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Abstract

Present Ph.D. Thesis is focused on the development of electrochemical methods
for determination of anticancer drugs using various types of membranes for their
preliminary separation. Furthermore, this Thesis reports the study of transport
mechanisms of heavy metals in the presence of phytochelatins across biological

membranes.

Sodium anthraquinone-2-sulphonate (AQS) was used as a model compound for its
similar  structure = with anthraquinone-based (AQ-based) anticancer drugs
(doxo/daunorubicin) and also due to its better availability. All these compounds can be

easily electrochemically oxidized and/or reduced.

Redox behaviour of AQS was investigated by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) in a cathodic region on mercury meniscus
modified (m-AgSAE) and polished silver solid amalgam (p-AgSAE) -electrodes,
Obtained results were used for the development of a micro-volume voltammetric cell
(MVVC). Its applicability for voltammetric determination of anticancer drugs was

verified by using doxorubicin (DX) as a model substance.

The second part of this Thesis deals with therapeutic monitoring of anticancer
drugs in the blood circulation of the patients. For pilot experiments, a liquid-flow
system with dialysis catheter and amperometric detection was used. The flow rate of
carrier solution (0.9% NaCl solution — corresponding to the sodium chloride
physiological saline (PS)) was 5 and 500 uL min~'. Various working electrodes and
arrangements have been tested and a dual glassy carbon electrode (dualGCE) was
proved as the best option. Reduction potentials of —1200 mV and —900 mV were
applied on the first and the second electrode, respectively. In this arrangement, the
oxygen in the analysed solution was removed by reduction at the first electrode of
dualGCE, on which also reduction of AQS occurred due to the applied highly negative
potential of —1200 mV. Therefore, on the second electrode, AQS was oxidized/reduced
in dependence on used liquid flow rate and the obtained signal of AQS was not

influenced by the presence of oxygen.

The last part is devoted to monitoring of phytochelatins and to investigation of

their transport across a model phospholipid membrane (PLM). The model PLM was
11



prepared on a polycarbonate carrier placed between two Teflon cups and two glass
tubes (containing 0.1 mol L' KCI and the investigated compounds), which mimicked
extracellular and intracellular space. Constant potential of =100 mV was applied on the
model membrane and the dependence of the imaginary part of impedance on the real
part of impedance has been measured (Nyquist plot). Concentrations of phytochelatin,
Pb?* ions, and Pb-phytochelatin complex have been monitored and determined by DPV
and by chronopotenciometry on a hanging mercury drop electrode (HMDE) and by CV
on a carbon paste electrode (CPE) modified by silica gel.
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Abstrakt

Ptedlozena disertacni prace je zamétfena na vyvoj elektrochemickych metod pro
sledovani vybranych protinddorovych 1é¢iv s pouzitim riznych typti membran pro jejich
piredbéznou separaci a studiu transportu tézkych kovli za ptitomnosti fytochelatinii pies

biologickou membranu.

Jako modelova latka z oblasti protinddorovych 1é€iv byla pouzita dobfe dostupna
sodnd stl kyseliny anthrachinon-2-sulfonové (AQS), nebot’ je strukturné podobna
protinadorovym léciviim odvozenym od anthrachinonu (doxo/daunorubicin), ktera jsou

snadno elektrochemicky oxidovatelna i redukovatelna.

Voltametrické chovani AQS bylo studovano v katodické oblasti pomoci cyklické
voltametrie (CV) a diferencni pulzni voltametrie (DPV) na rtutovym meniskem
modifikované (m-AgSAE) a na lesténé stiibrné amalgamové (p-AgSAE) elektrodé,
Ziskané vysledky byly pouzity k vyvoji mikroobjemové voltametrické cely (MVVC).
Vhodnost MVVC k voltametrickému stanoveni protinadorovych 1é¢iv byla nasledné

potvrzena pouzitim doxorubicinu (DX) jako dalsi modelové latky.

Druhd ¢ast prace se zabyva terapeutickym sledovanim protinddorovych léciv
v krevnim obéhu pacienta. K pilotnim experimentim byl pouzit pritokovy systém
s dialyzacnim katetrem a ampérometrickou detekci. Bylo pracovano pii rychlosti
prittoku mobilni faze (fyziologického roztoku (0.9% roztok NaCl)) 5 a 500 uL min .
Byla testovana fada pracovnich elektrod a uspotfadani, pficemz jako optimalni se
ukézala dudlni pracovni elektroda ze skelného uhliku (dualGCE), kdy na prvni
elektrodu byl aplikovan potencial —1200 mV a na druhou —900 mV. V tomto
uspotadani pak bylo mozné stanovovat AQS tak, ze na prvni elektrodé¢ dual GCE doslo
diky vysokému vkladanému potencidlu (—1200 mV) k redukei kysliku a AQS. Na druhé
elektrodé dual GCE byl pak redukovan/oxidovan AQS v zavislosti na rychlosti pritoku
mobilni faze. Roztok v okoli této elektrody byl bez ptitomnosti kysliku, a signal AQS

jim tak nebyl ovlivnén.

Posledni cast prace je zaméfena na sledovani fytochelatinu a studium jeho
pfenosu pies modelovou fosfolipidovou membranu (PLM). Tato membrana byla
vytvofena na polykarbonatovém nosici umisténém mezi dvéma Teflonovymi kloboucky

a oddélovala roztoky v dvou skelnénych trubickach, které obsahovaly 0.1mol L' KCI a
13



studované latky, a predstavovaly extracelularni a intracelularni prostor. Na PLM byl
vlozen konstantni potencial a byla sledovana zavislost imaginarni ¢asti elektrochemické
impedance na realné (Nyquist graf). Obsah fytochelatinu, Pb>" ionti a komplexti Pb-
fytochelatin byl sledovan a stanovovan pomoci DPV a chronopotenciometrie na visici
rtutové kapkové elektrodé a CV na uhlikové pastové elektrodé modifikované

silikagelem.
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1. Introduction

This Ph.D. Thesis is focused on monitoring anticancer drugs and on the study of
transport mechanisms of phytochelatins across a model phospholipid membrane (PLM)
by voltammetric and amperometric methods. This work has a potential to contribute to
the improvement of anticancer treatment as well as to better understanding of transport
mechanisms through cell membranes, which can provide another tool for a target
treatment in future. This research has been carried out within the framework of a long-
term research at the UNESCO Laboratory of Environmental Electrochemistry, Faculty
of Science, Charles University, Prague, and at the Department of Electrochemistry at
the Nanoscale at the J. Heyrovsky Institute of Physical Chemistry of the Czech

Academy of Sciences, Prague.

The presented Ph.D. Thesis is based on the following five scientific papers [1-5]
attached as Appendix parts I — V (Chapters 7 — 11). To distinguish the references related to
these publications in the entire text of this Thesis, corresponding references (numbers in

square brackets) are in bold.

1. Skalova S, Langmaier J, Barek J, Vyskocil V, Navratil T: Doxorubicin
Determination Using Two Voltammetric Techniques - a Comparative Study,
submitted to Electrochimica Acta (2019)

2. Skalova S, Gongalves LM, Navratil T, Barek J, Rodrigues JA, Vyskocil V:
Miniaturized Voltammetric Cell for Cathodic Voltammetry Making Use of an
Agar Membrane, Journal of Electroanalytical Chemistry 8§21, 47-52 (2018)

3. Sestakova I, Skalova S, Navratil T: Labile Lead Phytochelatin Complex Could
Enhance Transport of Lead Ions Across Biological Membrane, Journal of
Electroanalytical Chemistry 821, 92-96 (2018)

4. Skalova S, Vyskocil V, Barek J, Navratil T: Model Biological Membranes and
Possibilities of Application of Electrochemical Impedance Spectroscopy for
their Characterization, Electroanalysis 30,207-219 (2018)

5. Skalova S, Navratil T, Barek J, Vyskocil V: Voltammetric Determination of
Sodium Anthraquinone-2-Sulfonate Using Silver Solid Amalgam Electrodes,

Monatshefte fiir Chemie — Chemical Monthly 14, 577-583 (2017)
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Electroanalytical chemistry represents one of the ways for investigation and
determination of various compounds by sensitive, selective, fast, and low-cost methods.
These characteristics can be used advantageously especially in healthcare requiring to
obtain reliable results at a reasonable price and time, which can lead to improved

performance of diagnostic procedures for numerous diseases.

This research has been focused on the use of voltammetric and amperometric
techniques on various carbon-based and mercury-based electrodes. Voltammetric
techniques have been developed after the discovery of polarography by Jaroslav
Heyrovsky in 1922 and until today, a wide spectrum of methods for the determination
of inorganic and organic substances in various samples have been reported in the
literature. Electroanalytical techniques and equipment are widely spread and present
almost in every chemical laboratory and due to the advantageous features, there is an
effort to employ such techniques also in clinical laboratories in hospitals. In addition,
voltammetric techniques have been used in modern biochemical research of
biomacromolecules (proteins, nucleic acids, etc.) and of their interactions with other

compounds.

Two main goals were aimed at in the present Ph.D. Thesis. The first one being
development of methods for the determination of anticancer drugs in a small volume [1-
3], and for therapeutic drug monitoring of anticancer drugs in a blood circulation of
patients. For these measurements, sodium anthraquinone-2-sulphonate (AQS) as a
model compound and doxorubicin (DX) as a representative of anticancer drugs have

been used.

DX as well as daunorubicin, epirubicin, etc. belong to the group of anthracycline
antibiotics, which are widely used for treatment of various types of cancer. However,
effectiveness of these drugs is limited by several factors (including, e.g., drug effects,
drug resistance, and fixed dosage), which can lead to patient overdose or to insufficient
dosage, and ineffective treatment. For this reason, monitoring of therapeutic drugs starts
to emerge in research areas as it represents a promising path for personalized cancer

treatment by using individualized dosages of drugs for each patient [4, 5].

The second aim of this Ph.D. Thesis is a study of cell membrane transports [6, 7].
In the first part, preparation of a model PLM with an ionophore was optimized.

Subsequently, formation and transport of complexes of Pb cations with phytochelatin

16



through the formed membrane have been thoroughly investigated. Phytochelatins are
cysteine rich oligomers. They play different roles in plants and, among other, they act
as chelators, and are important for their heavy metal detoxification. They are important
for human health, because when such plants are used to feed animals and those animals
are eventually consumed by people, toxic heavy metals originally accumulated in plants
can pass into the human bodies and cause serious health problems [8, 9]. Therefore,
within the scope of our research, the transport of Pb cations through a membrane was

examined in the presence and in the absence of a chosen phytochelatin.
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2. Analytes

2.1 Anthracyclines

Anthracyclines are widely used anti-cancer drugs to treat various oncological
diseases (such as leukaemia and solid tumours). Firstly, doxorubicin (DX) and
daunorubicin (Fig. 2.1) were discovered, and subsequently others analogues have been
developed due to the efforts to reduce their cardiotoxicity, chromosomal damage, and to
increase antitumor activity. Therefore, following anthracyclines are nowadays used:
idarubicin (Fig. 2.1), epirubicin, pirarubicin, zorubicin, and mitoxantrone [10, 11]. The
above-mentioned adverse effects are generally connected with electron transfer

processes in respiratory chain leading to initiation of lipid peroxidation [11].

OH

NH,

Fig. 2.1 Structures of selected anthracyclines. A: doxorubicin, B: daunorubicin,

C: idarubicin.
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The structure of anthracyclines includes a quinone moiety (Q, Fig. 2.2). In
general, quinones are present in living organisms and are important for electron transfer
in green plant photosystems, in bacteria (prokaryotes), and in mitochondria (of
eukaryotes organisms [12]. The Q reduction proceeds via two steps, forming Q  and
Q?, and the cation of supporting electrolyte controls whether the reduction is
accomplished in one step (in protic medium) or via an intermediate (in aprotic medium).
Furthermore, the formal potentials of these reactions are dependent on the solvent

polarity [13-16] and of course on pH.

Fig. 2.2 Reduction/oxidation of quinone moiety (R — substituents).

Mechanisms of action of these molecules are mainly based on interaction with
DNA, inhibition of topoisomerase II, and production of highly reactive free hydroxyl
radicals. Moreover, secondary mechanisms, such as inhibition of topoisomerase I,
mitochondrial oxidative phosphorylation, DNA polymerase, etc., can also play a
significant role. These actions are responsible for the antitumor activity, however, also

for adverse drugs effects [10, 17].

In this Ph.D. Thesis, AQS (as a model compound) and DX (as a representative

of the group of anthracycline drugs) were used.

2.1.1 Sodium Anthraquinone-2-Sulphonate
Sodium anthraquinone-2-sulphonate (AQS, CAS Number: 131-08-8, Fig. 2.3)
exists as a yellow water-soluble powder. It is a precursor of a number of dyes and is

synthesized from AQS and oleum containing 25% of sulphur trioxide [18].
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AQS is used also as a precursor for pharmaceuticals and pesticides. AQS has a
strong effect on metabolism of microorganism by its physico-chemical and toxic
properties [19] and due to them, AQS has been tested as a possible agent for efficient
disinfection of wastewater with focus on its antibacterial effects [20]. Besides, it was
used as a part of photoanode of reversible photocharging/discharging system of a
photorechargeable air battery [21] and as an organic electrode in lithium ion batteries
[22]. AQS is employed as an intermediate in the fabrication processes of dyes and

analytical agents and for that reason, it occurs as a contaminant in water and soil [23].

0]
SOzNa
0]
Fig. 2.3 Structure of sodium anthraquinone-2-sulphonate (AQS).

Due to the possible occurrence of AQS as a pollutant in the environment,
methods for its determination have been developed. One of them has used gas
chromatography-selected ion monitoring with the limit of detection (LOD) of
0.02 ng uL ™! [23]. Another method has been focused on determination of AQS in
pulping liquors in which a flow analysis system with a Nafion membrane interface with
UV-VIS spectrophotometry has employed. LOD of this method was not reported,
however, dependence was found to be linear in the AQS concentration range from 0.12

to 0.48 mmol L™! (4 = 520 nm) [24].

Within the scope of my Ph.D. project, I have developed various electroanalytical
methods for voltammetric determinations of AQS, as a model compound of AQ-based
anticancer drugs. For methods utilizing DPV technique, achieved LODs were
1 pumol L™! on a polished silver solid amalgam electrode (p-AgSAE) and 0.6 pmol L™
on a mercury meniscus modified silver solid amalgam electrode (m-AgSAE) [2].
Moreover, p-AgSAE was also used for measurements in micro-volume voltammetric

cell MVVC) and even lower LOD value of 0.2 umol L™! has been obtained [1].
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2.1.2 Doxorubicin hydrochloride

Doxorubicin hydrochloride (DX, CAS Number: 25316-40-9, Fig. 2.1) is red,
crystalline, solid compound, soluble in water. DX, a 14-hydroxylated form of
daunorubicin, is biosynthesized by Streptomyces peucetius [25]. Besides, it can be
prepared by synthesis using tritium catalytic exchange or '*C-labelled diazomethane

[26].

As already mentioned, DX is an anthracycline chemotherapeutic drug which is
metabolised in human plasma with the DX half-life of 28.3 + 2.8 h [27] (estimated on
measurements in eight patients). Its main metabolite, doxorubicinol (C-13 alcohol
metabolite), is suspected to be responsible for cardiotoxicity and it is also the reason for
development of several DX derivatives [28, 29]. DX derivatives can be used for

treatment of other diseases, not just tumours, e.g., yellow fever or dengue fever [30].

Various methods for measuring DX concentration levels have been developed
including voltammetric methods, e.g., DPV on Fe3Os@Pt nanoparticle and multi-walled
carbon nanotube modified carbon paste electrode (CPE) (a linear calibration curve was
obtained in the DX concentration range in human urine from 0.05 to 70.0 mmol L")
[31], DPV on graphene quantum dot modified glassy carbon electrode (GCE) in human
plasma (LOD of 0.016 umol L") [32], and DPV on p-AgSAE in MVVC (LOD of
0.44 umol L") in urine [3]. Moreover, separation techniques were employed for DX
determination, e.g., high performance liquid chromatography with fluorescence
detection in mice plasma (LOD of 5.0 ng mL™") [33], capillary electrophoresis with
laser-induced fluorescence detection in cell lysate (LOD of 4.9 ng mL™") [34], and solid-
phase microextraction coupled with liquid chromatography-tandem mass spectrometry

in lung tissue (LOD of 2.5 pg g ! of tissue) [35].

2.2 Phytochelatins

Phytochelatins (Fig. 2.4), are peptides with the primary structure of (y-Glu-
Cys)n-Gly. Moreover, there are groups of other peptides with a similar structure to
phytochelatin, but where the last amino acid is not glycine. Generally, phytochelatins
are divided into five families of y-Glu-Cys peptides and may differ in their functions
and effects [36]. They are post-translationally synthetized in plants and in some fungi

(but not in animals); their syntheses proceed enzymatically from glutathione [37, 38]
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and such productions of phytochelatins represents one of the defence mechanisms to
eliminate toxic effects of heavy metals [9]. In our research, phytochelatin 2 (PC,, L-y-
glutamyl-L-cysteinyl-L-y-glutamyl-L-cysteinylglycine, CAS Number N/A) was used.
Various studies related to binding of PC, with Cd, Pb and a few other cations can be

found in the literature [36, 39].

H
H NH\C/ o CH,SH
NH
e N
CH, C C
HOOC | /¢ NH COOH
H e
@] ” CH,
. n
v-Glutamic acid Cysteine Glycine

Fig. 2.4 Structure of phytochelatins.

As already mentioned, synthesis of PCs starts after the exposure of plants (or
fungi) to heavy metals as they can bind to these metals which lead to the formation of
complexes, and for that reason, they are also called metal-binding proteins [9].
Evidently, PCs play an important role for detoxification of plants from heavy metals
[38]. However, the ability of plants to produce PCs considerably differs and plants with
more intensive PC production, which can uptake extremely high amounts of
contaminants (so called hyperaccumulators), may present - after heavy metals
accumulation - a significant risk for a health of people (e.g., Pistia stratiotes,

component of animal feed [8]).

PC; has been determined by various methods, some of them are listed here
(along with the achieved LOD values): high-performance liquid chromatography
coupled with electrochemical detection (LOD of 0.5 umol L™!) [40], direct current
voltammetry on a copper solid amalgam electrode (LOD of 2.1 — 2.6 nmol L) [41],
pneumatically assisted electrospray ionisation tandem mass spectrometry (LOD of
9 ug L) [42] or high-performance liquid chromatography with fluorescence detection
(LOD of 9 nmol L) [43].
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3. Working Electrodes and Techniques

3.1 Mercury Based Working Electrodes

3.1.1 Hanging Mercury Drop Working Electrode

A hanging mercury drop electrode (HMDE) is used in the cathodic potential
region and provides a wide range of possible applications in pharmacy and medicine
[44-46], in environmental field [47-49], or in study of macromolecules [50-52]. HMDE
possesses many advantageous characteristics, including simple cleaning process
(measurements are performed on a renewed surface of a freshly created new drop),
relatively wide working potential window in the cathodic region (from +400 to
—2500 mV depending on the used supporting electrolyte), possibility of modification,
adsorption of various important compounds on the surface of HMDE [53]. Low LODs
in order of 10 pmol L™! or even of 1 pmol L™! can be achieved in the case of application

of the pulse voltammetric techniques [54].

In this Ph.D. Thesis, HDME was used for monitoring of complexes of PC, with
Pb’" ions as the part of transport study of heavy metals across tested PLMs with
ionophore calcimycin. DPV and differential potentiometric stripping analysis (PSA,
chronopotentiometry) were used as the most suitable techniques for performing such
experiments. Measurements were carried out by using an Eco-Tribo polarograph
controlled by PolarPro 5.1 software (both Polaro-Sensors, Czech Republic). HDME was
employed as a working electrode in a conventional three-electrode set up in which an
Ag/AgCl/KCl (sat.) electrode (Elektrochemické Detektory, Czech Republic) and a
platinum wire (@ 1 mm, Monokrystaly, Czech Republic) [6] were used as a reference

and an auxiliary electrode, respectively.

3.1.2 Silver Solid Amalgam Working Electrodes

Solid amalgam electrodes belong to a relatively new generation of mercury-
based electrodes with a potential to successfully replace liquid mercury electrodes and
to provide a tool to avoid unsubstantiated fears of working with metallic mercury [54,
55]. Naturally, the electrode properties are dependent on the type of metal used for their
preparation as these metals may exhibit either better (Cu, Bi, Cd, etc.) or worse (Pt, Au,

Ag, etc.) electrochemical activity in comparison with mercury [56]. Based on their
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surface and consistence, amalgam electrodes can be divided into several groups as
follows: polished solid amalgam electrodes, film modified solid amalgam electrodes,
meniscus modified solid amalgam electrodes, composite solid amalgam electrodes,
paste solid amalgam electrodes with pasting liquid, single crystal silver amalgam
electrodes, etc. [55]. Besides batch arrangements, amalgam electrodes can be also
employed, e.g., in amperometric detection in liquid-flow systems such as HPLC [57,

58] and FIA [59, 60].

In this Ph.D. Thesis, m-AgSAE and p-AgSAE were used to develop novel
electroanalytical methods for AQS and DX determination by employing following
voltammetric techniques: DPV, linear-sweep voltammetry (LSV), differential pulse
cathodic stripping voltammetry (DPCSV), and cyclic voltammetry (CV). Measurements
were carried out either by above-mentioned Eco-Tribo polarograph controlled by
PolarPro 3.1 software (lab-developed in J. Heyrovsky Institute of Physical Chemistry of
the Czech Academy of Sciences) or by PalmSens potentiostat/galvanostat equipped
with a PSTrace software 4.2.2 (both Electrochemical Sensor Interface, Palm
Instruments, The Netherlands). Again, a three-eclectrode arrangement was used:
p-AgSAE and m-AgSAE served as working electrodes, Ag/AgCI/KCI (sat.) electrode
(Elektrochemické Detektory, Czech Republic) as a reference electrode, and a platinum

wire (@ 1 mm, Monokrystaly, Czech Republic) as an auxiliary electrode [1-3].

3.2 Carbon Working Electrodes

3.2.1 Glassy Carbon Working Electrode

GCEs are highly chemically resistant, gas-impermeable, and electrically
conductive electrodes usable in the potential range from approximately +1200 mV to
—800 mV vs. saturated calomel electrode in acidic medium [61]. GCEs can be used in
different arrangements such as rotating disk GCE [62] or dual GCE (dualGCE) (Fig.
3.1) [63]. Nowadays, GCEs are widely spread in various areas of electroanalytical
chemistry due to the above-mentioned favourable features and also due to the

possibility to easily modify their surface [64-66].
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Fig. 3.1 Dual glassy carbon electrode (dualGCE).

In this work, dualGCE was used for the determination of AQS in physiological
saline (PS) by flow injection system with amperometric detection. DualGCE was
employed as a working electrode in the electrochemical cell (BASI, USA), consisting of
two independent GCEs (@ 3 mm), of an Ag/AgCI/KCI (sat.) reference electrode (BASI,
USA), and a stainless capillary at the end of the cell which served as an auxiliary
electrode. Thickness of the Teflon cell gasket was 0.127 mm (0.005 inch) (BASI, USA).
Measurements were carried out by PalmSens potentiostat/galvanostat equipped with a
PSTrace software v. 4.2.2 (both Electrochemical Sensor Interface, Palm Instruments,

The Netherlands).

3.2.2 Carbon Paste Working Electrode

First CPE was developed as a by-product of the search for a dropping carbon
electrode due to its extended potential window in the region of anodic potentials in
contrast to mercury-based electrodes [67]. One of the biggest advantages of CPEs
consists in a very simple way of surface treatment/renewal in order to remove possibly
adsorbed compounds or formed passivating film. Thus, measurements are performed on
a renewed carbon paste surface providing signals with a relatively good reproducibility.
Carbon pastes are usually prepared by mixing a carbon powder with an organic liquid;

peak currents usually decrease with an increasing amount of organic liquid [68]. Non-

25



modified as well as modified CPEs have been applied in various fields of analytical

chemistry [69].

