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Abstract 

Presented dissertation thesis is focused on the development of electrochemical 

methods for the determination of three important tumour biomarkers, namely 

homovanillic acid (HVA), vanillylmandelic acid (VMA), and 5-hydroxyindole-3-acetic 

acid (5-HIAA). 

First part of the study is focused on electrochemical behaviour of these analytes 

in batch arrangement using differential pulse voltammetry (DPV) at screen-printed 

carbon electrodes (SPCEs). It has been proved that presented method is sufficiently 

sensitive for monitoring above mentioned analytes. Moreover, it can be used  

for determination of HVA and VMA in mixture. Obtained limits of detection (LODs) 

were 0.24 µmol·L
–1

 for HVA, 0.06 µmol·L
–1

 for VMA, and 0.12 µmol·L
–1

 for 5-HIAA. 

The requirements to speed up the analysis and at the same time to reduce its 

price initialized our study of the determination of tested biomarkers in flow systems. 

Firstly, flow injection analysis with amperometric detection was investigated for the 

determination of all three biomarkers at the same SPCE, and then an analogous 

determination of structural more similar pair, HVA and VMA, was performed  

at a boron doped diamond electrode (BDDE). Obtained LODs of optimized methods 

were as follows: at SPCE 0.07 µmol·L
–1

 for HVA, 0.05 µmol·L
–1

 for VMA, 

 and 0.03 µmol·L
–1

 for 5-HIAA, respectively; at BDDE 0.44 µmol·L
–1

 for HVA  

and 0.34 µmol·L
–1

 for VMA, respectively.  

Furthermore, the determination of monitored biomarkers in human urine by 

HPLC with amperometric detection at a glassy carbon electrode was studied. After its 

optimization and the development of a simple urine samples pre-treatment procedure,  

a rapid determination of all three analytes in one chromatographic run of the urine 

sample was successfully performed with LODs 11.0 µmol·L
–1

 for HVA, 5.0 µmol·L
–1

 

for VMA, and 8.3 µmol·L
–1

 for 5-HIAA, respectively.  
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Abstrakt 

Předložená disertační práce je zaměřena na vývoj elektrochemických metod 

stanovení biomarkerů nádorových onemocnění: homovanilové (HVA), 

vanilmandlové (VMA) a 5-hydroxy-3-indoloctové (5-HIAA) kyseliny.  

V první části práce bylo zkoumáno elektrochemické chování těchto analytů 

ve vsádkovém uspořádání pomocí diferenční pulsní voltametrie (DPV)  

na sítotiskových uhlíkových elektrodách (SPCEs). Bylo prokázáno, že toto stanovení 

je dostatečně citlivé pro sledování těchto biomarkerů a že může být použito i pro 

stanovení HVA a VMA ve směsi. Získané meze detekce (LOD) byly 0,24 µmol·L
–1

 

pro HVA, 0,06 µmol·L
–1

 pro VMA a 0,12 µmol·L
–1

 pro 5-HIAA. 

Požadavky na zrychlení analýzy a zároveň snížení její ceny byly impulsem 

pro stanovení vybraných analytů v průtoku. Nejprve byla studována průtoková 

injekční analýza s amperometrickou detekcí pro stanovení všech tří biomarkerů  

na stejných SPCE, poté bylo podobné stanovení pro strukturně podobnější látky, 

HVA a VMA, v průtoku provedeno i na borem dopované diamantové elektrodě 

(BDDE). Po optimalizaci metod byly dosaženy následující LOD: s použitím SPCE 

0,07 µmol·L
–1

 pro HVA, 0,05 µmol·L
–1

 pro VMA a 0,03 µmol·L
–1

 pro 5-HIAA;  

s použitím BDDE 0,44 µmol·L
–1

 pro HVA a 0,34 µmol·L
–1

 pro VMA.  

Dále bylo studováno stanovení sledovaných biomarkerů v lidské moči 

metodou HPLC s amperometrickou detekcí na elektrodě ze skelného uhlíku. Po její 

optimalizaci a vyvinutí jednoduché předúpravy vzorků moči bylo úspěšně provedeno 

rychlé stanovení všech tří analytů v jedné analýze vzorku moči  

s LOD 11,0 µmol·L
–1

 pro HVA, 5,0 µmol·L
–1

 pro VMA a 8,3 µmol·L
–1

 pro 5-HIAA.  
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1 INTRODUCTION 

This dissertation thesis has been worked out at the Department of Analytical 

chemistry, Faculty of Science at the Charles University within the framework of a long-

term research at the UNESCO Laboratory of Environmental Electrochemistry in Prague 

to develop sensitive and selective analytical methods applicable for the determination  

of biologically active organic compounds important from the medicinal, 

pharmaceutical, toxicological, and environmental point of view. 

The dissertation thesis presents results obtained in the last five years and it 

is based on following five scientific publications [1-5], which are attached as 

Appendix parts I – V (Chapters 7 – 11). To distinguish the references to these 

publications in entire text of this dissertation thesis, corresponding numbers in 

square brackets are in bold. 

[1]  A. Makrlíková, J. Barek, V. Vyskočil, T. Navrátil, Electrochemical 

methods for the determination of homovanillic, vanillylmandelic, 

 and 5-hydroxy-3-indoleacetic acid as cancer biomarkers (in Czech), 

Chem. Listy 112 (2018) 605–615. 

[2]  A. Makrlíková, E. Ktena, A. Economou, J. Fischer, T. Navrátil,  

J. Barek, V. Vyskočil, Voltammetric determination of tumor biomarkers 

for neuroblastoma (homovanillic acid, vanillylmandelic acid,  

and 5-hydroxyindole-3-acetic acid) at screen-printed carbon electrodes, 

Electroanalysis 29 (2017) 146–153. doi:10.1002/elan.201600534. 

[3]  A. Němečková-Makrlíková, F.-M. Matysik, T. Navrátil, J. Barek,  

V. Vyskočil, Determination of three tumor biomarkers (homovanillic 

acid, vanillylmandelic acid, and 5-hydroxyindole-3-acetic acid) using 

flow injection analysis with amperometric detection, Electroanalysis 31 

(2019) 303–308. doi:10.1002/elan.201800540. 
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[4]  A. Němečková-Makrlíková, T. Navrátil, J. Barek, P. Štenclová, A. 

Kromka, V. Vyskočil, Determination of tumour biomarkers homovanillic 

and vanillylmandelic acid using flow injection analysis  

with amperometric detection at a boron doped diamond electrode, Anal. 

Chim. Acta 1087 (2019) 44–50. doi:10.1016/j.aca.2019.08.062.  

 [5]  A. Němečková-Makrlíková, J. Barek, T. Navrátil, J. Fischer,  

V. Vyskočil, H. Dejmková, Determination of tumour biomarkers 

homovanillic acid, vanillylmandelic acid, and 5-hydroxyindole-3-acetic 

acid in human urine using HPLC with electrochemical detection – 

submitted to Journal of Electroanalytical Chemistry (2020). 

 

The dissertation thesis has been submitted as a contribution to the increasing 

demand for inexpensive methods for monitoring of tumour biomarkers in biological 

fluids which can be miniaturized and simplified even up to the point-of-care testing 

(bedside testing) [6].  

The use of electroanalytical methods is beneficial in the case of monitoring large 

numbers of samples on routine basis. The main advantage is low-cost instrumentation 

and running costs in comparison with separation and spectrometric techniques. 

Electroanalytical methods provide short time of analyses with sufficient sensitivity  

and selectivity and the possibility of miniaturization and automation [7].  

Tumour biomarkers are biological molecules found in biological fluids mostly 

used for screening population for the presence of tumours, especially in patients with 

increased risk of tumours (or other diseases). Screening of biomarkers can help  

to diagnose occurrence of a tumour and predict its future behaviour; monitor 

malignancy at the time of remission or response to a current therapeutic intervention  

[8, 9]. 

Tumour biomarkers could be determined in a variety of biological fluids 

including saliva, serum, plasma, blood, sperm, breath, and urine. Unlike other body 

fluids, urine analysis has several advantages. Sampling is non-invasive and repeated 

sampling is not a problem, moreover, it does not require medical auxiliary staff.  

The analytical advantage is lower urinary protein content and hence a sample with less 

interferents. However, urine volume is variable in certain time unit and may vary with 

water consumption, physiological, and external factors. Consequently, the concentration 
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of biomarkers in urine varies and normalization is required in most cases, typically 

normalization related to urine volume, osmolality, or creatinine concentration [10, 11]. 

With respect to the above mentioned facts, the main aim of presented 

dissertation thesis was the development of sensitive electrochemical methods for the 

determination of three important tumour biomarkers, namely homovanillic acid (HVA), 

vanillylmandelic acid (VMA), and 5-hydroxyindole-3-acetic (5-HIAA) at different 

electrode materials. Second aim was to test simultaneous determination of three 

analytes in human urine. Biomarkers were determined at disposable screen-printed 

electrodes (SPCEs) in batch [2] and in flow [3] arrangement, at boron doped diamond 

electrode (BDDE) in flow arrangement [4], and at glassy carbon electrode (GCE)  

in flow arrangement (combination with HPLC) [5]. 
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2 OVERVIEW OF TESTED TUMOUR BIOMARKERS 

2.1 Analytes 

Homovanillic acid (HVA, 4-hydroxy-3-methoxyphenylacetic acid), 

vanillylmandelic acid (VMA, D,L-4-hydroxy-3-methoxymandelic acid),  

and 5-hydroxyindole-3-acetic acid (5-HIAA, 2-(5-hydroxy-1H-indol-3-yl)acetic acid) 

are well-known biomarkers of various diseases, including tumours. Biomarkers are 

biological molecules present in biological fluids or tissues, and represent pathological 

changes in human body, so monitoring of all changes ongoing in organism during  

the treatment is not only possible, but very easy. HVA and VMA are structurally related 

final products of catecholamine metabolism, HVA is a dopamine metabolite, VMA  

is an epinephrine (adrenaline) and norepinephrine metabolite. 5-HIAA is a breakdown 

product of serotonin (5-hydroxytryptamine) (Fig. 1) [12, 13].  

 

  HO

OH
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H3CO

          HO
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O

OH

H3CO

           
N
H

O
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         HVA                                    VMA                               5-HIAA 

Fig. 1. Structural formulae of HVA, VMA, and HIAA 

HVA, VMA, and 5-HIAA are present in various biological matrices, most often 

they are determined in urine [14], blood plasma or serum [15-17], cerebrospinal fluid 

[18], and brain tissues [19, 20]. Urine is the most common matrix for the determination 

of HVA, VMA, and 5-HIAA, their reference urinary concentrations vary from 8.2  

to 41.0 µmol·L
–1

 for HVA, from 11.6 to 28.7 µmol·L
–1

 for VMA, and 17.8 to 58.3 

µmol·L
–1

 for 5-HIAA [21]. Blood plasma or serum could be alternative to determination 

of these analytes in urine [22, 23], although plasma concentration values are 
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approximately 400 times lower and urine collection is easier to handle and it is easier  

to obtain in large quantities. 

Non-physiologically high values of concentration levels of HVA, VMA,  

and 5-HIAA in biological fluids can indicate several diseases including tumours.  

Concentrations of HVA and VMA are increased at patients suffering 

neuroendocrine catecholamine-producing tumours; neuroblastoma [24, 25] and 

pheochromocytoma [26, 27]. Neuroblastoma is the most common malignant tumour  

in babies; it is typically seen in patients less than 5 years old. Neuroblastoma arises 

from sympathetic ganglion cells and it has wide range of symptoms. Metastases could 

occur in bones, liver or lymph nodes [28, 29]. Pheochromocytoma is in the most cases 

benign tumour of adults between 40 and 50 years of life. It arises from the chromaffin 

cells of the adrenal gland and can metastasize into lungs, bones, liver, and lymph nodes 

[30, 31]. 

Elevating urinary level of 5-HIAA is associated with carcinoid tumours. Many 

carcinoid tumours are asymptomatic, 30-40% of patients with tumours have carcinoid 

syndrome, which is manifestation of carcinoid tumours with syndromes including skin 

flushing, asthma like wheezing attacks, and diarrhoea. Tumours are rare in adult 

population, sometimes they can metastasize [32, 33].  

Measuring HVA, VMA, and 5-HIAA in biological fluids can be useful  

for the diagnosis not only of tumours. They are (individually or together) connected 

with schizophrenia [34], Parkinson’s disease [35], autism [36], Tourette syndrome [37], 

Menkes disease [38], suicide attempts [39], depression [40], and posttraumatic stress 

disorder [41].  

 

2.2 Methods of determination 

The determination of HVA, VMA, and 5-HIAA requires selective and sensitive 

analytical methods because of their similar structures and low concentration levels 

 in biological fluids. The most frequently used methods for the determination of all three 

mentioned biomarkers are HPLCs with different types of detection. The most common 

is electrochemical detection (ED) [42-46], e.g., amperometric [47] or coulometric [48], 

and extremely sensitive fluorescence detection [49-51], mostly after their derivatization 

[52, 53]. More sensitive and selective is chemiluminescence detection [54],  
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and the most sensitive and the most selective is mass spectrometric detection  

[16, 55-58].  

Other methods for the determination of HVA, VMA, and 5-HIAA are gas 

chromatography [59, 60], thin-layer chromatography [61, 62], immunoanalytical 

methods [63-65], spectrophotometry [66, 67], capillary electrophoresis [21, 68], often 

connected with amperometric detection [68, 69], micellar electrokinetic 

chromatography [70, 71], and isotachophoresis [72].  

An overview of the most recent trends in the quantification of biogenic amines 

as biomarkers in biofluids with special focus on liquid chromatography, gas 

chromatography, and capillary electrophoresis with various applications can be found  

in the review [73]. 

The above mentioned methods are mostly time consuming and require 

complicated instrumentation, therefore electrochemical arrangements and methods 

present a suitable alternative [74]. Beneficial features of the electroanalytical methods 

are simplicity and user-friendliness with sufficient sensitivity and selectivity. They are 

less expensive also because of negligible solvent consumption. Applicability  

of electrochemical methods for pharmaceutical and drug analysis is summarized in [75]. 

Special attention was devoted to voltammetric and potentiometric techniques, but also 

to the application of electrochemical detectors coupled with flow system. Potentiometric 

determination of biomarkers was also published in [76] as well as flow injection 

analysis with amperometric detection [3]. Electrochemical methods  

for the determination of HVA, VMA, and 5-HIAA focusing on the most common 

voltammetric and amperometric techniques are summarized in review [1]. 

 

2.3 Electrochemical oxidation of studied biomarkers 

Due to the presence of hydroxyl group on aromatic system, HVA, VMA,  

and 5-HIAA are electrochemically active and can be easily oxidized on various 

electrode materials [77].  

