compound across a liquid-liquid interface. E, ,
is the anodic peak potential, E,. is the cathodic peak potential,
while 1,5, and I,., are the anodic and cathodic peak currents, re-
spectively. The mid-peak (or half-peak) potential AE,; is the me-
dian potential between Ep, and Epc[i.e. AEy; = (Epa+Epc)/2].

while AG?®) is the standard Gibbs energy of transfer of the

w
ionic solute i from the water to the organic phase. AG?®,
(and consequently log(P*®2)) is related to the standard po-
tential of ion transfer( Ap=°y, ), i.e.
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This latter parameter is linked to the voltammetric mid-

peak potential of the ion transfer A@’?° , which is deducible

from the experimental voltammetric outputs (i.e. it is the
median between the cathodic and anodic peaks at Fig. 1B). It
is worth noticing that cyclic [3] and square-wave voltamme-
try [5, 8, 12] at the ITIES are appropriate techniques for the
determination of the standard partition coefficients of ionic
solutes (log(P®>) due to the external control use of the in-

terfacial potential, and therefore of the ionic distribution be-
tween the two adjacent phases. Moreover, for a biphasic sys-
tem, the partition coefficient of an ion “i” is defined as: P; =
c(i)o/c(i)w. The partition coefficients values of different cate-
gories of compounds determined by this technique are de-
picted in Tables 1,2. A positive log(P®?) value is directly

correlated with a high lipophilicity performance of the ioni-
sable compound “i” under study.

“THREE-PHASE” ELECTRODE VOLTAMMETRY
(DROPLET SYSTEM): A SHORT BACKGROUND

The droplet system is based on the simple deposition of
an organic drop containing a redox probe onto the surface of
a graphite electrode which is immersed into an aqueous elec-
trolyte solution. This process, also called a “three-phase elec-
trode”, was developed by Scholz and Lovri¢’s [13] and of-
fers a unique way for determining the standard Gibbs energy
of ion transfer across a liquid|liquid interface [6-8]. So, as
this droplet system ensures a rapid equilibrium between the
phases, it has been largely applied to the study of ion transfer
processes that were difficult to attain with classical tech-
niques [3, 5, 9, 11]. Actually, the system voltammetric re-
sponse depends on the redox reactions that occur on the solid
electrode and the charge transfer reactions at the interface
between two immiscible electrolyte solutions (ITIES). These
reactions can be either ion transfer (IT) or ion and electron
transfer (IT/ET) processes. In this technique, a small amount
of a neutral electroactive compound (i.e. a redox probe) is
dissolved in an organic and water immiscible solvent. A
droplet (1 pL or smaller) of the solution is then placed on the
surface of the working electrode. This procedure works bet-
ter with graphite electrodes (e.g., PIGE) than metal elec-
trodes. The droplet-modified working electrode is then im-
mersed in an aqueous s (Cat™ X°) electrolyte solution. The
reference and counter electrodes are placed in the water solu-
tion as in a conventional voltammetric cell (Fig. 2A). A
technique prerequisite is the existence of a three-phase junc-
tion line where the working electrodes, the organic and
aqueous solutions link to each other. If the neutral redox
probe, dissolved in the organic solvent, can undergo oxida-
tion under anodic polarization of the potential, then an ex-
cess of positive ions will be produced into the organic phase.
The electron transfer process occurring at the elec-
trode|organic phase interface must be coupled with an ion
transfer process across the aqueous phase|organic phase in-
terface. In that way, the electroneutrality of the organic phase
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Table1l. Partition Coefficients of the Protonated Forms
(Taken from Reference [15]) of Di- and Tripeptides
Determined by Four-Electrode Voltammetry at
ITIES at a Water and Nitrobenzene (NB) Interface

Compounds log P:;J,WﬁNB
Gly-Phe -3.20
Ile-Phe -1.95
lle-lle -2.52
lle-Leu -2.45
Trp-Gly -3.04
Leu-Leu -2.00
Phe-Leu -1.42
Phe-Phe -0.91