In our research, to exclude an influence of mercury compounds during
measurements with HDME, a silica gel-modified CPE was used as an alternative
working electrode to study transport of Pb-PC, complexes across a PLM. CV with
accumulation potential —100 mV at different accumulation times was used as a suitable
technique. Measurements were carried out by Eco-Tribo polarograph controlled by
PolarPro 5.1 software (both Polaro-Sensors, Czech Republic). Such a modified CPE
was employed as a working electrode in a three-electrode set up (a reference electrode:
Ag/AgClI/KCI (sat.) electrode (Elektrochemické Detektory, Czech Republic), an
auxiliary electrode: a platinum wire (@ 1 mm, Monokrystaly, Czech Republic) [6].

3.3 Electrochemical Techniques Used

In general, various analytical techniques have been commonly employed in the
process of development of novel compounds, of drugs or for study of behaviour of
molecules in various environments and under different conditions. Electrochemistry in
combination with radiometric, spectrophotometric, and chromatographic analysis

represents a base of instrumental methods used in pharmaceutical laboratories [70].

Voltammetric methods, based on electrochemical redox reactions or on other
charge transfer phenomena, are widely used [71-75]. In this Ph.D. Thesis, CV, LSV,
DPV, DPCSV, amperometric detection and electrochemical impedance spectroscopy

(EIS) were employed to accomplish its goals.

CV is usually performed in the beginning of a study as it can provide useful
information about the state of the electrode surface, biological material, and behaviour
of investigated compounds or biological materials. In contrast to CV, DPV is usually
much more sensitive technique due to its ability to suppress the influence of the
background currents, which results in achievement of significantly lower LOD values.
Therefore, DPV has been advantageously employed for sensitive determination of trace
amounts of analytes (in some cases even in biological fluids). Next, DPCSV is a

modern highly sensitive technique used for the determination of a wide range of
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compounds as it is considered being fast and simple. Moreover, DPCSV possesses

lower susceptibility to matrix effects than DPV [76].

Amperometric detection is suitable for the determination of electroactive
compounds in flow-liquid systems [77-79]. To obtain repeatable results in the case of
amperometric detection, it is important to control pH, temperature, and flow rate of the
eluent [80]. Amperometry is used for the determination of various compounds in batch
systems as well as in electrochemical detectors coupled to ion chromatography [80],
flow injection analysis (FIA) [79], liquid chromatography ([81], and -capillary
electrophoresis [82].

EIS is another electrochemical technique which exhibits a wide range of
applications, e.g., in microbiological analysis [83], in screening of body fluids [84], in
investigation of corrosion mechanism [85], in study of transport processes across
biological membranes [6, 7], etc.. This technique gives a thorough insight into general
description of the electrochemical behaviour of the investigated system and provides
description of faradaic and non-faradaic processes. Besides, EIS may be also applied in

solutions possessing small conductivity [86].
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4. Results and Discussion

4.1 Micro-Volume Voltammetric Cell with Agar Membrane for

Determination of Anticancer Drugs

4.1.1 Determination of Sodium Anthraquinone-2-Suplphonate by Voltammetric
Techniques

Firstly, electrochemical behaviour of sodium AQS in a batch arrangement
(volume of analysed solution amounted to 10 mL) was studied by cyclic voltammetry
(CV), linear-sweep voltammetry (LSV) and differential pulse voltammetry (DPV) on
two types of AgSAEs, namely m-AgSAE and p-AgSAE (inner © of both electrodes
5 mm). Recorded cyclic voltammograms showed one anodic and one cathodic peak in
the whole tested range of pH (Britton-Robinsons buffers (BRB) of pH 2 — 12). The
peaks indicated a reversible/quasireverisble behaviour and since the highest reversibility
of examined system was observed in weakly alkaline media, i.e. pH 9 and 10 were
chosen for AQS determination on both used amalgam electrodes. In further
experiments, only the reduction process of AQS was investigated as AQS is more

common form in contrast to its reduction product, dihydroAQS |[2].

By LSV, the dependence of cathodic peak potential of AQS on pH was
investigated [2] and it was concluded that the reduction of AQS differs considerably in
alkaline from that in acidic solutions. Moreover, this technique was used to confirm that
AQS reduction is controlled solely by diffusion without any contribution from

adsorption processes [2].

Regarding DPV technique, optimization of parameters (pH, electrode surface
pre-treatment, pulse width, and pulse height) was firstly performed and subsequently,
such optimized method was used for the determination of AQS and for the construction
of concentration dependences; achieved LODs were 1.0 pmol L' on p-AgSAE and
0.4 umol L™ on m-AgSAE. Subsequently, this method was applied on model solutions
of deionized water, river water, and human urine, all of them spiked by AQS [2]. The
obtained results confirmed the possibility of using this novel method as a suitable

method for the development of the MVVC [1].
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4.1.2 Development of Micro-Volume Voltammetric Cell

Further, a novel MVVC (Fig. 4.1) has been developed. It is composed from two
compartments: micro-volume compartment (MVC) and large volume compartment
(LVC). They are separated by an agar membrane, formed in the bottom of the MVC
(i.e., of a glass tube) and it represents a conductive connection between a sample
(20 — 50 uL, placed on the MVC bottom) and a supporting electrolyte (BRB) in the
LVC. As can be seen in Fig. 4.1, the LVC is formed by a large volume voltammetric
vessel (10 — 20 mL) with incorporated auxiliary and reference electrodes immersed in
the supporting electrolyte. The working electrode is immersed into a sample in the

MVC [1].

Auxiliary electrode — Ag|AgCl reference
platinum wire 1 electrode

A® R Working electrode

(p-AgSAE, m-AgSAE)

; : Polarographic stand
Voltammetric vessel with

Britton-Robinson buffer Glass tube

50 pL of sample Prepared agar membrane

Fig. 4.1 Scheme of the newly developed micro-volume voltammetric cell MVVC) [1].

In the first step, preparation of agar membrane has been carefully optimized.
Different solvents for agar membrane preparation were examined and 0.1 mol L™! NaCl
media was chosen as it provided the highest repeatability of recorded voltammetric
signals. Subsequently, solutions with different agar concentrations have been tested.
Concentration of agar of 30 g L™! exhibited a good adhesion of agar to the glass tube
and acceptable repeatability of the current signals. In addition, preparation of such

concentrated solution was repeatable and the hardening process took approximately
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10 min (however, in some cases it was even more than 30 min). The last investigated
parameter was the thickness of the prepared membrane. Considering time stability,
repeatability of agar membrane preparation and of measured current signals, thickness
of 2.3 mm was used in all following measurements. A simple preparation procedure of a
novel agar membrane is schematically depicted in Fig. 4.2. Prepared agar membrane
may be used for a set of measurements for at least 7 days, if the MVC is stored in a

humidity chamber [1].

Glass tube with

Glass tube agar membrane
Beaker with
agar solution
_|_ 10 min
—_— —

\/ VR RY:

Fig. 4.2 Preparation of agar membrane at the end of the micro-volume compartment

(MVC).

4.1.3 Determination of AQS and of Doxorubicin in the Micro-Volume
Voltammetric Cell

MVVC was tested for the determination of AQ-based drugs in a small volume.
Pilot experiments were performed with AQS due to its low price and availability by
using previously optimized DPV method (see Chapter 4.1.1, [2]). To remove oxygen
from measured solutions, addition of Na>SO3; was chosen as a better way than bubbling
with nitrogen due to its more difficult access to the glass tube. The results of these
measurements showed slightly lower LODs in comparison with batch volume ones (for
p-AgSAE in batch and in MVVC LODs are 1 umol L' and 0.15 pumol L7,
respectively) and confirmed applicability of this MVVC for these determinations.

Furthermore, MVVC was tested for analysis of spiked model samples of drinking water
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(at the concentrations of DX from 1 to 100 umol L™!) and urine (at the concentrations of
DX from 2 to 200 umol L") with high recoveries (for urine better than 97 + 13 %) and

small relative standard deviations (for urine better than 2.9 %) [1].

Moreover, MVVC was used for the development of a novel method for DX
determination. Due to of DX ability to be adsorbed on the electrode surface, differential
pulse cathodic stripping voltammetry (DPCSV) on p-AgSAE was tested and
subsequently used. Oxygen could not be removed by addition of Na>SO3 as BRB of
more acidic pH was used as a supporting electrolyte. By this method, LOD 0.2 pmol L™!
was obtained and spiked human urine was tested with a recovery of 100.7 + 6.6 % at

concentration levels from 1 to 10 pmol L™ [3].

4.2 Application of Dialysis Catheter for Monitoring of Anticancer
drugs

4.2.1 Pilot Experiments with Dialysis Catheter

The main aim was to determine the concentration of AQS as a readily available
derivate of AQ-based anticancer drugs in spiked PS (154 mmol L ™! of NaCl, p.a., Lach-
Ner, Czech Republic). PS was chosen as the AQS solvent and also as a carrier solution,
because PS is the most frequently used in clinical practice for dialysis of substances

from blood circulation.

Firstly, determination of AQS in PS was tested by DPV on p-AgSAE (geometric
surface area 0.39 mm?) in the cathodic region within the potential range from 0 mV to
—850 mV. Used DPV parameters were as follows: scan rate (v) of 20 mV s!; pulse
height (Ep) of =50 mV, and pulse width (¢y) of 100 ms, current values were recorded in
the last 20 ms before the pulse start and in the lass 20 ms of the pulse duration.
Measurements were carried out in a batch arrangement (sample volume of 3 mL) by
employing a three-electrode set-up with a reference electrode Ag/AgCl/3 mol L™! KCI
electrode (BVT Technologies, Czech Republic) and an auxiliary electrode a platinum
wire (@ 1 mm, BVT Technologies, Czech Republic) by using PalmSens
potentiostat/galvanostat cotrolled by the PSTrace software v. 4.2.2 (both

Electrochemical Sensor Interface, Palm Instruments, The Netherlands).
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Dependence of peak currents (/,) on concentrations (c¢) of AQS in PS was
measured and the corresponding graphs were constructed (Fig. 4.3). Dependence was
proved to be linear within the concentration range from 2 to 1000 pmol L' (the
equation of the linear dependence: I, (nA) = —1370 (nA L mmol ') x ¢ (umol L") +
(24.5) (nA). LOD 1.0 umol L™ was achieved. By these experiments, the applicability

of p-AgSAE for voltammetric determination of AQS in PS was successfully verified.

12

0.2 04 08 08
¢ (mmol L)

-1.0

I (nA)

0.3 0.4 05 0.6 0.7
E (V)

Fig. 4.3 DP voltammograms of AQS (¢ from 2 to 1000 p mol L) on p-AgSAE in PS
after oxygen removal by bubbling with N>. Parameters of DPV: v of 20 mV s™!; Epuise of
=50 mV; fpuse of 100 ms; Erange from 0 mV to —850 mV. A red line represents the

supporting electrolyte (PS). Inset: Corresponding concentration dependence.

Further, UV-VIS spectrophotometry (UV/VIS) was employed as a comparative
method. Measurements were performed by Agilent 8453 UV-Vis Spectrophotometer
(USA) controlled by software UV-Visible ChemStation v. A0901[76], 1 mm quartz
cuvette was used for the measurements and PS served as a blank solution.
Concentration dependence of AQS was linear within the concentration range from 1 to

100 pmol L' with achieved LOD of 0.33 umol L™! (Fig. 4.4).
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Fig. 4.4 Absorption spectra of AQS (c from 2 to 1000 pmol L™!) in PS. Measured by
UV-VIS spectrophotometry in 1 mm quartz cuvette with PS as a blank. Inset:

Corresponding concentration dependence.

Transport (penetration) of AQS through the dialysis membrane in dialysis
catheter was monitored in the following step. Dialysis apparatus (Fig. 4.5) consisted of
syringe pump (SyringePump NO. NE-510L, USA) controlled by software New Era
WinPumpTerm v. 0.6, syringe with PS, catheter with dialysis membrane inserted in a
glass tube with 5 mL of AQS solution in PS, and a vial for collecting of dialysate.
Dialysate was collected at two flow rates of 1 pL min! and 5 uL min!. These two
values were chosen and tested because with increasing rates of liquid flow, firstly, a
probability of dialysis membrane damage increases, and secondly, recovery

exponentially decreases as it has been previously reported in ref. [87].
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Fig. 4.5 Scheme of dialysis apparatus.

Next, recovery of dialysis procedure (Table 1) was evaluated by DPV as well as
by UV/VIS spectrophotometry as already mentioned, and subsequently evaluated by
using a standard addition method (DPV) and previously constructed calibration
dependences (DPV; UV/VIS). The recovery values were assessed as a ratio of amount
of AQS in dialysate (D) and amount of AQS in D plus in solution after dialysis
(a solution after the dialysis in the glass tube) (After(D), Equation 4.1).

Equation 4.1 Assessment of dialysis recovery.

recovery (%) = #ﬂ(n) %100
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Table 4.1 Evaluation of recovery of dialysis procedures. Reported recoveries are based
on DPV measurements (on p-AgSAE in PS after oxygen removal by bubbling with N»;
applied DPV parameters: v of 20 mV s!; Epuse of =50 mV; fpuise of 100 ms; Erange from
0 mV to =850 mV) and by using UV-VIS spectrophotometric measurements (in 1 mm

quartz cuvette, blank — PS). Two flow rates of 1 and 5 mL min~! were tested.

Recovery

caqs before dialysis Flow rate DPV: UV-VIS:
(umol L™) (mL min™") DPZ& ;ii?ggard calibration | calibration
dependence | dependence

1000 1 - 42.60 % 42.40 %

5 - 17.20 % 13.90 %

100 1 65.50 % 64.60 % 63.50 %

5 24.10 % 22.70 % 22.00 %

10 1 52.30 % 51.40 % 51.90 %

5 20.10 % 15.70 % 26.80 %

Second part of this research was focused on amperometric determination of AQS
using dualGCE. For this purpose, a flow-cell (MF-1093, BASI, USA), a dualGCE
(2x @ 3 mm, MF-1000, BASI, USA), a syringe pump (SyringePump NO. NE-510L,
USA) controlled by software New Era WinPumpTerm v. 0.6, and a six-way valve
(V-451, Labicom, Czech Republic) were used. The scheme of the apparatus is depicted
in Fig. 4.6.

Naturally, amperometric detection of AQS had to be optimized. Firstly, the
effect of different detection potentials applied on dualGCE were tested. The best results
/(the highest 7, of AQS on GCE 2) were achieved at a potential Ecce1 of —1200 mV and
at Eccez —900 mV (conditions: cags of 10 pmol L', flow rate of 500 pL min !,
thickness of Teflon gasket of 127 um, syringe volume of 25 mL). Moreover, other
parameters such as syringe volume, different types of arrangements, and thickness of
Teflon cell gaskets were optimized in order to suppress the noise and increase the
sensitivity of the measurements. Tested syringe volumes were 1 mL, 5 mL, and 25 mL.
The found optimum conditions were as follow: PS without AQS, flow rate of 5 puL
min !, thickness of Teflon gasket of 127 um, Egcr1 of —1200 mV, Egcr2 of =900 mV,

and the lowest noise was recorded when a syringe volume of 5 mL was used.
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Fig. 4.6 Scheme of apparatus for amperometric detection in a liquid-flow system
consisting of an injection pump with a carrier solution (PS) (1), a vial with PS (2), a 6/2-
way valve (3), syringe with a sample (4), electrochemical cell (5), connections of the
working electrodes (dual GCE) (6), connection of the reference electrode (7), connection

of the auxiliary electrode (8), potentiostats P1 and P2 (9), and waste beakers (10).

Further, different types of connections were examined: (1) with/without a vial
(with PS) placed in a flow system between a syringe and a 6-way valve, (2) three-
electrode system/two-electrode system, and (3) with original auxiliary electrode (body
of the electrochemical cell), with a stainless steel capillary auxiliary electrode, and with
a stainless steel capillary auxiliary electrode terminated with a rubber tube. The found
optimum conditions as follow: PS without AQS (for comparison of two electrode and
three electrode arrangements, 100 umol L' AQS) was used, flow rate of 5 uL min!,
thickness of Teflon gasket of 127 um, Egce1 of —1200 mV, Egce2 of =900 mV, syringe
volume of 5 mL. The lowest noise and enhanced sensitivity was obtained with the three-
electrode set-up with vial with PS, and with the stainless steel capillary auxiliary
electrode terminated with a rubber tube. The last optimized parameter was the thickness
of the Teflon cell gasket. Three different values of 380 um, 127 um, and 51 pm have
been tested. The best results in the terms of the lowest noise, improved sensitivity, and
repeatability were obtained with the thickness of Teflon cell gasket of 127 pm
(Fig. 4.7).
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Fig. 4.7 Left: Time dependences of amperometric signals of PS with AQS (caqs of
100 umol L™!) on dualGCE with employed 51 pm Teflon cell gasket, 127 pm Teflon
cell gasket, and 380 pm Teflon cell gasket thickness. Right: Dependence of 7, of AQS
on thickness of Teflon cell gasket measured by amperometry. For each measured value
of Teflon cell gasket thickness, the confidence interval for the significance level of
a = 0.05 is displayed (for n = 6); Flow rate of 5 pL min!, Egcgi of —=1200 mV, Egcgz of
—900 mV, syringe volume of 5 mL, volume of sample loop of 10 pL.

Finally, the dependence of recorded peak currents on AQS concentration was
investigated in the AQS concentration range from 0.1 to 1.0 mmol L™! (Fig. 4.8) and
from 10 to 100 umol L' (Fig. 4.9). Regrettably, due to the slow flow rate, the whole
calibration dependence was not constructed at once. However, it presented no problem.
Usually, three concentration levels were measured in one day, and on the beginning of
the next working day it was verified that sensitivity of employed electrode towards AQS
remained constant by repeating the measurements with the last measured concentration
of previous day and comparing both values. The dependences were linear in the whole
concentration ranges as shown in Fig. 4.8 and Fig. 4.9. The equation of linear
dependence in the concentration range from 0.10 to 1.0mmolL™' was
I, (MA) = —4.64 (LA L mol™") x ¢ (mmol L™!) — 0.07 (nA). For the range from 0.01 to
0.1 mmol L1, it was I, (uA) = —=5.04 (LA L mol ™) x ¢ (mmol L) — 0.01 (pA). The
reached LOD was 15 umol L', It is possible to conclude that the applicability of
p-AgSAE for voltammetric determination of AQS in PS was successfully verified by

these experiments.
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Fig. 4.8 Left: Time dependences of amperometric signals of AQS with varying caqs
from from 10 to 100 umol L' recorded on dualGCE. Right: Corresponding
concentration dependence. Flow rate of 5 uL min!, Egcpi1 of —1200 mV, Egcr2 of
=900 mV, syringe volume of 5 mL, 127 um Teflon cell gasket thickness, volume of
sample loop of 10 pL.
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Fig. 4.9 Left: Time dependences of amperometric signals of AQS with varying cags
from 10 to 100 pmol L) recorded on dualGCE. Right: Corresponding concentration
dependence. Flow rate of 5 uL min™!, Egcei of —1200 mV, Egcgz of =900 mV, syringe
volume of 5 mL, 127 um Teflon cell gasket thickness, volume of sample loop of 10 puL.
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4.3 Using of Model Biological Membrane

4.3.1 Model Supported Phospholipid Membrane

In general, model supported PLMs (s-PLMs) have been used for studying
properties of real biological membranes. Development of research concerning real
biological membranes and information regarding different types and the development of
model biological membranes are summarized in a review [7]. Basically, biological
membranes consist of two phospholipid monolayers which have hydrophobic tail and
hydrophilic head parts. Hydrophobic parts are oriented towards each other and
hydrophilic parts are oriented to aqueous solutions (to intracellular and extracellular,
respectively) [7]. For our measurements, a model membrane — planar s-PLM — was used
[6]. Planar s-PLM represents the simplest PLM model because of the accessibility of its
both sides (representing extracellular and intracellular spaces), its stability, simple

preparation, and its thickness (similar to a real membrane) [88].

Ag wire covered by Ag wire covered by
AgCl AgCl
(reference electrode) (working electrode)

Pt wire
(auxiliary electrode) \

Connecting part

Teflon plate with a hole
Glass tube

Polycarbonate membrane
Fig. 4.10 Scheme of electrochemical glass cell for creating and studying cell

membranes.
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For our research, the s-PLM was prepared in “electrochemical glass cell” (Fig.
4.10) where porous polycarbonate membrane was used as a carrier of the s-PLM and
placed between two glassy compartments with holes for electrodes and also for
manipulation with a solution inside the cell. Its properties have been investigated by
using EIS which is a non-invasive technique suitable for PLM studies in detail
(particularly, structural and functional properties). Electrical impedance of a PLM
depends on various factors such as membrane potential, temperature, presence of pores

in membranes, and membrane composition [7].

Various electrical equivalent circuits (EECs) have been tested to electrically
describe and to model investigated PLMs and realized transporting processes across
them. EEC depicted in Fig.4.11 was created from two simple EECs applied for
characterisation of non-covered electrodes and biological membranes [88]. This EEC is
useful for characterization of PLM formed in pores of a polycarbonate carrier by
resistors and capacitors in the circuit. Serial resistance (Rs) corresponds to resistance of
the connectors and of the electrolyte (0.1 mol L™! KCI). Parallel capacitor (Cpi)
corresponds to parasitic capacitance of the carrier membrane and parallel resistor (Rp1)
to its parallel resistance. Rp2 and Cp2 correspond to electrical properties of formed PLM

in the carrier membrane pores [89].

Fig. 4.11 Electrical equivalent circuit used for EIS characterization of s-PLM (adapted

from [7]) (Rs — Serial resistor, R, — Parallel resistors, Cp, — Parallel capacitors).

4.3.2 Study of Transport of Complexes of Lead with Phytochelatin across
Biological Membrane

In the beginning, s-PLM was prepared by application of solution of
1,2-dipalmitoyl-sn-glycero-3-phosphocholine and calcimycin (divalent cation ionophore
used for simulation of ion channels for cadmium and lead ions) in ethanol and

n-heptane on a polycarbonate carrier placed in electrochemical glass cell (Fig. 4.10).
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After solvent evaporation from the applied solution on a polycarbonate carrier (45 min
in total), 3 mL of 0.1 mol L™' KCI were pipetted into each of glass tubes. s-PLM
stabilisation, which took approximately 60 min, was monitored by EIS with applied

voltage of =100 mV, which is a value close to the real cell membrane potential [6].

After the stabilisation of the s-PLM, Pb ions were added to one of solutions in
the glass tubes of electrochemical glass cell (one part of the experiment) or 2 mL of
electrolyte in one of glass tubes were replaced by 2 mL of KCI solution containing Pb-
phytochelatin complex (second part of the experiment). Then, transport of Pb ions/Pb-
phytochelatin complex across s-PLM to the second glass tube was monitored by EIS for
exactly 60 min. Subsequently, the solution from the second glass tube was transferred

to a voltammetric vessel for the determination of Pb ions/Pb complexes by anodic

stripping voltammetry on HMDE [6].

Voltammetric measurements performed after the transport of Pb ions/Pb-
phytochelatine complex across s-PLM showed that only 0.25 % of Pb*" of initial
amount was transported when phytochelatin was absent. However, when solution
contained both Pb** and PC, (pH of medium was 6.8), 6.66 % of initial amount of Pb
ions was transported through the s-PLM [6].
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5. Conclusion

This Ph.D. Thesis represents a step for finding suitable analytical methods for
monitoring anticancer drugs in urine or blood circulation in order to improve cancer
treatment by individualized dosages. Furthermore, for this purpose, new arrangements
of electroanalytical methods have been successfully constructed and tested. These
arrangements provide low-cost, easy to fabricate, and user-friendly electroanalytical

methods with a high level of precision and selectivity.

It describes development and application of MVVC with agar membrane, which
represents a semi-permeable barrier between a sample and a working electrode in MVC,
and a supporting electrolyte and a reference electrode and an auxiliary electrode in
LVC. By employing such cell, samples with a volume of 20 pL could be analysed. The
applicability of the developed MVVC was consequently tested with determination of
sodium AQS as a model compound, and of doxorubicin, which is a representative of the
AQ-based anticancer group of drugs. Moreover, both of studied analytes were

successfully determined in drinking water and in human urine spiked samples.

