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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 µL min−1. 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 



12 

 

prepared on a polycarbonate carrier placed between two Teflon cups and two glass 

tubes (containing 0.1 mol L−1 KCl 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, 

Pb2+ 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 

Předložená disertační práce je zaměřena na vývoj elektrochemických metod pro 

sledování vybraných protinádorových léčiv s použitím různých typů membrán pro jejich 

předběžnou separaci a studiu transportu těžkých kovů za přítomnosti fytochelatinů přes 

biologickou membránu. 

Jako modelová látka z oblasti protinádorových léčiv byla použita dobře dostupná 

sodná sůl kyseliny anthrachinon-2-sulfonové (AQS), neboť je strukturně podobná 

protinádorovým léčivům odvozeným od anthrachinonu (doxo/daunorubicin), která jsou 

snadno elektrochemicky oxidovatelná i redukovatelná. 

Voltametrické chování AQS bylo studováno v katodické oblasti pomocí cyklické 

voltametrie (CV) a diferenční pulzní voltametrie (DPV) na rtuťovým meniskem 

modifikované (m-AgSAE) a na leštěné stříbrné amalgámové (p-AgSAE) elektrodě, 

Získané výsledky byly použity k vývoji mikroobjemové voltametrické cely (MVVC). 

Vhodnost MVVC k voltametrickému stanovení protinádorových léčiv byla následně 

potvrzena použitím doxorubicinu (DX) jako další modelové látky. 

Druhá část práce se zabývá terapeutickým sledováním protinádorových léčiv 

v krevním oběhu pacienta. K pilotním experimentům byl použit průtokový systém 

s dialyzačním katetrem a ampérometrickou detekcí. Bylo pracováno při rychlosti 

průtoku mobilní fáze (fyziologického roztoku (0.9% roztok NaCl)) 5 a 500 µL min−1. 

Byla testována řada pracovních elektrod a uspořádání, přičemž jako optimální se 

ukázala duální pracovní elektroda ze skelného uhlíku (dualGCE), kdy na první 

elektrodu byl aplikován potenciál −1200 mV a na druhou −900 mV. V tomto 

uspořádání pak bylo možné stanovovat AQS tak, že na první elektrodě dualGCE došlo 

díky vysokému vkládanému potenciálu (1200 mV) k redukci kyslíku a AQS. Na druhé 

elektrodě dualGCE byl pak redukován/oxidován AQS v závislosti na rychlosti průtoku 

mobilní fáze. Roztok v okolí této elektrody byl bez přítomnosti kyslíku, a signál AQS 

jím tak nebyl ovlivněn. 

Poslední část práce je zaměřena na sledování fytochelatinu a studium jeho 

přenosu přes modelovou fosfolipidovou membránu (PLM). Tato membrána byla 

vytvořena na polykarbonátovém nosiči umístěném mezi dvěma Teflonovými kloboučky 

a oddělovala roztoky v dvou skelněných trubičkách, které obsahovaly 0.1mol L−1 KCl a 
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studované látky, a představovaly extracelulární a intracelulární prostor. Na PLM byl 

vložen konstantní potenciál a byla sledována závislost imaginární části elektrochemické 

impedance na reálné (Nyquist graf). Obsah fytochelatinu, Pb2+ iontů a komplexů Pb-

fytochelatin byl sledován a stanovován pomocí DPV a chronopotenciometrie na visící 

rtuťové kapkové elektrodě a CV na uhlíkové pastové elektrodě 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. Heyrovský 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, Gonçalves 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 821, 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 für 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 

Heyrovský 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 
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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. 

  

https://en.wikipedia.org/wiki/Oligomer
https://en.wikipedia.org/wiki/Chelator
https://en.wikipedia.org/wiki/Heavy_metals
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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]. 

 

 

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

C: idarubicin. 

 

C 

B

 

A 
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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 

Q2−, 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]. 