Phe-Leu-Leu -1.74

Trp-Leu-Leu -1.11

Leu-Leu-Ala -3.30

Leu-Leu-Val -2.55

Leu-Leu-Leu -2.18

Val-Val-Val -3.64

Phe-Phe-Phe -0.55

Val-Phe-Phe -1.67

Ala-Phe-Phe -2.21

Phe-Phe-Ala -2.54

Phe-Phe-Val -1.57

Phe-Val-Val -2.57

Val-Val-Phe -2.76

Leu-Val-Phe -2.32

Phe-Val-Phe -1.69

Phe-Val-Leu -2.11

Trp-Val-Phe -1.27

Trp-Val-Leu -1.54

Leu-Trp-Val -1.86

Val-Trp-Leu -1.72

Phe-Trp-Val -1.30

Val-Trp-Phe -1.42

Leu-Phe-Phe -1.18

Phe-Phe-Leu -1.08

is maintained. In the voltammetric experiments, both the
electron and ion transfer processes are portrayed in a single
voltammogram. The type of ion transfer process that takes
place, i.e., the transfer of anions from water to the organic
phase or the transfer of electrochemical generated cations
from the organic phase to water, depends primarily on the
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Table 2. Partition Coefficients (Taken from Reference [27])
of the Protonated Forms of Drugs of Abuse and
Their Metabolites Determined by Four-Electrode
Voltammetry at ITIES with a Water and 1,2-
Dichlorethane (DCE) Interface
Compounds log P;UQHJfWﬁDCE
Heroin -0.58
6-Monoacetylmorphine (6-MAM) -2.45
Morphine -4.55
Acetylcodeine -1.55
Codeine -2.00
Dihydrocodeine -3.95
Methamphetamine -2.03
Amphetamine -2.52
Ecstasy (MDMA) -3.22
3,4-Methylenedioxy amphetamine (MDA) -3.55
3-Methoxy-a-methyldopamine (3-OMe-a-MeDA) -1.83
a-Methyldopamine (a-MeDA) -3.82

ratio of the standard Gibbs energies of ions transfer. In gen-
eral, if the solvation of the electrochemically produced
cations Ox" in the organic phase is stronger than the anions
hydration in the aqueous phase X, then its transference from
the aqueous phase towards the organic phase will occur (Fig.
2B). A cation transfer process from the agqueous phase to-
wards the organic phase can be induced if the solvation of
electrochemically generated anions in the organic phase,
generated by the reduction of a neutral electro reducible
compound present in the organic phase, is stronger than the
hydration of the cations in the aqueous phase. In both cases,
the standard Gibbs energies of ion transfer can be deduced
from the formal potentials of cyclic or square-wave voltam-
mograms.

According to the scheme represented in Fig. 2B, the
overall reaction proceeding at a micro-droplet modified elec-
trode can be written as follows:

REd(O) + A-(aq) s OX+(0) +A-(0) +e (|)

If there are no kinetic constrains with respect to the elec-
tron and ion transfer, the reaction thermodynamic treatment
(1 leads to the following form of the Nernst equation:

RT, C*(Red) (5)

' RT -
EQ =E° +A0%, Z’_—?Inc(A Dag* N

=E° |
OX(O)/Red(O)

In equation (5) (Eé") is the formal (half-wave) potential

of the system, E®

is the standard potential of the
Oxi*o)/Red(o)

redox couple Ox*/Red in the organic solvent, A¢§q’ X_ is the

standard potential of transfer of anions from the aqueous
phase to the organic phase, c(A’),q is the initial concentration
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of the anions in the water phasewhile c*(Red), is the initial
concentration of the redox probe in the organic solvent. R, F,
and T are gas and Faraday constants and thermodynamic
temperature, respectively. The equation also shows that the
formal potential of the voltammograms that represent cou-
pled electron and ion transfer processes at a three-phase elec-
trode depends on the nature of the anions in aqueous phase

(via the values 0fA¢§q’ X_ ). Generally, the more lipophilic

anions give the more negative A¢§q’ X_ values. Conse-

quently, the oxidation of the compound (Red) in the organic
phase will occur at more negative potentials (i.e. it will be
easier oxidized), a value that increases with the lipophilicity
(Fig. 2C). Moreover, for the individual anions present in the
aqueous phase, the formal potential will shift by ~59 mV in
negative direction for a 10-fold increase of the concentration
of the transferable anions in the aqueous phase. The reversi-
bility of the processes can be deduced by taking together the
previous criterion and the stability of the voltammograms
recorded during manifold cycling.

On the other hand, the reduction of an electro reducible
compound (Ox) dissolved in the organic phase can induce
cation transference from the water towards the organic
phase. This process can be described by the following reac-
tion:

OX(O) + Cat+(aq) +e S5 Red’(o) + Cat+(0) (| |)

In the same way, the thermodynamic treatment of reac-
tion 11 leads to the following Nernst equation (applicable if
the cations are transferred from the aqueous toward the or-
ganic phase):

E9 =E® 00, & + L inc

+Eln 2 (6)
O@/Ro) Fcae P Yo,

Thus, more lipophilic cations present more positive
Aq)Sq’ gat+ values. Subsequently, the organic compound re-

duction (Ox) in the oil phase will occur at more positive po-
tentials as the lipophilicity of the cations in the aqueous
phase increases. The formal potential of the coupled elec-
tron/ion reaction at the three-phase electrode will shift 59
mV in the positive direction for a 10-fold increase of the
concentration of the transferable cations in the aqueous solu-
tion.

In opposition to the four-electrode voltammetry, this
technique operates with rather small organic-to-water phase
volume ratios and can work with the common three-
electrode potentiostats [6-8, 10]. Actually, this technique has
been recently introduced to overcome some of the limitations
of the four electrode voltammetry at ITIES, which are
mainly related to restrictions on the type of organic solvents.