Second part of this Thesis is focused on the development of a liquid flow
injection system for monitoring anticancer drugs in the blood circulation. The usage of a
dialysis catheter for separation of a model compound, AQS in PS, which was connected
with a syringe pump at two different flow rates (1 and 5 pL min™!), was successfully
tested. Furthermore, dependence of amperometric signals of AQS on its concentration

on a dualGCE by using a low flow rate of 5 uL min~' was investigated.

Third part of this Thesis investigates transport of Pb ions through a model
biological membrane in presence and in absence, respectively, of phytochelatins. As it
was shown, higher concentration of Pb ions was transported through a model biological
membrane in the form of Pb-phytochelatin complexes Thus, plants with higher
concentration of phytochelatins can presumably accumulate heavy metals, they can
enter the food chain (e.g., via animal feed), and subsequently intoxicate animal and even
human bodies. The presented research focused on transport mechanisms across
biological membranes may be used advantageously for the description of more
complicated transport mechanisms, e.g., for the transport of anticancer drugs which can

potentially lead to the improvement of targeted treatments.
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The results obtained within the framework of this Ph.D. Thesis can be

summarised as follows:

>

Successful development of a DPV method employing a p-AgSAE and a m-
AgSAE for the determination of AQS in a batch arrangement.

LODags of the developed DPV method amounted to 1.0 pmol L' (on
p-AgASE) and 0.4 pmol L™! (on m-AgSAE).

Determination of AQS in river water and human urine performed by using the
developed DPV method.

Development of MVVC with a semi-permeable agar membrane for a minimum
volume of 20 pL; optimization of an agar membrane preparation.

MVVC testing in combination with DPV determination of AQS in model
samples (LOD of 0.2 umol L' on p-AgASE).

Verification of MVVC application by the AQS determination in tap water and
human urine.

Determination of DX in MVVC by optimized DPCSV. LOD of 0.2 pumol L™! on
p-AgSAE.

DX determined in tap water and human urine (recovery 100.7 + 6.6 % (cpx of
1.0 pmol L™!) by using MVVC.

Separation of AQS in PS by a dialysis catheter. Reached recovery measured by
DPV on p-AgSAE: 51.4 % for a flow rate of 1 uL min™' and 15.7 % for a flow
rate of 5 uL min .

Optimized amperometric detection of AQS in liquid flow system with a flow
rate of 5 uL min~!. Achieved LOD of 15 umol L™! on dualGCE.

Preparation of a model biological PLM for elucidation of transport mechanism
of Pb cations in the presence of phytochelatins.

Toxic Pb cations were transported to the cells 26-times more effectively in the
presence of phytochelatins. 6.6 % of Pb cations transported across a model PLM
in the presence of phytochelatins due to the formation of Pb-phytochelatin
complexes, and only 0.25 % of Pb cations transported when phytochelatins were

absent.
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Abstract Voltammetric determination of sodium anthra-
quinone-2-sulfonate (AQ) was investigated at a polished
silver solid amalgam electrode (p-AgSAE) and at a
mercury meniscus modified silver solid amalgam elec-
trode (m-AgSAE) (inner diameter of both 0.5 mm). The
reaction mechanisms of AQ at p-AgSAE and at
m-AgSAE were studied by cyclic voltammetry, direct
current voltammetry, and by elimination voltammetry
with linear scan. Limits of detection obtained by differ-
ential pulse voltammetry were 1 x 107° mol dm™ for
p-AgSAE and 4 x 1077 mol dm ™ for m-AgSAE. Both
electrodes were successfully applied for differential pulse
voltammetry of AQ in model samples of deionized water,
river water, and human urine.
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Introduction

Sodium anthraquinone-2-sulfonate (AQ, Fig. 1) is a water-
soluble derivative of anthraquinone which is a precursor of
anticancer drugs (e.g., of epirubicin, daunorubicin, dox-
orubicin, nemorubicin, and idarubicin). These drugs react
with DNA of cancer cells (as inhibitors of synthesis of
nucleic acids and of mitosis, intercalators, etc.), thus pre-
venting their division [1-4].

The anthraquinones are aromatic organic compounds
which contain quinone moiety (Q) (Fig. 1). Quinone-hy-
droquinone organic redox systems have an important
function in living systems, for example as electron-proton
carrier in respiratory chain. Mechanism of Q reduction
depends on pH of the solution: single step two-electron and
two-proton exchange at acidic pH; two-electron and one-
proton exchange, or two-electron exchange only at neutral
pH: and two-electron exchange at alkaline pH were sug-
gested [5-8].

Electrochemical methods represent a relatively inex-
pensive, fast, and simple way of determination of
biologically active compounds [9-15]. Many research
teams have been recently focused on the construction of
sensors and development of determination procedures of
drugs in urine and in other body fluids using electro-
chemical techniques. Figures of merits of these methods
are usually sufficient for their sensitive, specific, and
repeatable determination with sufficiently low limits of
detection (LODs). The developed methods and (first of all
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o

Fig. 1 Structural formula of sodium anthraquinone-2-sulfonate (AQ)

disposable) sensors could find application in common
medical laboratories in future [16-20].

In the research described in this paper, we have used two
types of a silver solid amalgam electrode (AgSAE), which
are denoted according to modifications of their surface:
polished (p-AgSAE) and mercury meniscus modified (m-
AgSAE) [21]. These electrodes were introduced by
Yosypchuk [21, 22] in 2000 and similar electrodes were
introduced by Mikkelsen [23] in the same year. The used
electrodes present a compromise between liquid mercury
electrodes and solid electrodes (wide range of working
potential, high hydrogen overvoltage, mechanical stability,
and easy manipulation) [22, 24, 25]. AgSAEs can be
applied for the determination of both organic [9, 15, 26-31]
and inorganic compounds [32-34].

This work is focused on the development of a simple,
fast, and inexpensive method for voltammetric determina-
tion of AQ. The newly developed method was verified on
model samples of deionized water, river water, and human
urine.

Results and discussion
Influence of pH on electrochemical behavior of AQ

Cyclic voltammetry (CV), direct current voltammetry
(DCV), and differential pulse voltammetry (DPV) were
used to study electrochemical behavior of AQ at m-AgSAE
and p-AgSAE at different pH. At first, pH dependence of
CV signals of AQ was investigated at pH from 2 to 12. The
concentration of AQ was 1 x 10™° mol dm™> for both
tested electrodes (p-AgSAE, m-AgSAE). Before each
measurement, the electrodes were regenerated as described
further in the paragraph “Regeneration of amalgam elec-
trodes™ (see below).

One cathodic peak and one anodic peak were observed.
This pair of peaks corresponds to a reversible or a
quasireversible process. The highest reversibility (accord-
ing to the difference between anodic and cathodic peak
potentials and the ratio of peak heights) was observed at pH
9-10.

The CV as well as DPV peak potentials (data not shown
for DPV) of both peaks (i.e., of the reduction and of the
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Fig. 2 Cyclic voltammograms of 1 x 10~* mol dm™> AQ in Brit-
ton-Robinson buffer (BRB) pH 2-12 at p-AgSAE; initial potential
(Ejp): 0mV, final potential (Eg,): —1000 mV, scan rate (v):
100 mV s~ ', negative regeneration potential (Eeg): —1050 mV,
positive regeneration potential (E,.g): 80 mV, number of cycles (V):
200; numbers (2-/2) above voltammograms correspond to pH of the
BRB used

ElmV

Fig. 3 Cyclic voltammograms of 1 x 107 mol dm™ AQ in Brit-
ton-Robinson buffer (BRB) pH 2-12 at m-AgSAE: initial potential
(Ei): 0mV, final potential (Eg,): —1000 mV, scan rate (v):
100 mV s, negative regeneration potential (Ey(): —1050 mV,
positive regeneration potential (E.zo): 80 mV, number of cycles
(N): 400. Numbers (2—12) above voltammograms correspond to pH of
the BRB used

oxidation peaks) shifted to more negative potentials with
increasing pH (see Figs. 2 and 3). However, due to the fact
that AQ form is the prevailing form of the investigated
system AQ/dihydroAQ in the solution, it was decided to
investigate the reduction process, i.e., the cathodic signal
only.

The linear dependences of AQ cathodic DCV peak
potentials on pH are described by [Egs. (1)-(4)]. All these
equations are characterized by very high correlation coef-
ficients (r) (the confidence intervals were calculated on the
level of significance (x) = 0.05).
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Ep/mV = (—63.4 + 3.5)pH + (—62 £ 17)
(r=—0.999)(pH 3 — 7, p-AgSAE)

)
(
E,/mV = (—22.3 +2.2)pH + (—354 + 21)
(r=—0.998) (pH 7 — 12, p-AgSAE)
)

Ep/mV = (=50.2 £ 3.1)pH + (—128 £ 18)
(r=-0.999) (pH 3 — 8, m-AgSAE)

E,/mV = (—24.4 +8.1)pH + (—329 +82)
(r=—0.984) (pH 8 — 12, m-AgSAE).

From the slopes of these dependences, it can be
concluded that AQ is reduced by different reduction
mechanism in acidic and in alkaline media resulting in
different number of exchanged electrons and protons and
thus in different slopes of straight-lines described by
Egs. (1)-(4) in agreement with analogous compounds
described in papers [5-8]. The highest and the most
repeatable current responses were obtained at pH 10 at
p-AgSAE and at pH 9 at m-AgSAE (see Figs. 2 and 3).

Regeneration of amalgam electrodes

To clean electrode surfaces, to prevent their passivation, to
remove undesired adsorbed compounds from electrode
surfaces, etc., electrochemical regeneration was applied. It
consisted of periodical switching of applied potentials
(positive regeneration potential (E,.z) and negative
regeneration potential (Er,,) applied for chosen time
interval N times). At first, their values had to be optimized.
The influence of the application of regeneration potentials
on recorded DCV signals was investigated at p-AgSAE and
m-AgSAE, respectively. Regeneration potentials were
investigated in BRB solutions at optimum pH values (pH
10 at p-AgSAE and pH 9 at m-AgSAE, respectively) with
concentration of AQ 1 x 107 mol dm~>.

The best evaluable, the highest, and the best repeat-
able peaks were obtained using regeneration potentials
Eregr = —1050 mV and E., =80 mV (see Table 1).
Each of these potentials was applied for 0.1 s with 200 (p-
AgSAE) and 400 (m-AgSAE) cleaning cycles. The
repeatability of 15 measurements of peak heights for the
highest evaluated concentration (1 x 10~ mol dm )
expressed as RSD was 3.6% for p-AgSAE and 1.6% for
m-AgSAE, respectively. Similarly, the repeatability of 15

Table 1 Optimized parameters for working electrode pre-treatment

Working electrode Epepi/mV E\egalmV N pH
p-AgSAE —1050 80 200 10
m-AgSAE —1050 80 400 9

measurements for the lowest evaluated concentration
expressed as RSD was 6.5% for p-AgSAE (1 x 10°°
mol dm™? AQ) and 3.0% for m-AgSAE (4 x 1077
mol dm~* AQ).

Dependence of DCV peak heights on the scan rate

The dependences of AQ current signals (DCV peaks) on
scan rates (v) were evaluated at p-AgSAE and m-AgSAE in
BRB solution of optimum pH with concentration of AQ
1 x 107* mol dm ™. Tested scan rates were from 10 to
1280 mV s~'. The dependence of peak current (7,) on v'"2
was linear in the whole range of tested v for both electrodes
(see Table 2). These results have suggested a diffusion
controlled process of reduction of AQ at both p-AgSAE
and m-AgSAE.

The obtained data were further evaluated using log (/,)—
log (v) analysis. Slope of these dependences (see Table 3)
amounted to 0.470 for p-AgSAE and 0.426 for m-AgSAE,
respectively. These results confirm the above mentioned
conclusion that the AQ reduction processes at both elec-
trodes are diffusion controlled without any influence of
adsorption.

Even though the values 0.5 are not inside calculated
confidence intervals of the slopes in Table 3, no influence
of a kinetically controlled process has been confirmed
neither experimentally nor using elimination voltammetry
with linear scan (EVLS) (see the following paragraph).

Elimination voltammetry with linear scan

The electrode processes were further studied and eluci-
dated using EVLS [35-37]. Both cathodic and anodic
peaks of cyclic voltammograms recorded with scan rate
from 10 to 1280 mV s~' were evaluated. They were divi-
ded into 5 groups: 10, 20, 40, and 80 mV s 20, 40, 80,
and 160 mV s~'; 40, 80, 160, and 320 mV s™'; 80, 160,
320, and 640 mV s'; and 160, 320, 640, and
1280 mV s~ . In these groups, the second highest scan rate
was denoted as reference scan rate and the elimination
curves were calculated.

The evaluations were realized using equations pub-
lished in [38]. The shapes of calculated elimination curves
corresponded to a diffusion controlled processes, the
signals of which were conserved; and the others, corre-
sponding to capacity or kinetically controlled processes,
were almost eliminated [35, 36, 38]. No counter-peak,
corresponding to a “combined process”™ [37, 38], was
observed. Therefore, it can be concluded that no such
more complicated process (i.e., reduction in adsorbed
state, reduction proceeded by a kinetically controlled
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Table 2 Parameters of the dependence uf the DCV peak current (I )
on v'" for the solution of AQ (1 x 10~ mol dm ) in BRB (pH IUI
at p-AgSAE and in BRB (pH 9) at m-AgSAE

Working electrode Slope® Intercept” R

mA mv~"? s'2 A
p-AgSAE -995 + 7.0 12 + 15° -0.998
m-AgSAE —53.7 4+ 33 131 + 60 -0.998

* Expressed as confidence interval on level of significance o = 0.05

" This value is not statistically significantly different from zero on
level of significance z = 0.05

Table 3 P'irameters of the dependence of log I, (nA) on log
v(mV s~ ") for the solution of AQ (1 x 107 * mol dm )m BRB (pH
10) at p-AgSAE and in BRB (pH 9) at m-AgSAE measured by DCV

Working electrode Slope® Intercept” R

0470 £ 0.014
0426 £ 0012

2.109 £ 0.030 1.000
1.984 £ 0.025 1.000

p-AgSAE
m-AgSAE

* Expressed as confidence interval on level of significance « = 0.05

process, etc.) is involved in the investigated processes and
that both the cathodic and the anodic peak correspond to
the simple diffusion controlled process without any
influence of adsorption.

Concentration dependences

The concentration dependences of AQ were measured
in the concentration range from 1 x 1077 to 1 x 107°
mol dm~? using DPV under optimum conditions (see
Table 4). The concentration dependences were linear in the
whole mentioned concentration range for both electrodes.
However, the signals at the lowest concentration levels
were below the LOD calculated using direct signal method
according to ITUPAC [39] (see Table 4). Corresponding
voltammograms are depicted in Figs. 4 and 5; voltammo-
grams corresponding to concentrations below calculated
LOD are not depicted in Figs. 4 and 5.

Table 4 Parameters of AQ concentration dependences measured by
DPV (p-AgSAE: in BRB with pH 10; initial potential (E;,): 0 mV,
final potential (Ej,): —850 mV, scan rate (v): 20 mV s~ ', negative
regeneration potential (E,.): —1050 mV, positive regeneration
potential (E,..»): 80 mV, number of cycles (N): 200: pulse height
—100 mV. pulse width 40 ms with the sampling interval 20 ms:

Determination of AQ in model solutions

Determinations of AQ in model solutions (deionized water,
river water, and human urine spiked by AQ) were carried
out using optimized DPV parameters (see Table 1). The
determinations were repeated five times within one day.
The samples were analyzed one week later again. Results
of both determinations are summarized in Table 5.

Conclusions

The new voltammetric determination of AQ, as an
important precursor of drugs used in cancer chemotherapy,
was developed using m-AgSAE and p-AgSAE. It was
confirmed that this fast, simple, and reliable method can be
used for its determination in various matrices, namely in
drinking and river water and in human urine.

It was found that AQ is reduced at both electrodes in a
wide range of pH values. The best repeatable cathodic peak
of AQ was found at pH 10 at p-AgSAE and at pH 9 at
m-AgSAE, respectively. LODs 1 x 107 mol dm™* at
p-AgSAE and 4 x 1077 mol dm™ at m-AgSAE were
achieved using DPV under the found optimum working
conditions. Statistical treatment of obtained data confirmed
good reproducibility of the newly developed method with
both tested amalgam electrodes. In all investigated matri-
ces, the LODs were lower and repeatability better in the
case of m-AgSAE than in the case of p-AgSAE.

Experimental
Chemicals

Stock solution of AQ (c =1 x 107 mol dm™) was
prepared by dissolving 0.3103 g of AQ (Merck, Germany)
in 100 cm’ of deionized water. BRBs with pH from 2 to 12
were prepared by mixing of appropriate volumes of acidic

(0.04 mol dm™®) and basic (0.2 mol dm%) BRB

m-AgSAE: in BRB with pH 9: E;: . Eg
20mV s, E, Epegr: —1050 mV, E,.,o: 80 mV, N: 400; pulse height
=100 mV, pulse width 40 ms with the sampling interval 20 ms) in
concentration ranges from 1 x 107° in L% ]0"‘ mol dm ™ at
p-AgSAE and from 4 x 1077 10 1 x 107" mol dm™* at m-AgSAE

Working electrode Slope*/pA dm? mol ™' Intercept’/pA R LOD/mol dm >
p-AgSAE —3.621 £ 0.060 30+ 24 —0.998 1 x 107°
m-AgSAE =772 £ 0.11 23 + 38 -0.999 04 x 107°

* Expressed as confidence interval on level of significance o = 0.05

" This value is not statistically significantly different from zero on level of significance x = 0.05
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Fig. 4 DP voltammograms of AQ (from 1 x 107° 1o 1 x 107}
mol dm ™) in BRB pH 10 at p-AgSAE; initial potential (E,): 0 mV,
final potential (Ep,): —850 mV, scan rate (v): 20 mV 571, negative
regeneration potential (Eeep): —1050 mV, positive regeneration
potential (Eego): 80 mV, number of cycles (N): 200 pulse height
—100 mV, pulse width 40 ms with the sampling interval 20 ms.
Corresponding concentration in mmol dm ™ is displayed above the
curves. Inset DP voltammograms of AQ from 1 to 10 pmol dm ' in
BRB pH 10 at p-AgSAE. Corresponding concentrations in
pmol dm™" are displayed above the curves
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Fig. 5 DP voltammograms of AQ (from 4 x 107 10 1 x 107°
mol dm™) in BRB pH 9 at m-AgSAE:; initial potential (E,): 0 mV,
final potential (Ej,): —850 mV, scan rate (v): 20 mV s~ ', negative
regeneration potential (E.;): —1050 mV, positive regeneration
potential (E,..): 80 mV, number of cycles (N): 400; pulse height
—100 mV, pulse width 40 ms with the sampling interval 20 ms.
Corresponding concentration in mmol dm ™ is displayed above the
curves. Inset DP voltammograms of AQ from 0.4 to 10 pmol dm Vin
BRB pH 9 at m-AgSAE. Corresponding concentrations in pmol dm™*
are displayed above the curves

components, | dm® of the acidic component was prepared
from 2.47 g HyBOs, 2.3 ecm” 98% CH;COOH, and 2.5 cm’
85% H;PO, (all Merck, Germany); the basic component
was prepared by dissolving 8.00 g NaOH (Merck, Ger-
many) in 1 dm® of deionized water. The solution of

Table 5 Determination of AQ by DPV at p-AgSAE and m-AgSAE
in model sample solutions (deionized water, river water, human urine)
containing known added amount of AQ

Added/ Found"/

Recovery/ RSD/
107° mol dm™*

107° mol dm™ % %

Deionized water

1st day
p- 11 1.141 £ 0.080 96-111 5.6
AgSAE 1y 11.47 £ 0.62 99-110 44
m- 1.1 1.130 = 0.061 97-108 43
AgSAE ) 1113 £ 033 98-104 2.4
Tth day
P 11 1.119 £ 0072 95-108 5.2
AgSAE ) 11.42 = 0.67 98-110 4.7
m- 11 1.092 + 0.054 94-104 4.0
AgSAE ) 11.45 £ 051 99-109 3.6
River water
Ist day
p- 1.1 1.120 + 0.081 94-109 5.8
AgSAE ) 1143 + 0.67 98-110 4.7
m- 1.1 1.139 + 0.060 98-109 4.2
AgSAE ) 11.32 = 0.52 98-108 3.7
Tth day
p- 11 1091 £ 0.070 93-106 5.2
AgSAE | 1115 + 032 98-105 23
m- 1.1 1.070 £ 0.050 93-102 3.8
AgSAE ) 11.24 £ 0.30 99-105 2.1
Human urine
1st day
p- 1.6 1.578 = 0.061 95-102 3.1
AgSAE 16 16.53 + 0.64 99-107 3.1
m- 1.6 1.652 + 0.070 99-108 3.4
AgSAE 16 16.69 + 0.79 99-109 3.8
Tth day
P 1.6 1.620 =+ 0.083 96-106 4.1
AgSAE g 16.50 =+ 0.64 97-107 3.1
m- 1.6 1.630 £ 0.041 99-104 2.0
AgSAE 16 16,27 + 0.31 100-104 1.5

Declared concentrations (both added and found) correspond to cal-
culated concentrations in spiked model samples. Therefore, the real
concentrations in voltammetric vessel are lower (90% in the case of
water samples and 45% in the case of urine samples)

The confidence intervals were calculated on level of significance
o =005

* Expressed as confidence interval on level of significance = = 0.05

0.2 mol dm™ KCI was prepared by dissolving 7.46 g KCI
in 500 cm® of deionized water. Deionized water, prepared
by AQUA 35-300 system (GORO, Czech Republic) was
used. All solutions were stored in glass bottles in dark at
laboratory temperature.
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Apparatus

The CV, DCV, and DPV measurements were realized by
Eco-Tribo-Polarograph  (ETP) (Polaro-Sensors, Czech
Republic). This device was controlled by a desktop com-
puter with operating system Microsoft Windows 7 (64-bit,
Microsoft, USA) and electrochemical software Mul-
tiEIChem (version 3.1, J. Heyrovsky Institute of Physical
Chemistry of the CAS, v.v.i., Czech Republic).

Measurements were carried out in a three-electrode
system with AgSAEs as working electrodes. The surface
areas of the electrodes were calculated as follows: the
geometric parameters (i.e., electrode diameter and
meniscus height) were measured using an optical micro-
scope. It was supposed that meniscus is a segment of a
sphere and the surface of the p-AgSAE is a flat circle.
Then, the surface areas were calculated by simple geo-
metric formulas. Two types of surface modifications of
these electrodes were used: p-AgSAE (surface area
0.28 mm?®) and m-AgSAE (surface area 0.39 mm?).
AglAgCl (saturated KCl) was used as the reference
electrode (Monokrystaly, Czech Republic), and a plat-
inum wire (diameter | mm) as the auxiliary electrode
(Elektrochemické Detektory, Czech Republic).

The pH of solution was measured with a pH meter
Jenway 3505 (Jenway, United Kingdom) with a combined
glass electrode.

Procedures

CV and DCV were applied for studies of electrochemical
behavior of AQ at p-AgSAE and m-AgSAE. The influence
of pH on voltammetric behavior of AQ was investigated by
CV and by DPV. Similarly, the influence of scan rate was
investigated by DCV and CV. Parameters of CV were as
follows: potential range (E) from 0 to —1000 mV, regen-
eration potentials (E.g) —1050 mV and (Ez) 80 mV
were applied for 0.1 s, number of regeneration cycles
(N) was 200 for p-AgSAE and 400 for m-AgSAE, scan rate
(v) 100 mV s~'. Initial parameters of DPV during pH
optimization were as follows: potential scan from 0 to
—1000 mV, regeneration potentials — 1050 mV and 80 mV
were applied for 0.1 s, polarization rate 20 mV s~', N 200
for p-AgSAE and 400 for m-AgSAE, pulse width 80 ms
with the sampling interval 20 ms was used for investiga-
tion of the influence of pH on DP voltammograms, pulse
height —50 mV. Afterwards, parameters of pulse width and
pulse height were optimized after optimization of pH
solution. The optimized pulse width 40 ms with the sam-
pling interval 20 ms and pulse height —100 mV were used
in all further measurements.