Even though HVA and VMA are structurally similar, their electrochemical 

behaviour is different. It was found that oxidation of VMA, e.g., at an edge-plane 

pyrolytic graphite electrode, basal-plane pyrolytic graphite electrode, or GCE using 

DPV, leads to the formation of vanillin, which is formed through decarboxylation  

of the molecule, and then can be oxidized at a higher potential connected with the 
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production of the o-quinone species and their oxidation to form a mixture of other 

products (Fig. 3). These two steps result in two distinct voltammetric peaks. HVA 

oxidation pathway is similar (Fig. 2), but due to slower speed of decarboxylation  

and rearomatization leading to the formation of vanillic alcohol, only one oxidation 

peak is observed [77, 78]. 

 

 

 

 

 

 

 

 

 

Fig. 2. Mechanism of the electrochemical oxidation of HVA [78] 

 

 

 

Fig. 3. Mechanism of the electrochemical oxidation of VMA [77] 
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In contrast, oxidation mechanism of 5-HIAA (Fig. 4) is slightly different  

and results in three voltammetric peaks. Electrochemical oxidation results  

in quinoneimine structure in which the C=O double bond (formed from the –OH group 

on the benzene ring) is conjugated with the C=N double bond (formed  

in the heterocyclic part of the molecule) [79]. 

 

Fig. 4. Mechanism of the electrochemical oxidation of 5-HIAA [79] 

 

According to [80], overall oxidation mechanism of 5-HIAA is complicated  

and voltammetric peaks correspond to irreversible reactions involving transfer of one 

electron and one proton.  

DPV peak positions and peak heights of studied biomarkers depend on pH, 

composition of the supporting electrolyte, and electrode material. Corresponding peak 

potentials are in the range from +1.2 V (VMA) or +0.9 V (HVA) on anodically oxidized 

BDDE to +0.6 V (VMA) or +0.3 V (HVA) on GCE. 5-HIAA is oxidized at lower 

potentials. Therefore, it is possible to determine all these analytes simultaneously under 

certain conditions. 
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3 WORKING ELECTRODES AND TECHNIQUES  

3.1  Working electrodes used 

Three types of electrodes based on carbon (BDDE, GCE, and SPCE) were 

employed for determination of the discussed tumour biomarkers in this research. 

The attractiveness of carbon electrodes for electroanalytical chemistry stems 

from advantages such as wide potential window (usually a wider potential range 

 than in the case of solid metal electrodes), relatively chemical inertness, electrocatalytic 

activity for a variety of redox reactions, lower background oxidation currents, and low 

cost. Carbon has several allotropic forms, e.g., graphite, diamond, and fullerene.  

The enormous range of carbon materials (natural and synthetic) have been considered  

as variants of one or other of these allotropes [81, 82].  

3.1.1 Boron doped diamond electrode 

Unlike carbon with sp
2
 bonds, diamond’s structure is formed with sp

3
-bonded 

carbon. Diamond is valued for its properties such as extreme hardness and high 

mechanical stability, corrosion resistance, chemical inertness, high thermal 

conductivity, and optical transparency. Normally, diamond is electrically insulating,  

but due to its large bang gap (5.47 eV) it is wide band gap semiconductor and exhibits 

semimetallic to metallic behaviour upon doping it with certain elements. Boron is 

dopant in the most cases (results in formation of p-semiconductor). Nevertheless, 

phosphorus or nitrogen can be also used (resulting in n-semiconductor) [83, 84]. 

BDDE possesses unique features as compared to other solid electrodes,  

such as chemical inertness and corrosion resistance, microstructural stability at extreme 

anodic and cathodic potentials, low and stable background current, wide working 

potential window, low sensitivity to dissolved oxygen, and electrochemical stability  

in acidic and alkaline media. BDDE provides good response for many oxidizable and 

reducible compounds in voltammetric or amperometric determination. BDDE in most 
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cases resists to passivation and electrode fouling, which is stated in many reviews,  

e.g., in [81, 85-89] (nevertheless, this is not true in all cases). 

Electrochemical properties depend on the boron doped diamond structure 

involving boron doping concentration, content of sp
2
 impurities, and the electrode’s 

surface termination [90-92]. The BDDE surface could be hydrogen-terminated  

(H-terminated) or oxygen-terminated (O-terminated). The nonpolar H-terminated 

diamond surface shows hydrophobic tendency with negative electron affinity, high 

conductivity and low charge transfer resistance, whereas O-terminated diamond surface 

is hydrophilic with positive electron affinity, polar, and manifest lower electric 

conductivity. H-terminated surface can be easily changed to an O-terminated surface  

in several ways, e.g. by exposing the H-terminated surface to oxygen plasma, ozone 

treatment, wet chemical oxidation, exposure to high temperatures or electrochemical 

exposure to the high anodic potential [91-93]. 

Anodically and cathodically pretreated surface can increase sensitivity  

of the measurements at BDDE [94]. 

Anodic pre-treatment (based on application of the high positive potential directly 

in the measured solution) is very effective way of pre-treatment and in the case  

of passivation of the BDDE surface. This strategy for determination of HVA and VMA 

was used in [95]. 

Cathodic pre-treatment and activation of the electrode surface (applying the high 

negative potential in the measured solution) ensure lower limits of detection (LODs) 

and quantification (LOQs), sensitivity, reliable, and reproducible signals [96-98]. 

Cathodically pretreated BDDE was used for example for determination of vanillin [99]. 

Another possible cleaning step is mechanical polishing, usually performed  

by polishing the surface of the BDDE by alumina slurry and silk cloth [100, 101]. 

BDDEs are used for determination of wide range of oxidizable and reducible 

compounds, for example of neurotransmitters and their metabolites and precursors – 

determination of HVA and VMA is described in [95], determination of VMA in [102] 

and of dopamine in [103], phenolic compounds (hydroquinone) [104], pharmaceuticals 

and therapeutics [105, 106], food and beverage additives (including vanillin) [99, 107], 

and pesticides [108]. 
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In this research [4], working BDDE (D-517-SA, Ø 3 mm, Windsor Scientific, 

UK) was used for flow injection analysis (FIA) with amperometric detection. Working 

electrode was in a three electrode ―wall-jet‖ arrangement with reference Ag│AgCl 

electrode (3 mol·L
–1

 KCl, Elektrochemicke Detektory, Czech Republic) and with  

a platinum wire auxiliary electrode (Ø 0.5 mm, Monokrystaly, Czech Republic). BDDE 

was anodically activated and pretreated by applying potential  

of +2.4 V on the electrode (activation was carried out for 20 minutes before the whole 

series of measurements and the application of high positive potential for 30 second was 

done before each particular measurement to avoid the surface passivation). 

3.1.2 Glassy carbon electrode 

GCEs are the most commonly used carbon electrodes thanks to their excellent 

mechanical and chemical properties in particular wide potential range (approximately 

+1200 mV to −800 mV vs. saturated calomel electrode in acidic medium [109]), 

chemical resistance, gas-impermeability, low cost, and compatibility with most 

common solvents. They are commonly used in voltammetric, coulometric,  

and amperometric methods in aqueous and non-aqueous media with reproducible 

responses. These electrodes are characterized by high density and very small pore size 

[81, 82, 109, 110]. The surface of GCE suffers from contamination and loss of response 

due to electrode surface fouling, so the pre-treatment procedure should contain 

polishing. It could be performed by polishing on alumina particles on a smooth 

polishing cloth (widely used technique) or electrochemically (thermal) activation [82], 

or by their combination. 

GCE surface can be easily modified. Due to the above mentioned features bare or 

modified GCEs have been widely spread in electrochemistry in general, even  

in determination of HVA, VMA, and 5-HIAA [95, 111-115]. 

A commercially available GCE (Ø 3 mm, Metrohm, Switzerland) was employed 

for HPLC with amperometric detection [5] and FIA with multiple pulse amperometric 

detection [4] in a ―wall-jet‖ arrangement with a reference Ag│AgCl (3 mol·L
–1

 KCl, 

Monokrystaly [5]/ Elektrochemicke Detektory [4], Czech Republic) electrode,  

and a platinum wire auxiliary electrode (Ø 0.5 mm, Monokrystaly, Czech Republic). 

The surface of the working electrode was mechanically cleaned before each 

measurement by polishing with aluminium oxide suspense and then rinsing  

with deionized water. 
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3.1.3 Screen-printed carbon electrode 

 Screen-printed electrodes are very attractive analytical devices for rapid, 

inexpensive, sensitive, and selective detecting a wide range of analytes  

in electroanalytical chemistry. Nowadays is a tendency to replace conventional 

electrodes by SPEs due to their many advantages. They play important role  

in miniaturization of measuring devices (with low sample consumption) and could be  

a part of portable apparatus or point-of-care system with user-friendly and equipment-

free tests, where analyses are performed close to the patient. They are disposable,  

so they can eliminate contamination or biofouling [116, 117].  

Apart from medical and pharmaceutical diagnosis [118-120], screen-printed 

electrodes are applied for example in environmental assays [121-123] and in food 

analysis [124-126]. 

Screen-printed technology uses a woven mesh defining the geometry of the 

sensor. Electrodes usually contain a three-electrode configuration (working, reference, 

and counter electrode) printed in two ink layers on a solid substrate (mostly plastic  

or ceramic). At the end, a protective ink is printed on the top of these layers to insulate 

the conductive track. Most commonly used inks are silver ink for conductive track  

and carbon ink (consisting of graphite particles, polymeric binder and other additives) 

for working electrode [116, 127].  

The increasing interest in the use of green chemistry has given rise also  

to recycled and recyclable disposable electrodes where eco-friendly and sustainable 

materials, electrode modifiers, and alternative fabrication processes are suggested [128]. 

Apart from advantages of screen-printed technology as a design flexibility  

and process automation, the printed working electrodes enable a vast range of different 

combination in terms of electrode materials used (e.g. carbon, silver, platinum, gold) 

and its modification or altering the geometry of the electrode and used inks to improve 

selectivity and sensitivity towards determined analytes [129, 130]. Electrodes can  

be easily modified in several ways; in general, various substances can be deposited on 

the surface of the electrode (such as films, polymers, enzymes) or substances can  

be added into printing inks (e.g. metals, enzymes, polymers, complexing agents)  

[131-133]. Nanogold modified screen-printed carbon electrodes were used  

for simultaneous determination of dopamine and 5-HIAA [134].  
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In this research [2, 3] used commercially available screen-printed carbon 

electrodes (SPCEs, type DRP-110) were manufactured by DropSens, Spain. Working 

(Ø 4 mm) and counter electrodes were made of carbon; reference electrode was  

made of silver. All three electrodes were printed on a ceramic substrate  

(L33 × W10 × H0.5 mm). 

 

3.2 Electrochemical techniques used 

Electrochemical methods are for its advantageous properties routinely used  

for determination of wide range of biologically active compounds for variety  

of purposes, e.g., monitoring of harmful substances in environmental matrices  

or pharmaceuticals in human body and for studies of oxidation and reduction processes. 

Electrochemical detection in combination with spectrophotometric and chromatographic 

methods represents effective tool for the analysis of complex mixtures in various 

matrices [135-137]. 

Other features and applications of electroanalytical methods with proper 

references are mentioned in Paragraph 2.2. 

The following methods have been used to meet the objectives of presented 

dissertation thesis: cyclic voltammetry (CV) [4], differential pulse voltammetry (DPV) 

[2], flow injection analysis (FIA) with amperometric detection (AD) [3, 4] and multiple 

pulse amperometric (MPA) detection [4], and high performance liquid  

chromatography with electrochemical (amperometric) and spectrophotometric detection  

(HPLC-ED/UV) [5]. 

Cyclic voltammetry is usually used to investigate reduction and oxidation 

processes, reaction intermediates, and reaction products [138]. CV has been used in [4] 

for control of the BDDE surface after activation by high positive potential. 

In contrast, differential pulse voltammetry is a sensitive voltammetric method 

for determining trace amounts of analytes. DPV provides low LOD values  

at submicromolar concentrations because of suppressed background currents [139].  

Amperometric detection is used for the detection of electroactive compounds  

in flow-based analytical systems such as FIA, capillary electrophoresis, and liquid 

chromatography. A potential is applied between working and reference electrode. When 

solutes pass over the working electrode, an electrical current arises during oxidation  

or reduction of an electrochemically active substance. AD requires the control  
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of temperature, pH, and flow rate of the eluent [140, 141]. MPA detection uses multiple 

potential pulses on a single working electrode and monitors the current at several 

applied potentials, so it can detect different analytes in mixture simultaneously in one 

analysis or it enables prevent passivation (fouling) of the working electrode  

by the application of a cleaning potential pulses in the potential program [141]. 

In this dissertation thesis FIA in combination with AD, FIA in combination  

with MPA, and HPLC in combination with AD have been used. These combinations 

have been abundantly published for the determination of different compounds. 

Examples can be found in [142-146] for FIA with AD, in [147-151] for FIA with MPA, 

and in [152-156] for HPLC with AD. 
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4 RESULTS AND DISCUSSION 

4.1 Differential pulse voltammetric determination of homovanillic 

acid, vanillylmandelic acid, and 5-hydroxyindole-3-acetic acid  

at screen-printed carbon electrodes 

This part of research was aimed to development of a fast, simple,  

and inexpensive DPV method for the determination of the three tumour biomarkers  

at commercially available SPCEs (Appendix II) [2]. SPCEs are not only selective, 

sensitive, disposable (and thus prevent cross-contamination and passivation), and due  

to its mass production relatively inexpensive sensors, moreover, they are also fully 

complying with point of care concept and miniaturization in general.  

Firstly, differential pulse voltammograms of HVA in Britton-Robinson buffer 

(BRB) of pH 2.0 to 12.0 were measured. At pH 3.0 two well-developed peaks of HVA 

were formed, therefore, this pH value was selected as an optimum. Because of similar 

structure of VMA and HVA, optimum pH was found to be 3.0 as well. The peak  

of 5-HIAA at differential pulse voltammograms in alkaline media (pH >9.0) was not 

evaluable; on the contrary, in pH 3.0 two well-separated peaks of 5-HIAA were 

observed, therefore pH 3.0 was selected as optimum (Appendix II, Fig. 1 and 2) [2]. 

Subsequently, the dependences of the peak current on the analyte concentration 

were measured (Appendix II, Fig. 3, 4, and 5) in BRB (0.04 mol·L
–1

, pH 3.0) 

in concentration range from 0.1 to 100 µmol·L
–1

. At differential pulse voltammograms 

of HVA and VMA two significant peaks applicable to analytical purposes were 

observed. Three peaks occur for 5-HIAA, it is caused probably by its different structure 

and mechanism of electrochemical oxidation described in Paragraph 2.3. However, only 

the first peak was suitable for evaluation of calibration dependences. Evaluation  

of the other two peaks was more difficult and leading to less precise (correct) results. 