PARTITION COEFFICIENTS OF IONIC DRUGS DE-
TERMINED BY FOUR ELECTRODE VOLTAMME-
TRY AT ITIES

The study of lipophilicity and transport properties of
ionisable drugs is a current subject of research [1, 2, 6].
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Fig. (2). A) Voltammetric cell used in a “three-phase electrode” system. R=reference electrode; C=counter electrode; W=working electrode;
V=voltmeter; A= ampere meter. The working electrode is a small droplet of an organic solvent containing an electroactive redox probe. B)
Schematic representation of the process taking place at the “three-phase electrode”, when the lipophilic oxidizable compound (Red) is dis-
solved in the organic solvent. Cat™ and X are the symbols for cations and anions, respectively, present in the aqueous phase. C) Square-wave
voltammograms representing different anionic transfer processes across a water-nitrobenzene interface. Decamethylferrocene was the redox

probe in the organic phase.
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Thus, the determination of the lipophilicity of ionic amino
acids and peptides is a very important mission in the health
sciences, mainly due to their relevant biological activities
related, for instance, to folding processes. In addition,
knowledge of this property has been found to be important
for applications such as binding affinity prediction of a
membrane protein to a lipid bilayer [1, 2].

Since peptides are currently used as therapeutic drugs,
this type of information is highly valuable either for AD-
MET studies or for attaining quantitative-structure activity
relationships (QSAR) [1, 2]. The assisted transfer of proto-
nated amino acids at the water-1,2-dichloroethane interface
was systematically studied by Chen et al. [14]. However, this
study only resulted in the acquisition of data for 10 proto-
nated natural amino acids [i.e. tryptophan (Trp), phenyla-
lanine (Phe), leucine (Leu), valine (Val), isoleucine (lle),
methionine (Met), alanine (Ala), glycine (Gly), cysteine
(Cys), and glutamine (GIn)], mainly due to technical limita-
tions. The partition coefficients of these amino acids have
been positively correlated with their complexation constants
using a crown ether as a facilitator. A comprehensive study
concerning the evaluation of di- (18) and tri-(27) peptides
lipophilicity properties, at the water-nitrobenzene interface,
has been performed by Osakai et al. [15]; the corresponding
partition coefficients values of protonated di- and tripeptides
are shown in Table 1. A quantitative property—structure rela-
tionship study, through a non-assisted and facilitated transfer
process, of the protonated forms of the amino acids (or pep-
tides) was undertaken. It was concluded that the hydrophilic-
ity of the protonated peptides is governed not only by the
intrinsic lipophilicity of the peptide backbone, as previously
thought, but also by the steric effects of the bulky side chains
[15].

A voltammetric study at a polarized interface between
two immiscible electrolyte solutions of important biologic
polypeptides has been reported for the highly charged poly-
peptide protamine [16]. Chronoamperometry using a mi-
cropipette has also been successfully used for charge trans-
ference and diffusion coefficient determination of this type
of polypeptide protamine [17]. Kontturi et al. [18] evaluated
the partition coefficient values from cyclic voltammetric
measurements at a polarized water-NPOE interface of drugs
used in therapy, like those structurally related to aminoac-

ridines:  aminacrine  (logP)"**=-1.63),  proflavine
(logPN™®® = -1.65), tacrine (logP)™F=-1.97), and velna-
crine (log P'™F =-0.24). The results obtained on the study of

drug membrane activity, by combining a theoretical model to
electrochemical impedance spectroscopy experiments, per-
mitted the justification of some of the differences found be-
tween their therapeutic activities [18]. A facilitated (assisted)
ion transfer study of the protonated neurotransmitter dopa-
mine (often used in neuropsychosis treatment) using
dibenzo-18-crown-6 crown ether was reported by Zhan et al.
[19] and Beni et al. [20]. Ascorbate, which is a recycling
redox agent that interacts with dopamine activity, was shown
to be non-transferable with this facilitator. Tsukamoto et al.
[21] developed an interesting study on the transfer process at
various pH values of the salt forms of several histamine and
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antihistaminic drugs (chlorpheniramine, clemastine, diphen-
hydramine, cyproheptadine, meclizine, promethazine, ke-
totifen, and terfenadine). The authors studied the transfer of
the protonated forms of these drugs in solutions at various
pH values. The logP values were reported to be more reliable
than those obtained by conventional shake-flash techniques.
The partition coefficients of other important therapeutic
drugs — amitriptyline (antidepressant) and trihexyphenidyl
(antiParkinson agent) - were also studied at the polarized
water-1,2 dichloroethane interface [22]. lon transfer studies
of local anaesthetics at the water-nitrobenzene interface have
been performed: procaine (logP = 1.1), tetracaine (logP =
2.7), oxybuprocaine (logP = 3.1), prilocaine (logP = 0.0),
mepivacaine (logP = 0.8), lidovacaine (logP = 0.9), bupiva-
caine (logP = 2.0), and dubucaine (logP = 2.8) [23]. The
obtained parameters might be helpful in understanding their
mode of action as well as for QSAR studies. A study of the
ion transfer of several tetracycline antibiotics (tetracycline,
oxitetracycline and 7-chlortetracycline), across a water-
dichloroethane interface has been recently reported by Fer-
nandez and Dassie [24]. The stabilities of these antibiotics
and the partition coefficients of the protonated forms of these
antibiotics and several of their degradation products have
been studied in highly basic and acidic media [24].