@ Springer

All voltammetric measurements were carried out in a
total volume of 10 ecm® and at laboratory temperature.
Oxygen was removed by bubbling with nitrogen for 5 min
(purity class 4.0, Linde, Czech Republic) before each
measurement. Each measurement of the current signal was
repeated at least three times under the same conditions. The
minimum number of standard additions in the case of
evaluations of model sample concentrations was 5.

Preparation of silver amalgam electrodes

AgSAE (diameter 0.55 mm) was made from a drawn-out
glass tube. Firstly, the drawn-out glass tube was filled by silver
powder and platinum wire was inserted. Then, it was inserted
into bottle with mercury for two hours. Finally, support of
electric current was secured to the upper end of the wire.
Detailed preparation AgSAE is described in papers [21, 40].
The electrode consisted of a drawn-out glass tube, the bore of
which near the tip was filled with a fine silver powder, amal-
gamated by liquid mercury and connected to an electric
contact [21, 40]. p-AgSAE was polished at first by fine emery
paper and then by the polishing kit consisting of polishing
polyurethane pad, Al,O5 suspension (particle size 1.1 pm),
and fine polishing Al,Oy powder (particle size 0.3 pm;
Elektrochemické Detektory, Czech Republic). m-AgSAE was
prepared from p-AgSAE by its immersing into approximately
15 cm® of liquid mercury for 15 s. During this time, the
meniscus on the surface of p-AgSAE was formed [21, 40].

If time interval between measurements was longer than
one hour, the electrode surfaces of both AgSAEs were
activated in stirred solution of 0.2 mol dm™* KCI by
applying the potential of —2200 mV for 300 s in the
presence of oxygen.

Elimination voltammetry with linear scan

EVLS is a one of methods used for elucidation of reaction
process at various electrodes [35-38, 41, 42]. A prerequi-
site for EVLS is the idea that the registered current is the
sum of particular current contributions (charging (capacity)
current [, diffusion current [y kinetic current [, and
irreversible current I;,): Eq. (5) [35, 43, 44].

I=Y h=h+l+l+h+ - (5)

Each particular current in Eq. (5) must be expressible in
the form Eq. (6):
I =W(v) - Ki(E) = v'Y{(E). (6)
(f; a particular current, W; (v) a function of the scan rate, v a
scan rate, ¥j(E) a function of the potential).
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Preparation and analysis of spiked model sample
solutions

Deionized water, river water (sampled from river Vltava,
Prague), and human urine were used as model sample
solutions. River water and human urine were stored in
plastic bottles and placed in a fridge (4 °C) until analysis
(not longer than 12 h after sampling). Human urine model
sample was diluted by deionized water 1:1 (to decrease the
concentration of interfering compounds); the water model
samples were not diluted. Then, 1 em® of BRB was added
to 9 em® of water model samples or to diluted human urine
model sample, oxygen was removed by bubbling with
nitrogen for 5 min, and the DP voltammograms under
optimized conditions were recorded.
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In connection with studies of transport of hazardous metals across model phospholipid membranes (PLMs),
behavior of complexes of lead with phytochelatin PC, has been examined. Using differential potentiometric
stripping analysis (PSA, Chronopotentiometry) with different values of constant negative current, the release of
free lead ions confirmed their labile behavior. Similar conclusion resulted from voltammetry on silica gel
maodified carbon paste electrode. Diffusion controlled transport across a PLMs containing ionophore calcimycin
(A23187) revealed 26 times more lead ions transported in case of Pb-phytochelatin complexes than in case of
free lead ions. For labile behavior, complex with two Pb atoms at phytochelatin molecule is responsible.

1. Introduction

Lead is a toxic metal occurring naturally in relatively small extent,
but due to huge men activities, it represents one of main contaminants
of the environment, mainly of soil, of groundwater, and of surface
waters. Pb® ¥ is the most common and reactive form of lead, forming
mononuclear and polynuclear oxides and hydroxides. Entering of lead
into plants, as the beginning of food chain, poses danger of toxicity for
animal and human population [1].

Each plant cell and some of its sub-organelles are surrounded by
phospholipid (PL) membranes (PLMs), composed mainly from different
fatty acids, glycerol, and ethanolamine, choline, inositol, cholesterol
and of some other basic molecules. Such PL membranes are created of a
thin layer of amphiphatic molecules of PLs. They are organized spon-
taneously so that their hydrophobic tails are separated from sur-
rounding polar liquids by hydrophilic heads [2].

Cholesterol represents other substantial and important part of
plasma membrane and in low concentrations of the membranes of in-
tracellular organelles [3]. This biomolecule does not form bilayer by
itself, however, it is nonhomogeneously distributed in PL membranes
[4]. Cholesterol positively effects on stability of biomembranes [2].
Moreover, various polysaccharides and partly or fully built-in peptides
are incorporated into these relatively flat membranes.

Only very small and simple molecules (e.g., oxygen, water) can be
transported spontaneously across such very thin membranes. Transport
of most of other molecules and species must be realized via various ion

* Corresponding author.
E-mail address: navratil@jh-inst.cas.cz (T. Navrétil).

https://doi.org/10.1016/j jelechem.2017.11.052

channels, which are formed by pore-forming membrane proteins. They
are responsible for establishing of membrane potentials and similar
electrical signals, which enable the flow of species across membranes
and regulate cell or compartment volumes. In some cases, it is necessary
to supply some energy (e.g., in the form of adenosine triphosphate
(ATP)) required for transport. Via such ion channels, most of ions are
moved, e.g., biologically important Na*, K*, Ca®* cations, transport
mechanisms and composition of which have been elucidated in detail,
and on the other hand, toxic Cd**, Pb®* cations, transports of which
have been studied, nevertheless, remained unelucidated up to now
[5-9].

As it has been confirmed, transport process of various ions can be
affected by presence of complexes of low molecular weight organic
acids (e.g., oxalic, citric, malic) [10-13] or phytochelatins [14].

Plants have developed variety of mechanisms of defense against
toxic influence of heavy metals - adsorption at cell walls, production of
low molecular weight organic acids (e.g., oxalic, citric), and of sulfur
containing ligands, especially phytochelatins [15-18]. Phytochelatins —
polypeptides of structure [(y-Glu-Cys),-Gly] (where “y-Glu” means y-
glutamic acid, “Cys” means cysteine, and “Gly” means glycine) - PC,, -
were studied mainly with the influence of cadmium ions on different
types of plants. Although lead ions are in the list of activators of phy-
tochelatins synthesis, only few cases of Pb phytochelatins occurrence
were described lately [1,19,20].

Properties of various types of phytochelatins (PC;, PCs, PCy) [21]
and metallothioneins [22] have been investigated in last decades

Received 27 September 2017; Received in revised form 16 November 2017; Accepted 20 November 2017

Available online 21 November 2017
1572-6657/ © 2017 Elsevier B.V. All rights reserved.

59



1. Sestdkovd et al.

intensively using different methods, e.g., NMR, UV-vis spectroscopy
[23], electrospray ionization tandem mass spectrometry (ESI MS-MS)
[21]. Different electrochemical methods have been relatively frequently
used for these purposes, often in combination with other analytical
techniques [24-31]. First of all, Voltammetry and potentiometric
stripping analysis (PSA, chronopotentiometry) can yield us very valu-
able data in this research too [24,25,27].

To elucidate transport processes across biological membranes, syn-
thetically prepared phospholipid membranes have been utilized, e.g., in
the form of black membranes, vesicles, or supported membranes with
incorporated ion channels [32,33] and characterized by electro-
chemical impedance spectroscopy (EIS) [5,27,28,34].

In previous studies of cadmium ion transport across model PL
membrane containing ionophore A23187 (calcimycin) [5,14], we found
enhanced transport of cadmium ions when a labile complex Cd-malic
acid was present. Such influence of labile complexes in diffusion-con-
trolled transport was studied also with diffusion gradient technique
(DGT) and documented with higher levels of cadmium in concerned
plants [35].

Pistia stratiotes is one of plants where intense synthesis of phy-
tochelatins was described [36]. Moreover, in some countries, this plant
is used as a component of animal feed. In this connection, lead levels in
rats were analyzed and its high levels were found in all samples from
the experimental group, which feed contained pistia [37]. Therefore,
the behavior of lead phytochelatin complexes and transport of lead
across PLMs is next question to study. The ionophore calcimycin is ef-
fective also for transport of lead ions [32] and voltammetric study with
the application of multivariate curve resolution suggested formation of
two Pb-phytochelatin complexes, reduced at hanging mercury drop
electrode (HMDE). The peak potential difference of these two com-
plexes higher than 200 mV [38] witnesses their different stabilities.

2. Experimental
2.1. Reagents and materials

The 0.1 M KCI supporting electrolyte solutions were prepared from
KCI Suprapur, purchased from Merck, Czech Republic. The p.a. solvents
were obtained from Ing. Petr Svec - PENTA, Czech Republic. All other
chemicals used were of analytical purity grade. Borate buffer pH 8.2
was prepared from Suprapur sodium tetraborate acidified by HNOs,
suprapur (Merck, Czech Republic). The AAS standard solution of pb**
(1000 mg L™' in 2% HNO;) was purchased from Analytica, Czech
Republic. The solution pH was adjusted to desired value using NaOH,
suprapur (Merck, Czech Republic). For the preparation of supported
PLMs (s-PLMs) 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
(Avanti Polar Lipids, USA) was used.

Phytochelatin  PC,  [(y-Glu-Cys)»-Gly]
Genosphere Biotechnologies, France.

The used ionophore A23187 (Calcimycin, Calcium Ionophore,
Antibiotic A23187, Calcium Ionophore A23187) was purchased from
Sigma-Aldrich, Czech Republic.

For all measurements, deionized water from Milli-Q-Gradient,
Millipore, Czech Republic (conductivity < 0.05pS cm ™~ ') was used.

was obtained from

2.2, Instrumentation and procedures

2.2.1. Voltammetry a
(chronopotentiometry)
Voltammetric and differential PSA measurements were carried out
by the PC-controlled voltammetric analyzer ECO-TRIBO polarograph
(Polaro-Sensors, Czech Republic), equipped with POLAR.PRO software
v. 5.1 (Polaro-Sensors, Czech Republic) and with MultiElchem v. 3.1
software (J. Heyrovsky Institute of Physical Chemistry of CAS, v.v.i.,
Czech Republic). Pen-type hanging mercury drop electrode (Polaro-
Sensors, Czech Republic) and SiO,-modified carbon paste electrode

potentiometric stripping analysis
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were used as the working electrodes. Ag/AgCl/KCl, -electrode
(Elektrochemické Detektory, Czech Republic) was a reference electrode
and the platinum wire (diameter 1 mm) wire served as a counter
electrode. The measurements were performed at laboratory tempera-
ture (25 + 2°C).

The values of pH were measured using pH-meter Jenway 3505
(Bibby Scientific Ltd., UK).

Silica gel-modified carbon paste electrode, which offers possibility
to accumulate electroactive analytes [39] was prepared by hand mixing
of graphite powder with paraffin oil and 10% w.w. of silica gel.

The paste was packed into a Teflon electrode body with a stainless
steel piston, serving for renewing of the paste surface as well as for an
electric contact [40,41]. The area of this used electrode amounted to
7.1 mm? The new surface was smoothed on a card paper.

2.2.2. Electrochemical impedance spectroscopy

The FEIS measurements were realized using potentiostat
PGSTAT302N + FRA2Z module, equipped with software Nova 1.11
(both Metrohm, Czech Republic). The electrochemical impedances
were determined using Ag/AgCl electrodes (silver wire, diameter 1 mm,
electroplated by silver chloride), which have been used as a working
and a reference electrodes. Platinum wire, diameter 1 mm, served as the
auxiliary electrode. The Nyquist plots (the dependence of the imaginary
part (2”) on the real part (Z) of impedance) recorded in 0.1 M KCI with
applied amplitude 0.005V provided satisfactory results in the fre-
quency range of 0.1-1000 Hz.

2.3. Transport of lead ions across model membrane

Because ionophore calcimycin acts as a divalent cation ionophore, it
has been used for simulation of real ion channels and model transporter
of dications. This ionophore was described as effective transporter of
cadmium ions across PLMs as well as of lead ions [32,33,42,43].
Therefore, the same electrochemical cell developed earlier for experi-
ments with transport of cadmium ions across the PLMs [44] was used.
Such cell consists from two glass columns, separated by two Teflon
parts with holes (0.07 cm?), between which the polycarbonate mem-
brane is inserted. Two separated compartments represent then extra-
cellular (Electrolyte 1) and intracellular (Electrolyte 2) milieu, each of
them containing 3 mL of 0.1 M KCl solution. The electrodes were placed
into the holes in the top of glass compartments (one silver wire coated
with silver chloride as working electrode was immersed into the Elec-
trolyte 1, the other silver wire coated with silver chloride as reference
electrode and platinum wire as auxiliary electrode were immersed into
the Electrolyte 2) [44].

2.4. Model supported phospholipid membrane

The s-PLMs were formed by self-assembling of PLs in the holes of the
IsoporeS Membrane Filters (Millipore, USA) polycarbonate, hydrophilic
8.0 pm, and the supporting membrane thickness amounted to 7-22 pym.
For PLM preparation, 2 mg of DPPC, 20 pL of 110 ®M calcimycin
solution in ethanol (p.a. ethanol 99.88%) and 100 pL of n-heptane were
dissolved at a hot water bath. Then a volume of 15 pL of such prepared
DPPC solution was applied to one side of the polycarbonate support, the
solvent was let to evaporate, and then another volume of 15 uL was
applied to the other side of the support. After 30 min., both sides were
simultaneously exposed to aqueous electrolyte (0.1 M KCI).

Formation of PLM was monitored by EIS measurement. After steady
state has been reached (approximately 1 h), changes of Electrolyte 1
were realized (addition of Pb ions or the exchange of 2 mL of KCI so-
lution for that containing Pb-phytochelatin complexes) and transport
across PLM, monitored by EIS measurement, was allowed for exactlyl
hour. Subsequently, transported Pb ions were determined in Electrolyte
2 (after its acidification with HNO3) using anodic stripping voltam-
metry on HMDE.
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-900

E [mV]

900 4

1,200 4
Fig. 1. DP voltammetry on HMDE, borate buffer pH 8.2, scan rate 20mV s~ ', pulse
width 100 ms. Curves (1), (2), (3): E, = OmV, pulse height: —50mV; Curve 4:
Ein = — 800 mV, pulse height: +50 mV. Curve (1%: 6 X 10~ ® M PCy, Curve (2): addition
of 1.7 % 107 *M Pb® *; Curve (3): 60 s accumulation at 0 mV, Curve (4): 5 s accumula-
tion at — 800 mV

3. Results and discussion

Using HMDE, in borate buffer pH 8.2 with no metal ions present,
only reduction peak of PC, complex with mercury is observed (Fig. 1,
curve 1). The height of this peak was exploited in earlier studies of
possibility of phytochelatin transport across model membranes [27]
(PCy is not transported using ionophore calcimycin, transmembrane
proteins had to be used [27]). When Pb®* ions are added, new peaks
corresponding to Pb complexes appear at potentials less or more ne-
gative than original peak. Moreover, another new peak corresponding
to dissolution of mercury in presence of Pb—S compounds appears
(Fig. 1, curve 4).

However, at pH close to the physiological value, peaks are over-
lapping and multivariate curve resolution method with alternating least
squares (MCR-ALS) has to be applied for establishing stoichiometry of
complexes [38]. At pH 6.8, two types of complexes of Pb with PC; are
formed: 1:1 complex (1 Pb bound by 2 § atoms) - its reduction peak is
at about — 0.620 mV, about 100 mV more negative than that of free
PC,. Second complex gives reduction peak at about — 450 mV and in-
volves two Pb atoms for one PC molecule (each Pb bound by one S
atom). Whereas 1:1 complex (PbPC) appears from this study as stable,
complex with Pb atom on each sulfur (Pb,PC) is formed at the excess of
Pb ions and is weaker. As established by MCR-ALS study [38], both
types of complexes are at pH 6.8 present at close to equimolar con-
centration of Pb*>* and PC,. Using voltammetry only, no separation of
reduction peaks is possible. Therefore, we performed differential PSA
after accumulation at —300mV (to avoid formation of a mercury
compound). As it is demonstrated on Fig. 2, the peak at about
— 600 mV (which should correspond to PbPC complex) is increasing
with decreasing value of stripping current.

g

400 4

300 4

dt/dE [ms/mV]

200 4

100 4

0 4

-300 -400 -500 -600 -700

E [mV]

-800

Fig. 2. Differential potentiometric stripping analysis (PSA, chronopotentiometry) on
HMDE. Borate buffer pH 6.8, 6 x 10 ®M PC; and 1.7 % 10~ ®*M Pb? *. Accumulation
55, — 300 mV, stripping currents: (1) — 100 nA, (2) — 75nA, (3) — 50 nA.

94

Journal of Electroanalytical Chemistry 821 (2018) 92-96

i[uA]

Fig. 3. Cyclic voltammetry on silica gel modified carbon paste electrode. Borate buffer
pH68, 6x10°°M PC; and 1.7 x 10°°M Pb**. Scan rate 100mVs™ ',
Ep = —100mV, Eg, = —900 mV. Accumulation potential —100mV, accumulation
time (1) 0s, (2) 105, (3) 20, (4) 30, (4) 60s, (6) 120s.

The second peak situated at about — 450 mV (complex Pb,PC) is
with lower stripping current increasing only slightly and a new peak at
about — 350 mV (corresponding to free Pb ions) is increasing strongly.

In order to exclude the influence of mercury compounds, we ana-
lyzed the same solution using silica gel modified carbon paste working
electrode. On this electrode, PC; gives signal due to the oxidation of -SH
group at region above + 600 mV, so there is no interference with re-
duction peaks [22]. As it is documented on Fig. 3, in dependence on
accumulation time at potential — 100 mV using constant scan rate, the
height of peak corresponding to unresolved Pb-phytochelatin com-
plexes reduction (at about — 600 mV) decreases, whereas peak corre-
sponding to Pb?* reduction (at about — 500 mV) is increasing.

The measurement described on Fig. 2 and Fig. 3 confirmed labile
behavior of one from Pb phytochelatin complexes. For similar cases the
exception from free-ion-activity model (FIAM) were described in case of
different complexes with cadmium ions [35]. In our experiments with
transport across PLM containing calcimycin ionophore, comparing
transport of free cadmium ions with that of Cd complexes of malic acid
and citric acid, the highest amount of ions was transported in case of
labile complex Cd-malic acid (at pH 6.5) [14]. Therefore, comparison of
transport across PLM of free Pb” * ions and of Pb ions complexed by
phytochelatin seems necessary.

3.1. Transport across phospholipid membrane with ionophore calcimycin

First, the transport of 40pg of Pb®* in 0.1 M KCI (final con-
centration of Pb® * amounted to 6.4 x 10~ ®*mol L~ ') was examined:
0.25% of initial amount was transported.

Then Electrolyte 1 containing 40 pg of Pb** (final concentration of
Pb®* amounted to 6.4 x 10 °mol L™ ') and 8.2 x 10~ *mol L™ ! of
PC. was prepared and pH adjusted to 6.8, where both Pb- phytochelatin
complexes are present. After transport into Electrolyte 2, transported
portion of Pb®>* was 6.66% of the initial amount — that is more than 26
times more than in the case of free ions. Fig. 4 shows records of EIS
measurement: a) formation of s-PLB,reaching steady state b)- records
after the addition of Pb-PC, complexes into Electrolyte 1, where huge
diffusion process is visible.

After transport experiments, voltammetry of Electrolyte 1 showed
that, apart from mercury compound at about — 300 mV, only peak PC,
with shoulder of complex PbPC remained. Complex, which is labile, is
therefore Pb,PC. This labile complex was after transport experiment not
present, because his bound Pb was transported across the PLM to
Electrolyte 2. When higher amount of Pb was available, peak of Pb,PC
again appeared (Fig. 5, Curve (3)).

When differential PSA on HMDE of Electrolyte 1 after transport ex-
periments was performed (its DP voltammetry is depicted on Fig. 5),
behavior of observed two peaks corresponds to electrochemically inert
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Fig. 4. A: Nyquist plots of stabilization of PL. membrane in time. B: Nyquist plots of lead
ions transport across the stabilized PL. membrane. Times in legends correspond to the
starting times of particular Nyquist curves. Lead added in t = 60 min.
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Eps — 800 mV, pulse height — 50 mV. Curve (2): E;, — 800 mV, Eg, — 100 mV, pulse

height + 50 mV. Curve (3): Ac time 5 s at acc potential — 800 mV,
Ein = —800mV, Eqy = — 100 mV, pulse height = + 50 mV.
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complexes [45,46]. With lowering the stripping current, the increase of
the height of the peak corresponding to PbPC complex (shifting from
about — 620 mV) and the increase of peak of free PC, (shifting from
— 550 mV) was observed (Fig. 6). This confirms that labile behavior
documented on Fig. 2 and on Fig. 3 was due to the presence of complex
Pb,PC.

4. Conclusion

Using differential PSA (chronopotentiometry) realized on HMDE (as
working electrode) with adsorptive accumulation and different values
of constant negative stripping current, the release of free lead ions
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Fig. 6. Differential potentiometric stripping analysis on HMDE of Electrolyte 1 after
transport experiment. 2 mL of Electrolyte 1 + 8 mL of H,0, accumulation time 10's at
—300mV, E, = —350mV, Eg, = —750 mV, stripping currents [nA]: (1) — 500, (2)
— 250, (3) — 200, (4) — 150, (5) — 100, (6) —75.

confirms labile behavior of one from Pb-phytochelatin complexes pre-
sent at pH 6.8. Similar conclusion resulted from voltammetry on silica
gel modified carbon paste working electrode. Experiment with trans-
port across PLM with ionophore calcimycin also confirmed labile be-
havior - in presence of Pb complexes, 26 times more Pb® " ions was
transported. Differential PSA performed with solution after transport
experiment showed peaks of remaining electrochemically inert com-
plexes — free PC, and the complex with bound one Pb atom. Observed
labile behavior of second complex - Pb,PC - is important for transport of
toxic lead: instead of protecting, lead phytochelatin complex Pb,PC
formed at higher Pb concentration may increase lead transport across
biological membranes.
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Abstract: Biological membranes are essential parts of
living systems. They represent an interface between intra-
cellular and extracellular space. Depending on their
structure, they often perform very complex functions and
play an important role in the transport of both charged
and uncharged particles in any organism. Structure of the
biological membranes, which play very important role in
electrochemical processes inside living organisms, is very
complicated and still not precisely defined and explained.
Model lipid membranes are used to gain detail informa-

tion about properties of real biological membranes and
about associated electrochemical processes. Electrochem-
istry, especially electrochemical impedance spectroscopy
(EIS), can play a useful role in the characterization of
properties of model lipid membranes (planar and sup-
ported lipid bilayers, tethered lipid membranes, liposomes,
etc.). This review is focused on model biological mem-
branes and the possibilities and limitations of electro-
chemical methods and namely of EIS in this field.

Keywords: Model membrane - Phospholipid bilayer - Electrochemical impedance spectroscopy (EIS) « Planar lipid bilayer - Supported

lipid bilayers - Tethered lipid bilayers - Liposomes

1 Introduction

Biological membranes play very important functions in
living cells. The cell membrane separates the interior of
all cells from the outside milieu. The basic function of the
cell membrane is the cell protection from its surroundings
without its isolation. The cell membrane is selectively
permeable for ions and organic molecules and has an
influence on movement of substances into and out of the
cell [1].