Dependences were linear in the whole tested concentration range and obtained LODs 
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were 0.24 µmol·L
–1 

for HVA (2
nd

 peak), 0.06 µmol·L
–1

 for VMA (2
nd

 peak),  

and 0.12 µmol·L
–1 

for 5-HIAA (1
st
 peak), respectively. 

Fig. 6 and 7 in Appendix II document an attempt to determine HVA and VMA 

in mixture. It is possible to find the peaks of HVA in the mixture where height is linear 

function of the concentration of HVA at constant concentration of the VMA and vice 

versa. Thus, DPV at SPCE can be used for the determination of the two biomarkers  

in their mixture by standard addition of these analytes in the concentration range 

between 10
–5

 and 10
–6

 mol·L
–1

. 

The findings of this study suggest that DPV at SPCE proved to be sensitive 

enough for monitoring of HVA, VMA, and 5-HIAA. With some proper preliminary 

separation and preconcentration, the newly developed method could be used even  

for monitoring and determination of tested biomarkers in various biological  

matrices [2].  

 

4.2 Flow injection determination of homovanillic acid, 

vanillylmandelic acid, and 5-hydroxyindole-3-acetic acid  

at screen-printed carbon electrodes 

 Monitoring of biomarkers requires easy automated method with short time 

analysis. FIA meets these criteria. Moreover, in combination with amperometric 

detection (AD) it is inexpensive analytical method with sufficient sensitivity necessary 

for clinical, pharmaceutical, and environmental analysis. Compared to conventional 

batch methods, FIA has some significant advantages such as ability to analyse high 

number of samples in time with low sample and reagent consumption.  

The purpose of this study was to investigate electrochemical behaviour  

of frequently monitored biomarkers, HVA, VMA, and 5-HIAA, and to develop methods 

for their determination using FIA-AD method at SPCE (Appendix III) [3]. To the best 

of my knowledge, FIA-AD for determination of HVA, VMA, and 5-HIAA had not been 

used yet. Combination of FIA and monolithic columns and chemiluminescence 

detection for determination of all three above mentioned biomarkers was published  

in [157] and [158], for FIA with chemiluminescence detection for VMA in [159].  

For FIA measurements, commercially available wall jet flow cell with SPCEs 

was used. Although SPCE are disposable, it was verified that up to 20 measurements 
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can be repeated at a single SPCE at micromolar concentrations of the tested analytes 

without problems with passivation. 

Parameters as flow rate of carrier solution, potential of detection, and pH  

of BRB used as a carrier solution had to be optimized in order to obtain the best results 

for the determination of HVA, VMA, and 5-HIAA. 

First of all, preliminary experiments with potassium ferrocyanide were made  

to optimize flow rate and to obtain general information about behaviour of an assembled 

FIA apparatus. Experiments leading to optimized parameters were tested  

in the following ranges: flow rate within 0.2 to 4 mL·min
–1

, working electrode  

potential within 0.1 V to 1.2 V, and pH of carrier solution (BRB, 0.04 mol·L
–1

)  

within 2.0 to 10.0. Injected volume was kept constant 20 µL. Calibration dependences 

were tested in the range from 10 to 1000 µmol·L
–1

. Optimum pH was found to be 3.0 

and optimum detection potential was +0.5 V. Afterwards, these experiments were 

performed also with tumour biomarkers. 

Optimized parameters for each biomarker were tested step by step in following 

ranges: flow rate within 0.5 to 2.5 mL·min
–1

, working electrode potential within 0.4 V 

to 1.2 V, and pH of carrier solution within 2.0 to 8.0. Dependences of the peak height 

on the potential of detection, on the flow rate, and on the pH for biomarkers are shown 

in Appendix III, in Fig. 1, Fig. 2, and Fig. 3. Optimum values are magnified; they were 

selected based on the highest possible peak height and the lowest relative standard 

deviation (RSDs).  

 Under optimum parameters for HVA, VMA, and 5-HIAA (flow rate 1 mL·min
–1

, 

detection potential +0.6 V for HVA and +0.8 for VMA and 5-HIAA, BRB (0.04 mol·L
–1

) 

at pH 2.0, current range 1-100 µA, injected volume 20 µL) calibration dependences 

were constructed. The measurements were repeated three times at each concentration  

in the concentration range 0.05-100 µmol·L
–1

. FIA recording of 5-HIAA (HVA  

and VMA are similar) are depicted in Fig. 4 in Appendix III [3]. 

In the tested concentration range, all dependences were linear with LODs  

0.065 µmolL
–1

 for HVA, 0.053 µmolL
–1

 for VMA, and 0.033 µmolL
–1

 for 5-HIAA, 

respectively, (calculated from peak heights), and 0.024 µmolL
–1

 for HVA,  

0.020 µmolL
–1

 for VMA, and 0.012 µmolL
–1

 for 5-HIAA, respectively (calculated 

from peak areas). In Table 3 in Appendix III, all figures of merit of the calibration 

straight lines are summarized. 
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This study has demonstrated for the first time that FIA-AD at SPCE presents  

a suitable technique for the determination of HVA, VMA, and 5-HIAA as frequently 

monitored biomarkers. Moreover, continuous flow in FIA method at SPCE was able  

to remove any potential interfering products by washing them away from the working 

electrode surface, thus minimize the risk of passivation, so no passivation or cross-

contamination was observed [3]. 

 

4.3 Flow injection determination of homovanillic acid  

and vanillylmandelic acid at boron doped diamond electrode  

The purpose of this part of research was to verify the applicability of FIA-AD  

at BDDE for determination of HVA and VMA and also to investigate this approach  

for the analysis of the mixture of HVA and VMA using BDDE (Appendix IV) [4]. 

HVA and VMA levels are useful to diagnose tumours and different diseases. 

Determination of one biomarker must be possible in the presence of the other one. 

Moreover, in some cases, the absolute values of HVA and VMA are not significant  

and HVA/VMA ratio is needed. In addition, HVA and VMA are structurally more 

similar compounds than 5-HIAA and for an attempt of determining them in the mixture 

using FIA-MPA more convenient. 

 Possibilities of the BDDE use in flow systems are discussed in [160]. 

Advantages of FIA arrangement were discussed in Section 4.2. BDDE was chosen  

due to its unique properties and also due to better compatibility with principles of green 

analytical chemistry in comparison with SPCE used in previous research [3]. BDDE can 

be used repeatedly many times. 

Prior to the measurements, BDDE surface was activated by applying high 

positive potential +2.4 V for 20 min in H2SO4 (0.5 µmolL
–1

) and then by CV in BRB 

(0.04 mol·L
–1

, pH 7.0 from –0.8 V to +2.3 V at scan rate 100 mVs
–1

. CV scans were 

repeated until CV curve was stable. Before each measurement, a potential +2.4 V  

for 30 sec was applied on the BDDE surface to eliminate passivation. 

AD was carried out at a constant potential. Optimum applied potential and pH 

were optimized in terms of recording hydrodynamic voltammograms of HVA and VMA 

in the range between +0.5 V to +1.7 V in the pH range from 2.0 to 7.0 in BRB, depicted 

in Appendix IV, Fig. 2. FIA-MPA assumes that at the potential of the first pulse only 
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first analyte (HVA) is oxidized and at the potential of the second pulse both analytes 

(HVA and VMA) are oxidized. Then FIA-MPA response of VMA can be calculated  

by subtraction of HVA response from total response (HVA + VMA) using a correction 

factor (ratio of FIA-MPA peak responses of HVA obtained at the first pulse potential 

(lower) and at the second pulse potential (higher) [151]. According to Fig. 2  

in Appendix IV, optimum pulse potentials were found to be +1.1 V for HVA  

and +1.5 V for VMA at pH 3.0. Similarly, the constant potentials +1.1 V for HVA  

and +1.5 V for VMA were found to be optimum for FIA-AD calibration dependences 

for individual analytes alone and for their mixture. A passivation of BDDE was 

observed, probably due to the adsorption of electrode reaction products on BDDE 

surface. Therefore, it was eliminated by applying cleaning potential prior each 

measurement (+2.4 V for 30 sec).  

In the next part of research, optimum injection volume and flow rate of BRB 

were sought. Injection volume was tested from 20 to 100 µL, 20 µL was chosen  

as optimum due to better elimination of passivation, sufficiently high signal, and lower 

sample consumption. According to previous results of FIA-AD determination of HVA 

and VMA at SPCEs, flow rate was set to 1 mL·min
–1

  [3]. Under these optimum 

conditions, 25 consequent measurements were done. Injections gave amperometric 

responses with RSDs lower than 4% for both analytes at concentration 100 µmol·L
–1

. 

Calibration dependences measured at optimum conditions were constructed 

when concentration of HVA was changed and concentration of VMA was constant  

and vice versa, in the concentration range from 1 to 10 µmol·L
–1

 , concentration of 

VMA (HVA) was 5 and 10 µmol·L
–1

 (Appendix IV, Fig. 3 and Fig. 4), in concentration 

range from 10 to 100 µmol·L
–1

 concentration of VMA (HVA) was 50 and 100 µmol·L
–1

 

(Appendix IV, Fig. 5 and Fig. 6). Calibration dependences were linear with LODs  

0.44 µmol·L
–1

 for HVA and 0.34 µmol·L
–1

 for VMA. Figs. 3-6 compare calibration 

dependences for HVA (VMA) alone and with additions of constant concentrations  

of VMA (HVA) and show a gradual linear increase in intercepts. All figures of merit  

of the calibration dependences are summarized in Appendix IV, Table 1 [4]. 

FIA-MPA enables simultaneous determination of compounds with sufficiently 

different oxidation potentials. Pulses are altering optimum potentials selected for each 

analyte from hydrodynamic voltammograms. At pulse potential +1.1 V (optimum  

for HVA) the signal of HVA is high with only small contribution of VMA while  



Chapter 4  Results and discussion 

30 

 

at pulse potential +1.5 V signal of VMA is at its maximum level. Various pulse widths 

(50 to 150 ms) were tested with no significant differences, so pulse width 100 ms  

was used as an optimum. At measurements alternating pulses of +1.1 V, +1.5 V were 

used with cleaning pulse +2.2 V (lower than in the case of amperometric detection,  

but sufficient enough). Other conditions were the same as in the case of amperometric 

detection. Calibration dependences consisted of varying concentration of HVA or VMA 

(10, 20, 40, 60, 80, and 100 µmol·L
–1

) and 100 µmol·L
–1

 of the other biomarker.  

FIA-MPA calibration dependence of HVA in the presence of 100 µmol·L
–1

 of VMA  

in each solution can be seen in Fig. 8. Peak heights of HVA should be linearly 

increasing with increasing HVA concentration and peak heights of VMA should  

be constant due to constant concentration of VMA. However, calibration dependence  

of HVA was not linear and VMA at constant concentration had increasing tendency. 

Under the same conditions, FIA-MPA calibration dependence for HVA without 

addition of constant concentrations of VMA into solutions and also VMA  

at 100 µmol·L
–1

 separately in the absence of HVA was constructed. In that case,  

the calibration dependence was linear and amperometric signals of VMA at constant 

concentration were reproducible.  

This shows that FIA-MPA cannot be used for the determination of HVA  

and VMA in a mixture simultaneously. Presumably, that is because of a mutual 

interaction of analytes and/or products of their electrochemical oxidation with each 

other or with the parent compounds. This conclusion was supported by the same 

experiments performed also on electrodes from different materials; SPCE (type DRP-

110, DropSens, Spain) and a GCE (Ø 3 mm, Metrohm, Switzerland) with similar 

negative results for FIA-MPA, moreover, with stronger passivation which could not  

be eliminated by several tested methods usually used. 

The results of this study indicate that the newly developed method  

for the determination of HVA and VMA using FIA with amperometric detection  

at BDDE has sufficient precision, sensitivity, and short time of analysis. FIA-AD  

at BDDE provides linear calibration dependences in wide concentration range. HVA 

can be determined in the presence of VMA and vice versa using FIA-AD, nevertheless, 

FIA-MPA was not applicable for the determination of the mixture of them, probably 

due to interaction of products of electrochemical reaction and initial analytes [4]. 
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4.4 HPLC of homovanillic acid, vanillylmandelic acid,  

and 5-hydroxyindole-3-acetic acid using amperometric  

and spectrophotometric detection 

Even though HPLC is common method for the determination of urinary HVA, 

VMA, and 5-HIAA used in clinical laboratories, this research is devoted  

to determination of these biomarkers by HPLC-ED (Appendix V) [5]. In articles 

published so far, for example in review [1], only few of them allow simultaneous 

determination of all three biomarkers. In addition, they require expensive 

instrumentation and complicated sample pre-treatment leading to quite time-consuming 

analyses. Due to the mentioned facts, the aim of this work was to develop fast, simple, 

and inexpensive analytical method for simultaneous determination of the three tumour 

biomarkers in urine employing HPLC with AD without complicated and time-

consuming sample pre-treatment. 

Measurements were performed at a commercially available GCE in a simple lab-

made wall-jet arrangement. The surface of the working electrode was mechanically 

polished prior to each measurement with aqueous slurry of alumina powder to eliminate 

passivation. For the purposes of comparison, apart from electrochemical detection  

the spectrophotometric one was carried out. 

Before dosing biological samples into HPLC column appropriate sample pre-

treatment is required to avoid its damage due to many organic compounds present 

in the sample. Partial sample clean up can also improve the HPLC part  

of the determination, especially in the case of relatively polar compounds, which  

is the case of studied biomarkers. Therefore, solid phase extraction (SPE)  

at commercially available poly(styrene-divinylbenzene) based SPE columns (LiChrolut 

EN 200 mg 3 mL standard PP-tubes; Merck Millipore, Germany) were chosen  

as a simple and straightforward technique, much faster and more „green― than 

previously used and published liquid-liquid extraction. 

Firstly, pilot experiments were carried out using partly adopted chromatographic 

conditions from [161] where HPLC-ED was successfully used for determination  

of HVA and VMA alone. The mobile phase consisted of a mixture of acetate-phosphate 

buffer at pH 2.5 using gradient with linearly increasing content of acetonitrile  

from 5 to 25% in 10 minutes. Optimum flow rate was 1 mL·min
–1

, detection potential 

+1.1 V, and injected volume 20 µL. Spectrophotometric detection was performed  
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at 279 nm. Under these optimum conditions, analytes were well separated in less  

than 10 minutes (Appendix V, Fig. 2). Calibration dependences were linear in the whole 

tested concentration range from 0.5 to 10 µmol·L
–1

 and obtained LODs were  

0.2 µmol·L
–1

 (HVA), 0.3 µmol·L
–1

 (VMA), and 0.3 µmol·L
–1

 (5-HIAA) for HPLC-ED 

(Appendix V, Table 1) and 0.2 µmol·L
–1

 (HVA), 0.6 µmol·L
–1

 (VMA),  

and 0.3 µmol·L
–1

 (5-HIAA) for HPLC-UV (Appendix V, Table 2). Molar absorptivity 

at 279 nm is 2900, 3100, and 7000 mol
–1
·L·cm

–1
 for HVA, VMA, and 5-HIAA, 

respectively, which explains higher slope of HPLC-UV dependence of 5-HIAA. Higher 

slope may also result from slightly different structure, specifically in the heteroaromatic 

region resulting in higher amperometric response. 