The transfer process of the salt forms of 3-blockers, i.e.
propranolol (logPP® = 2.3), sotalol (logPP“® = 5.6) and

timolol (log PP® = 3.5), was studied by cyclic voltammetry

at an agarose modified water-1,2-dichloroethane interface
[25]. The agarose gel can only influence the drugs diffusion
coefficients. Phenothiazine salt derivatives are antipsychotic
agents, regarded as potent modulators of multidrug resis-
tance, that were also studied using cyclic voltammetry across
the water-1,2-dichloroethane interface [26]. Their partition
coefficients were calculated from the transfer potentials

measured at pH < pK, values ((promazine logPP®=-1.23,
chlorpromazine log P> =-0.85, trifluopromazine log P> -
0.54, methotrimeprazine logP>“ =-1.05, perphenazine

log PP“*=0.20 and fluphenazine log P’“*=0.76). In order to

establish relationships, the substituent effects and activities
were correlated with Hammett substituent constants.

The partition coefficients (Table 2) of the cationic forms
of several opioids, amphetamine-like drugs and their me-
tabolites - heroin, 6-monoacetylmorphine (6-MAM), mor-
phine, acetylcodeine, codeine, dihydrocodeine, metham-
phetamine, amphetamine, 3,4-methylenedioxymethamphet-
amine (MDMA or “‘ecstasy’’), 3,4-methylenedioxyamphet-
amine (MDA), 3-methoxy-a-methyldopamine (3-OMe-a-
MeDA), and o-methyldopamine (a-MeDA) — were deter-
mined using electrochemical measurements at a polarized
water-1,2-dichloroethane interface between two immiscible
electrolyte solutions (ITIES) [27]. The drug partition coeffi-
cient values were correlated to the chemical structure and
with the metabolic pathways central to each type of drug.
Although the mechanisms that underlie the toxicity of this
type of drugs are still unclear, the data indicated that the me-
tabolite lipophilicity may be a contributing factor to their
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toxicity. A systematic facilitated ion-transfer voltammetric
study of the anticoagulant heparin can be found in a recent
work published by Guo et al. [28]. In this study, several qua-
ternary ammonium salts were used as facilitators for heparin
transfer across blood-plasma and a 1,2-dichloroethane inter-
face. The anionic heparin transfer response was shown to
strongly depend on the nature of the cation present in the
membrane phase, which probably acts as a heparin-carrier
(facilitator). Polyvinyl chloride plasticized 1,6-dichloro-
hexane membrane, placed between two aqueous electrolyte
solutions, has also been used to follow the heparin ion trans-
fer [29]. This method was foreseen to have potential clinical
applications in plasma heparin determination.

Girault et al. [30] developed a new electrochemical
method for lipophilicity determination based on a liquid
layer immobilized between two aqueous compartments. The
method was found to be a successful tool for drug partition
coefficient determinations across several water-organic
phase interfaces, for example, for the monobase tetramethy-
laniline and the monoacid dinitrophenol. The optimization of
the method for high-throughput applications was accom-
plished using 96-well microfilter plates. Later, a new ex-
perimental set-up for ion transfer studies across the water-
organic oil microhole-interface was developed for the deter-
mination of the partition coefficients of tetramethylaniline
and dinitrophenol [31]. This method is based on a two-
electrode microinterface set-up, where a commercial immo-
bilized pH gradient gel is taken as the aqueous phase, and
can be seen as a valuable alternative to study the ion transfer
and construction partition diagrams of ionisable compounds.
Recently, an alternative voltammetric method using media
with low ionic strength has emerged for the study of ion
transfer at micro- and nano-interfaces [32].

PARTITION COEFFICIENTS OF IONIC DRUGS DE-
TERMINED BY THE “THREE-PHASE” ELECTRODE

The development of the droplet-modified (three-phase
electrode) systems has led to significant progress in the lipo-
philicity determination of ionisable compounds (e.g., ionic
aminoacids). It should be noted that these types of values
could not be determined using the classical four-electrode
technique at ITIES due mainly to its narrow potential win-
dow [5, 7-11]. By using the voltammetry at three-phase elec-
trodes, Mirceski et al. [33] and Gulaboski et al. [34] recently
reported the partition coefficients of the ionic forms of
amino acids at the interface between water and nitrobenzene.
In addition, the technique has been applied for the partition
coefficients determination of several monoanionic forms of
di-, tri- and polypeptides using decamethylferrocene as a
redox probe and a water-nitrobenzene interface (Table 3)
[35]. Interesting comments about the lack of reliable lipo-
philicity determinations in QSAR analysis and predictions of
drug-membrane interactions have been pointed out by
Bouchard et al. [36] who reported the lipophilicity of 26
ionisable drugs, some of them of therapeutic application,
using the droplet-modified electrode at the water-n-octanol
interface. Although n-octanol has been considered of ex-
treme importance as a biomimetic membrane agent, it is
known to be an ineffective solvent in the classical voltamme-
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try at ITIES due to its non-polarizability (i.e. no suitable
electrolyte can be dissolved) [1-3]. This limitation has been
overcome with the development of the three-phase electrode
system since no electrolyte in the organic phase is needed to
perform measurements [7, 8, 13]. Accordingly, the partition
coefficients of 26 anionic drugs and pharmaceuticals was
undertaken at water-nitrophenyloctyl ether and water-
nitrobenzene interfaces (Table 4) [36, 37]. The last study
may be considered important in that it compared the solva-
tion properties of the employed organic solvents.