Various techniques have been utilized for investigation
of the formation of biological membranes, transporting
processes across them, and functions and physical proper-
ties of these structures, e.g., fluorescence microscopy,
fluorescence lifetime correlation spectroscopy combined
with lifetime tuning, solvent relaxation technique, or
confocal fluorescence correlation spectroscopy [2]. How-
ever, electrochemical methods can play very important
role in this field. On the one hand, they have been
employed in monitoring of elements, complexes or more
complicated compounds, present on both sides of cell
membranes (i.e., in intracellular and extracellular spaces),
which are transported across them (e.g., Cd**, Pb**, Cu**)
[3,4] or which affect the transporting processes across
them (phytochelatins, low molecular weight organic acids
(e.g., oxalic, citric, and malic) [3,5-9]). For these purposes,
voltammetric techniques (e.g., cyclic voltammetry and
differential pulse voltammetry) [4,10-12] and differential
potentiometric stripping analysis (DPSA, chronopotenti-
ometry) [7,8,13,14] have been utilized.

On the other hand, electrochemical techniques can be
used in characterization of functions and physical proper-
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ties of biological membranes. The most important electro-
chemical technique in this research seems to be electro-
chemical impedance spectroscopy (EIS) (e.g., [4,15-19]),
which is discussed in this review.

2 Real Biological Membranes

Due to the invention of microscope, history of investiga-
tion of cell membrane structure started in the 17" century.
Traube registered that outer layer must be semipermeable
to allow transport of ions [20]. Quincke was the first who
noticed the lipid nature of the cell membrane. He
observed that a cell generally creates a spherical shape in
water. In his time, oil was the only known material which
exhibited this behavior [21]. He declared that the cell
membrane consists of a fluid layer of fat [22,23]. Overton
formed fundamental concepts of the structure and
function of the cell membrane — the lipid theory of cell
permeability and the lipid theory of narcosis [23]. He
reached the conclusion that the cell membrane might be

[a] 8. Skalové, T. Navratil
J. Heyrovsky Institute of Physical Chemistry of the Czech
Academy of Sciences, DolejSkova 3, 182 23 Prague 8, Czech
Republic
E-mail: Tomas.Navratil@jh-inst.cas.cz

[b] §. Skalovi, V. Vyskocil, J. Barek
Charles University, Faculty of Science, Department of Analy-
tical Chemistry, UNESCO Laboratory of Environmental
Electrochemistry, Hlavova 2030/8, 128 43 Prague 2, Czech
Republic

Electroanalysis 2018, 30, 207-219 207

65



Review

made of lecithin (phosphatidylcholine) and cholesterol
[24,25].

At the beginning of the 20" century, the structure of
the cell membrane started to be revealed. It was suggested
that the cell membrane is a lipid bilayer [26]. However, it
has been proved that it is incorrect. In the model of
Davson and Danielli, the lipid bilayer is covered on one
side with a globular protein layer which is not immersed
to lipids [27]. The Robertson’s model indicated that the
cell membrane is created by “units” of lipids and proteins
(but proteins were not an integral part) [28]. Models
suggested by Davson and Danielli and by Robertson were
thermodynamically unstable; hydrophobic areas of pro-
teins were exposed to the aquatic environment. On the
contrary, the model formulated by Benson and Green
presumed that the inner mitochondrial membrane is
formed by subunits of proteins, and lipids represent some
kind of solvent only [29,30]. Results from these experi-
ments were fundamental in the development of the “fluid
mosaic” model [31-34]. This model, introduced by Singer
and Nicolson [35]‘ supposed that biological membranes
consist mainly of lipid bilayer with proteins penetrating
either half way or all the way through the membrane. The
bilayer is completely liquid and the proteins are floating
freely in the plane of the membrane. This model was the
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first which correctly incorporated fluidity, membrane
channels, and multiple modes of protein/bilayer connected
into one theory.

The cell membrane is composed of a thin layer of
amphipathic phospholipids (class of lipids that is a major
component of cell membranes). Phospholipids are sponta-
neously organized so that the hydrophobic “tail” regions
are isolated from the surrounding polar fluid (regions are
usually comprised of long fatty acid hydrocarbon chains —
biological fatty acids usually include an even number of
carbon atoms, with numbers of 16 and 18 being the most
common). The hydrophilic “head” regions (which contain
the negatively charged phosphate group and may include
other polar groups) are kept in touch with the intracellular
and extracellular faces of the resulting bilayer. Forces like
Van der Walls, electrostatic, hydrogen bonds, and non-
covalent interactions assist to the formation of the lipid
bilayer. The major propelling force in the formation of
bilayers is the hydrophobic interaction. Regulation of the
movement of materials into and out of cells is one of the
important functions of membranes. Organization of mem-
brane forestalls diffusion of ions and polar molecules
across the lipid bilayer, but enables passive diffusion of
hydrophobic molecules. The plasma membrane also
includes a large number of proteins, which contribute to
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Fig. 1. Preparation of planar lipid bilayer according to Mueller (figure inspired by ref. [32]).

creation of further structures (transmembrane protein
complexes — pores, channels, and gates).

One important function of the cell membrane is the
transport of substances to and from the cells. The transfer
of substances across the phospholipids bilayer can be
passive (occurring without the input of cellular energy,
movement of molecules along their concentration gra-
dient), or active (requiring the cell to expend energy in
transporting them), with help of transmembrane protein
channels and transporters, endocytosis and exocylosis.
Active transport of molecules from an area of low
concentration to an area of high concentration demands
energy, usually from ATP (adenosine triphosphate) (e.g.,
the sodium-potassium pump). Endocytosis and exocytosis
are other energy-driven processes. When large molecules
are transported into the cell, it is endocytosis and when
molecules are excluded from the cell, it is exocytosis.

The permeability is due to passive diffusion of
molecules (permeate molecules) across the membrane.
The permeability is dependent principally on the electric
charge and polarity of the molecule and, to a lesser
degree, on the molar mass of the molecule. The cell
membranes have hydrophobic nature. Therefore, small
electrically neutral molecules (e.g., water) devolve over
membrane easier than charged or hydrophobic molecules
(e.g., oxygen) and nonpolar molecules (e.g. benzene).
The small uncharged polar molecules usually diffuse via
membrane channels. Large, uncharged, and polar mole-
cules (e.g., glucose, sucrose) or ions do not pass through
the bilayer easily. Hydrophilic molecules cannot pass the
cell bilayer because of the difference in polarities, but
they diffuse through the membrane due to membrane
proteins (integral or peripheral). The membrane thus
helps to keep the potential of the cell [36].
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3 Models of Biological Membranes — Planar Lipid
Bilayer

Model lipid bilayer is a structure, which is created in vitro,
and it is a kind of imitation of bilayer of cell membranes
in vivo. Only one pure synthetic lipid is included in the
simplest model of the bilayer. Nevertheless, model
bilayers, which have to approach to more physiologically
relevant models, can be created by mixtures of several
synthetic or natural lipids.

Planar lipid bilayer, also known as black lipid mem-
brane (BLM), is the simplest model of these model
biological membranes. The term “black”™ membrane
indicates that it is dark in reflected light. The thickness of
the membrane is just a few nanometers, which means that
light reflected of the back face destructively interferes
with the light reflected of the front face [37].

The model systems serve for understanding the proper-
ties and functioning of biological membranes (e.g.,
artificial liposomes or vesicles which imitate size and
geometry of cell, but they miss ion channels and a number
of other components commonly present in cells). The
artificial BLM is used as a simplified model of biological
membranes and is extensively utilized for electrical
characterization of protein pores and ion channels.
Protein pores are nonspecific channels, which transfer
molecules through cell membranes [38-43].

For the formation of BLMs, there are two main
methods. The first is the painting technique, which was
introduced by Montal and Mueller (Figure 1) [32]. The
BLM is formed by spreading a solution of lipids dissolved
in an organic solvent. The chamber is divided in two
compartments which are filled with salt solutions. A
dispersion of lipids is led across the hole in the cell
separating them with the use of a small paintbrush or a
plastic rod. The cluster of lipids starts in the center of the
hole to create a bilayer [32]. In the second method, the
membrane bilayer is developed from the apposition of
two lipid monolayers — a Langmuir-Blodgett technique

Electroanalysis 2018, 30, 207-219 209

67



Review

Monolayer of E
phospholipides =
I_IIIJI][IIlIlI!IllI|l||!llll,lllllIIIIIl|,|J,IIlII_I]IJI,III_II_IIJlI,I\!@l

Movable
barrier

Liquid

ELECTROANALYSIS

E Monolayer of
= phospholipides
)

Movable

Substrate barrier

Fig. 2. Preparation of planar lipid bilayer according to Langmuir and Blodgett (figure inspired by ref. [45]).

(chapter 3.2 and Figure 2) [44,45]. A lipid is dissolved in a
volatile solvent and this solution is applied on the water-
air interface of each compartment. Monolayer is formed
after evaporation of the solvent on the surface. The
bilayer is developed after the formation of monolayers,
when the amount of water in both compartments is
increased above the hole.

Geometry of the BLM enables chemical and electrical
access to both sides of the bilayer, so the physical
attributes of this bimolecular film can be easily measured.
Commonly, lipid bilayer is created from two lipid mono-
layers at an air-water interface by the apposition of their
hydrocarbon chains, when a gap in Teflon (diameter of
this gap is a few tens of micrometers) isolating two
aqueous phases is lowered through the interface. Creation
of the membrane is confirmed by an increase of the
electrical capacity, as measured with a voltage clamp [44].
A planar lipid bilayer can be regarded as an imperfect
capacitor from the electrical aspect. Two electrical proper-
ties are of especial interest: capacitance (C) and resistance
(R).

The capacitance is the parameter which is regarded as
the best tool for recording the stability and integrity of
planar lipid bilayers. Three main methods for the determi-
nation of planar lipid bilayer capacitance are: i) a
capacitance to period conversion method, ii) a discharge
method, and iii) a capacitance to voltage conversion
method. The measured capacitance must be standardized
to the size of the lipid bilayer surface and the specific
capacitance of the lipid bilayer for comparison between
different studies. It is usually given as capacitance per unit
area [15,46].

Resistance reaches value of the order of a few GQ for
planar lipid bilayer. The resistance is commonly calculated
(measured) in accordance with Ohm’s law as the ratio of
voltage (applied to the planar lipid bilayer) and current
(flowing through it) [46].
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3.1 Effect of Cholesterol on Planar Lipid Bilayers

Cholesterol is a very important component of the cell
membrane and does not form bilayers by itself, but it is
dissolved in the bilayer [47]. It is nonhomogeneously
distributed in biomembranes (high concentration is in the
plasma membrane and low concentration in the mem-
branes of intracellular organelles). In plasma membrane,
it is present in the concentration range from 20 to
50 mol%. Cholesterol has a structural and a regulatory
role in membranes (in maintaining proper fluidity and
rigidity of the plasma membrane). The hydroxyl group on
cholesterol reacts with the polar head groups of the
membrane phospholipids and sphingolipids, while the
bulky steroid and the hydrocarbon chain are inserted in
the membrane together with the nonpolar fatty-acid chain
of the other lipids. It is also believed that cholesterol
asymmetry exists between the two leaflets of the bilayer
[48,49].

The influence of cholesterol on the structure of the
membrane has been investigated for several years using
experimental [50-52] and computational techniques [53-
55]. The influence of cholesterol on the partitioning of
water or molecular oxygen into lipid membranes is well
marked in membranes of saturated lipids as compared to
membranes of unsaturated lipids [56,57]. It is not equally
distributed in biomembranes with saturated and unsatu-
rated phospholipids but instead accumulated in so-called
lipid rafts [58-60]. Cholesterol improves the orientation
and decrease of the fluidity of the bilayer lattice structure
in the hydrated state up to 50 mol% in egg lecithin and
up to 25 mol % in dipalmitoyllecithin. However, addition
of 33-50mol% of cholesterol to dipalmitoyllecithin
increases the fluidity of the bilayer. This is attributed to a
gel of liquid crystalline phase transition in dipalmitoylleci-
thin [61,62]. The influence of cholesterol on the structure
of phosphatidylcholine bilayers was also studied. Choles-
terol can either increase or decrease the width of the
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Fig. 3. Supported lipid bilayers (SLBs) (figure inspired by refs. [64,65]).

bilayer depending on the physical state and chain length
of the phospholipids. Cholesterol increases the width of
the membrane as it takes out the chain tilt from gel state
lipids or increases the rrans conformations of the chains
for liquid crystalline lipids and saturated phosphatidylcho-
lines. Nevertheless, cholesterol reduces the width of 18
carbon chain bilayers below the phase transition temper-
ature as the long phospholipid chains must deform or
twist to confirm the significantly shorter cholesterol
molecule. However, the phosphatidylcholine head group
conformation is not modified by the addition of cholester-
ol to the bilayer [12,63].

3.2 Supported Lipid Bilayers (SLBs)

Supported lipid bilayers (SLBs) are artificial lipid bilayer
membranes commonly used as versatile biological mem-
brane mimics and were reported firstly in the early 1980s
by McConnell [64,65]. Planar structure of the membrane
exists on a solid support (in same papers it is called
substrate) and the upper face of the bilayer is exposed to
free solution (solid-liquid interfaces) (Figure 3) [66]. The
membrane from the solid surface is separated by an
ultrathin water layer [67-71]. Mica, glass, and silicon oxide
are the most commonly utilized supports for SLBs [67,72-
75]. Even if the SLB is connected to a solid surface, the
bilayer retains its fluidic properties [76,77]. It is used to
study the fundamental physicochemical properties of lipid
bilayers and to utilize them as cell membrane model
systems in vitro (e.g.. the research of lipid-lipid and cell-
cell interactions, the functional role of membrane proteins
[66,78-83], membrane-proteins interactions [81], as well
as other biochemical processes such as molecular trans-
port and signaling [66], for developing biosensors [84-87],
for model systems for drug delivery [88,89] and for study
of effect of surface charge of model biological membranes
on their interactions with peptides) [90]. These bilayers
are interesting systems for investigation of cell adhesion
on an artificial support due to the structural similarity
with the cell membrane using methods designed for
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surface analysis such as surface plasmon resonance (SPR),
quartz crystal microbalance with dissipation monitoring
(QCM-D), ellipsometry, total internal reflection
fluorescence microscope (TIRF), and atomic force micro-
scopy (AFM) [91].

There is a number of methods for the preparation of
SLBs with different lipid mixtures (e.g., the Langmuir-
Blodgett techniques (Figure 2), the Langmuir-Schaefer
technique [65,92,93], the vesicle fusion technique [64],
and a self-spreading technique, where lipid molecules are
self-organized at a solid/liquid interface [94-97]). A
substantial advantage consists in the fact that the different
surface techniques of fabrication (e.g., photolithography,
microcontact printing, etc.) influence and control proper-
ties of formed SLBs. However, it is necessary to take care
about denaturation of biological molecules and artificial
phenomena. One of the best advantages of the SLBs is
their stability, SLBs remain undamaged although subject
to high flow rates or vibrations. Another advantage of the
SBLs is that their surface is accessible to a number of
characterization tools which would be impossible or would
provide lower resolution if performed on a freely floating
sample. SBLs have also the ability to pattern the surface
to create multiple isolated regions on the same support.
Certain disadvantage of SBLs is the unwanted possibility
of interactions with the support. The hydrophilicity of the
support is one of the critical factors determining the SLB
and support interaction because it influences the stability
and the thickness of the water layer between the SLBs
and supports. It is necessary to keep in mind that the lipid
bilayer is a self-assembled structure because the hydro-
philic-hydrophobic interaction surrounded by the water
molecules bound to the head groups with hydrogen bonds.
The direct visualization of the three-dimensional distribu-
tion of water layers above solid supports and lipid bilayers
was obtained by AFM [98,99] and this information is
essential to understand the water-mediated interaction
between the SLBs and supports [100]. The properties and
structures of SLBs are influenced by the chemical and
physical properties of solid supports (substrates) because
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the water layer between the SLBs and substrates keeps
the fluidity and dynamics in SLBs. SLBs have unique
substrate-induced phenomena, e.g., decoupling phase
transition [101-103] and asymmetric molecular distribu-
tion between the upper and lower leaf of the SLB
[40,104-110]. The space between the lower leaf of the
bilayer and the solid support is insufficient to precede
lipid-solid surface interactions and following spawning.
This can cause a decrease in lipid mobility and denatura-
tion of incorporated transmembrane proteins [78]. For
this reason, SLBs do not fully comply with the natural
fluidity of biological membranes. This problem can be
solved by deposition of the lipid bilayer on a soft hydrated
polymeric pad which functions as a lubricating layer (this
system is called polymer-supported membrane) [76,111].
The polymer pad should be hydrophilic, soft, not too
highly charged, and not extensively cross-linked [76], with
a thickness less than 100 nm [75,78].

3.3 Tethered Bilayer Lipid Membranes (t-BLMs)

t-BLMs (Figure 4) belong to solid supported membranes
and are based on the immobilization of a planar lipid
bilayer on a solid support that enables characterization by
a wide range of surface-sensitive analytical techniques
[112]. They have the inner leaflet of a lipid bilayer
covalently connected to a surface through a short spacer
group [80,113,114]. This spacer group (in most cases a
short oligomer and the anchor lipid which can bind to
substrates (supports) by suitable chemistry) includes small
surface roughness features and provides an ions and water
reservoir underneath the membrane |[84,115,116]. t-
BLMs, which were inspired by planar lipid bilayers on
solid supports, are utilized as sensing platforms for a
broad spectrum of biophysical experiments such as
peptide/membrane interactions, protein/membrane inter-
actions, and reconstitution of pore-forming, lipid phase
transitions, redox and receptor proteins, antigen/antibody
binding, and photocurrent generation [117,118]. The great
advantage is their long-term stability of the order of days,
weeks or even months [119]. The Langmuir-Blodgett
deposition technique for monolayer transfer was utilized
at the beginning of production of these platforms [120].
At present, self-assembly methods are commonly applied

—

Spontaneously
binding lipids

Gold substrate with
anchored lipids

Fig. 4. Tethered bilayer lipid membranes (t-BLMs) (figure in-
spired by ref. [45]).
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for technical simplicity and high reproducibility. The first
tethers for supporting planar lipid bilayers were derived
from an alkanethiol tether that is covalently connected to
thin films of metals, e.g., gold [121] or mercury [122],
because sulfur atoms have strong affinity to metals
[123,124]. The result is a self-assembled monolayer
(SAM); the anchored lipid is self-assembled onto a
substrate. If lipid vesicles are adsorbed onto the SAM, it
creates a hybrid bilayer which is composed of a lower
leaflet of alkanethiols and an upper leaflet of phospholi-
pids [121,125]. The monolayer can also be incubated in an
ethanol-lipid solution which is afterwards substituted by a
buffer. This process leads then to the spontaneous
creation of a bilayer [126]. The other approach is based
upon the tethering of macromolecular spacers, e.g.,
polymer chains [78,127], polyelectrolyte layers [128],
carbohydrates, or peptides [129-131], to the solid support.
Subsequently, lipid vesicles are created at the planar lipid
bilayer upon the layer of tethered macromolecules. There
is some space (several nanometers) between the lipid
bilayer and the solid support; this space is satisfactory to
arrange transmembrane proteins and to support the ion
transport across the membrane. For properties of the
bilayer membrane, the spacer, its type, its length (tightly
wracked and short spacer units give very high membrane
resistance, but this can decrease incorporation of pro-
teins), and its anchor type (e. g., anchor groups suitable for
the connection of the membrane on noble metals
[115,132] or on oxides of substrates [133,134]) are very
important. Thiolipid-based tethered bilayers are a very
interesting group of t-BLMs. In termed thiolipids, the
central feature of these tethers is a hydrophilic spacer that
is capped with a functional group for covalent immobiliza-
tion and the other end of the spacer is connected to the
hydrophilic head of a phospholipid [114,135,136]. This
type of bilayers has excellent electrical sealing properties
and long-term stability, which makes it a great platforms
for studying ion channels, pore-forming toxins [137], and
transmembrane proteins [138]. Metal thin films have
advantageous properties for electrochemical and plas-
monic optical applications. Thiolipid-based tethered bi-
layers on silicon oxide or silane for microelectronics are
very interesting, too [112,133,139].

3.4 Liposomes

Liposomes are the artificially prepared vesicles composed
of a lipid bilayer. They have numerous research and
therapeutic applications. The building blocks of liposomes
are amphiphilic lipids (often phospholipids) creating
colloidal vesicles encapsulating a fraction of the aqueous
phase in aqueous media via self-assembly. The bilayer is
formed by hydrophobic chains of lipids and the polar
head groups of the lipids are oriented towards the inner
cavity and extravesicular solution [140,141]. Classification
of liposomes is frequently done according to their size and
lamellarity. Liposomes are classified into small unilamellar
vesicles (SUV) (25-100 nm), large unilamellar vesicles
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(LUV) (100-1000 nm), multilamellar vesicles (MUV)
(normally above 100nm in diameter), oligolamellar
vesicles (OUV), and multivesicular vesicles (MVV)
[142,143]. The characterization of liposome formulations
and preparation is necessary in order to guarantee that
liposomes encompass the required and expected proper-
ties for their specific application. Liposome size, surface
charge, lamellarity, phase transition temperature,
phospholipid composition and concentration, physical and
chemical stability, entrapped volume, degree of drug
encapsulation, and permeability are among the most
relevant studied and investigated liposome characteristics.
The important parameter is the surface charge of lip-
osomes. This charge influences electrostatic interactions
between liposomes and surrounding molecules, particles,
and surfaces. It is governed by the structure of the lipid
head group and composition of the aqueous buffer,
including pH and ionic strength of the liposome disper-
sion. Water-soluble and water-insoluble agents can be
encapsulated into the inner cavity or incorporated into the
bilayer membrane of the liposome. The membrane of
living cells is composed mostly of the phospholipids.
Glycerophospholipids are the most commonly utilized
naturally occurring phospholipids used in the preparation
of liposomes; other major naturally occurring membrane-
forming lipids involve sphingolipids, glycosphingolipids,
and glycoglycerolipids. Additional major membrane com-
pounds are proteins and cholesterol, which greatly reduce
membrane permeability [144-147]. Liposomes are used as
models of biological membranes, partitioning medium,
and as drug carriers to deliver a broad range of drug types
(e.g., anti-cancer, hormonal, enzymatic, and gene drugs),
immunoactivators, etc. [142,143,148-151]. Liposomes can
be applied as carriers for a wide spectrum of signaling
molecules. Liposomes are also utilized as carriers for the
delivery of dyes to textiles, pesticides to plants, enzymes
and nutritional supplement to foods, and cosmetics to the
skin [152,153]. Recently, we witness a tendency towards
the analytical application of liposomes in biosensors and
bioanalysis due to the possibility of encapsulation [154].

4 Electroporation

BLM is a relatively simple system that consists of planar
dielectric sheets of phospholipid layers without protein
channels, transporters of ions, etc., which are exposed to
the electrolyte solution from both sides. It can be easily
represented as a parallel-plate capacitor. Its typical
resistance is very high (order of GQ) and is called
“gigaseal” (for the reason that hydrophobic part is
impermeable for any charged particle). If some holes
(nanometer-sized) are situated in the lipid bilayer, the
resistance decreases considerably.

Application of a strong external electric field causes
formation of pores. Such a phenomenon is called electro-
poration [155-157]. The electrical modulation of physical
properties of biological membranes has increasing impor-
tance for manipulations in biological cells [158]. As it was
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mentioned above, external electric field can cause struc-
tural changes in biological membranes. This transforma-
tion can lead to rearrangement of phospholipid bilayers
and to the development of pores. The membrane gets
back to its normal state after removing of the electric
field. Electroporation is reversible if the electric field does
not exceed some critical limit and some critical time of its
application. In case of an irreversible electroporation, the
lipid bilayer does not close after the removing the applied
electric field. The electroporation mechanisms of trans-
porting processes and properties of membranes under
influence of the electric field have been intensively
studied. The measurement of current passing across the
membrane and voltage between both sides of the
phospholipid membrane can be realized by using electro-
des placed in the aqueous compartment on both sides of
the tested lipid bilayer. Two techniques are usually used
to measure the properties of planar lipid bilayers: a
voltage-clamp method (a voltage signal is applied on the
planar lipid bilayer) and a current-clamp method (a
current is applied on the planar lipid bilayer) [46].
Applications of these two methods are very useful, e.g.,
when electrically induced pores are studied in BLMs, The
shape of pores is very unstable and their conductance is
continuously changing during the experiment. A combina-
tion of the mentioned techniques with different kinds of
high-frequency electromagnetic fields offers new addi-
tional possibilities of investigation of the structure-
function relationships between the planar lipid bilayer and
the membrane interacting peptides [46,159-161].