Prior to measurements with human urine, SPE procedure was optimized  

and tested. In the used optimized procedure SPE columns were activated with 5 mL  

of methanol, washed with 1 mL of deionized water and then dried by sucking air 

through it for 30 seconds using vacuum. During the whole procedure flow rate was kept 

at 1 mL·min
–1

. Spiked urine samples (5 mL) consisting of 10% acetic acid and 50%  

of deionized water (due to added spikes of aqueous solutions of tested analytes) were 

loaded onto the column. The column was rinsed by 1 mL of deionized water and dried 

by sucking air for 30 seconds using vacuum. Analytes were eluted by 5 mL of methanol 

and 20 µL of thus obtained eluate were directly injected into HPLC system. SPE was 

used only as a preliminary separation method, it can be used for preconcentration  

as well, nonetheless, it is unnecessary when we consider relatively high concentration  

of studied analyte in urine (tens of µmol·L
–1

) combined with relatively high sensitivity 

of the newly developed HPLC-ED method with LODs in this concentration region. 

HPLC-ED and HPLC-UV chromatograms of human urine alone and after 

standard addition (1 mL of 1 mmol·L
–1

 stock solution of each analyte) into a urine 

sample  acidified with 10% of acetic acid (final concentrations of analytes were  

100 µmol·L
–1

 and total volume of the spiked urine samples was 10 mL) are depicted  

in Appendix V, Fig. 3. From the picture, it can be seen that 100 µmol·L
–1 

of any  

of the analytes can be safely detected and even 50 µmol·L
–1

 for HPLC-ED (from 

the inset in Fig. 3A) are distinguishable.   

Solution samples for construction of calibration curves were prepared from 4 mL 

of urine, 1 mL of glacial acetic acid. 0.2 – 1.5 mL of the 1 mmol·L
–1

 stock solutions  

of biomarkers were pipetted into 10 mL volumetric flask and filled up with deionised 
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water prior to the SPE. Calibration dependences were constructed under optimum 

conditions in concentration range 20 to 150 µmol·L
–1

 and they were linear in this range 

(Appendix V, Fig. 4), with achieved LODs 11.0 µmol·L
–1

 (HVA), 5.0 µmol·L
–1

 

(VMA), and 8.3 µmol·L
–1

 (5-HIAA) for HPLC-ED, respectively, (Appendix V,  

Table 1) and 13.9 µmol·L
–1

 (HVA), 72.9 µmol·L
–1

 (VMA), and 13.1 µmol·L
–1

  

(5-HIAA) for HPLC-UV, respectively (Appendix V, Table 2). 

Lower concentrations of tested biomarkers (0.5 to 10 µmol·L
–1

) were difficult  

to evaluate due to interfering peaks of substances present in urine. Nevertheless,  

if necessary, SPE could be used for preconcentration to reach this concentration range. 

In this case it is not necessary if we consider urinary concentration of the HVA, VMA, 

and 5-HIAA of healthy people at concentration level of tens of µmol·L
–1

. Table 1  

and Table 2 in Appendix V summarized all figures of merit from all calibration 

dependences. Slopes of the calibration dependences are lower than those  

of dependences measured using solutions in buffer alone and LODs are logically higher 

in urine than in pure buffers because of interfering peaks. LODs of HPLC-UV are 

higher than those of HPLC-ED due to larger and more numerous interfering peaks 

connected with higher selectivity of amperometric detection.  

The practical applicability of the newly developed HPLC-ED method was tested 

by determining concentration of HVA, VMA, and 5-HIAA in spiked human urine using 

calibration curve method. Significant interferences were not observed in HPLC-ED  

and concentration found in non-spiked urine corresponds with previously published 

physiological urinary concentrations of HVA, VMA, and 5-HIAA (Appendix V,  

Table 3) [5]. 

In the last experimental part of presented dissertation thesis, fast and sensitive 

method for determination of HVA, VMA, and 5-HIAA in human urine in one analysis 

is presented. The proposed method is cheaper due to simple SPE pre-cleaning step than 

previously published methods and, therefore, it can be used for easy and low-cost 

screening of human urine and thus help to diagnose several diseases including  

tumours [5]. 
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5 CONCLUSION 

The presented dissertation thesis represents a contribution to the development  

of sensitive electrochemical methods for the determination of HVA, VMA, and 5-HIAA 

as biomarkers of various diseases, including tumours.  

Therefore, the need of frequent monitoring of such important biomarkers should 

be raised to the highest priority which is supporting by increased demand  

for inexpensive and simple method applicable for monitoring and point-of-care testing 

of above mentioned biomarkers in biological fluids. Electroanalytical methods fulfil 

requirements on reliable, sensitive, short time of analysis, and relatively low-cost 

instrumentation and running cost. 

Experimental work was focused on electrochemical behaviour and determination 

of HVA, VMA, and 5-HIAA at different electrode materials. Subsequently,  

the attention was paid to simultaneous determination and determination of biomarkers 

in human urine. 

First part describes successful development of differential pulse voltammetry 

employing screen-printed carbon electrodes for the determination of HVA, VMA,  

and 5-HIAA in a batch arrangement. At voltammograms of biomarkers in BRB  

at pH 3.0 two peaks for HVA and for VMA and three peaks for 5-HIAA can be seen, 

which can be explained by their different structures and mechanism of electrochemical 

oxidation. Linear calibration dependences provide LODs amounted to 0.24 µmol·L
–1

  

for HVA, 0.06 µmol·L
–1

 for VMA, and 0.12 µmol·L
–1

 for 5-HIAA. An attempt  

to determine HVA and VMA in mixture was successful as well. It was possible to find 

peaks of HVA or VMA in the mixture where the peak height was linear function  

of the concentration of one biomarker at constant concentration of the other one. 

For monitoring of biomarkers, flow systems have more advantages  

in comparison with batch arrangements, such as ability to analyse high number  

of samples in short time and the related low sample and reagent consumption.  

The second part therefore deals with flow injection determination of HVA, VMA,  
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and 5-HIAA at screen-printed carbon electrodes in BRB. Linear calibration 

dependences obtained under optimum conditions offer LODs as follows: 0.07 µmol·L
–1

 

for HVA, 0.05 µmol·L
–1

 for VMA, and 0.03 µmol·L
–1

 for 5-HIAA, respectively. 

Continuous flow in flow injection analysis at SPCE was able to eliminate passivation 

due to washing any potential interfering products away from the working electrode 

surface.  

FIA appears as a suitable method for determination tumour biomarkers. 

Consequently, flow injection determination of HVA and VMA at BDDE was 

investigated. HVA and VMA were chosen due to requirements for their simultaneous 

determination, for example in the case of diagnosis of neuroblastoma. Method  

for the determination of HVA and VMA using flow injection analysis with 

amperometric detection in BRB at BDDE was successfully optimized. Calibration 

dependences were linear for HVA in the presence of VMA and vice versa. Achieved 

LODs were 0.44 µmol·L
–1

 for HVA and 0.34 µmol·L
–1

 for VMA. This approach was 

studied for the simultaneous determination of HVA and VMA using flow injection 

analysis with multiple pulse amperometric at BDDE, SPCE, and GCE. However,  

the concept of FIA-MPA was not applicable for determination of HVA and VMA 

in the mixture, probably due to interaction of analytes and/or products of their 

electrochemical oxidation. 

Last part of this dissertation thesis introduced HPLC with amperometric 

detection in human urine at GCE in lab-made wall-jet detector as a simple, sensitive  

and cheaper method than previously published methods for simultaneous determination 

of HVA, VMA, and 5-HIAA. As a simple and fast preliminary separation method solid 

phase extraction was used. Obtained LODs were 11.0 µmol·L
–1

 for HVA, 5.0 µmol·L
–1

 

for VMA, and 8.3 µmol·L
–1

 for 5-HIAA. 

Methods for the determination of HVA, VMA, and 5-HIAA separately  

and in the mixture were presented. It was proved that they can be determined even  

in human urine with appropriate pre-separation. Thus, it can be concluded  

that amperometric and voltammetric methods are suitable for determination  

of tumour biomarkers, HVA, VMA, and 5-HIAA.  

 



Chapter 6  References 

36 

 

6 REFERENCES 

[1]  A. Makrlíková, J. Barek, V. Vyskočil, T. Navrátil, Electrochemical methods for 

the determination of homovanillic, vanillylmandelic, and 5-hydroxy-3-indoleacetic acid 

as cancer biomarkers (in Czech), Chem. Listy 112 (2018) 605–615. 

 

[2]  A. Makrlíková, E. Ktena, A. Economou, J. Fischer, T. Navrátil, J. Barek, V. 

Vyskočil, Voltammetric determination of tumor biomarkers for neuroblastoma 

(homovanillic acid, vanillylmandelic acid, and 5-hydroxyindole-3-acetic acid) at screen-

printed carbon electrodes, Electroanalysis 29 (2017) 146–153. 

doi:10.1002/elan.201600534. 

 

[3]  A. Němečková-Makrlíková, F.-M. Matysik, T. Navrátil, J. Barek, V. Vyskočil, 

Determination of three tumor biomarkers (homovanillic acid, vanillylmandelic acid,  

and 5-hydroxyindole-3-acetic acid) using flow injection analysis with amperometric 

detection, Electroanalysis 31 (2019) 303–308. doi:10.1002/elan.201800540. 

 

[4]  A. Němečková-Makrlíková, T. Navrátil, J. Barek, P. Štenclová, A. Kromka,  

V. Vyskočil, Determination of tumour biomarkers homovanillic and vanillylmandelic 

acid using flow injection analysis with amperometric detection at a boron doped 

diamond electrode, Anal. Chim. Acta 1087 (2019) 44–50. 

doi:10.1016/j.aca.2019.08.062. 

 

[5]  A. Němečková-Makrlíková, J. Barek, T. Navrátil, J. Fischer, V. Vyskočil,  

H. Dejmková, Determination of tumour biomarkers homovanillic acid, vanillylmandelic 

acid, and 5-hydroxyindole-3-acetic acid in human urine using HPLC with 

electrochemical detection – submitted to Journal of Electroanalytical Chemistry (2020). 

 



Chapter 6  References 

37 

 

[6] T.-Y. Wei, Y. Fu, K.-H. Chang, K.-J. Lin, Y.-J. Lu, C.-M. Cheng, Point-of-care 

devices using disease biomarkers to diagnose neurodegenerative disorders, Trends 

Biotechnol. 36 (2018) 290–303. doi:10.1016/j.tibtech.2017.11.004. 

 

[7]  J. Wang, Analytical Electrochemistry. 3
rd

 ed., Wiley-VCH (2006), New York. 

 

[8] M.J. Duffy, Clinical use of tumour biomarkers: An overview, Klin. Biochem. 

Metab. 25 (2017) 157–161. 

 

[9] D. Daniel, R.M. Lalitha, Tumor markers – A bird's eye view, J. Oral Maxillofac. 

Surg. Med. Pathol. 28 (2016) 475–480. doi:10.1016/j.ajoms.2016.07.006. 

 

[10] D. Ryan, K. Robards, P.D. Prenzler, M. Kendall, Recent and potential 

developments in the analysis of urine: A review, Anal. Chim. Acta 684 (2011) 17–29. 

doi:10.1016/j.aca.2010.10.035. 

 

[11] B.M. Warrack, S. Hnatyshyn, K.-H. Ott, M.D. Reily, M. Sanders, H. Zhang, 

D.M. Drexler, Normalization strategies for metabonomic analysis of urine samples,  

J. Chromatogr. B 877 (2009) 547–552. doi:10.1016/j.jchromb.2009.01.007. 

 

[12] G. Eisenhofer, I.J. Kopin, D.S. Goldstein, Catecholamine metabolism:  

A contemporary view with implications forphysiology and medicine, Pharmacol.  

Rev. 56 (2004) 331–349. doi:10.1124/pr.56.3.1. 

 

[13] P. Frattini, G. Santagostino, S. Schinelli, M.L. Cucchi, G.L. Corona, Assay  

of urinary vanilmandelic, homovanillic, and 5-hydroxyindole acetic acids by liquid 

chromatography with electrochemical detection, J. Pharmacol. Methods 10 (1983)  

193–198. doi:10.1016/0160-5402(83)90030-X. 

 

[14]  P.M.M. van Haard, J.P.M. Wielders, J.B.W. Wikkerink, Direct concurrent 

measurement of urinary vanillylmandelic acid, 5-hydroxyindoleacetic acid  

and homovanillic acid by HPLC. Three methodologies compared, Biomed. Chromatogr. 

2 (1987) 209–215. doi:10.1002/bmc.1130020508. 



Chapter 6  References 

38 

 

[15] N. Unceta, E. Rodriguez, Z.G. de Balugera, C. Sampedro, M.A. Goicolea,  

S. Barrondo, et al., Determination of catecholamines and their metabolites in human 

plasma using liquid chromatography with coulometric multi-electrode cell-design 

detection, Anal. Chim. Acta 444 (2001) 211–221. doi:10.1016/S0003-2670(01)01215-6. 

 

[16] K. Sadilkova, K. Dugaw, D. Benjamin, R.M. Jack, Analysis of vanillylmandelic 

acid and homovanillic acid by UPLC–MS/MS in serum for diagnostic testing for 

neuroblastoma, Clin. Chim. Acta 424 (2013) 253–257. doi:10.1016/j.cca.2013.06.024.  

 

[17] J.E. Adaway, R. Dobson, J. Walsh, D.J. Cuthbertson, P.J. Monaghan,  

P.J. Trainer, et al., Serum and plasma 5-hydroxyindoleacetic acid as an alternative  

to 24-h urine 5-hydroxyindoleacetic acid measurement, Ann. Clin. Biochem. 53 (2016) 

554–560. doi:10.1177/0004563215613109. 

 

[18] M. Varela, G.A. Alexiou, M. Liakopoulou, E. Papakonstantinou, D. Pitsouni, 

G.A. Alevizopoulos, Monoamine metabolites in ventricular CSF of children with 

posterior fossa tumors: correlation with tumor histology and cognitive functioning,  

J. Neurosurg. Pediatrics 13 (2014) 375–379. doi:10.3171/2014.1.PEDS13425. 

 

[19] J. Bergquist, A. Ściubisz, A. Kaczor, J. Silberring, Catecholamines and methods 

for their identification and quantitation in biological tissues and fluids, J. Neurosci. 

Methods 113 (2002) 1–13. doi:10.1016/S0165-0270(01)00502-7. 