 

 

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 µL−1 [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−1 (λ = 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 µmol L−1 on a polished silver solid amalgam electrode (p-AgSAE) and 0.6 µmol L−1 

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 µmol L−1 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 14C-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 Fe3O4@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−1) 

[31], DPV on graphene quantum dot modified glassy carbon electrode (GCE) in human 

plasma (LOD of 0.016 µmol L−1) [32], and DPV on p-AgSAE in MVVC (LOD of 

0.44 µmol L−1) 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−1) [33], capillary electrophoresis with 

laser-induced fluorescence detection in cell lysate (LOD of 4.9 ng mL−1) [34], and solid-

phase microextraction coupled with liquid chromatography-tandem mass spectrometry 

in lung tissue (LOD of 2.5 µg g−1 of tissue) [35]. 

2.2 Phytochelatins 

Phytochelatins (Fig. 2.4), are peptides with the primary structure of (γ-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 γ-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 (PC2, L-γ-

glutamyl-L-cysteinyl-L-γ-glutamyl-L-cysteinylglycine, CAS Number N/A) was used. 

Various studies related to binding of PC2 with Cd, Pb and a few other cations can be 

found in the literature [36, 39]. 

 

 

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]). 

PC2 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 µmol L−1) [40], direct current 

voltammetry on a copper solid amalgam electrode (LOD of 2.1 – 2.6 nmol L−1) [41], 

pneumatically assisted electrospray ionisation tandem mass spectrometry (LOD of 

9 µg L−1) [42] or high-performance liquid chromatography with fluorescence detection 

(LOD of 9 nmol L−1) [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−1 or even of 1 pmol L−1 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 PC2 with 

Pb2+ 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 (Ø 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. Heyrovský 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-electrode arrangement was used:  

p-AgSAE and m-AgSAE served as working electrodes, Ag/AgCl/KCl (sat.) electrode 

(Elektrochemické Detektory, Czech Republic) as a reference electrode, and a platinum 

wire (Ø 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 (Ø 3 mm), of an Ag/AgCl/KCl (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-
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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-PC2 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/AgCl/KCl (sat.) electrode (Elektrochemické Detektory, Czech Republic), an 

auxiliary electrode: a platinum wire (Ø 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 Ø 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 µmol L−1 on p-AgSAE and 

0.4 µmol L−1 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]. 

 



29 

 

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 µL, 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]. 

 

 

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−1 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−1 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]. 

 

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 Na2SO3 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 µmol L−1 and 0.15 µmol L−1, 

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 µmol L−1) and urine (at the concentrations of 

DX from 2 to 200 µmol L−1) 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 Na2SO3 as BRB of 

more acidic pH was used as a supporting electrolyte. By this method, LOD 0.2 µmol L−1 

was obtained and spiked human urine was tested with a recovery of 100.7 ± 6.6 % at 

concentration levels from 1 to 10 µmol L−1 [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−1 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 mm2) 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–1; pulse 

height (Ep) of −50 mV, and pulse width (tp) 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−1 KCl 

electrode (BVT Technologies, Czech Republic) and an auxiliary electrode a platinum 

wire (Ø 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 (Ip) 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 µmol L−1 (the 

equation of the linear dependence: Ip (nA) = –1370 (nA L mmol−1) × c (μmol L−1) +  

(–24.5) (nA). LOD 1.0 μmol L−1 was achieved. By these experiments, the applicability 

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

 

Fig. 4.3 DP voltammograms of AQS (c from 2 to 1000 µ mol L−1) on p-AgSAE in PS 

after oxygen removal by bubbling with N2. Parameters of DPV: v of 20 mV s–1; Epulse of 

−50 mV; tpulse 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 µmol L–1 with achieved LOD of 0.33 µmol L−1 (Fig. 4.4). 
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Fig. 4.4 Absorption spectra of AQS (c from 2 to 1000 µmol L−1) 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 µL min−1 and 5 µL min−1. 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 (%) = 
𝐃