5 Electrochemical Impedance Spectroscopy as a
Tool for Investigation of Functions and Physical and
Mechanical Properties of Cell Membranes

EIS is an important tool and an alternating current (AC)
method to study a planar lipid bilayer and to obtain a
characterization of the electric properties of these mem-
branes. EIS explores surface electrodynamics. The impor-
tant physical information about the properties of the
interface can be obtained due to electrochemical impe-
dance spectra (differential capacitance, solution resist-
ance, etc.) (see Figure 5), but for the detailed information,
it is necessary to use modelling. The so-called equivalent
electrical circuit (EEC) is a very usual way to model
electrochemical impedance spectra. EEC models are
created to reproduce the parameters of the EEC elements
and the electrochemical spectral features. In the next step,
these parameters are compared to the physical properties
of the surface systems and processes [162-165].

5.1 Electrical Equivalent Circuits

Characterization of model membranes formed on poly-
carbonate carriers was tested by several EECs. Circuit
consisting of one resistor (R,) in serial combination with
parallel combination of a resistor (R;) and a capacitor
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Fig. 5. Frequency characteristics (Nyquist plots) of membranes
consisting of a mixture of lecithin and cholesterol (weight ratio
2:1) on polycarbonate carriers with different pores; frequency
range 0.1 Hz-1 MHz; amplitude 0.005 V: inserted voltage —0.1 V
(figure inspired by ref. [12]).

(C,) is suitable for characterization of free polycarbonate
membranes (Figure 6: A, B) [4,11] and of gel electrodes
without covering by phospholipids [166].

Characterization of supported phospholipid bilayers
formed in the pores of polycarbonate membranes, of
metal electroplated surfaces, and of surfaces of polymer
electrodes gave better results with two EECs (Figure 6: C,
D) [4,167]. These two EECs differ from the simple circuit

A R
| LA |
—
Cy
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in Figure 6: A, B described above by the addition of a
parallel combination of one capacitor and one resistor to
the first capacitor (connected in series) [167].

The following EECs (Figure 6: E, F) have been used
for the characterization of SLBs formed on the surface of
polymer electrodes. These are composed of one resistor
(R,) in serial combination with two parallel combinations
of resistors (R, R;;) and capacitors (C,, Cy) [11].
According to ref. [166], the circuit Figure 6: F seems to be
more suitable for the description of SLBs prepared on
porous carriers.

The pairs of EECs in Figure 6: A and B, C and D, and
E and F differ mutually by a capacitance (C,) included
serially to the first resistor. Each member (resistor,
capacitor) of the circuits can be used for the character-
ization of the system. Serial resistors (R,) correspond to
the resistance of the electrolyte, connectors, etc. Similarly,
the serial capacitances (C,) (see Figure 6: B, D, F)
represent the capacitances of these parts of the tested
cells. However, importance of these capacitances for
characterization of the formed SLBs proved to be
negligible. Therefore, the EECs Figure 6B, D and F are
not used [4,11,19].

Parallel capacitors of the circuits (denoted as C, and
C,;) correspond to the parasitic capacitance of the
supporting membrane; parallel resistors to its resistance
(R, and Ry;). The parallel combination of capacitors
(denoted C,;) and resistors (denoted R;) in the second
pair of the circuits describe the electrical properties of the
SLBs formed in the pores of the supporting membranes
(including ionophores and transport of metal cations)
[2,4,11,19, 167,168].

Chemical stability, inertness, hydrophobicity/hydrophi-
licity, etc. belong to very important properties of sub-

B R
L " |
——
Cl I

Fig. 6. Electrical equivalent circuits used for EIS characterization of SLBs formed on polymer surfaces (figure inspired by ref. [169]).
(R, =serial resistance, R, = parallel resistance, C, =serial capacitor, C, = parallel capacitor).
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strates (supports) [1]. However, there are some differ-
ences among used substrate types. For example, polyvinyl
fluoride and polyacrylonitrile supports enable BLM
formation of better quality (i.e., longer time stability,
smaller diameters of pores. and better compatibility with
formed BLMs) than polypropylene and polyethylene
ones. For each experiment, there have to be optimized
substrate parameters (pore diameters, pore shape, hydro-
phobicity / hydrophilicity) [1,37].

Used polycarbonate membrane can be characterized,
e.g., by low affinity for stains providing higher optical
contrast and making visibility under a microscope easy, by
maximum (ransparentness, by negligible absorption and
adsorption of filtrate, by nonhygroscopicity, by low tare
weights, and by biological inertness [170,171].

5.2 Electrochemical Impedance Technique on SLBs

Solid SLBs in contrast to BLMs have the advantages of
easy and reproducible preparation, long-term stability,
and the possibility to use an electrically conductive
support [172]. In this field, EIS is a very powerful method.
It provides information about several relaxation regimes
in one measurement, but data acquisition is rather slow
and fitting procedures to quantify electrical parameters
are often complicated. EIS has also been combined with
current recordings at a constant voltage map of ion
channel activity. Changes in impedance can be short-time
resolved by measuring at one frequency during, e.g.,
bilayer formation, insertion of channel complexes [173],
etc. The quality and properties of the membranes are
evaluated by their capacitances which are connected with
the bilayer thickness and the density of defects within the
lipid membrane. Moreover, the kinetics of the bilayer
formation and the stability of the lipid membrane are also
studied by impedance analysis. Investigation of cell-
penetrating peptides in SLBs by impedance spectroscopy
is very important. This standard technique for character-
ization of the electrical properties of thin layers and
interfaces is useful in investigation of SLBs interacting
with peptides and protein molecules for the development
of highly selective sensors based on ion transport through
lipid membranes. Impedance spectroscopy enables to
measure defect densities in the lipid membrane produced
by such interactions with high sensitivity. Different regions
of SLB system participate to different frequency domains
of the impedance spectra. This method enables to differ-
entiate among the changes occurring at the supporting
semiconductor electrode and at the different interfaces
lying between the support and the lipid membrane, and
the changes in bulk membrane characteristics (such as
conductivity and capacitance) [174,175]. Very important
area of research on SLBs is impedance analysis of ion
transport through channels from incorporated structures
of synthetic or natural molecules in SLBs, In these studies,
the selectivity between monovalent cations and its
sequence of conductivity in lipid bilayers doped with
gramicidin D (linear pentadecapeptide which produces a
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continuous channel through a lipid bilayer) can be
investigated using EIS [163,164,176]. The conductance of
the membranes demonstrates a linear dependence on the
concentration of the cations in the bulk phase. This system
can be studied for the development of biosensor devices
based on ion transport through SLBs [163]. The design of
biosensors based on SLBs on semiconductor devices and
signal detection through current or capacitance measure-
ment is an issue of interest [177]. For example, develop-
ment of a biosensor for detection of cytochrome ¢ with
supported lipid films containing calixarenes by EIS was
published by Mohsin et al in 2011 [86]. Other researches
are interested in the partitioning of bioactive compounds
in SLBs [178]. It was found that the positively charged
drugs and peptides not only partition in the negatively
charged membrane but also change its viscoelastic proper-
ties [179-182]. The advantages of EIS for kinetic and
mechanism analysis involve the fact that it employs small
signal analysis and that it is capable of probing relaxations
over a wide frequency range using readily available
instrumentation. A new approach to derive Kkinetic
information relevant to mediated transport in SLBs was
developed. Kinetic mechanism correctly describing ion
transport assisted by ionophores of different nature
(mobile carriers like valinomycin and channels like
gramicidin) can thus be elucidated [176,183].

Another parameters, which have been frequently
discussed in published papers, are mechanical properties
of the lipids membranes, e.g., architecture of lipid tails
their length, kinks, and asymmetry [184-186]. Wu et al.
demonstrated in their study (realized by dissipative
particle dynamics simulations) that a tail length of lipid is
inversely proportional to diffusivity and mobility in SLBs
and it is directly proportional to number of kinks.
Diffusivity of lipids is increasing with temperature and
asymmetry of tails, too [187]. Other parameters describing
hydrophobic parts of lipid membranes are the elasticity
modulus and the coefficient of dynamic viscosity. Monitor-
ing these parameters can be used for observation of
structural state and stability of lipid membranes [188, 189].

5.3 Electrochemical Impedance Spectroscopy and t-BLMs

Various biological events can be monitored with electro-
chemical techniques on t-BLMs attached to a conducting
surface. EIS is a suitable technique for characterization of
solid supported membranes [190-192]. The t-BLMs can be
presented as a relatively simple system consisting of a
series of homogeneous conductor/dielectric layers. The
geometry of t-BLMs is always asymmetric. The outer
leaflet of the t-BLLM is washed by an infinite reservoir of
the solution, while the inner leaflet is in contact with the
constrained volume of the electrolyte. Such heterogeneous
and geometrically asymmetric systems should exhibit
specific EIS features that reflect the nature and the extent
of BLM heterogeneity. Different types of EECs were
proposed for the experimental features of the electro-
chemical impedance spectra of the model membrane, but
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the values of the EEC parameters are difficult to be
connected with the physical properties of the system
[193]. The fundamental parameter for a successful
application of t-BLMs in a concept of biosensing is the
incorporation of functional membrane proteins and the
creation of pores (the ion-selective gramicidin channels
[84,194], a-hemolysin [195.196]. etc.). The pore can be
used to detect polymers and proteins and can be modified
as a receptor for divalent metal ions, organic compounds,
etc. t-BLMs represent the stable biomimetic platform to
host membrane proteins [192,197]. The effects of inter-
actions between membrane and peptide can be detected
by changes in the electrical properties of this system with
the use of EIS. Bode plots (expressing impedance and
phase angle as functions of the applied frequency) are
very often used for presentation of EIS data [112,193].

5.4 Electrochemical Impedance Spectroscopy and
Liposomes

Liposomes are applied and utilized in biomedical applica-
tions of Drug Delivery System (DDS) and the research is
focused on drug encapsulation, targeting, and release
control. The idea of releasing liposome contents as a
bionsensor component is well known and fluorescent
molecules or redox couples are often encapsulated by the
liposomes [198-203]. An ELISA-inspired approach to
biological detection consisting entirely of on-chip electri-
cal impedance sensing and applied to HIV detection was
reported [204]. At the core of this detection strategy is a
micron-sized, antibody-functionalized liposome particle
encapsulating concentrated phosphate buffered saline.
These liposome tags can be quantified by impedance
spectroscopy upon ion release in low conductivity media
and are also shown to specifically bound surface-immobi-
lized virus particles captured in a microfluidic channel.

It is known that the existence of free ions in the
aqueous phase induces the conductivity of the solution.
The electrical property of liposome suspension will be
changed when the encapsulated ionic materials are
released out of liposome population. By monitoring the
impedance or conductivity changes of the solution, the
release property of drugs might be evaluated [205]. EIS is
based on the common conductive property of ionic
substances and thus it has high potential to evaluate the
release property of ionic-substances encapsulated in lip-
osomes [206].

Novel means to quantify adsorption of liposomes with
the use of EIS was described in [169]. This approach can
be utilized to study the adsorption and adhesion of single
giant liposomes when the electrode area is further
reduced to the micrometer range. Moreover, the impe-
dance approach provides a linear correlation between the
surface coverage and the changes in the electrode
capacitance recorded at AC frequency of 40 kHz [207].
The technique enables to distinguish between intact and
disrupted liposomes with the prospect of forming surface-
bound vesicle arrays on a micrometer scale well-suited to
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screen for membrane-active compounds. EIS measure-
ments are also a powerful tool for investigation of the
adsorption of giant vesicles on technical surfaces as well
as for investigation of their thermal shape fluctuations.

6 Conclusions

This review deals with model systems of phospholipid
biomembranes, which is a very important system in living
cells. It summarizes the most frequently used model
membranes and their connection with electrochemical
phenomena, namely the application of electrochemical
impedance spectroscopy as a useul tool for investigation
and characterization of the properties of these mem-
branes.

Highlights

1. Function and composition of different phospholipid
membranes are reviewed with respect to possible
electrochemical implications.

2. Characterization and formation of different model
biological membranes are described including aspects
relevant from electrochemical point of view.

3. Possibilities of application of electrochemical impe-
dance spectroscopy for characterization of model
phospholipid membranes are discussed.
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ARTICLE INFO ABSTRACT

Analysis of samples available in small volumes is an important challenge in analytical chemistry. Therefore, we
have dealt with the develop of a new ized micro-vol voltammetric cell (MVVC) for the de-
termination of reducible organic compounds in micro-volumes (20-50 uL). The MVVC is composed of two
compartments, a micro-volume compartment, where the analyte is present along with the working electrode,
separated by means of an agar membrane (about 2 mm) from a large-volume compartment containing the
supporting electrolyte and the counter and reference electrodes. This MVVC was tested by the determination of
sodium anthraquione-2-sulfonate as a model substance for structurally similar anthraquinone-based anti-cancer
drugs. Using differential pulse voltammetry at a polished silver solid amalgam electrode, the following analytical
parameters were obtained: linear dynamic range from 1 pmol L™ ' to 1 mmol L™ !, repeatability of 0.7% (on the
concentration level 0.1 mmol L.~ "), and limit of detection of 0.15 pmol L™ 1

Keywords:

Voltammetry

Solid amalgam electrode
Urine analysis

Water analysis
Anticancer drugs

1. Introduction

Pharmacotherapy has unquestionable importance in our society; for
many patients it represents the last chance to treat a life-threatening
illness. To optimize the applied individual dosage of drugs, it may be
necessary to monitor their therapeutic levels in different human fluids
(blood, saliva, urine, etc.). This procedure improves safety and effi-
ciency of the applied remedies; individualized pharmacotherapy is ac-
quiring huge relevance in medicine [1]. However, therapeutic drug
monitoring can be quite complicated, since it may be rather specific for
each particular drug or group of drugs [2-6]. Therapeutic drug mon-
itoring has particular relevance when side-effects are common, like in
chemotherapy [7]. Anthraquinones are among frequently used anti-
tumor drugs [8]. They have four mechanisms of action [9-15]: a) in-
hibition of DNA and RNA synthesis by intercalating between base pairs
of the DNA/RNA strand; b) inhibition of topoisomerase II enzyme,
preventing the relaxing of supercoiled DNA and thus blocking DNA
transcription and replication; ¢) generation of free radicals of oxygen,
which can damage DNA chains; d) induction of histone eviction from
chromatin that deregulates DNA damage response, epigenome and

* Corresponding author.

E-mail address: navratil@jh-inst.cas.cz (T. Navrétil).
https://doi.org/10.1016/j jelechem.2017.12.073
Recs
Available online 03 January 2018
1572-6657/ © 2018 Elsevier B.V. All rights reserved.

transcriptome. The basic molecular structure, which is characteristic for
all anthracycline derivatives, is the anthraquinone skeleton. The qui-
none-hydroquinone redox system is the electrochemically active part of
anthraquinones. This system is important part of living systems as an
electron—proton carrier in the respiratory chain [16].

Various analytical techniques for the determination of anthracycline
derivatives can be found in literature, e.g., HPLC with fluorescence
detection [17,18], capillary electrophoresis (CE) coupled with in-
column double optical-fiber light-emitting diode (LED) induced fluor-
escence detection [19,20], and fluorescence techniques [21,22]. Elec-
troanalytical techniques seem to be suitable for analysis and monitoring
of various drugs due to their simplicity, high sensitivity, swiftness,
portability, low acquisition and operating costs, versatility and easy
adaptation to several sample preparation techniques [23-25]. A few
voltammetric methods for the determination of anthraquinone-based
compounds, making use of different types of working electrodes, can be
found in literature, examples include glassy carbon electrode [26],
meniscus modified silver solid amalgam electrode [27], hanging mer-
cury drop electrode [28], and carbon paste electrode [29]. The de-
termination of drugs in practical clinical analysis is complicated by the

ed 29 November 2017; Received in revised form 21 December 2017; Accepted 29 December 2017
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availability of only small volumes (microliters) of body fluids to be
analyzed. Therefore, miniaturized electrochemical systems for mea-
surements in micro-volumes may be required for the analysis of bio-
logical samples [30,31]. Therefore, this paper is focused on the devel-
opment of a miniaturized micro-volume voltammetric cell (MVVC)
compatible with the use of a silver solid amalgam electrode (AgSAE)
introduced to maintain the advantages of mercury electrodes without
their toxicity [32,33]. They can frequently substitute liquid mercury
electrodes due to a broad potential window, mechanical stability, easy
manipulation, and high hydrogen overvoltage [34-39], and they have
been proven as suitable working electrodes for drug determination
[40-45]. Sodium anthraquinone-2-sulfonate (AQ), from which a
number of antineoplastic drugs are derived, was used as the model
substance [46].

2. Material and methods
2.1. Reagents and samples

All reagents (except agar) were dissolved in ultra-pure water
(conductivity < 0.05 pS cm ™ ) from a Millipore Direct-Q 3 UV water
purification system (Merck, Czech Republic). A stock solution of
0.01 mol L~ ' AQ was prepared by dissolving appropriate amount of AQ
(Merck, Czech Republic) in ultra-pure water. It was stored in the dark at
5 °C. AQ samples of required concentration were prepared by dilution
of the stock solution by ultra-pure water and addition of Britton-
Robinson buffer (BRB) (its concentration amounted to 10%). The thus
prepared sample was inserted into the micro-volume compartment.
Agar (p.a.) was purchased from Fluka BioChemika, Czech Republic.
Sodium sulfite (Na,SO3, p.a.), sodium chloride (NaCl, p.a.), and po-
tassium chloride (KCI, p.a.) were purchased from Penta Svec, Czech
Republic. The BRB was prepared by mixing 0.04 mol L™ " of boric acid
(H3BO3, p.a., Sigma-Aldrich, Czech Republic), acetic acid (CH;COOH),
phosphoric acid (HsP0O,) and 0.2 mol L™ ! of sodium hydroxide (NaOH)
(all p.a., Merck, Czech Republic).

Tap water (sampled in J. Heyrovsky Institute of Physical Chemistry
of the Czech Academy of Sciences, Czech Republic) and human urine,
obtained from a healthy 26-year-old female volunteer, were used as
model matrices.

2.2. Voltammetric measurements

Voltammetric measurements were carried out with a PalmSense
potentiostat/galvanostat (Electrochemical Sensor Interface, Palm
Instruments, The Netherlands) equipped with a PSTrace software
(version 4.2.2). A three-electrode arrangement was used: Ag|AgCl
(3mol L™ KCI) (Monokrystaly, Czech Republic) as a reference elec-
trode, a platinum wire (diameter of 1 mm, Monokrystaly, Czech
Republic) as an auxiliary electrode, and a polished silver solid amalgam
electrode (p-AgSAE) and a mercury meniscus modified silver solid
amalgam electrode (m-AgSAE) (both disc diameter of 0.5 mm, lab-
made in the J. Heyrovsky Institute of Physical Chemistry of the Czech
Academy of Sciences, Czech Republic [27]) as working electrodes were
used. The p-AgSAE was mechanically renewed by polishing on fine task
wipes (Kimtech Science Delicate Task Wipes, Kimberly-Clark, France)
before each measurement. After each polishing, mercury meniscus
creation, or any pause longer than one hour, the electrodes were acti-
vated by insertion of cleaning potential of — 2200 mV for 300s in
0.2mol L~ " KCl. Before each record, both electrodes were electro-
chemically regenerated by insertion of regeneration potentials E,.y, of
— 1050 mV and Eyg 2 of + 80 mV, each for 0.1 s imposed 200 times for
the p-AgSAE and 400 times for the m-AgSAE.

Oxygen was removed by nitrogen bubbling or by addition of solid
sodium sulfite. All measurements were carried out at laboratory tem-
perature (25 * 2 °C). All solutions were stored in glass bottles pro-
tected from light at laboratory temperature.
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Fig. 1. Scheme of the micro-volume voltammetric cell. WE - working electrode, CE -
counter electrode, RE - reference electrode.

The AQ samples were analyzed using differential pulse voltammetry
(DPV). The influence of pH on the voltammetric behavior of AQ and the
optimization of the DPV parameters in a large-volume voltammetric
cell (LVVC) can be found in literature [27]. The optimized parameter of
DPV measurements were: scan rate (¢) of 25mV s~ ', pulse height
(Epuise) of — 50 mV, pulse width (£,,.) of 100 ms, step potential (Ege;)
of 5mV, and sweep potential range (Ey,ng.) from initial potential (Ej,)
of — 300 mV to final potential (Es,) of — 900 mV.

Human urine was diluted 1:1 by deionized water to reduce un-
desirable effects of interfering compounds. 50 L of model urine sam-
ples spiked with AQ (resulting concentrations 1, 10, and 100 pmol L™ h
containing 10% of BRB (of pH 9 for the p-AgSAE and of pH 10 for the
m-AgSAE) were transferred into the micro-volume compartment of the
MVVC.

2.3. Micro-volume voltammetric cell and preparation of the agar membrane

The MVVC consists of two separated compartments (Fig. 1). The
micro-volume compartment is a glass tube with an agar membrane at
the bottom. Micro-volume of sample (20-50 pL) was transferred into
this compartment, and a working electrode was inserted into this tube.
The different glass tubes were used: a) tube with a 2.0 mm diameter and
an agar membrane thickness of 2.5 mm (GT1); b) tube with a 2.5 mm
diameter and an agar membrane thickness of 2.1 mm (GT2). The large-
volume compartment is formed by a 20 mL voltammetric vessel filled
with the supporting electrolyte solution (BRB, pH 9 for the p-AgSAE
and pH 10 for the m-AgSAE) in which the reference and auxiliary
electrodes are immersed.

An agar membrane was used as a conductive junction between the
two compartments. An agar solution was prepared using 10 mL of
0.1 mol L™ ! sodium chloride and 0.3 g of agar. The solution was heated
on a water bath until the agar dissolution. 1 mL of thus prepared so-
lution was transferred into a beaker, and the glass tube was immersed
into the agar solution for 10 min. During this time, a solid membrane at
the bottom of the tube was formed. Then, the glass tube was removed
and rinsed with deionized water. Similarly, after each measurement,
agar membrane was rinsed with deionized water, too. It was confirmed
that simple, nevertheless thorough, rinsing with deionized water is
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sufficient to prevent any cross-contamination of the agar membrane.

The glass tubes with the agar membrane were stored in a humidity
chamber in the dark at 5°C. The agar solution could be stored under
such conditions for two weeks. The repeatability of the preparation of
agar membrane was verified by repeating the DPV determination of
0.1 mmol L™ AQ.

3. Results and discussion
3.1. Optimization of agar membrane preparation

Firstly, the most suitable solvent of agar was searched for using
NaCl, KCl, and BRB solutions. Hardening of the agar solution with BRB
took too long. In the case of KCl or NaCl, gelatinization was shortened
to about 10 min. The ratio of agar and salt in the tested solution was
30gL™ " to 0.1 molL™" KCI/NaCl. The DP voltammograms of AQ
(50 L, concentration of 0.1 mmol L™ ') recorded in the MVVC using
the p-AgASE, with the membrane prepared from the agar solution with
NaCl, exhibited better repeatability and were more symmetrical than
those recorded using the agar solution with KCI. Increasing con-
centration of agar positively influences the gelatinization process, but
to some limiting concentration level only. Moreover, the formed
membrane is more compact, AQ transport across such membrane is
facilitated, and agar adhesion to glass is increasing with the increasing
agar concentration. In the case of membrane prepared from the agar
solution with NaCl, the registered voltammetric peaks exhibited better
repeatability and were more symmetrical than those recorded using the
agar solution with KCl. Therefore, the 0.1 mol L™ ! NaCl solution was
chosen as solvent of agar.