 

[20] G. Sperk, A. Ściubisz, A. Kaczor, J. Silberring, Simultaneous determination  

of serotonin, 5-hydroxyindoleacetic acid, 3,4-dihydroxyphenylacetic acid  

and homovanillic acid by high performance liquid chromatography  

with electrochemical detection, J. Neurochem. 38 (1982) 840–843.  

doi:10.1111/j.1471-4159.1982.tb08708.x. 

 

[21] A. Garc  a, M. Hein nen, L.M. Jiménez, C. Barbas, Direct measurement  

of homovanillic, vanillylmandelic and 5-hydroxyindoleacetic acids in urine by capillary 

electrophoresis, J. Chromatogr. A 871 (2000) 341–350.  

doi:10.1016/S0021-9673(99)00994-2. 



Chapter 6  References 

39 

 

[22] M. Ewang-Emukowhate, D. Nair, M. Caplin, The role of 5-hydroxyindoleacetic 

acid in neuroendocrine tumors: the journey so far, Int. J. Endo. Oncol. 6 (2019) IJE17. 

doi:10.2217/ije-2019-0001. 

 

[23] M.A. Saracino, G. Gerra, L. Somaini, M. Colombati, M.A. Raggi, 

Chromatographic analysis of serotonin, 5-hydroxyindolacetic acid and homovanillic 

acid in dried blood spots and platelet poor and rich plasma samples,  

J. Chromatogr. A 1217 (2010) 4808–4814. doi:10.1016/j.chroma.2010.05.031. 

 

[24] S. Barco, I. Gennai, G. Reggiardo, B. Galleni, L. Barbagallo, A. Maffia, et al., 

Urinary homovanillic and vanillylmandelic acid in the diagnosis of neuroblastoma: 

Report from the Italian Cooperative Group for Neuroblastoma, Clin. Biochem. 47 

(2014) 848–852. doi:10.1016/j.clinbiochem.2014.04.015. 

 

[25] M. Monsaingeon, Y. Perel, G. Simonnet, J.B. Corcuff, Comparative values  

of catecholamines and metabolites for the diagnosis of neuroblastoma,  

Eur. J. Pediatr. 162 (2003), 397–402. doi:10.1007/s00431-003-1175-1. 

 

[26] T.G. Rosano, T.A. Swift, L.W. Hayes, Advances in catecholamine  

and metabolite measurements for diagnosis of pheochromocytoma, Clin. Chem. 37 

(1991), 1854–1867. doi:10.1093/clinchem/37.10.1854. 

 

[27] T. Manickum, Simultaneous analysis of neuroendocrine tumor markers  

by HPLC-electrochemical detection, J. Chromatogr. B 877 (2009) 4140–4146. 

doi:10.1016/j.jchromb.2009.09.041. 

 

[28] W.-G. He, Y. Yan, W. Tang, R. Cai, G. Ren, Clinical and biological features  

of neuroblastic tumors: A comparison of neuroblastoma and ganglioneuroblastoma, 

Oncotarget 8 (2017) 37730–37739. doi:10.18632/oncotarget.17146. 

 

[29] S.B. Whittle, V. Smith, E. Doherty, S. Zhao, S. McCarty, P.E. Zage, Overview 

and recent advances in the treatment of neuroblastoma, Expert Rev. Anticancer Ther. 17 

(2017) 369–386. doi:10.1080/14737140.2017.1285230. 



Chapter 6  References 

40 

 

[30] I.A. Veselova, E.A. Sergeeva, M.I. Makedonskaya, O.E. Eremina,  

S.N. Kalmykov, T.N. Shekhovtsova, Methods for determining neurotransmitter 

metabolism markers for clinical diagnostics, J. Anal. Chem. 71 (2016) 1155–1168. 

doi:10.1134/S1061934816120108. 

 

[31] V.L. Martucci, K. Pacak, Pheochromocytoma and paraganglioma: Diagnosis, 

genetics, management, and treatment, Curr. Probl. Cancer 38 (2014) 7–41. 

doi:10.1016/j.currproblcancer.2014.01.001. 

 

[32] A.C. Ferrari, J. Glasberg, R.P. Riechelmann, Carcinoid syndrome: update  

on the pathophysiology and treatment, Clinics 73 (2018) e490s. 

doi:10.6061/clinics/2018/e490s. 

 

[33] A.J. Degnan, S.S. Tadros, S. Tocchio, Pediatric neuroendocrine carcinoid 

tumors: Review of diagnostic imaging findings and recent advances,  

Am. J. Roentgenol. 208 (2017) 868–877. doi:10.2214/AJR.16.17287. 

 

[34] K.L. Davis, R.S. Kahn, G. Ko, M. Davidson, Dopamine in schizophrenia:  

a review and reconceptualization, Am. J. Psychiatry 148 (1991) 1474–1486. 

doi:10.1176/ajp.148.11.1474. 

 

[35] W. Zhang, Y. Xie, S. Ai, F. Wan, J. Wang, L. Jin, J. Jin, Liquid chromatography 

with amperometric detection using functionalized multi-wall carbon nanotube modified 

electrode for the determination of monoamine neurotransmitters and their metabolites, 

J. Chromatogr. B 791 (2003) 217–225. doi:10.1016/S1570-0232(03)00227-7. 

 

[36] Kaluzna-Czaplinska, E. Socha, J. Rynkowski, Determination of homovanillic 

acid and vanillylmandelic acid in urine of autistic children by gas chromatography/mass 

spectrometry, Med. Sci. Monit. 16 (2010) CR445–CR450. 

 

[37] R.A. Bornstein, G.B. Baker, Urinary indoleamines in Tourette syndrome patients 

with obsessive-compulsive characteristics, Psychiatry Res. 41 (1992) 267–274. 

doi:10.1016/0165-1781(92)90008-Q. 



Chapter 6  References 

41 

 

[38] T. Lee, M. Yagi, N. Kusunoki, M. Nagasaka, T. Koda, K. Matsuo, T. Yokota,  

A. Miwa, A. Shibata, I. Morioka, H. Kodama, Y. Takeshima, K. Iijima, Standard values 

for the urine HVA/VMA ratio in neonates as a screen for Menkes disease,  

Brain Dev. 37 (2015) 114–119. doi:10.1016/j.braindev.2014.01.014. 

 

[39] M. Åsberg, Neurotransmitters and suicidal behavior, Ann. N.Y. Acad. Sci. 836 

(1997) 158–181. doi:10.1111/j.1749-6632.1997.tb52359.x. 

 

[40] T. Bottiglieri, Homocysteine, folate, methylation, and monoamine metabolism  

in depression, J. Neurol. Neurosurg. Psychiatrie 69 (2000) 228–232.  

doi: 10.1136/jnnp.69.2.228. 

 

[41] L. Sher, M.A. Oquendo, S. Li, A.K. Burke, M.F. Grunebaum, G. Zalsman,  

Y.Y. Huang, J.J. Mann, Higher cerebrospinal fluid homovanillic acid levels  

in depressed patients with comorbid posttraumatic stress disorder,  

Eur. Neuropsychopharmacol. 15 (2005) 203–209. doi:10.1016/j.euroneuro.2004.09.009. 

 

[42] R.T. Peaston, C. Weinkove, Measurement of catecholamines and their 

metabolites, Ann. Clin. Biochem. 41 (2004) 17–38. doi:10.1258/000456304322664663. 

 

[43] G.-M. Cao, T. Hoshino, Simultaneous determination of 3,4-dihydroxymandelic 

acid, 4-hydroxy-3-methoxymandelic acid, 3,4-dihydroxyphenylglycol,  

4-hydroxy-3-methoxyphenylglycol, and their precursors, in human urine by HPLC  

with electrochemical detection, Chromatographia 47 (1998) 396–400. 

doi:10.1007/BF02466470. 

 

[44] J. Dutrieu, Y.A. Delmotte, Simultaneous determination of vanilmandelic acid 

(VMA), homovanillic acid (HVA) and 5-hydroxy-3-indoleacetic acid (5-HIAA) in urine 

by high-performance liquid-chromatography with coulometric detection, Fresenius Z. 

Anal. Chem. 317 (1984) 124–128. doi:10.1007/BF00594062. 

 

[45] D.F. Davidson, Simultaneous assay for urinary 4-hydroxy-3-methoxymandelic 

acid, 5-hydroxyindoleacetic acid and homovanillic acid by isocratic HPLC with 



Chapter 6  References 

42 

 

electrochemical detection, Ann. Clin. Biochem. 26 (1989) 137–143. 

doi:10.1177/000456328902600208. 

 

[46] F. Mashige, A. Ohkubo, Y. Matsushima, M. Takano, E. Tsuchiya, H. Kanazawa, 

Y. Nagata, N. Takai, N. Shinozuka, I. Sakuma, High-performance liquid 

chromatographic determination of catecholamine metabolites  

and 5-hydroxyindoleacetic acid in human urine using a mixed-mode column  

and an eight-channel electrode electrochemical detector, J. Chromatogr. B: Biomed. Sci. 

Appl. 658 (1994) 63–68. Doi:10.1016/0378-4347(94)00227-4. 

 

[47] Y. Zhou, H. Yan, Q. Xie, S. Huang, J. Liu, Z. Li, M. Ma, S. Yao, Simultaneous 

analysis of dopamine and homovanillic acid by high-performance liquid 

chromatography with wall-jet/thin-layer electrochemical detection, Analyst 138 (2013) 

7246–7253. doi:10.1039/c3an01437a. 

 

[48] Cheng, M. H., A.I. Lipsey, J. Lee, P.H. Gamache, Automated analysis of urinary 

VMA, HVA, and 5-HIAA by gradient HPLC using an array of eight coulometric 

electrochemical detectors, Lab. Rob. Autom. 4 (1992) 297–303. 

 

[49] K. Uchikura, Fluorometric determination of urinary vanilmandelic acid  

and homovanillic acid by high performance liquid chromatography after 

electrochemical oxidation, Anal. Sci. 6 (1990) 351–354. doi:10.2116/analsci.6.351. 

 

[50] L. Mercolini, G. Gerra, M. Consorti, L. Somaini, M.A. Raggi, Fast analysis  

of catecholamine metabolites MHPG and VMA in human plasma by HPLC with 

fluorescence detection and a novel SPE procedure, Talanta 78 (2009) 150–155. 

doi:10.1016/j.talanta.2008.10.049. 

 

[51] I.P. Kema, A.M.J. Schellings, C.J.M. Hoppenbrouwers, H.M. Rutgers,  

E.G.E. de Vries, F.A.J. Muskiet, High performance liquid chromatographic profiling  

of tryptophan and related indoles in body fluids and tissues of carcinoid patients,  

Clin. Chim. Acta 221 (1993) 143–158. Doi:10.1016/0009-8981(93)90029-4. 

 



Chapter 6  References 

43 

 

[52] J. Bicker, A. Fortuna, G. Alves, A. Falcão, Liquid chromatographic methods  

for the quantification of catecholamines and their metabolites in several biological 

samples—A review, Anal. Chim. Acta 768 (2013) 12–34. 

doi:10.1016/j.aca.2012.12.030. 

 

[53] M. Tsunoda, Recent advances in methods for the analysis of catecholamines  

and their metabolites, Anal. Bioanal. Chem. 386 (2006) 506–514.  

doi:10.1007/s00216-006-0675-z. 

 

[54] B.J. Holland, X.A. Conlan, P.G. Stevenson, S. Tye, A. Reker, N.W. Barnett,  

J.L. Adcock, P.S. Francis, Determination of neurotransmitters and their metabolites 

using one- and two-dimensional liquid chromatography with acidic potassium 

permanganate chemiluminescence detection, Anal. Bioanal. Chem. 406 (2014)  

5669–5676. doi:10.1007/s00216-013-7514-9. 

 

[55] L. Lionetto, A.M. Lostia, A. Stigliano, P. Cardelli, M. Simmaco, HPLC–mass 

spectrometry method for quantitative detection of neuroendocrine tumor markers: 

Vanillylmandelic acid, homovanillic acid and 5-hydroxyindoleacetic acid,  

Clin. Chim. Acta 398 (2008) 53–56. doi:10.1016/j.cca.2008.08.003. 

 

[56] R.R. González, R.F. Fernández, J.L.M. Vidal, A.G. Frenich, M.L.G. Pérez, 

Development and validation of an ultra-high performance liquid chromatography–

tandem mass-spectrometry (UHPLC–MS/MS) method for the simultaneous 

determination of neurotransmitters in rat brain samples, J. Neurosci. Methods 198 

(2011) 187–194. doi:10.1016/j.jneumeth.2011.03.023. 

 

[57] P. Manini, R. Andreoli, S. Cavazzini, E. Bergamaschi, A. Mutti,  

W.M.A. Niessen, Liquid chromatography–electrospray tandem mass spectrometry  

of acidic monoamine metabolites, J. Chromatogr. B: Biomed. Sci. Appl. 744 (2000) 

423–431. doi:10.1016/S0378-4347(00)00285-1. 

 

[58] L. Fang, Y. Lv, X. Sheng, S. Yao, Sensitive, rapid and easy analysis of three 

catecholamine metabolites in human urine and serum by liquid chromatography tandem 



Chapter 6  References 

44 

 

mass spectrometry, J. Chromatogr. Sci. 50 (2012) 450–456. 

doi:10.1093/chromsci/bms068. 

 

[59] M. Monteleone, A. Naccarato, G. Sindona, A. Tagarelli, A reliable and simple 

method for the assay of neuroendocrine tumor markers in human urine by solid-phase 

microextraction–gas chromatography-triple quadrupole mass spectrometry,  

Anal. Chim. Acta 759 (2013) 66–73. doi:10.1016/j.aca.2012.11.017. 

 

[60] G. Fauler, H.J. Leis, E. Huber, C. Schellauf, R. Kerbl, C. Urban, H. Gleispach, 

Determination of homovanillic acid and vanillylmandelic acid in neuroblastoma 

screening by stable isotope dilution GC‐MS. J. Mass Spectrom. 32 (1997) 507–514. 

doi:10.1002/(SICI)1096-9888(199705)32:5<507::AID-JMS503>3.0.CO;2-9. 

 

[61] J. Korf, T. Valkenburgh-Sikkema, Fluorimetric determination  

of 5-hydroxyindoleacetic acid in human urine and cerebrospinal fluid,  

Clin. Chim. Acta 26 (1969) 301–306. doi:10.1016/0009-8981(69)90383-0. 

 

[62] G. Alemany, A. Gamundí, C. Rosselló, R. Rial, Simultaneous determination  

of vanillylmandelic, homovanillic and 5-hydroxyindoleacetic acids in human urine  

by thin layer chromatography, Biomed. Chromatogr. 10 (1996) 144–145. 

doi:10.1002/(SICI)1099-0801(199605)10:3<144:AID-BMC570>3.0.CO;2-S. 