The three-phase electrode set-up has been applied to
chiral recognition through the study of the ion transfer of
anionic chiral amino acids at the water and chiral organic
solvents interface [38, 39]. This strategy has been also pro-
posed as a potential analytical tool for chiral-drug separa-
tions [36, 37].

Compton et al. [40-43] obtained significant data for bio-
logically active compounds by exploring the redox and lipo-
philic properties of vitamin K1 [40], p-chloranil [41], and
vitamin B-12 [42] with immobilized electroactive organic
droplets. Inverse experiments for the evaluation of lipophilic
parameters in water droplets immobilized on organic elec-
trodes subsequently submersed into organic electrolyte solu-
tions have also been used [43]. Other recent and important
contributions in the field of ionic drug transfer studies, ob-
tained by using the three-phase electrode, were reported by
Opalo and Marken et al. [44-48], Karyakin et al. [49-51],
Pereira et al. [52], and Mirceski et al. [53, 54]. Detailed in-
formation on the application and fundaments of the three-
phase electrode process can be find in reviews by Scholz et
al. [7, 8] and Marken [6] reviews.

TRANSFER OF DRUGS ACROSS LIPID-MODIFIED
BIOMIMETIC MEMBRANES

The absorption and uptake of drugs is a process essen-
tially dependent on the composition of the cell membrane.
Actually, drug-membrane interactions are known to influ-
ence drug transport and accumulation. As these events are
directly related to drug efficacy, it is believed that its predic-
tion could be used in the design of new and more selective
therapeutics.

The drug partition studies between the membrane and
aqueous compartments are generally performed through
thermodynamic models, such as the n-octanol-water parti-
tioning system [1, 2]. The organic solvent is usually chosen
due to its structural resemblance to the lecithins, which are
biological membrane constituents [1]. Since the n-octanol-
water interface is non-polarizable, its use is limited to certain
electrochemical techniques [1, 2]. Alternative approaches
like lipid-modified and liquid-liquid interfaces of several
polarizable organic solvents have been explored as good
mimic systems of the biological membranes [1, 55]. Lipid
bilayer membranes are interphase systems containing or-
dered gradients inside the membranes. In many cases, the
bulk systems lead to the determination of partition coeffi-
cients comparable to those obtained in biological partitioning
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w—NB

Bw—NB
Table 3.  Anion Transfer Standard Potential (Aq)A_ ), Anion Transfer Standard Gibbs Energy (AGA_MH ) and Standard

Partition Coefficient (log

PA?W"NB) of Anionic Forms of Amino Acids and Peptides (Taken from Reference [35]) Deter-

mined by Three-Phase Electrode Voltammetry at a Water-Nitrobenzene Interface (Decamethylferrocene was Used as a
Redox Probe)

Compounds Aq)/fw_)NB IV AGAG_WHNB /kJ Mol log PA?W_’NB

A) Aminoacids
Gly 0.275 26.60 -4.65
Ala 0.285 27.50 -4.80
Val 0.278 26.80 -4.70
Leu 0.245 23.90 -4.20
Phe’ 0.215 21.00 -3.70
Tyr 0.220 21.20 -3.72
Met’ 0.255 24.50 -4.30
Trp 0.115 10.80 -1.90
Lys 0.283 27.30 -4.78
Pro” 0.305 29.50 -5.20
His’ 0.29 27.70 -4.85

B) Dipeptides
Trp-Ala’ 0.165 15.75 -2.75
Trp-Gly’ 0.162 15.60 -2.73
Trp-Val 0.120 11.60 -2.05
Trp-Leu 0.100 9.50 -1.66
Trp-Tyr 0.075 7.40 -1.30
Trp-Phe’ 0.055 5.30 -0.93
Trp-Trp’ 0.05 4.80 -0.85
Gly-Phe 0.260 25.00 -4.40
Leu-Leu 0.245 23.70 -4.15
Gly-Gly 0.280 27.00 -4.75