The thickness of the prepared agar membrane in the GTs was de-
pendent on the amount of the agar solutions, more precisely on solution
heights (h,,) in used beakers. Different volumes of agar (corresponding
hyg of 4.0, 3.4, 2.8, 2.3, 1.7, and 1.0 mm) were transferred into the
beaker. Using the above-described procedure, the agar membrane of
different thickness was prepared at the bottom of a glass tube. It was
concluded that using the h,, about 2.3 mm, the agar membrane of
optimum properties can be prepared (time stability, repeatability of
membrane preparation, repeatability of recorded current signals, best
developed AQ current signals, minimum difference between AQ peak
potential in comparison with signals measured in the LVVC, etc.).
Finally, using this membrane, DPV peaks of 0.1 mmol L™ 'AQ were
recorded (with RSD of 1.6% for GT1 and 1.3% for GT2, respectively).

Finally, the concentration of agar solution was optimized. The
concentrations were tested from 0.01 gmL™" to 0.05 g mL™'. When
the agar solution concentration was lower than 0.015 g mL™ ', hard-
ening took more than 30 min. It could be concluded that 0.03 g of agar
in 1 mL of solvent yielded the best results (RSD of 0.8% in the case of
GT1 and 0.7% in the case of GT2). The DPV peak currents of AQ in-
creased with the increasing agar concentration, and from 0.03 gmL ™'
to 0.05gmL™ 5 they were almost constant and, simultaneously, the
highest peaks were recorded.

3.2. Storage of micro-volume compartment with formed agar membrane
and removal of oxygen

Optimum conditions for storing of the micro-volume compartment
containing an agar membrane were tested by DPV determination of AQ.
50 pL of solution of AQ (cag = 0.1 mmol L™ ) were placed on the agar
membrane in the micro-volume compartment. 20 mL of BRB (pH 9)
were placed in the voltammetric vessel as the supporting electrolyte in
the large-volume compartment. The p-AgSAE was used as the working
electrode. The agar membrane was prepared using the optimized
parameters described above.

First, glass tubes were stored in the solution of 0.1 mol L.~ 1 NaCl at
5 “C. Fixation of the agar membrane to the glass wall of the tube was
not perfect after a 7-day storage, and a sample could partly flow
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Fig. 2. DPV at the p-AgSAE in the MVVC in BRB (pH 9), with agar membrane height of
4.0 mm. 1) supporting electrolyte without AQ after removing oxygen by bubbling with
nitrogen; 2) non-deaerated supporting electrolyte without AQ; 3) non-deaerated sup-
porting electrolyte containing AQ (0.1 mmol L~ '); 4) supporting electrolyte containing
AQ (0.1 mmol L™ ") after oxygen removal by addition of 20 mg of solid sodium sulfite; 5)
supporting electrolyte containing AQ (0.1 mmol L™ ) after oxygen removal by bubbling
with nitrogen. E, = —100mV; Eg, = = 1700mV; Egep = 5mV; Epye = — 50mV;
Lpuise = 100 ms.

through it. Therefore, storage in a humidity chamber saturated with
deionized water vapors at 5 °C was tested. The humidity chamber was
realized by a Petri dish in which the stored glass tube was inserted and
in which a vessel with deionized water was placed. Substantial changes
of the agar membrane quality were not observed within 7 days of sto-
rage (RSD from 0.5% to 1.1%, average DPV peak currents of AQ were
almost constant from the 2nd till the 7th day (from —0.101 pA to
—0.104 pA)). Therefore, glass tubes with the agar membrane were
stored in this humidity chamber for other experiments.

It was found in pilot experiments that air oxygen present in the
sample disturbs the AQ determination (baseline overlaps the AQ re-
duction signal and it is not possible to reach limit of detection (LOD)
below 10 pmol L~ ). Therefore, two ways of oxygen removing were
tested: 1) by the addition of 20 mg of solid sodium sulfite to 50 pL of the
sample in the micro-volume compartment, and 2) by the inlet of ni-
trogen (for ca 1 min) above the sample placed in the micro-volume
compartment (Fig. 2). Due to simple and fast application, the addition
of solid sodium sulfite was first tested for oxygen removal with positive
outcome. However, solid sodium sulfite can be used only in neutral and
alkaline solutions. This limitation did not represent any problem in the
particular case of AQ, since BRB at pH 9 was used as the supporting
electrolyte with the p-AgSAE and BRB at pH 10 with the m-AgSAE.
Nevertheless, more generally applicable removal of oxygen via nitrogen
was tested as well. No significant difference between both ways of
oxygen removal (Fig. 2) was observed. These experiments were realized
as pilot experiments, i.e., before optimization of the agar membrane
thickness, and the thickness used here was about two times higher
(4.0 mm) than the finally optimized one. Consequently, the peaks re-
corded using this thick membrane were broader and peak potentials
were shifted to more negative potentials.

Narrower potential window and peak potential shift to more posi-
tive potentials in the case of curve 4, Fig. 2, was caused by the sodium
sulfite addition, i.e., by a small pH decrease (this trend was described
more in detail in [27]). The presence of a valley on the curve 4, Fig. 2,
before the AQ peak has not been reliably explained up to now.
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Possible evaporation of the sample caused by the nitrogen inlet was
tested using a Cd* * reduction peak. Since the peak current of the DPV
reduction peaks of a 1pmol L™ C€d** solution were not changed
during repeated measurements in 10 min, it could be concluded that the
volume of the sample in this compartment was not changed due to the
nitrogen inlet.

3.3. Determination of AQ in the MVVC

The concentration dependences of AQ were measured in both vol-
tammetric cells, i.e. in the MVVC (sample volume of 50 pL) and in the
LVVC (sample volume of 10 mL). Voltammograms on the p-AgSAE in
the MVVC (Fig. 3, right side) and in the LVVC (data not shown) were
recorded both before (data not shown) and after the removal of oxygen
(Fig. 3, right side). Voltammograms on the m-AgSAE in the MVVC
(Fig. 3, left side) were recorded in the presence of oxygen only, because
handling with the solid amalgam surface modified by mercury meniscus
proved to be more complicated. It has been more difficult to immerse
mercury meniscus in such a small volume of sample without touching
the surface of the agar membrane.

Oxygen was removed by bubbling with nitrogen in the LVVC. Agar
membrane was prepared according to optimized parameters (see
Chapter 3.1). The LOD was calculated according IUPAC using the direct

signal method [47].

The results are summarized in Table 1. The difference between the
LOD of AQ in the LVVC and in the MVVC under the same conditions is
not significant: the LODs were 0.12pmol L~ ' (in the LVVC),
0.22 pmol L™ ' (in the MVVC with GT1), and 0.15 pmel L.~ ' (in MVVC
with GT2), respectively. Therefore, it is clear that the proposed MVVC is
a reliable tool for voltammetric determination in micro-volumes. The
LODs in the MVVC at the p-AgSAE obtained in the presence of oxygen
(4.0 umol L™ ' using GT1 and 4.6 pmol L™ ' using GT2, respectively)
are somewhat higher in comparison with those achieved after oxygen
removal (0.22 pmol L™ ' using GT1 and 0.15 pmol L™ "' using GT2).
Similarly, it is possible to conclude that the differences between the
LODs obtained at GT1 and GT2 (i.e., using a different agar membrane
area and agar membrane height) are not significant. Therefore, the
proposed arrangement is suitable for micro-volume voltammetry and its
performance is not influenced by small deviations in its fabrication. The
obtained concentration dependences were linear over the measured
concentration ranges and their parameters are summarized in Table 1.

3.4. Voltammetric determination of AQ in tap water and human urine

Determination of AQ in model samples of tap water and human
urine in the MVVC was used to test the practical applicability of this

Table 1
Py of AQ depend d by DPV. Confidence intervals were on the level of si a = 0.05. i lyte: BRB (pH 9) at the p-
AgSAE and BRB (pH 10) at the m-AgSAE. Oxygen was removed by addition of 20 mg of sodium sulfite (GT - glass tube, r - correlation coefficient).
Tested system GT Linear dynamic range/mol L~ ' Slope’/mA mol ~ ' L r LOD/umol L™ !
p-AgSAE in LVVC - 2x1077-1 x 1077 -0.509 + 0.062 —-0.991 0.12
(without oxygen®)
m-AgSAE in LVVC - 4x1077-1 x 1077 - 2484 * 0.087 -0.998 0.24
(without oxygen™)
p-AgSAE in MVVC 1 6% 107°1 x 107 -1.073 + 0.029 -0.999 4.0
(with oxygen") 2 6% 101 x 107 -1.084 + 0.019 -0.999 4.6
m-AgSAE in MVVC 1 4%107°1 x 1077 -1.966 * 0.055 -0.998 39
(with oxygen")" 2 6 x 10751 x 10~ -1.367 = 0.061 - 0.997 4.1
p-AgSAE in MVVC 1 6x1077-1 x 107 -1.783 + 0.025 -0.999 0.22
(without oxygen") 2 6x1077-1 x 107 -1.831 + 0.016 -0.999 0.15

" LVVC - sample volume of AQ with BRB buffer of 10 mL.
® MVVC - sample volume of AQ with BRB buffer of 50 pL.

© Experiments with the m-AgSAE in the MVVC were realized in the presence of oxygen only.

@ All intercepts were not significantly different from zero (2 = 0.05).
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Table 2

Determination of AQ by DPV at the p-AgSAE in spiked model sample solutions (tap water
and urine) in the MVVC. C intervals were on the level of signi

a = 0.05. Oxygen was removed by addition of 20 mg of sodium sulfite (GT - glass tube).

AQ added/ AQ found/mol L™ " Recovery/%  RSD/%
mol ™!
Tap water
1st day
GT1  1x10°° (1.010  0.057) x 10~° 1010 = 57 1.9
1x10°° (0.999 = 0.063) x 10°° 1000 = 63 1.0
1 %004 (1.013 = 0021) x 10°* 1013 + 21 23
GT2 1x10°° (0.998 = 0.017) X 10 ° 993 = 44 032
1x10°° (1.011 = 0.012) x 10°° 1011 = 1.1 21
1x107* (0.975 = 0.061) x 10°* 975 £ 61 15
7th day
GT1  1x10°° (0.998 = 0.017) x 10°° 998 + 1.7  0.82
1 %2078 (1.003 + 0.011) x 10°° 1003 + 1.1 1.3
1 %1074 (1.022 + 0031) x 10°* 1022 * 31 3.2
GT2 1x10°° (0,980 = 0.021) x 10°° 980 + 21 081
1x10°° (0.989 = 0.021) x 10°° 989 + 21 0.4
1x10°* (1.002 = 0.012) x 10~* 1002 + 1.2 1.3
Urine
1st day
GT1 2x10°% (1.97 + 0.12) x 10 ¢ 983 £ 61 1.5
2x 107" (2.02 = 0.11) x 107 * 1011 = 55 2.1
2x10°* (2.024 = 0.057) x 10°% 101.2 + 29 2.2
GT2 2x107° (1.96 + 0.26) x 10™° 98 + 13 0.83
2x10°% (2.00 + 0.10) x 10~ % 100.2 + 52 1.2
z2x 107" (1.94 = 012) x 107 971 £ 61 1.9
7th day
GT1L 2x107° (1.96 + 0.18) x 10™° 98.1 + 92 081
2x10°% (2.00 + 0.22) x 10~ % 100 = 11 21
z2x107* (1.99 = 0.14) x 107* 993 = 7.0 0.64
GT2 2x10°° (1.94 = 0.26) x 10 ° 97 * 13 2.9
2x107° (2.05 = 0.11) x 10™* 1026 * 54 2.6
2x10°* (1.98 + 0.23) x 10~ * 99 + 11 0.82

cell. The above found optimized parameters of the agar membrane
preparation and of DPV were used for these determinations. The de-
terminations were repeated five times on the same day, and they were
repeated after 7 days again in the same glass tubes with the same agar
membranes to verify the stability of the agar membrane. The standard
additions were prepared in an Eppendorf tube and then pipetted to GTs.
The results are summarized in Table 2. There were no interfering sub-
stances present in non-spiked tap water or human urine. The results
after 7 days did not differ significantly, thus confirming sufficient sta-
bility of the membrane used.

4. Conclusions

A new micro-volume voltammetric cell has been developed based
on a commercially available large-volume voltammetric cell with an
inserted micro-volume cell for the sample with a miniaturized working
electrode connected via a conductive agar membrane to the large-vo-
lume cell with a classical reference and auxiliary electrode. This ar-
rangement was successfully tested for voltammetric determination of
AQ at the m-AgSAE and p-AgSAE in 50 pL of model sample. The con-
centration calibration curve of AQ in BRB (pH 9) at the p-AgSAE was
linear in the concentration range from 1 pmol L™ " up to 1 mmol L™ 7,
with LOD about 0.2 pumol L™ ', The agar membrane thickness and its
area did not influence the results significantly. The results of the de-
termination of AQ in model samples of tap water and urine confirmed
the practical applicability of the developed cell for sensitive determi-
nation of electrochemically reducible organic compounds in micro-vo-
lumes.
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ABSTRACT

Doxorubicin (DOX) represents an anthracycline-based antibiotic drug. DOX
determination in body fluids is relevant for treatment, monitoring and individual dosage
optimization. Two novel methods of DOX determination have been compared in this
manuscript: i) Differential pulse cathodic stripping voltammetry (DPCSV) on a polished
silver solid amalgam electrode (p-AgSAE) in a specially designed micro-volume
voltammetric cell (MVVC) and ii) Differential pulse voltammetry (DPV) on polarized
liquid/liquid interface represented by a supported membrane prepared by impregnating a
polyvinylidenfluoride microporous filter with a room-temperature ionic liquid
(RTIL) tridodecylmethylammonium tetrakis[3,5-bis(trifluoro-methyl)phenyl]borate (TDMA-
TFPB). Moreover, elimination voltammetry with linear scan (EVLS) has been applied for
elucidation of controlling reaction processes observed at p-AgSAE.

DPCSV method on p-AgSAE is applicable for the determination of DOX in linear
dynamic range (LDR) from 0.6 to 10 pmol L™ with limit of detection (LOD) 0.44 pmol L.
Applicability of this method was verified on analysis of spiked human urine samples with
recovery of 100.7 + 6.6 % (cpox = 1.0 umol L™") and relative standard deviation (RSD) 4.3%.

Using the above-mentioned liquid/liquid interface method, similar results have been
achieved (LOD 0.84 umol L', LDR from 1 to 40 pmol L"). Nevertheless, due to the
presence of some interfering compounds and of charged lipophilic compounds, this method

must be preceded by a separation step in the case of body fluids analysis.
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1. Introduction

Doxorubicin (DOX, Fig. 1) is an antineoplastic antibiotic, which has been widely used for
the treatment of various cancerous diseases such as sarcoma, several forms of lymphoma, and
leukemia [1-3]. Its mechanism of action consists of more than 4 different path ways, e.g., a)
inhibition of DNA synthesis in tumor cell, b) creation of free radicals, which can destroy
DNA, ¢) induction of DNA damage due to interference of DOX with topoisomerase II and d)

induction of apoptosis [4].

OH

Fig. 1. Structural formula of doxorubicin.

Determination of DOX levels in body fluids presents a new opportunity for more accurate

and more correct individualization of drug dosage in order to increase the effectiveness of
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treatment [5] and to reduce side effects connected with its overdose, which is in the case of
DOX dangerous especially for its cardiotoxicity [6].

A specific method of determination has to be developed for each individual drug [7]. A
few analytical techniques applicable for DOX and other anthracycline drugs determination
have been developed, e.g., high performance liquid chromatography with fluorescence
detector (HPLC-FLD) for determination in tumor samples, in cell culture, and placental
perfusion media [8, 9], dispersive liquid-liquid microextraction (HLLME) HPLC-FLD in
hospital effluent [10], capillary electrophoresis (CE) with laser-induced fluorescence
detection in cell lysate [11], CE with in-column double optical-fiber LED-induced
fluorescence detection in rabbit plasma [12], and ex vive solid-phase microextraction coupled
to liquid chromatography-tandem mass spectrometry in lung tissue [13].

The most important for utilization of electrochemical methods for anthraquinone drugs is
the presence of electrochemically active chinon-hydrochinon redox system, which can be
used for their voltammetric determination [ 14]. Various voltammetric methods have been
reported, using different types of electrode materials, e.g., silver solid amalgam electrodes
[15], a glassy carbon electrode modified with polyaniline [16], electrospun carbon nanofiber
and TiO? nanoparticles modified electrodes [17], and a hanging mercury drop electrode [18].
Among advantages of these methods belong their high sensitivity, simple electrode
preparation, high accuracy, precision and versatility and significantly lower operating costs
compared to modern instrumental separation methods [19-23]. Therefore, the electrochemical
methods present a viable alternative, especially in high-throughput applications.

Because in many cases, only a relatively small amount of the analyzed body fluid is
available, a miniaturized micro-volume voltammetric cell (MVVC) was recently developed
by our research group which is can be used for volumes as low as 20-50 pL and which was
successfully tested by the determination of sodium anthraquione-2-sulfonate [24].

Transfer processes of ionized DOX across a polarized liquid/liquid interfaces using the
voltammetric techniques have been recently investigated [25]. The authors studied basic
thermodynamic properties such as the formal transfer potential, partition coefficient and
Gibbs energy of DOX* transfer processes at the water/1,2-DCE (1,2-dichloroethane)
interface. Analytical part of the article is based on DC and differential pulse stripping
voltammetry at water/PVC-NPOE (2-nitrophenyl octyl ether) interface. The study presents
important dependence of standard Gibbs energy (Aw’Gpox") of DOX" transfer on pH from
which may be concluded that the protonated form of DOX* is dominant at pH values lower

pH < 8. Since the correlation of the ion transfer standard Gibbs energies across the
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water/TDMA-TFPB and water/1,2-DCE interface is close to 1:1 [26], the experimental value
of pH ~ 3 employed for the aqueous electrolyte (1 mmol L' HCI) in this study makes sure
that the DOX is in aqueous solution present exclusively in its protonated form.

In this article, we have used DOX as a representative of anthracycline anticancer drugs.
We have developed and compared two methods for its determination: a) differential pulse
cathodic stripping voltammetry (DPCSV) on polished silver solid amalgam electrode (p-
AgSAE) in the above mentioned MVVC [24] and differential pulse voltammetry (DPV) on
polarized liquid/liquid interface represented by a supported membrane prepared by
impregnating a polyvinylidenfluoride microporous filter with a room-temperature ionic liquid
(RTIL) tridodecylmethylammonium tetrakis[3,5-bis(trifluoro-methyl)phenyl]borate (TDMA-
TFPB).

2. Experimental Part

2.1. Reagents and Samples

All used reagents were dissolved in redistilled water (conductivity < 0.05 uS cm™') from
the purification system Millipore Direct-Q 3 UV water (Merck, Czech Republic).

The Britton - Robinson buffer (BRB) was prepared by mixing an appropriate amount of
0.04 mol L' of boric acid (H3BOs, p.a., Sigma-Aldrich, Czech Republic), 0.04 mol L™ acetic
acid (CH3COOH), 0.04 mol L' phosphoric acid (HzPOy) and 0.2 mol L' of sodium
hydroxide (NaOH) (all p.a., Merck, Czech Republic).

A stock solution of 1x10* mol L' DOX was prepared by dissolving an appropriate
amount of DOX (99.7 %, Alfa Aesar, USA) in redistilled water and stored in the dark at 5 °C.
The analyzed DOX samples of different concentrations were prepared by dilution of the stock
solution by the ultra-pure redistilled water and addition of BRB (Vpox solution/ Vere was 9:1).
Agar (p.a.) was purchased from Fluka BioChemika, Czech Republic. Sodium sulfite
(Na2S0s3, p.a.), sodium chloride (NaCl, p.a.), and potassium chloride (KCl, p.a.) were
purchased from Penta Svec, Czech Republic.

Analyzed model samples of human urine were obtained from a healthy 27-year-old female
volunteer. Tap water was obtained at J. Heyrovsky Institute of Physical Chemistry of the
Czech Academy of Sciences.

Doxorubicin hydrochloride and sodium tetrakis|3,5-bis(trifluoromethyl)phenyl]borate
dihydrate (NaTFPB) were obtained from Alfa Aesar and Dojindo Laboratories, respectively.
Tetraethylammonium chloride (TEACI), tridodecylmethylammonium chloride (TDMACI)
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and LiCl were purchased as analytical grade chemicals from Fluka. All substances were used
as received without any other purification. Room-temperature ionic liquid (RTIL) TDMA-
TFPB was prepared by metathesis from the corresponding salts in acetone. The resulting
solution was filtered and purified using a column filled with aluminum oxide (Fluka, for

chromatography). After evaporation of acetone the obtained RTIL was several times washed

with deionized water and dried out in a laboratory oven at a temperature not exceeding 75 °C.

2.2. Instrumentation

2.2.1. Voltammetry in micro-volume voltammetric cell

Electrochemical measuring system was analogous to that described in ref. [24].

Voltammetric measurements in MVVC were carried out using an Eco-Tribo-Polarograph
(ETP) (Polaro-Sensors, Czech Republic) controlled by MultiElchem (version 3.1) software.
Following three-electrode arrangement was used: the reference electrode - Ag|AgCl
(3 mol L™! KCI) (Monokrystaly, Czech Republic), the auxiliary electrode - platinum wire (&
1 mm, Monokrystaly, Czech Republic), and the working electrode p-AgSAE inserted in the
MVVC (& 0.5 mm, lab-made in the J. Heyrovsky Institute of Physical Chemistry of the
Czech Academy of Sciences, Czech Republic) [15].

The separating agar membrane of MVVC was prepared by adding of 0.2 g agar powder to
10 mL of 0.1 mol L' NaCl. Then the solution was heated up on a water bath until complete
agar powder dissolving. The agar membrane was formed on the bottom of the micro-volume
sample compartment of the used MVVC [24].

The p-AgSAE had to be mechanically renewed by polishing on fine task wipes (Kimtech
Science Delicate Task Wipes, Kimberly-Clark, France) before each set of measurements.
Thereafter, its surface was activated by insertion of the cleaning potential of ~2200 mV for
300 s in 0.2 mol L™! KCI. Before each recording of voltammetric curve, p-AgSAE was
electrochemically regenerated by potentials pulses Ereg,1 of -1050 mV and Eyeg 2 of 480 mV,
each for 0.1 s and applied 200 times.

Oxygen was removed by nitrogen passing through and over the cell. All measurements
were carried out at laboratory temperature (25 + 2 °C).

DOX samples were analyzed using DPCSV applying following parameters: scan rate (v)

of 20 mV s, pulse height (Epuise) of =50 mV, pulse width (fpuise) of 100 ms, sweep potential
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range (Erange) from initial potential (Ein) of —200 mV to final potential (Efin) of =800 mV,
accumulation potential (Eqec) of =300 mV, and accumulation time (f.cc) of 120 s.

50 pL of tap water or of model human urine (human urine was initially diluted 1:1 by
deionized water) were spiked with DOX solution containing 10% v/v of BRB (Vbox
solution/ VBre was 9:1). Resulting concentrations of DOX in analyzed samples amounted to
1 and 10 pmol L™, respectively. Solutions with standard additions were prepared in
Eppendorf tubes and afterwards they were transferred to the glass tube with the agar
membrane surface on the bottom. Finally, the working electrode was immersed into MVVC
for the DPCSV experiment. All statistical parameters (e.g., limits of detections (LODs), limits
of quantifications (LOQs), slopes, confidence intervals were calculated were calculated as
described in [27]. The direct signal method according to IUPAC has been used for LODs and
LOQs calculations [27].