 

[63] F. Taran, Y. Frobert, C. Créminon, J. Grassi, D. Olichon, C. Mioskowski,  

P. Pradelles, Competitive enzyme immunoassay with monoclonal antibody  

for homovanillic acid measurement in human urine samples, Clin. Chem. 43 (1997) 

363–368. doi: 10.1093/clinchem/43.2.363. 

 

[64] F. Taran, H. Bernard, A. Valleix, C. Créminon, J. Grassi, D. Olichon,  

J.R. Deverre, P. Pradelles, Competitive enzyme immunoassay for urinary 

vanillylmandelic acid, Clin. Chim. Acta 264 (1997) 177–192.  

doi:10.1016/S0009-8981(97)00092-2. 

 



Chapter 6  References 

45 

 

[65] R.Z. Shi, Y.P. Ho, J.H.K. Yeung, P.M.Y. Or, K.K.W. To, M.W.M. Lau,  

M. Arumanayagam, Development of an enzyme-linked immunosorbent assay with 

monoclonal antibody for quantification of homovanillic in human urine samples,  

Clin. Chem. 44 (1998) 1674–1679. 

 

[66] J.J. Pisano, J.R. Crout, D. Abraham, Determination  

of 3-methoxy-4-hydroxymandelic acid in urine, Clin. Chim. Acta 7 (1962) 285–291. 

doi:10.1016/0009-8981(62)90022-0. 

 

[67] A.J. Woiwod, R. Knight, The determination of 3-methoxy 4-hydroxy mandelic 

acid in urine, J. Clin. Pathol. 14 (1961) 502–504. doi:10.1136/jcp.14.5.502. 

 

[68] X. Li, W. Jin, Q. Weng, Separation and determination of homovanillic acid  

and vanillylmandelic acid by capillary electrophoresis with electrochemical detection,  

Anal. Chim. Acta 461 (2002) 123–130. doi:10.1016/S0003-2670(02)00241-6. 

 

[69] H. Zhang, Z. Li, J. Zhang, Y. Zhang, J. Ye, Q. Chu, M. Zhang, Simultaneous 

determination of catecholamines and related metabolites by capillary electrophoresis 

with amperometric detection, Chem. Res. Chin. Univ. 29 (2013) 850–853. 

doi:10.1007/s40242-013-3132-5. 

 

[70] H. Sirén, M. Mielonen, M. Herlevi, Capillary electrophoresis  

in the determination of anionic catecholamine metabolites from patients’ urine,  

J. Chromatogr. A 1032 (2004) 289–297. doi:10.1016/j.chroma.2003.12.034. 

 

[71] M.K. Shirao, S. Suzuki, J. Kobayashi, H. Nakazawa, E. Mochizuki, Analysis  

of creatinine, vanilmandelic acid, homovanillic acid and uric acid in urine by micellar 

electrokinetic chromatography, J. Chromatogr. B: Biomed. Sci. Appl. 693 (1997)  

463–467. doi:10.1016/S0378-4347(97)00061-3. 

 

[72] D. Flottmann, J. Hins, C. Rettenmaier, N. Schnell, Z. Kuçi, G. Merkel, G. Seitz, 

G. Bruchelt, Two-dimensional isotachophoresis for the analysis of homovanillic acid 



Chapter 6  References 

46 

 

and vanillylmandelic acid in urine for cancer therapy monitoring, Microchim. Acta 154 

(2006) 49–53. doi:10.1007/s00604-006-0499-8. 

 

[73] A. Plenis, I. Olędzka, P. Kowalski, N. Miękus, T. Bączek, Recent trends  

in the quantification of biogenic amines in biofluids as biomarkers of various disorders: 

A review, J. Clin. Med. 8 (2019) 640. doi:10.3390/jcm8050640. 

 

[74] V.K. Gupta, R. Jain, K. Radhapyari, N. Jadon, S. Agarwal, Voltammetric 

techniques for the assay of pharmaceuticals—A review, Anal. Biochem. 408 (2011) 

179–196. doi:10.1016/j.ab.2010.09.027. 

 

[75] Q. Xu, A. Yuan, R. Zhang, X. Bian, D. Chen, X. Hu, Application  

of electrochemical methods for pharmaceutical and drug analysis, Curr. Pharm. Anal. 5 

(2009) 144–155. doi:10.2174/157341209788172889. 

 

[76]  T. Krejbich, Od modifikovaného povrchu k diagnostice rakoviny (From  

a modified surface to cancer diagnosis), Diploma Thesis, University of Chemistry  

and Technology, Prague, 2013. 

 

[77] Q. Li, C. Batchelor-McAuley, R.G. Compton, Electrooxidative decarboxylation 

of vanillylmandelic acid: Voltammetric differentiation between the structurally related 

compounds homovanillic acid and vanillylmandelic acid, J. Phys. Chem. B 114 (2010) 

9713–9719. doi:10.1021/jp104137p. 

 

[78] S.B. Revin, S.A. John, Simultaneous determination of two important dopamine 

metabolites at physiological pH by voltammetry,  Anal. Methods 4 (2012) 348–352. 

doi:10.1039/c2ay05664j. 

 

[79] A.C. Deacon, The measurement of 5-hydroxyindoleacetic acid in urine,  

Ann. Clin. Biochem. 31 (1994) 215–232. doi:10.1177/000456329403100302. 

 

[80] S. Liu, Y. Chen, P. Wan, C. Zhou, S. Zhang, H. Mo, Determination  

of 5-hydroxyindole acetic acid by electrochemical methods with an oxidized glassy 



Chapter 6  References 

47 

 

carbon electrode, Electrochim. Acta 216 (2016) 528–534. 

doi:10.1016/j.electacta.2016.09.001. 

 

[81] R.L. McCreery, Advanced carbon electrode materials for molecular 

electrochemistry, Chem. Rev. 108 (2008) 2646–2687. doi:10.1021/cr068076m. 

 

[82] B. Uslu, S. Ozkan, Electroanalytical application of carbon based electrodes  

to the pharmaceuticals, Anal. Lett. 40 (2007) 817–853. 

doi:10.1080/00032710701242121. 

 

[83] A. Kraft, Doped Diamond: A compact review on a new, versatile electrode 

material, Int. J. Electrochem. Sci. 2 (2007) 355–385. 

 

[84] S. Szunerits, R. Boukherroub, Different strategies for functionalization  

of diamond surfaces,  J. Solid State Electrochem. 12 (2008) 1205–1218. 

doi:10.1007/s10008-007-0473-3. 

 

[85] J.V. Macpherson, A practical guide to using boron doped diamond  

in electrochemical research, Phys. Chem. Chem. Phys. 17 (2015) 2935–2949. 

doi:10.1039/C4CP04022H. 

 

[86] S.J. Cobb, Z.J. Ayres, J.V. Macpherson, Boron doped diamond: A designer 

electrode material for the twenty-first century, Annu. Rev. Anal. Chem. 11 (2018)  

463–484. doi:10.1146/annurev-anchem-061417-010107. 

 

[87] K. Muzyka, J. Sun, T.H. Fereja, Y. Lan, W. Zhang, G. Xu, Boron-doped 

diamond: current progress and challenges in view of electroanalytical applications, 

Anal. Methods 11 (2019) 397–414. doi:10.1039/C8AY02197J. 

 

[88] N. Yang, S. Yu, J.V. Macpherson, Y. Einaga, H. Zhao, G. Zhao, G.M. Swain,  

X. Jiang, Conductive diamond: synthesis, properties, and electrochemical applications, 

Chem. Soc. Rev. 48 (2019) 157–204. doi:10.1039/C7CS00757D. 

 



Chapter 6  References 

48 

 

[89] S. Baluchová, A. Daňhel, H. Dejmková, V. Ostatná, M. Fojta, K. Schwarzová-

Pecková, Recent progress in the applications of boron doped diamond electrodes  

in electroanalysis of organic compounds and biomolecules – A review,  

Anal. Chim. Acta 1077 (2019) 30–66. doi:10.1016/j.aca.2019.05.041. 

 

[90] S.C.B. Oliveira, A.M. Oliveira-Brett, Voltammetric and electrochemical 

impedance spectroscopy characterization of a cathodic and anodic pre-treated boron 

doped diamond electrode,  Electrochim. Acta 55 (2010) 4599–4605. 

doi:10.1016/j.electacta.2010.03.016. 

 

[91] J. Ryl, L. Burczyk, R. Bogdanowicz, M. Sobaszek, K. Darowicki, Study  

on surface termination of boron-doped diamond electrodes under anodic polarization  

in H2SO4 by means of dynamic impedance technique, Carbon 96 (2016) 1093–1105. 

https://doi.org/10.1016/j.carbon.2015.10.064. 

 

[92] J. Ryl, L. Burczyk, A. Zielinski, M. Ficek, A. Franczak, R. Bogdanowicz,  

K. Darowicki, Heterogeneous oxidation of highly boron-doped diamond electrodes  

and its influence on the surface distribution of electrochemical activity, Electrochim. 

Acta 297 (2019) 1018–1027. doi:10.1016/j.electacta.2018.12.050. 

 

[93] B.P. Chaplin, D.K. Hubler, J. Farrell, Understanding anodic wear at boron doped 

diamond film electrodes, Electrochim. Acta 89 (2013) 122–131. 

doi:10.1016/j.electacta.2012.10.166. 

 

[94] E.R. Sartori, D.N. Clausen, I.M.R. Pires, C.A.R. Salamanca-Neto, Sensitive 

square-wave voltammetric determination of tadalafil (Cialis®) in pharmaceutical 

samples using a cathodically pretreated boron-doped diamond electrode, Diamond 

Relat. Mater. 77 (2017) 153–158. doi:10.1016/j.diamond.2017.07.001. 

 

[95] S. Baluchová, J. Barek, L.I.N. Tomé, C.M.A. Brett, K. Schwarzová-Pecková, 

Vanillylmandelic and homovanillic acid: Electroanalysis at non-modified and polymer-

modified carbon-based electrodes, J. Electroanal. Chem. 821 (2018) 22–32. 

doi:10.1016/j.jelechem.2018.03.011. 



Chapter 6  References 

49 

 

[96] R.F. Brocenschi, R.C. Rocha-Filho, S.R. Biaggio, N. Bocchi, DPV and SWV 

determination of estrone using a cathodically pretreated boron-doped diamond 

electrode, Electroanalysis 26 (2014) 1588–1597. doi:10.1002/elan.201400118. 

 

[97] R.F. Brocenschi, P. Hammer, C. Deslouis, R.C. Rocha-Filho, Assessments  

of the effect of increasingly severe cathodic pretreatments on the electrochemical 

activity of polycrystalline boron-doped diamond electrodes, Anal. Chem. 88 (2016) 

5363–5368. doi:10.1021/acs.analchem.6b00676. 

 

[98] R.A. Medeiros, B.C. Lourencao, R.C. Rocha-Filho, O. Fatibello-Filho, 

Simultaneous voltammetric determination of synthetic colorants in food using  

a cathodically pretreated boron-doped diamond electrode, Talanta 97 (2012) 291–297. 

doi:10.1016/j.talanta.2012.04.033. 

 

[99] N. Alpar, Y. Yard m, Z. Şentürk, Selective and simultaneous determination  

of total chlorogenic acids, vanillin and caffeine in foods and beverages by adsorptive 

stripping voltammetry using a cathodically pretreated boron-doped diamond electrode, 

Sens. Actuators, B 257 (2018) 398–408. doi:10.1016/j.snb.2017.10.100. 

 

[100] L.A. Hutton, J.G. Iacobini, E. Bitziou, R.B. Channon, M.E. Newton,  

J.V. Macpherson, Examination of the factors affecting the electrochemical performance 

of oxygen-terminated polycrystalline boron-doped diamond electrodes, Anal. Chem. 85 

(2013) 7230–7240. doi:10.1021/ac401042t. 

 

[101] J. Zavazalova, K. Prochazkova, K. Schwarzova-Peckova, Boron-doped Diamond 

Electrodes for Voltammetric Determination of Benzophenone-3,  Anal. Lett. 49 (2015) 

80–91. doi:10.1080/00032719.2014.1003425. 

 

[102] V. Hrdlička, T. Navrátil, J. Barek, Application of hollow fibre based 

microextraction for voltammetric determination of vanillylmandelic acid in human 

urine,  J. Electroanal. Chem. 835 (2019) 130–136. doi:10.1016/j.jelechem.2018.12.060. 

 



Chapter 6  References 

50 

 

[103] Y. Li, H. Li, M. Li, C. Li, D. Sun, B. Yang, Porous boron-doped diamond 

electrode for detection of dopamine and pyridoxine in human serum,  

Electrochim. Acta 258 (2017) 744–753. doi:10.1016/j.electacta.2017.11.121. 

 

[104] A.R.L. da Silva, A.J. dos Santos, C.A. Martínez-Huitle, Electrochemical 

measurements and theoretical studies for understanding the behavior of catechol, 

resorcinol and hydroquinone on the boron doped diamond surface, RSC Adv. 8 (2018) 

3483–3492. doi:10.1039/C7RA12257H. 

 

[105] I. Sálusová, K. Cinková, B. Brtková, M. Vojs, M. Marton, Ľ. Švorc, 

Electrochemical and analytical performance of boron-doped diamond electrode for 

determination of ascorbic acid, Acta Chim. Slovaca 10 (2017) 21–28.  

doi:10.1515/acs-2017-0004. 

 

[106] W.P. Silva, L.A.J. Silva, C.H. França, R.M.F. Sousa, R.A.A. Muñoz,  

E.M. Richter, Square-wave voltammetric determination of propyphenazone, 

paracetamol, and caffeine: Comparative study between batch injection analysis  

and conventional electrochemical systems, Electroanalysis 29 (2017) 1860–1866. 

doi:10.1002/elan.201700160. 

 

[107] H.S. Ali, A.A. Abdullah, P.T. P nar, Y. Yard m, Z. Şentürk, Simultaneous 

voltammetric determination of vanillin and caffeine in food products using  

an anodically pretreated boron-doped diamond electrode: Its comparison with  

HPLC-DAD, Talanta 170 (2017) 384–391. doi:10.1016/j.talanta.2017.04.037. 

 

[108] E.H. Duarte, J. Casarin, E.R. Sartori, C.R.T. Tarley, Highly improved 

simultaneous herbicides determination in water samples by differential pulse 

voltammetry using boron-doped diamond electrode and solid phase extraction on cross-

linked poly(vinylimidazole), Sens. Actuators, B 255 (2018) 166–175. 

doi:10.1016/j.snb.2017.08.021. 

 

[109] H.E. Zittel, F.J. Miller, A glassy-carbon electrode for voltammetry,  

Anal. Chem. 37 (1965) 200–203. doi:10.1021/ac60221a006. 



Chapter 6  References 

51 

 

[110] W.E. Van der Linden, J.W. Dieker, Glassy carbon as electrode material  

in electro-analytical chemistry, Anal. Chim. Acta 119 (1980) 1–24.  

doi:10.1016/S0003-2670(00)00025-8. 