𝐃+𝐀𝐟𝐭𝐞𝐫(𝐃)
 × 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 N2; 

applied DPV parameters: v of 20 mV s–1; Epulse of −50 mV; tpulse 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−1 were tested.  

cAQS before dialysis 

(µmol L−1) 

Flow rate 

(mL min−1) 

Recovery 

DPV: standard 

addition 

DPV: 

calibration 

dependence 

UV-VIS: 

calibration 

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  

(2× Ø 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 Ip of AQS on GCE 2) were achieved at a potential EGCE1 of −1200 mV and 

at EGCE2 −900 mV (conditions: cAQS of 10 µmol L−1, flow rate of 500 µL min−1, 

thickness of Teflon gasket of 127 μm, 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 µL 

min−1, thickness of Teflon gasket of 127 μm, EGCE1 of −1200 mV, EGCE2 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 (dualGCE) (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 µmol L−1 AQS) was used, flow rate of 5 µL min−1, 

thickness of Teflon gasket of 127 μm, 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 µm, 127 µm, and 51 µm 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 µm 

(Fig. 4.7). 
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Fig. 4.7 Left: Time dependences of amperometric signals of PS with AQS (cAQS of 

100 μmol L−1) on dualGCE with employed 51 µm Teflon cell gasket, 127 µm Teflon 

cell gasket, and 380 µm Teflon cell gasket thickness. Right: Dependence of Ip 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  

α = 0.05 is displayed (for n = 6); Flow rate of 5 µL min−1, EGCE1 of −1200 mV, EGCE2 of 

−900 mV, syringe volume of 5 mL, volume of sample loop of 10 μL. 

 

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−1 (Fig. 4.8) and 

from 10 to 100 μmol L−1 (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 1.0 mmol L−1 was  

Ip (μA) = –4.64 (μA L mol−1) × c (mmol L−1) – 0.07 (μA). For the range from 0.01 to 

0.1 mmol L−1, it was Ip (μA) = –5.04 (μA L mol−1) × c (mmol L−1) – 0.01 (μA). The 

reached LOD was 15 μmol L−1. 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 μmol L−1 recorded on dualGCE. Right: Corresponding 

concentration dependence. Flow rate of 5 µL min−1, EGCE1 of −1200 mV, EGCE2 of 

−900 mV, syringe volume of 5 mL, 127 µm Teflon cell gasket thickness, volume of 

sample loop of 10 μL. 

 

Fig. 4.9 Left: Time dependences of amperometric signals of AQS with varying cAQS 

from 10 to 100 μmol L−1) recorded on dualGCE. Right: Corresponding concentration 

dependence. Flow rate of 5 µL min−1, EGCE1 of −1200 mV, EGCE2 of −900 mV, syringe 

volume of 5 mL, 127 µm Teflon cell gasket thickness, volume of sample loop of 10 μL. 
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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]. 

 

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−1 KCl). Parallel capacitor (Cp1) 

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, Rp – 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−1 KCl 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 KCl 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 Pb2+ of initial 

amount was transported when phytochelatin was absent. However, when solution 

contained both Pb2+ and PC2 (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 μL 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 µL min−1), was successfully 

tested. Furthermore, dependence of amperometric signals of AQS on its concentration 

on a dualGCE by using a low flow rate of 5 µL min−1 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. 

 LODAQS of the developed DPV method amounted to 1.0 µmol L−1 (on  

p-AgASE) and 0.4 µmol L−1 (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 µL; optimization of an agar membrane preparation. 

 MVVC testing in combination with DPV determination of AQS in model 

samples (LOD of 0.2 µmol L−1 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 µmol L−1 on 

p-AgSAE. 

 DX determined in tap water and human urine (recovery 100.7 ± 6.6 % (cDX of 

1.0 µmol L−1) 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 µL min−1 and 15.7 % for a flow 

rate of 5 µL min−1. 

 Optimized amperometric detection of AQS in liquid flow system with a flow 

rate of 5 µL min−1. Achieved LOD of 15 µmol L−1 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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