C) Tripeptides
Leu-Leu-Ala 0.293 28.20 -4.95
Leu-Leu-Gly’ 0.290 28.00 -4.91
Leu-Leu-Leu 0.240 23.20 -4.05
Leu-Leu-Tyr 0.205 19.70 -3.45
Leu-Leu-Phe’ 0.180 17.50 -3.05
Leu-Gly-Phe 0.275 26.50 -4.65
Trp-Gly-Gly 0.165 15.80 -2.75
Trp-Gly-Tyr 0.165 15.00 -2.65
Gly-Phe-Ala’ 0.285 27.50 -4.80
Gly-Phe-Gly’ 0.265 25.60 -4.50
Gly-Phe-Tyr 0.210 20.20 -3.55
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Table 3) contd.....
Compounds Aq)/fw_)NB IV AGAG_WHNB /kJ Mol log PA?W_’NB
C) Tripeptides
Gly-Phe-Phe’ 0.208 20.15 -3.53
Phe-Gly-Gly 0.300 29.00 -5.10
Gly-Gly-Val 0.275 26.40 -4.60
Gly-Gly-Leu 0.280 26.80 -4.70
Gly-Gly-Tyr 0.300 29.00 -5.10
Gly-Gly-Phe’ 0.270 26.00 -4.55
Gly-Gly-Trp’ 0.195 19.00 -3.35
Gly-Leu-Gly 0.280 27.00 -4.75
Gly-Trp-Gly’ 0.165 15.80 -2.75
Gly-Tyr-Gly’ 0.280 27.10 -4.75
Gly-Leu-Tyr 0.245 23.40 -4.10
Gly-Leu-Phe 0.270 26.20 -4.60
Gly-Ala-Phe 0.285 27.40 -4.80
Tyr-Lys-Thr 0.255 24.60 -4.30
Lys-Tyr-Thr 0.310 30.00 -5.25
Tyr-Ala-Gly’ 0.260 24.90 -4.40
D) Polypeptides
Trp-Gly-Gly-Tyr 0.160 15.50 -2.70
Tyr-Ala-Gly-Phe-Leu 0.175 16.60 -2.90
Tyr-Ala-Gly-Leu-Arg 0.175 17.10 -3.00
Tyr-Ala-Gly-Phe-Met’ 0.190 18.40 -3.30
Tyr-Ala-Gly-Met-Phe 0.260 24.90 -4.40

experiments. However, it must be stressed that this process is
enthalpy driven, whereas biological partitioning is usually
entropy ruled [2]. Therefore, the lipophilicity itself of the
drug, the membrane activity and the interactions between the
drug and membrane constituents can play decisive roles in
the effective transport of a given drug across the biological
membranes. So, in the last few years, a huge number of elec-
trochemical drug-membrane interaction studies have been
reported using lipid-modified liquid-liquid interfaces.

The membrane activities of four ionisable therapeutic im-
portant drugs (aminacrine, tacrine, velnacrine and proflavine)
were obtained by cyclic voltammetry and electrochemical
impedance spectroscopy at water and nitrophenyloctyl ether
interface [18]. These drugs possess different abilities to pass
through biological membranes since positive interactions were
observed between velnacrine and proflavine ionic forms and
the polar groups of the various phosphatidylcholine fatty-
acids, which has been used as modifiers of the liquid-liquid

interface. The electrochemistry of the protonated forms of two
structurally related decapeptides of pharmaceutical interest
(LHRH-leutinising hormone releasing hormone, and nafarelin)
at the distearoyl phosphatidylcholine monolayer-modified
water-nitrophenyloctyl ether interface was studied [56]. Al-
though nafarelin is more lipophilic than LHRH, their mem-
brane activities have been found to be in divergence. Kontturi
et al. [57] have reported the liposome-water partition coeffi-
cients of several B-blockers (carteolol, metoprolol, nadolol,
propranolol, and timolol) resulting form the interactions be-
tween the protonated drugs and dipalmitoyl phosphatidylcho-
lines (DPPC) studied by voltammetry at liquid-liquid interface
in a micropipette set-up. DPPC has also been used in the
membrane interaction electrochemical studies of several pro-
tonated polyammonium antifungal agents at a modified water-
nitrobenzene interface [58]. No significant changes in the
voltammetric currents were detected, when compared to those
at bar liquid-liquid interface, which leads to the conclusion
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Table4. Standard Partition Coefficients (Taken from Reference [37]) of the Monoanionic Forms of Several Pharmaceuticals
Drugs and Drugs Determined with Three-Phase Electrode Voltammetry at Water and Nitrobenzene (NB), Water and Ni-
trophenyloctylether (NPOE), Water and n-Octanol (n-Oct), and Water and 1,2-Dichlorethane (DCE) Interfaces (De-

camethylferrocene was Used as a Redox Probe)