 

[111] K. Fujita, K. Maruta, S. Ito, T. Nagatsu, Urinary 4-hydroxy-3-methoxymandelic 

(vanillylmandelic) acid, 4-hydroxy-3-methoxyphenylacetic (homovanillic) acid,  

and 5-hydroxy-3-indoleacetic acid determined by liquid chromatography  

with electrochemical detection, Clin. Chem. 29 (1983) 876–878. 

doi:10.1093/clinchem/29.5.876. 

 

[112] T. Selvaraju, R. Ramaraj, Simultaneous detection of ascorbic acid, uric acid and 

homovanillic acid at copper modified electrode, Electrochim. Acta 52 (2007)  

2998–3005. doi:10.1016/j.electacta.2006.09.032. 

 

[113] A. Hatefi-Mehrjardi, N. Ghaemi, M.A. Karimi, M. Ghasemi,  

S. Islami-Ramchahi, Poly-(Alizarin Red S)-modified glassy carbon electrode  

for simultaneous electrochemical determination of levodopa, homovanillic acid  

and ascorbic acid, Electroanalysis 26 (2014) 2491–2500. doi:10.1002/elan.201400302. 

 

[114] Y.L. Liu, A.T. Cheng, H.R. Chen, Y.P. Hsu, Simultaneous HPLC of twelve 

monoamines and metabolites shows neuroblastoma cell line releases HVA and HIAA. 

Biomed. Chromatogr. 14 (2000) 544–548.  

doi:10.1002/1099-0801(200012)14:8<544::AID-BMC46>3.0.CO;2-X. 

 

[115]  Z. Fredj, M.B. Ali, B. Singh, E. Dempsey, Simultaneous voltammetric detection 

of 5-hydroxyindole-3-acetic acid and 5-hydroxytryptamine using a glassy carbon 

electrode modified with conducting polymer and platinised carbon nanofibers, 

Microchim. Acta 185 (2018) 412. doi:10.1007/s00604-018-2949-5. 

 

[116] Z. Taleat, A. Khoshroo, M. Mazloum-Ardakani, Screen-printed electrodes  

for biosensing: a review (2008–2013), Microchim. Acta 181 (2014) 865–891. 

doi:10.1007/s00604-014-1181-1. 

 



Chapter 6  References 

52 

 

[117] A. Farahani, Developing a point-of-care system for determination of dopamine, 

ascorbic and uric acids in biological fluids using a screen-printed electrode modified  

by three dimensional graphene/carbon nanotube hybrid, Int. J. Electrochem. Sci. 14 

(2019) 6195–6208. doi:10.20964/2019.07.47. 

 

[118] G. Scarpa, A.-L. Idzko, A. Yadav, E. Martin, S. Thalhammer, Toward cheap 

disposable sensing devices for biological assays, IEEE Trans. Nanotechnol. 9 (2010) 

527–532. doi:10.1109/TNANO.2010.2060493. 

 

[119] M. Zaguirre, C. Ariño, N. Serrano, J.M. Díaz‐Cruz, M. Esteban, Screen‐printed 

electrodes for the determination of iridium in drugs, Electroanalysis 30 (2018)  

2925–2930. doi:10.1002/elan.201800502. 

 

[120] W. Kit-Anan, A. Olarnwanich, C. Sriprachuabwong, C. Karuwan,  

A. Tuantranont, A. Wisitsoraat, W. Srituravanich, A. Pimpin, Disposable paper-based 

electrochemical sensor utilizing inkjet-printed polyaniline modified screen-printed 

carbon electrode for ascorbic acid detection, J. Electroanal. Chem. 685 (2012) 72–78. 

doi:10.1016/j.jelechem.2012.08.039. 

 

[121] Z. Tang, H. Chen, S. Song, C. Fan, D. Zhang, A. Wu, Disposable screen-printed 

electrode coupled with recombinant Drosophila melanogaster acetylcholinesterase  

and multiwalled carbon nanotubes for rapid detection of pesticides, J. AOAC Int. 94 

(2011) 307–312. doi:10.1093/jaoac/94.1.307. 

 

[122] M. Li, Y.-T. Li, D.-W. Li, Y.-T. Long, Recent developments and applications  

of screen-printed electrodes in environmental assays—A review, Anal. Chim. Acta 734 

(2012) 31–44. doi:10.1016/j.aca.2012.05.018. 

 

[123] M. Li, D.-W. Li, G. Xiu, Y.-T. Long, Applications of screen-printed electrodes 

in current environmental analysis,  Curr. Opin. Electrochem. 3 (2017) 137–143. 

doi:10.1016/j.coelec.2017.08.016. 

 



Chapter 6  References 

53 

 

[124] G. Hughes, K. Westmacott, K.C. Honeychurch, A. Crew, R.M. Pemberton,  

J.P. Hart, Recent advances in the fabrication and application of screen-printed 

electrochemical (bio)sensors based on carbon materials for biomedical, agri-food  

and environmental analyses, Biosensors 6 (2016) 50. doi:10.3390/bios6040050. 

 

[125] J.-M. Jian, Y.-Y. Liu, Y.-L. Zhang, X.-S. Guo, Q. Cai, Fast and sensitive 

detection of Pb
2+

 in foods using disposable screen-printed electrode modified  

by reduced graphene oxide, Sensors 13 (2013) 13063–13075. doi:10.3390/s131013063. 

 

[126] D. Albanese, A. Sannini, F. Malvano, R. Pilloton, M. Di Matteo, Optimisation  

of glucose biosensors based on sol–gel entrapment and Prussian Blue-modified screen-

printed electrodes for real food analysis, Food Anal. Methods 7 (2014) 1002–1008. 

doi:10.1007/s12161-013-9705-6. 

 

[127] J. Barton, M.B.G. García, D.H. Santos, P. Fanjul-Bolado, A. Ribotti,  

M. McCaul, D. Diamond, P. Magni, Screen-printed electrodes for environmental 

monitoring of heavy metal ions: A review, Microchim. Acta 183 (2016) 503–517. 

doi:10.1007/s00604-015-1651-0. 

 

[128] G. Moro, F. Bottari, J. Van Loon, E. Du Bois, K. De Wael, L.M. Moretto, 

Disposable electrodes from waste materials and renewable sources  

for (bio)electroanalytical applications, Biosens. Bioelectron. 146 (2019) 111758. 

doi:10.1016/j.bios.2019.111758. 

 

[129] U. Kavčič, T. Pleša, The influence of printing properties of screen printed 

electrodes on sensitivity measured with cyclic voltammetry,  

Proceedings of 9th International Symposium On Graphic Engineering And Design 

(2018) 253–259. doi:10.24867/GRID-2018-p31. 

 

[130] H.M. Mohamed, Screen-printed disposable electrodes: Pharmaceutical 

applications and recent developments, TrAC, Trends Anal. Chem. 82 (2016) 1–11. 

doi:10.1016/j.trac.2016.02.010. 

 



Chapter 6  References 

54 

 

[131] O.D. Renedo, M.A. Alonso-Lomillo, M.J.A. Martínez, Recent developments  

in the field of screen-printed electrodes and their related applications, Talanta 73 (2007) 

202–219. doi:10.1016/j.talanta.2007.03.050. 

 

[132] J.P. Hart, A. Crew, E. Crouch, K.C. Honeychurch, R.M. Pemberton, Some 

recent designs and developments of screen‐printed carbon electrochemical 

sensors/biosensors for biomedical, environmental, and industrial analyses,  

Anal. Lett. 37 (2004) 789–830. doi:10.1081/AL-120030682. 

 

[133] N. Baig, M. Sajid, T.A. Saleh, Recent trends in nanomaterial-modified 

electrodes for electroanalytical applications, TrAC, Trends Anal. Chem. 111 (2019)  

47–61. doi:10.1016/j.trac.2018.11.044. 

 

[134] P. Gupta, R.N. Goyal, Y.-B. Shim, Simultaneous analysis of dopamine  

and 5-hydroxyindoleacetic acid at nanogold modified screen printed carbon electrodes, 

Sens. Actuators, B 213 (2015) 72–81. doi:10.1016/j.snb.2015.02.066. 

 

[135] J. Barek, K. Pecková, V. Vyskočil, Where modern electroanalytical methods 

verge fifty years after Nobel prize for polarography (In Czech), Chem. Listy 103 (2009) 

889–893. 

 

[136] P.T. Kissinger, W.R. Heineman, Laboratory techniques in electroanalytical 

chemistry. 2
nd

 ed., Marcel Dekker (1996), New York.  

 

[137] A.J. Bard, L.R. Faulkner, Electrochemical methods: Fundamentals  

and applications. John Wiley (2001), New York. 

 

[138] N. Elgrishi, K.J. Rountree, B.D. McCarthy, E.S. Rountree, T.T. Eisenhart,  

J.L. Dempsey, A practical beginner’s guide to cyclic voltammetry, J. Chem. Educ. 95 

(2017) 197–206. doi:10.1021/acs.jchemed.7b00361. 

 

[139] F. Scholz, Voltammetric techniques of analysis: The essentials, ChemTexts 1 

(2015) 17. doi:10.1007/s40828-015-0016-y. 



Chapter 6  References 

55 

 

[140] P.N. Nesterenko, B. Paull, Chapter 9 – Ion chromatography in Liquid 

Chromatography: Fundamentals and Instrumentation, 2
nd

 ed., Elsevier (2017), 

Amsterdam. doi:10.1016/B978-0-12-805393-5.00009-9. 

 

[141] M.A. Islam, P. Mahbub, P.N. Nesterenko, B. Paull, M. Macka, Prospects  

of pulsed amperometric detection in flow-based analytical systems - A review,  

Anal. Chim. Acta 1052 (2019) 10–26. doi:10.1016/j.aca.2018.10.066. 

 

[142] S. Tvorynska, J. Barek, B. Josypčuk, Acetylcholinesterase-choline oxidase-

based mini-reactors coupled with silver solid amalgam electrode for amperometric 

detection of acetylcholine in flow injection analysis, J. Electroanal. Chem. 860 (2020) 

113883. doi:10.1016/j.jelechem.2020.113883. 

 

[143] J. Smajdor, R. Piech, M. Ławrywianiec, B. Paczosa-Bator, Glassy carbon 

electrode modified with carbon black for sensitive estradiol determination by means  

of voltammetry and flow injection analysis with amperometric detection,  

Anal. Biochem. 544 (2018) 7–12. doi:10.1016/j.ab.2017.12.025. 

 

[144] R. Jarošová, S. Sanchez, L. Haubold, G.M. Swain, Isatin analysis using flow 

injection analysis with amperometric detection - Comparison of tetrahedral amorphous 

carbon and diamond electrode performance, Electroanalysis 29 (2017) 2147–2154. 

doi:10.1002/elan.201700272. 

 

[145] L.G. Shaidarova, I.A. Chelnokova, M.A. Il’ina, A.V. Gedmina, H.C. Budnikov, 

Amperometric detection of hydroxypurines at an electrode modified with a composite 

based on mixed-valence ruthenium and cobalt oxides in flow injection analysis,  

J. Anal. Chem. 72 (2017) 107–112. doi:10.1134/S1061934817010105. 

 

[146] M. Rumin, J. Smajdor, B. Paczosa-Bator, R. Piech, Voltammetry and flow 

injection analysis with amperometric detection for sensitive sodium metamizole 

determination on glassy carbon electrode modified with SWCNTs/Nafion,  

ECS J. Solid State Sci. Technol. 5 (2016) M3005–M3011. doi:10.1149/2.0021608jss. 

 



Chapter 6  References 

56 

 

[147] M.A. Chamjangali, S. Boroumand, G. Bagherian, N. Goudarzi, A.H. Momeni, 

Application of Allura Red in the construction of a novel amperometric flow sensor  

for the automatic determination of hydroquinone and catechol using a two-line flow 

injection manifold with a single-sensor/double-pulse amperometric detection,  

Meas. Sci. Technol. 30 (2019) 025801 (12pp). doi:10.1088/1361-6501/aaf4e4. 

 

[148] A.M. Santos, T.A. Silva, F.C. Vicentini, O. Fatibello-Filho, Flow injection 

analysis system with electrochemical detection for the simultaneous determination  

of nanomolar levels of acetaminophen and codeine, Arabian J. Chem. 13 (2020)  

335–345. doi:10.1016/j.arabjc.2017.04.012. 

 

[149] A. Wong, A.M. Santos, O. Fatibello-Filho, Simultaneous determination  

of dopamine and cysteamine by flow injection with multiple pulse amperometric 

detection using a boron-doped diamond electrode, Diamond Relat. Mater. 85 (2018) 

68–73. doi:10.1016/j.diamond.2018.03.034. 

 

[150] P.B. Deroco, R.A. Medeiros, R.C. Rocha-Filho, O. Fatibello-Filho, Selective 

and simultaneous determination of indigo carmine and allura red in candy samples  

at the nano-concentration range by flow injection analysis with multiple pulse 

amperometric detection, Food Chem. 247 (2018) 66–72. 

doi:10.1016/j.foodchem.2017.12.006. 

 

[151] D. Bavol, A. Economou, J. Zima, J. Barek, H. Dejmkova, Simultaneous 

determination of tert-butylhydroquinone, propyl gallate, and butylated hydroxyanisole 

by flow-injection analysis with multiple-pulse amperometric detection, Talanta 178 

(2018) 231–236. doi:10.1016/j.talanta.2017.09.032. 

 

[152] F. da S. Nogueira, F.M. Araujo, L.V. De Faria, T.P. Lisboa, G.C. Azevedo,  

R.M. Dornellas, M.A.C. Matos, R.C. Matos, Simultaneous determination of strobilurin 

fungicides residues in bean samples by HPLC-UV-AD using boron-doped diamond 

electrode, Talanta 216 (2020) 120957. doi:10.1016/j.talanta.2020.120957. 

 



Chapter 6  References 

57 

 

[153] A. Diuzheva, H. Dejmková, J. Fischer, V. Andruch, Simultaneous determination 

of three carbamate pesticides using vortex-assisted liquid–liquid microextraction 

combined with HPLC-amperometric detection, Microchem. J. 150 (2019) 104071. 

doi:10.1016/j.microc.2019.104071. 

 

[154] V.V. Tolmacheva, D.I. Yarykin, M.V. Gorbunova, V.V. Apyari,  

S.G. Dmitrienko, Y.A. Zolotov, Preconcentration of catecholamins on hypercrosslinked 

polystyrene and their determination by high-performance liquid chromatography,  

J. Anal. Chem. 74 (2019) 1057–1063. doi:10.1134/S1061934819090107. 

 

[155] R.S. Lamarca, R.C. Matos, M.A.C. Matos, Determination of phenolic acids  

in palm oil samples by HPLC-UV-AD using homemade flow cell, Anal. Methods 10 

(2018) 4535–4542. doi:10.1039/C8AY01747F. 