2.2.2. Voltammetry on polarized liquid/liquid interface

The most important part of the electrochemical cell used for voltammetric experiments
performed on polarized liquid/liquid interfaces is the supported membrane which has been
prepared by impregnating a polyvinylidenfluoride microporous filter (Millipore, type GVHP
1300, pore size of 0.22 pm, thickness of ~112 pm) with TDMA-TFPB [28]. The membrane
disk (& 0.9 cm) was cut off from the impregnated filter and mounted in a home-made four-
electrode cell [29]. The area of the membrane exposed to the aqueous electrolyte solution was
0.0707 ecm?. All voltammetric experiments were performed at the ambient temperature of
25+2 °C using the cell with the TDMA-TFPB membrane, which can be described by the

following Scheme 1,

Ag|AgCl|1mM HCI (w’) [TDMA-TFPB (0)|lmM HCI, x pmol L' R* (w) |AgCl|Ag
(Scheme 1)

where 1 mmol L' HCI serves as an acidic electrolyte (pH ~ 3), x = 1 — 40, R represents
chloride salts of the internal standard cation TEA" or the investigated protonated doxorubicin
(DOX") and (0) denotes the RTIL organic phase. Both reference Ag|AgCl electrodes were
connected to the aqueous phases (w) and (w”) through the Luggin capillary the tip of which

was filled with the aqueous agar gel containing 100 mmol L' LiCl. The cell potential E
(Eq. 1,
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E= @Ag - @Agl = Auwﬁo == A“W"gg = Erer (I )

was controlled by the CHI potentiostat (Model 920C, CH Instruments, USA) equipped with
the automatic compensation of the ohmic potential (IR) drop. The instrument was also used
to measure the complex impedance of the cell enabling to estimate the solution resistance

(typically 60 — 110 k€) for the adjustment of the ohmic potential drop compensation.

The cyclic voltammograms (CV) of the univalent ion transfer were characterized using the
midpoint potential which is defined as Ey = (Ep+ + Ep-) /2, where Ep+ and E,- are the
positive and negative voltammetric peak potentials, respectively, and by the positive peak
current I,*. The transfer of the single charged ion or mono-protonated DOX is generally
controlled by the linear diffusion. The peak current I,* (in A) is then described by the
equation (Eq. 2) [30],

Ip+ = (2.31 x 10°) A (D v)"2 P )

where D} is the ion diffusion coefficient in the aqueous phase in cm? s7!, A is the interfacial

area in cm?, v is the sweep rate in V s ™!, and ¢*" is the bulk ion concentration in mol cm 3.
DPV experiments were carried out using the cell characterized by the Scheme 1 as well.

Experimental parameters were set as follows: Amplitude of 50 mV, potential increment of

4 mV, potential pulse width of 0.2 s, sampling time 0.02 s, pulse period of 0.5 s (corresponds

to scan rate 8 mVs ') and 30 s of preconditioning. DPV curves were background corrected.

3. Results and Discussions

3.1. Determination of doxorubicin in the micro-volume voltammetric cell

Firstly, the influence of pH on DPV behavior of DOX (Fig. 2) was investigated (sample
volume of 50 pL) on p-AgSAE. Under alkaline conditions of pH 8 and higher, DOX
degrades to several different products [31]. pH 6 was chosen, as it provided well developed

peak with highest I, (Fig. 3). Cyclic voltammetry and elimination voltammetry were also
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used for study of the DOX voltammetric behavior. CV showed one cathodic and one anodic
peak (Fig. 2, inset). The CV peaks correspond to a quasireversible process. The inset in Fig. 2
exhibits relatively broad cathodic peak. The elimination voltammetry with linear scan
(EVLS) [32-34] separated this signal into two peaks (at =500 mV and —650 mV at pH 6).
This method confirmed that both cathodic processes are diffusion controlled at lower scan
rate set (10, 20 40, and 80 mV s7!) as well as at higher scan rate set (80, 160, 320, and 640
mV s7'). On the other hand, the elimination anodic signal remained unseparated as one peak.
In the case of the anodic as well as both cathodic peaks, the influence of adsorption was
confirmed using EVLS. More precisely, it was revealed that all processes occur in weakly-
adsorbed state. Due to the fact that the ratios of elimination peak heights vs. elimination
counter-peak heights did not correspond to the theoretical value 3:4, we can conclude that
adsorption is relatively weak in the case of the anodic signal and very weak in the case of the

cathodic signal [35].
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Fig. 2. DP voltammograms of 1x10*#mol L' DOX on the p-AgSAE in BRB pH 2 - 8 (values
given above the curve) after bubbling with nitrogen. Scan rate (v) of 20 mV s, pulse height

(Eputse) of =50 mV, pulse width (fpuise) of 100 ms, potential range (Erange) = —100 to =900 mV.
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Presence of air oxygen has led to background rise and subsequent decrease of DOX peak
current. Two ways of oxygen removal were therefore tested: a) addition of 20 mg of Na>SOs;
b) bubbling of the analyzed solution with N2 (Fig. 3). The use of solid sodium sulfite in acidic
solutions is not appropriate due to its decomposition under such conditions [36], oxygen
removal by NaaSO3 was hence tested at pH 6 and pH 7. At both tested pH values, i.e., at pH 6
(Fig. 3.A) and at pH 7 (Fig. 3.B), addition of Na>SOs has led to decrease of DOX peak
current, presumably corresponding to undesirable reduction of DOX by the Na2SOs. Nitrogen

bubbling was therefore chosen as the optimum procedure and used for all further

measurements.
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Fig. 3. DPCS voltammograms of DOX (cpox = 1%¥10* mol L!) on the p-AgSAE in the
MVVC in BRB (A: pH 6 and B: pH 7). Curves: Black: before oxygen removing, Blue: with
NaxSOz3; Red: after bubbling with nitrogen. Parameters: v of 20 mV s Epuise of =50 mV, fpuise
of 100 ms, Eunge = 0 to —1700 mV, accumulation potential (Eic) of —300 mV, and

accumulation time (faec) of 120 s.

Then, influence of the used Eicc and f.cc on signal height and signal repeatability was
optimized (Fig. 4). Ewcc was optimized in the potential range from 200 mV to -300 mV
(at <400 mV DOX reduction starts at p-AgSAE). The highest and sufficiently reproducible
peak was observed at the accumulation potential of —300 mV, difference between peak
currents at 200 mV and —300 mV was more than 50 %. After that, f.cc was investigated in the
range from 0 s to 180 s (Fig. 4.B). The peak current increased with increasing accumulation
time, the difference between peaks at fuce = 120 s and face = 180 s was, however, not too

significant (about 14 % only). Moreover, the repeatability of the experiments gradually
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decreased with increasing facc. Therefore, for further measurements face =120 s was chosen as

optimum accumulation time.
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E,.(mV) L (s)
Fig. 4. The dependence of peak current of DPCSV of DOX model sample (cpox = 1x107°

mol L") on the p-AgSAE in the MVVC in BRB (pH 6) after bubbling with nitrogen on Ec
(A) and #4ec (B). (v=20 mV s Epuse = =50 mV:; fpuise = 80 ms; Erange = 0 to —1700 mV. A:
tace = 30 83 Eaee = 200, 100, 0, —100, -200 and 300 mV; B: Euc =300 mV; taee = 0, 10, 30,

60, 90, 120, 150 and 180 s). The error-bars correspond to the calculated confidence intervals

on the level of significance a = 0.05.

Afterwards, the concentration dependence of peak current on DOX concentration was
investigated in two concentration ranges: from 0.6 ymol L' to 100 umol L' (Fig. 5) and
from 0.6 pmol L™ to 6 umol L™ (Fig. 6) using DPCSV on p-AgSAE under the above-
mentioned optimized conditions. In the whole investigated concentration interval, the
dependence could be approximated by an adsorption isotherm (Fig. 5). This confirms the
above-mentioned conclusion of EVLS about the influence of week absorption on the
recorded processes. The recorded DOX concentration dependence was linear in the range
from 0.6 umol L' to 10 pmol L' (Fig. 6).

The achieved chemometric parameters have been summarized in Table 1. The
repeatability of measurement was 3.7% on the concentration level of 0.6 umol L' and 3.2%

on the concentration level of 100 pmol L™" (for 10 measurements).
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Fig. 5. DPCS voltammograms of DOX model sample (¢ = 0.6 pmol L' - 100 pmol L)

on p-AgSAE in BRB (pH 6) after oxygen removal by bubbling with Na. (v =20 mV s°'; Epue
=50 mV; fpuise = 80 ms; Erange = 200 - =800 mV, Eyc =300 mV, fucc = 120 5). Baseline is
depicted in black. Inser: Corresponding concentration curves with linear (red) and polynomial

(green) approximations. The error-bars correspond to the calculated confidence intervals on

the level of significance a = 0.05.
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Fig. 6. DPCS voltammograms of DOX model sample (¢ = 0.6 umol L™' - 6 umol L™!) on

p-AgSAE in BRB (pH 6) after oxygen removal by bubbling with N2. (v=20 mV s '; Epise =
=50 mV; tpuise = 80 ms; Erange = —200 to —800 mV, Eucc =300 mV, fuce = 120 s). Baseline is
depicted in black. Inset: Corresponding concentration curve with linear approximation. The

error-bars correspond to the calculated confidence intervals on the level of significance

a = 0.05.

Table 1
Parameters of DOX concentration dependences measured by DPCSV on p-AgSAE in BRB

(pH 6) after oxygen removal by bubbling with N2. Confidence intervals were calculated on

the level of significance o = 0.05; r - correlation coefficient.

Concentration range Slope Intercept r LOD
umol L™ nA L pmol™! nA pumol L™!
0.6-10 -5.61+0.26 -3.7+14  -0.999 0.44
0.6 - 100 -3.78+0.18 -126+7.5 -0997 5.49
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3.1.1. Model samples of doxorubicin - spiked tap water and human urine

The applicability of the developed DPCSV method on the p-AgSAE for DOX
determination in real samples was tested using spiked tap water and human urine samples.
Each measurement was repeated five times and statistically evaluated. The results are
summarized in Table 2. It could be concluded that no any interfering substances present in

spiked tap water and human urine have been found.

Table 2
Determination of DOX by DPCSV on the p-AgSAE in spiked model sample solutions (tap
water and human urine) in the MVVC. Oxygen was removed by bubbling with nitrogen.

Confidence intervals were calculated on the level of significance o = 0.05.

Tap water Urine

Added Found Recovery RSD| Added Found Recovery RSD
pmol L' pmol ! % % |pmolL'  pmol L % %

1.0 1.072+0.070 100.6+6.6 5.9 1.0 1.010£0.061 100.7+6.6 4.3

10 1.059+0.090 105.149.0 5.6 10 1.050+0.072 105.1£6.3 5.0

3.2 Cyclic and differential pulse voltammetry on polarized liquid/liquid interfaces

3.2.1. Cyclic voltammetry on polarized liquid/liquid interface

Fig. 7 shows several voltammograms of DOX cation overlapped by two ones of the TEA*
cation, which is used as the internal reference ion for voltammetry on polarized liquid/liquid
interfaces. The positive peak currents I,* for both transferred ions are proportional to their
concentration in compliance with Eq. 2, see the inset in Fig. 7, and derived ion diffusion
coefficients for TEA* and DOX" equal to Drea® = 1.8x107° em? 57! and Dpox" = 6.9x107% cm?®
s~!, respectively. Em represents a reasonable estimate of the reversible half-wave potential
E\2"" and may be considered as a measure of the standard Gibbs energy of the ion transfer
from the aqueous phase (w) to the TDMA-TFPB phase (0), A% G?. This parameter is believed
to reflect a degree of the ion lipophilicity, which plays the key role in transport processes in
the liquid membrane systems. The rigorous procedure for the evaluation of A),G° for the

DOX" cation is based on the determination of midpoint potential E,, for the DOX" cation and
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TEA" transfers [28, 37]. Using the simplified procedure based on the known value of
A% G4, i.e. —3.3 kI mol™', for the TEA" ion transfer across the water/TDMA-TFPB

interface [37], and considering the direct proportionality (Eq. 3),
A%,GY = -3.3x10% + FAEy 3)

where AEn is the difference between the midpoint potentials for the DOX" cation and TEA®,
then the standard Gibbs energy of the DOX" transfer equals to A, G5,y = 27.9 kJ mol™', the

value of which points to a quite low lipophilicity.

0.5 v T d T g T g T

04

03

0 10 20 30 40

¢ (umol L")

0.2

0.1

I (nA)

0.0

0 200 400 600 800 1000

Fig. 7. Cyclic voltammograms (v = 10 mV s ') measured using the TDMA-TFPB membrane
cell (Scheme 1) in the absence (black line) and in the presence of 10 and 30 pmol L™' TEA*
(red lines) and 10, 20, 30, and 40 pmol L' DOX™ (blue lines) in the aqueous phase (pH~3).
Inset: Dependence of the forward peak currents I,” on the TEA™ (red points) and DOX" (blue

points) concentrations.

3.2.2. Differential pulse voltammetry on polarized liquid/liquid interface
Illustrative DPV voltammograms of DOX™ measured in the concentration range from 1 to
10 pmol L' are depicted in Fig. 8. The dependence of the positive DPV peak current on the

DOX" concentration is linear in the whole tested concentration range and may be presumably
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extended to higher concentrations (till about 40 pmol L™"). Compare to the differential pulse
stripping voltammetry (DPSV) of DOX" on water/PVC-NPOE interface described at [25], the
DPV LOD for DOX" estimated in this study is at least one order of magnitude lower

(LOD = 0.84 umo.L™"), most likely thanks to much better temperature and chemical stability
of the water/TDMA-TFPB interface. Sensitivity of the DPV peak current vs. DOX"
concentration dependence (see the inset in Fig. 8) has the potential to reach significantly
lower detection limit for its determination. However, DOX molecule tends to adsorb on
voltammetric cell walls (on both glass and Plexiglas®) and therefore its concentrations well

below 1 pmol L' are difficult to detect.

0.16

0.14

0.12

0.10

0.08

I (nA)

0.06

E (mV)

Fig. 8. Background corrected DP voltammograms of 0, 2, 3, 4, 5, 6, 7, 8, and 9 umol L'
DOX" transfers from the aqueous phase (pH~3) measured using the TDMA-TFPB membrane
cell (Scheme 1). Inset: Dependence of the forward peak current [, on the DOX'

concentration ¢ (1 - 10 umol L ™! with 1 pumol L ™! increment).

However, DOX determination in body fluids is considerably troublesome since those
fluids contain high concentration of electrolytes (NaCl, etc.) which narrow the potential
window and DOX™* transfer is close to its edge. Moreover, presence of significant amount of

charged lipophilic compounds (amines, amino acids, etc.) blocks the water/TDMA-TFPB
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interface. From this point of view, coupling of separation and voltammetric techniques seems

to be necessary.

4. Conclusions

A rapid, simple, and sensitive DPCSV method for the determination of DOX on p-AgSAE
using MVVC in aquatic and body fluids samples was developed. The calibration curve in
BRB (pH = 6) was linear in the concentration range from 0.6 to 10 pmol L', with the LOD
0.44 umol L', The repeatability of measurement was 3.7% for concentration of 0.6 pmol L™
and 3.2% for concentration of 0.1 mmol L', Applicability of the method was tested on
spiked samples of tap water (recovery 100.6+6.6%, RSD 5.9%, on the DOX level 1 pmol
L") and urine (recovery 100.746.6%, RSD 4.3%, on the DOX level of | pmol L™"). Those
results demonstrate the practical applicability of the developed DPCSV method on p-AgSAE
for sensitive determination of anti-cancer drugs in small volumes (50 pL) using the MVVC.

Similar results with LOD (0.84 pmol L") and LDR (from 1 to 40 pmol L"), have been
achieved using DPV on polarized liquid/liquid interface represented by a supported
membrane prepared by impregnating a polyvinylidenfluoride microporous filter with a room-
temperature ionic liquid (RTIL) tridodecylmethylammonium tetrakis[3,5-bis(trifluoro-
methyl)phenyl]borate (TDMA-TFEPB). However, comparison to the DPCSV method, this
liquid/liquid method does not seem applicable for DOX determination in body fluids in
concentration order of pmol L™' due to the presence of interfering compounds (e.g.,
chlorides) and of charged lipophilic compounds (amines, amino acids, etc.). Therefore, a

separation step must be inserted before polarized liquid/liquid interface voltammetric step.
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Tables

Table 1

Parameters of DOX concentration dependences measured by DPCSV on p-AgSAE in BRB

(pH 6) after oxygen removal by bubbling with N2. Confidence intervals were calculated on

the level of significance a = 0.05; r - correlation coefficient.

20

Concentration range Slope Intercept r LOD
umol L™ nA L pmol™ nA pmol L™
0.6-10 -5.61 +0.26 -3.7+14  -0.999 0.44
0.6-100 -3.78 +0.18 -12.6+7.5 -0.997 5.49
Table 2

Determination of DOX by DPCSV on the p-AgSAE in spiked model sample solutions (tap

water and human urine) in the MVVC, Oxygen was removed by bubbling with nitrogen.

Confidence intervals were calculated on the level of significance o = 0.05.

Tap water Urine
Added Found Recovery RSD| Added Found Recovery RSD
pumol L' pmol L' % % |umolL™'  pmol L™ % %
1.0 1.072+0.070 100.6+6.6 5.9 1.0 1.010£0.061 100.7£6.6 4.3
10 1.059+£0.090 105.149.0 5.6 10 1.050+0.072 105.1=6.3 5.0
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Legend for Figures

Fig. 1. Structural formula of doxorubicin.

Fig. 2. DP voltammograms of 1x10*mol L"! DOX on the p-AgSAE in BRB pH 2 - 8 (values
given above the curve) after bubbling with nitrogen. Scan rate (v) of 20 mV s™', pulse height
(Epuise) of =50 mV, pulse width (fpuise) of 100 ms, potential range (Erange) = —100 to =900 mV.

Fig. 3. DPCS voltammograms of DOX (cpox = 1%10* mol L") on the p-AgSAE in the
MVVC in BRB (A: pH 6 and B: pH 7). Curves: Black: before oxygen removing, Blue: with
NaySO0s; Red: after bubbling with nitrogen. Parameters: v of 20 mV s, Epuise of =50 mV, #puise
of 100 ms, Eunge = 0 to —1700 mV, accumulation potential (Eic) of 300 mV, and

accumulation time (fuec) of 120 s.

Fig. 4. The dependence of peak current of DPCSV of DOX model sample (cpox = 1x107°
mol L ') on the p-AgSAE in the MVVC in BRB (pH 6) after bubbling with nitrogen on Eucc
(A) and faee (B). (v=20mV s™"; Eputse = =50 mV; fpuise = 80 ms; Erange = 0 to —1700 mV. A:
tace = 30 83 Eace = 200, 100, 0, —100, —200 and 300 mV; B: Ey.c = -300 mV; tuee = 0, 10, 30,
60, 90, 120, 150 and 180 s). The error-bars correspond to the calculated confidence intervals

on the level of significance a = 0.05.

Fig. 5. DPCS voltammograms of DOX model sample (¢ = 0.6 pmol L' - 100 pmol L")

on p-AgSAE in BRB (pH 6) after oxygen removal by bubbling with Na. (v=20 mV s™'; Epue
=-50 mV; fpuise = 80 ms; Erange = —200 - =800 mV, Eiycc = —300 mV, tace = 120 s). Baseline is
depicted in black. Inset: Corresponding concentration curves with linear (red) and polynomial
(green) approximations. The error-bars correspond to the calculated confidence intervals on

the level of significance a = 0.05.

Fig. 6. DPCS voltammograms of DOX model sample (¢ = 0.6 pmol L™" - 6 yumol L™') on
p-AgSAE in BRB (pH 6) after oxygen removal by bubbling with Na. (v =20 mV s '; Epuise =
=50 mV; tpuise = 80 ms; Ernge = —200 to —800 mV, Eucc =300 mV, fucc = 120 5). Baseline is

depicted in black. Inset: Corresponding concentration curve with linear approximation. The
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error-bars correspond to the calculated confidence intervals on the level of significance

a=0.05.

Fig. 7. Cyclic voltammograms (v = 10 mV s ') measured using the TDMA-TFPB membrane
cell (Scheme 1) in the absence (black line) and in the presence of TEA™ 10 and 30 pmol L
(red lines) and DOX* 10, 20, 30, and 40 pmol L' (blue lines) in the aqueous phase (pH~3).
Inset: Dependence of the forward peak currents I, on the TEA* (red points) and DOX" (blue

points) concentrations.

Fig. 8. Background corrected DP voltammograms of 0, 2, 3, 4, 5, 6, 7, 8, and 9 umol L
DOX" transfers from the aqueous phase (pH~3) measured using the TDMA-TFPB membrane
cell (Scheme 1). Inset: Dependence of the forward peak current ,” on the DOX"*

concentration ¢ (1 - 10 umol L' with 1 pmol L' increment).
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Figures

H3C‘°"‘ ‘”"NHZ

Otee-
2

Fig. 1. Structural formula of doxorubicin.
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Fig. 2. DP voltammograms of 1x10~* mol L™ DOX on the p-AgSAE in BRB pH 2 - 8 (values
given above the curve) after bubbling with nitrogen. Scan rate (v) of 20 mV s™', pulse height

(Epuise) of =50 mV, pulse width (fpuise) of 100 ms, potential range (Ernge) = —100 to —900 mV.
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Fig. 3. DPCS voltammograms of DOX (cpox = 1%10~ mol L") on the p-AgSAE in the
MVVC in BRB (A: pH 6 and B: pH 7). Curves: Black: before oxygen removing, Blue: with
Na>SO3; Red: after bubbling with nitrogen. Parameters: v of 20 mV s™', Epuise of =50 mV, fouise
of 100 ms, Ennge = 0 to —1700 mV, accumulation potential (Eacc) of =300 mV, and

accumulation time (facc) of 120 s.
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Fig. 4. The dependence of peak current of DPCSV of DOX model sample (cpox = 1x10°°

mol L) on the p-AgSAE in the MVVC in BRB (pH 6) after bubbling with nitrogen on Eqcc
(A) and foee (B). (v=20 mV 575 Epuse = —50 mV: fpuise = 80 ms; Erange = 0 to —1700 mV. A:

tace = 30 83 Eace = 200, 100, 0, —100, —200 and —300 mV: B: Euy.c = 300 mV; . = 0, 10, 30,
60, 90, 120, 150 and 180 s). The error-bars correspond to the calculated confidence intervals

on the level of significance a = 0.05.
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Fig. 5. DPCS voltammograms of DOX model sample (¢ = 0.6 pmol L'~ 100 pmol L")

on p-AgSAE in BRB (pH 6) after oxygen removal by bubbling with Na. (v =20 mV s°'; Ejue
=50 mV; tpuise = 80 ms; Erange = —200 - =800 mV, Eice = 300 mV, tuee = 120 s). Baseline is
depicted in black. Inser: Corresponding concentration curves with linear (red) and polynomial

(green) approximations. The error-bars correspond to the calculated confidence intervals on

the level of significance a = 0.05
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Fig. 6. DPCS voltammograms of DOX model sample (¢ = 0.6 umol L' - 6 umol L™!) on

p-AgSAE in BRB (pH 6) after oxygen removal by bubbling with N2. (v=20 mV s '; Epulse =
=50 mV; tpuise = 80 ms; Erange = —200 to =800 mV, Eucc =300 mV, fuce = 120 5). Baseline is
depicted in black. Inset: Corresponding concentration curve with linear approximation. The

error-bars correspond to the calculated confidence intervals on the level of significance

a = 0.05.
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Fig. 7. Cyclic voltammograms (v = 10 mV s ') measured using the TDMA-TFPB membrane
cell (Scheme 1) in the absence (black line) and in the presence of TEA* 10 and 30 pmol L'
(red lines) and DOX" 10, 20, 30, and 40 pmol L' (blue lines) in the aqueous phase (pH~3).
Inset: Dependence of the forward peak currents I,* on the TEA" (red points) and DOX" (blue

points) concentrations.
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Fig. 8. Background corrected DP voltammograms of 0, 2, 3, 4, 5, 6, 7, 8, and 9 umol L'
DOX" transfers from the aqueous phase (pH~3) measured using the TDMA-TFPB membrane
cell (Scheme 1). Inset: Dependence of the forward peak current /,* on the DOX"

concentration ¢ (1 - 10 umol L™! with 1 pmol L™" increment).
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