Compounds log PA?W_)NB log PA?W%NPOE log P:?W_m-m log P/fw_)DCE
Flurbiprofen -1.86 -2.19 -4.4 -3.2
Naproxen -2.04 -2.28 -5.1 -4.2
Ibuprofen -3.08 -2.72 -5.1 -3.7
Suprofen -2.80 -2.92 -5.7 -4.3
Ketoprofen -3.42 -3.20 -5.0 -4.0
Sulfinpyrazone -1.26 -2.28 -4.3 -1.6
Warfarin -1.74 -2.18 -4.1 -1.5
Phenytoin -3.14 -3.48 -5.4 -4.8
Phenylbutazone -0.65 -2.28 -4.3 -1.0
Indomethacin -1.95 -2.67 -4.7 -2.8
Phenobarbital -4.74 -4.27 -55 -4.7
Carprofen 2.62 0.68 -3.2 -3.6
Pirprofen -1.00 -1.69 -5.1 -4.2
Naphtoic acid -2.74 -3.15 -5.5 -4.9
Maleic acid -3.60 -3.46 -5.5 -4.9
Benzoic acid -3.72 -3.36 -5.8 -6.9
4-Bromobenzoic acid -2.13 -3.07 -5.0 -5.0
4-Clorobenzoic acid -2.17 -2.7 -5.6 -4.8
4-lodobenzoic acid -2.48 -2.13 5.1 -4.7
3-Clorobenzoic acid -2.70 -2.95 -4.8 -5.0
Phenol -3.62 -3.46 -4.1 -2.3
2-Nitrophenol -2.59 -3.19 -4.0 -2.0
3-Nitrophenol -3.54 -3.32 -4.2 -2.4
4-Nitrophenol -3.81 -3.05 -4.4 -2.5
2,5-Dinitrophenol -2.48 -2.63 -4.5 -2.3
2,4- Dinitrophenol -1.54 -2.06 -4.3 -1.7
2,4,6-Trinitrophenol 0.53 -0.65 -2.5 05

that the polyanion transfer process across biological mem-
branes is not affected. In addition, a high permeability through
the phospholipids layers at the water-nitrobenzene interface
has been described [59]. The antibiotic gramicidin membrane
activity in phospholipids layers has been reported [60, 61]. Du
et al. [62] performed a study on the ion transfer of the anti-
inflammatory drug ibuprofen across 1,2-dimyristoyl-sn-
glycero-3-phosphatidylcholine modified liquid-liquid inter-
face. It has been found that ibuprofen can, in low concentra-
tion, stabilize the membrane but induce defects formation.

Gulaboski et al. [63] have recently investigated the ion
transfer and membrane activities of the neurotransmitter ace-
tylcholine, concluding that the positively charged form can
significantly interact with the polar parts of the dioleoyl-

phosphatidylcholine that was used to modify the interface of
water and dichloroethane The strength and the type of the
interactions between the acetylcholine and dioleoylphos-
phatidylcholine have been determined by electrochemical
impedance spectroscopy and square-wave voltammetry. The
transfer of charged acetylcholine can be significantly ren-
dered by the presence of some kind of phospholipid in the
biomembranes. In addition, theoretical electrochemical mod-
els have been developed, which fully describe the behaviour
of acetylcholine ion transfer across the biomembranes. Be-
sides the phospholipids, other type of amine compounds like
amines [64] and alkylanilines [65] have been successfully
used as modifiers of the liquid-liquid interfaces. The ioni-
sable drug-membrane interactions studies across the liquid-
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liquid interface mentioned above have been regarded as the
most relevant published in recent years. Yet, to improve the
reader’s knowledge on this topic, the authors suggest reading
the work of Volkov and Dryfe [1, 66].

KINETICS OF ION DRUG TRANSFER ACROSS
LIQUID-LIQUID INTERFACES

An important function of a biological membrane is to
provide a barrier to the outside world. However, for cell sur-
vival, nutrients and drugs must enter the cell and waste
products have to leave. For this and many other reasons, it is
crucial that membranes be selectively permeable. It is gener-
ally assumed that the lipophilicity of the substance is the
main criterion for successful membranes permeation. Classi-
cally, the highly lipophilic neutral and non-polar drugs can
cross the membrane almost without constraints [1, 2]. How-
ever, some drawbacks have been described for ionized drugs:
only the ionized drugs that contain high lipophilic structures
will be able to cross the cell-membranes by passive diffu-
sion. The drug transfer process across the membranes, as a
rule, is not attained by simple diffusion, but is closely related
to the type and strength of the drug-membrane interactions,
mainly with phospholipids and proteins. Moreover, the po-
tential difference on both sides of the membranes and the
pH, in particular, can affect significantly the rate of transfer
across the membrane [1]. So, the evaluation of the ionisable
drug transfer kinetics across the membranes is an important
task, since it could reveal valuable data about the efficacy of
a particular drug. The knowledge about the ion transfer ki-
netics, contrary to the thermodynamics is modest and much
work is still need to be done in this field.

The physical parameter that describes the ion transfer
drug rate across the membrane is the standard rate constant
of ion transfer process across liquid-liquid interfaces, that is
k%, a parameter that can be determined by using four-
electrode cyclic voltammetry and electrochemical impedance
spectroscopy (EIS) at ITIES [1, 3]. However some problems
concerning the reliability of kinetic determinations by these
techniques still exist, which are mainly linked to the pres-
ence of significant ohmic drop and high charging currents
[1]. In a recent study, it was shown that k%; values of a series
of ions determined by square-wave voltammetry are very
similar to those determined by EIS [62]. It is worth noting
that the recent values reported for the Kinetics of ion transfer
across liquid-liquid interfaces are one order of magnitude
lower than the values for some ions reported previously [1,
3]. By using the ac-impedance measurements at a liquid-
liquid interface, Mikhelson [67] obtained larger standard rate
constants for ion transfers of some common cations. Also,
Mirkin et al. [68] reported rapid ion transfer of several
tetraalkylammonium cations in experiments preformed by
steady-state voltammetry. The rapid rate of facilitated proton
transfer with several alkylanilines at modified water-
dichloroethane interfaces has also been described by Schif-
frin et al. [65].

The transfer kinetic process of the ionic acetylcholine
across a water-dichloroethane interface has been recently
studied by cyclic voltammetry and EIS. A k% value of
~0.003 cm s was found with both techniques [63]. The rates
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of ion transfer of several tetraalkylammonium cations and
the anti-Alzheimer drug tacrine were studied in a rotating
diffusion cell at the supported membrane [69]. The obtained
k% values ranged from 0.01 to 0.0001 cm s, which were
much lower than the previously reported values [1, 3]. Mir-
ceski et al. [70] reported a significant achievement in the
determination of the kinetics of ion transfer across liquid-
liquid interface.

The recent efforts to find more precise ion transfer kinet-
ics determinations have led to the development of new proc-
esses based on microelectrodes [71] or microelectrochemis-
try at a microcapilary liquid-liquid interface [72]. The phe-
nomenon of “quasireversible maximum” in square-wave
voltammetric measurements at thin-film electrodes [73] has
been described as a simple and valuable tool for determining
the rate constants of ionisable compounds across the water-
nitrobenzene interface [54, 74]. Yet, further studies on this
topic are needed in order to gain insight into the phenome-
non and processes that control the rate of ion transfer across
membranes and biomimetic membranes.

ORGANIC SOLVENTS USED IN BIOMIMETIC
MEMBRANES

Although classic solvents like nitrobenzene and 1,2 di-
chloroethane are still widely used as organic phases for ion
transfer studies on mimetic membranes [1, 2, 5, 9, 75, 76],
their relevance today is significantly decreased for two rea-
sons: (i) toxicity, and (ii) the requirement of new solvents
which can better mimic the biologic membranes. Actually,
the development of the droplet electrochemistry technique
has allowed the application of a broad spectrum of novel
organic solvents, such as n-octanol [9, 36, 37, 77], nitro-
phenyloctyl ether [9, 37] and even chiral organic solvents
like D- and L-menthol [38], or D- and L-2-octanols [39].
Although n-octanol has been viewed as a good mimetic sol-
vent, its application in ion transfer studies has been limited
due to its non-polarizability, a problem that has been over-
come with the three-phase electrode approach. Shao and
Pereira et al. [78] reported, for first time, the polarization of
a nano-interface between water and n-octanol by using a
modified version of the classical four electrode voltammetry
at ITIES. Additionaly, nitrophenyloctyl ether (NPOE)
emerged as a viable non-toxic organic solvent in experiments
at the polarized liquid-liquid interface [5, 9, 37, 44, 46, 79-
82]. NPOE has a moderate dielectric constant and a high
viscosity that makes it a good ionic solvent suitable for ki-
netic studies. Electrochemical ion transfer studies performed
with nitrophenylphenylether [47] and other chlorinated or-
ganic solvents [83], like 1,6-dichlorohexane and 1,4-
dichlorobutane, can also be found in the literature. Recently,
the ionic transfer across the liquid-liquid interface where
ionic liquids are one of the phases has emerged as a very
attractive field, mainly due to their extraordinary properties
such as electrical self-conductance and catalytic features [84-
90].

FUTURE TRENDS

The requirements for a precise and rapid quantification of
the partition coefficients of important ionisable drugs have
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been followed by a rapid development of various analytical
electrochemical systems. In the future, it is anticipated that
these types of electrochemical techniques could lead to the
simultaneous analysis of a compound in a mixture or differ-
ent compounds simultaneously by the use of multi-electrode
potentiostats. Certainly, the success of applications using
multichannel potentiostats will be intrinsically related to a
increase in the knowledge of the ion transfer process at lig-
uid-liquid interfaces. The development of a high-throughput
method for logP measurements in microchips, based on sev-
eral coupled techniques, and computer simulation methods
(molecular dynamics simulations) will be definitely a future
challenge [91].

In summary, the evaluation of partition coefficients and
the complete elucidation of the mechanisms of the drug
transfer process across living-cell membranes are found to be
central instruments for drug design and essential to the un-
derstanding of the kinetics of its ADMET (Absorption, Dis-
tribution, Metabolism, Excretion and Toxicity), due to its
relevance to a number of steps in the pathway between the
administration of a drug and its biological endpoint.
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ABBREVIATIONS

ADMET = Absorption, distribution, metabolism,
excretion and toxicity

cv = Cyclic voltammetry

DPPC = Dipalmitoyl phosphatidylcholine

EIS = Electrochemical impedance spectroscopy

IT = lon transfer

IT/ET = lonand electron transfer

ITIES = Interface between two immiscible electrolyte
solutions

6-MAM = 6-Monoacetylmorphine

MDA = 3,4-Methylenedioxyamphetamine

MDMA = 3,4-Methylenedioxymethamphetamine

NPOE = Nitrophenyloctyl ether

PIGE = Graphite electrode
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