 

[156] J. Karaová, J. Barek, K. Schwarzová-Pecková, Oxidative and reductive detection 

modes for determination of nitrophenols by high-performance liquid chromatography 

with amperometric detection at a boron doped diamond electrode, Anal. Lett. 49 (2015) 

66–79. doi:10.1080/00032719.2014.1003424. 

 

[157] J.L. Adcock, N.W. Barnett, J.W. Costin, P.S. Francis, S.W. Lewis, 

Determination of selected neurotransmitter metabolites using monolithic column 

chromatography coupled with chemiluminescence detection, Talanta 67 (2005)  

585–589. doi:10.1016/j.talanta.2005.03.007. 

 

[158] J.L. Adcock, P.S. Francis, K.M. Agg, G.D. Marshall, N.W. Barnett, A hybrid 

FIA/HPLC system incorporating monolithic column chromatography,  

Anal. Chim. Acta 600 (2007) 136–141. doi:10.1016/j.aca.2007.03.048. 

 

[159] N.W. Barnett, P.S. Francis, S.W. Lewis, K.F. Lim, Determination  

of α,4-dihydroxy-3-methoxybenzeneacetic acid (vanilmandelic acid) by flow injection 

analysis coupled with luminol–hexacyanoferrate(III) chemiluminescence detection, 

Anal. Commun. 36 (1999) 131–134. doi:10.1039/a900927b. 

 



Chapter 6  References 

58 

 

[160] J.M. Freitas, T. da C. Oliveira, R.A.A. Munoz, E.M. Richter, Boron doped 

diamond electrodes in flow-based systems, Front. Chem. 7 (2019) 190. 

doi:10.3389/fchem.2019.00190. 

 

[161] H. Dejmkova, H. Adamkova, J. Barek, J. Zima, Voltammetric and amperometric 

determination of selected catecholamine metabolites using glassy carbon paste 

electrode, Monatsh. Chem. 148 (2017) 511–515. doi:10.1007/s00706-016-1902-8. 



Chapter 7  Appendix I 

59 

 

7 APPENDIX I 

Elektrochemické stanovení homovanilové, vanilmandlové a 5-hydroxy-

3-indoloctové kyseliny jako biomarkerů nádorových onemocnění 

 

(Electrochemical methods for the determination of homovanillic, 

vanillylmandelic, and 5-hydroxy-3-indoleacetic acid as cancer 

biomarkers) 

 

 

Anna Makrlíková, Jiří Barek, Vlastimil Vyskočil, Tomáš Navrátil 

 

Chemické listy 

 

Volume 112, Pages 605–615, Year 2018 



Chapter 7  Appendix I 

60 

 



Chapter 7  Appendix I 

61 

 



Chapter 7  Appendix I 

62 

 



Chapter 7  Appendix I 

63 

 



Chapter 7  Appendix I 

64 

 



Chapter 7  Appendix I 

65 

 



Chapter 7  Appendix I 

66 

 



Chapter 7  Appendix I 

67 

 



Chapter 7  Appendix I 

68 

 



Chapter 7  Appendix I 

69 

 



Chapter 7  Appendix I 

70 

 

 



Chapter 8  Appendix II 

71 

 

8 APPENDIX II 

Voltammetric determination of tumor biomarkers for neuroblastoma 

(homovanillic acid, vanillylmandelic acid, and 5-hydroxyindole-3-

acetic acid) at screen-printed carbon electrodes 

 

 

Anna Makrlíková, Evangelia Ktena, Anastasios Economou, Jan Fischer, 

Tomáš Navrátil, Jiří Barek, Vlastimil Vyskočil 

 

Electroanalysis 

 

Volume 29, Pages 146–153, Year 2017 



Chapter 8  Appendix II 

72 

 



Chapter 8  Appendix II 

73 

 



Chapter 8  Appendix II 

74 

 



Chapter 8  Appendix II 

75 

 



Chapter 8  Appendix II 

76 

 



Chapter 8  Appendix II 

77 

 



Chapter 8  Appendix II 

78 

 



Chapter 8  Appendix II 

79 

 

 



Chapter 9  Appendix III 

80 

 

9 APPENDIX III 

Determination of three tumor biomarkers (homovanillic acid, 

vanillylmandelic acid, and 5-hydroxyindole-3-acetic acid) using flow 

injection analysis with amperometric detection 

 

 

Anna Němečková-Makrlíková, Frank-Michael Matysik, Tomáš Navrátil, 

Jiří Barek, Vlastimil Vyskočil 

 

Electroanalysis 

 

Volume 31, Pages 303–308, Year 2019 



Chapter 9  Appendix III 

81 

 



Chapter 9  Appendix III 

82 

 



Chapter 9  Appendix III 

83 

 



Chapter 9  Appendix III 

84 

 



Chapter 9  Appendix III 

85 

 



Chapter 9  Appendix III 

86 

 

 



Chapter 10  Appendix IV 

87 

 

10 APPENDIX IV 

Determination of tumour biomarkers homovanillic and 

vanillylmandelic acid using flow injection analysis with amperometric 

detection at a boron doped diamond electrode 

 

 

Anna Němečková-Makrlíková, Tomáš Navrátil, Jiří Barek, Pavla 

Štenclová, Alexander Kromka, Vlastimil Vyskočil 

 

Analytica Chimica Acta 

 

Volume 1087, Pages 44–50, Year 2019 



Chapter 10  Appendix IV 

88 

 



Chapter 10  Appendix IV 

89 

 



Chapter 10  Appendix IV 

90 

 



Chapter 10  Appendix IV 

91 

 



Chapter 10  Appendix IV 

92 

 



Chapter 10  Appendix IV 

93 

 



Chapter 10  Appendix IV 

94 

 

 



Chapter 11  Appendix V 

95 

 

11 APPENDIX V 

Determination of tumour biomarkers homovanillic acid, 

vanillylmandelic acid, and 5-hydroxyindole-3-acetic acid in human 

urine using HPLC with electrochemical detection 

 

 

Anna Němečková-Makrlíková, Jiří Barek, Tomáš Navrátil, Jan Fischer, 

Vlastimil Vyskočil, Hana Dejmková 

 

Journal of Electroanalytical Chemistry 

 

Submitted, Year 2020 



Chapter 11  Appendix V 

96 

 



Chapter 11  Appendix V 

97 

 



Chapter 11  Appendix V 

98 

 



Chapter 11  Appendix V 

99 

 



Chapter 11  Appendix V 

100 

 



Chapter 11  Appendix V 

101 

 



Chapter 11  Appendix V 

102 

 



Chapter 11  Appendix V 

103 

 



Chapter 11  Appendix V 

104 

 



Chapter 11  Appendix V 

105 

 



Chapter 11  Appendix V 

106 

 



Chapter 11  Appendix V 

107 

 



Chapter 11  Appendix V 

108 

 



Chapter 11  Appendix V 

109 

 



Chapter 11  Appendix V 

110 

 



Chapter 11  Appendix V 

111 

 



Chapter 11  Appendix V 

112 

 



Chapter 11  Appendix V 

113 

 



Chapter 11  Appendix V 

114 

 



Chapter 11  Appendix V 

115 

 



Chapter 11  Appendix V 

116 

 



Chapter 11  Appendix V 

117 

 



Chapter 11  Appendix V 

118 

 



Chapter 11  Appendix V 

119 

 



Chapter 11  Appendix V 

120 

 



Chapter 11  Appendix V 

121 

 



Chapter 11  Appendix V 

122 

 

 



Chapter 12  Appendix VI 

123 

 

12 APPENDIX VI  

Confirmation of participation 

 

[1]  A. Makrlíková, J. Barek, V. Vyskočil, T. Navrátil, Electrochemical methods  

for the determination of homovanillic, vanillylmandelic, and 5-hydroxy-3-indoleacetic 

acid as cancer biomarkers (in Czech), Chemické Listy 112 (2018) 605–615. 

 

Impact factor: 0.311 (2018) 

Percentage of participation of RNDr. Anna Němečková (Makrlíková) ~ 80 %. 

 

[2]  A. Makrlíková, E. Ktena, A. Economou, J. Fischer, T. Navrátil, J. Barek, 

V.Vyskočil, Voltammetric determination of tumor biomarkers for neuroblastoma 

(homovanillic acid, vanillylmandelic acid, and 5-hydroxyindole-3-acetic acid) at screen-

printed carbon electrodes, Electroanalysis 29 (2017) 146–153. 

doi:10.1002/elan.201600534. 

 

Impact factor: 2.691 (2018) 

Percentage of participation of RNDr. Anna Němečková (Makrlíková) ~ 40 %. 

 

[3]  A. Němečková-Makrlíková, F.-M. Matysik, T. Navrátil, J. Barek, V. Vyskočil, 

Determination of three tumor biomarkers (homovanillic acid, vanillylmandelic acid,  

and 5-hydroxyindole-3-acetic acid) using flow injection analysis with amperometric 

detection, Electroanalysis 31 (2019) 303–308. doi:10.1002/elan.201800540. 

 

Impact factor: 2.691 (2018) 

Percentage of participation of RNDr. Anna Němečková (Makrlíková) ~ 75 %. 



Chapter 12  Appendix VI 

124 

 

 

[4]  A. Němečková-Makrlíková, T. Navrátil, J. Barek, P. Štenclová, A. Kromka,  

V. Vyskočil, Determination of tumour biomarkers homovanillic and vanillylmandelic 

acid using flow injection analysis with amperometric detection at a boron doped 

diamond electrode, Analytica Chimica Acta 1087 (2019) 44–50. 

doi:10.1016/j.aca.2019.08.062.  

 

Impact factor: 5.256 (2018) 

Percentage of participation of RNDr. Anna Němečková (Makrlíková) ~ 70 %. 

 

[5]  A. Němečková-Makrlíková, J. Barek, T. Navrátil, J. Fischer, V. Vyskočil,  

H. Dejmková, Determination of tumour biomarkers homovanillic acid, vanillylmandelic 

acid, and 5-hydroxyindole-3-acetic acid in human urine using HPLC with 

electrochemical detection – submitted to Journal of Electroanalytical Chemistry (2020). 

 

Impact factor: 3.218 (2018) 

Percentage of participation of RNDr. Anna Němečková (Makrlíková) ~ 65 %. 

 

 

 

I declare that the percentage of participation of RNDr. Anna Němečková 

(Makrlíková) at the above given papers corresponds to above given numbers. 

 

 

 

 

 

Prague, 10
th

 June 2020 

       prof. RNDr. Jiří Barek, CSc. 



Chapter 13  Appendix VII 

125 

 

13 APPENDIX VII 

List of publications, oral and poster 

presentations, internship, and grants 

 

A) List of publications 

1. A. Makrlíková, F. Opekar, P. Tůma, Pressure-assisted introduction of urine 

samples into a short capillary for electrophoretic separation with contactless 

conductivity and UV spectrometry detection, Electrophoresis 36 (2015) 1962–1968. 

doi:10.1002/elps.201400613. 

 

2. A. Makrlíková, E. Ktena, A. Economou, J. Fischer, T. Navrátil, J. Barek,  

V. Vyskočil, Voltammetric determination of tumor biomarkers for neuroblastoma 

(homovanillic acid, vanillylmandelic acid, and 5-hydroxyindole-3-acetic acid)  

at screen-printed carbon electrodes, Electroanalysis 29 (2017) 146–153. 

doi:10.1002/elan.201600534. 

 

3. A. Makrlíková, J. Barek, V. Vyskočil, T. Navrátil, Electrochemical methods  

for the determination of homovanillic, vanillylmandelic,  

and 5-hydroxy-3-indoleacetic acid as cancer biomarkers (in Czech),  

Chemické Listy 112 (2018) 605–615. 

 

4. A. Němečková-Makrlíková, F.-M. Matysik, T. Navrátil, J. Barek, V. Vyskočil, 

Determination of three tumor biomarkers (homovanillic acid, vanillylmandelic acid, 

and 5-hydroxyindole-3-acetic acid) using flow injection analysis with amperometric 

detection, Electroanalysis 31 (2019) 303–308. doi:10.1002/elan.201800540. 



Chapter 13  Appendix VII 

126 

 

5. A. Němečková-Makrlíková, T. Navrátil, J. Barek, P. Štenclová, A. Kromka,  

V. Vyskočil, Determination of tumour biomarkers homovanillic  

and vanillylmandelic acid using flow injection analysis with amperometric detection 

at a boron doped diamond electrode, Analytica Chimica Acta 1087 (2019) 44–50. 

doi:10.1016/j.aca.2019.08.062. 

  

6. A. Němečková-Makrlíková, J. Barek, T. Navrátil, J. Fischer, V. Vyskočil,  

H. Dejmková, Determination of tumour biomarkers homovanillic acid, 

vanillylmandelic acid, and 5-hydroxyindole-3-acetic acid in human urine using 

HPLC with electrochemical detection – submitted to Journal of Electroanalytical 

Chemistry (2020). 

 

B) Oral presentations 

1. A. Makrlíková, F. Opekar, P. Tůma, Determination of selected components  

of human urine by electrophoresis in short capillary with hydrodynamic sampling 

controlled by pressure pulse, XXXV. Modern Electrochemical Methods – 

Jetřichovice u Děčína, Czech Republic (18. – 22. 5. 2015). 

 

2. A. Makrlíková, F. Opekar, P. Tůma, Determination of selected components  

of human urine by electrophoresis in a short capillary with pressure-assisted 

sampling, 11th International Students Conference Modern Analytical Chemistry – 

Prague, Czech Republic (22. – 23. 9. 2015). 

 

3. A. Makrlíková, T. Navrátil, Determination of tumor markers using screen-printed 

electrodes, Seminar of Students of JHI 2016 – Liblice, Czech Republic  

(10. – 11. 5. 2016). 

 

4. A. Makrlíková, E. Ktena, J. Fischer, T. Navrátil, V. Vyskočil, Electrochemical 

methods for determination of three tumor biomarkers for neuroblastoma: 

homovanillic acid, vanillylmandelic acid, and 5-hydroxyindoleacetic acid,  

XXXVI. Modern Electrochemical Methods – Jetřichovice u Děčína, Czech Republic 

(23. – 27. 5. 2016).  



Chapter 13  Appendix VII 

127 

 

5. A. Makrlíková, T. Navrátil, J. Barek, V. Vyskočil, Voltammetric determination  

of cancer biomarker 5-hydroxyindole-3-acetic acid at screen-printed carbon 

electrodes, 12th International Students Conference Modern Analytical Chemistry – 

Prague, Czech Republic (22. – 23. 9. 2016).  

 

6. A. Makrlíková, F.-M. Matysik, T. Navrátil, J. Barek, V. Vyskočil, Determination 

of 5-hydroxyindole-3-acetic acid using flow injection analysis with electrochemical 

detection, XXXVII. Modern Electrochemical Methods – Jetřichovice u Děčína, 

Czech Republic (15. – 19. 5. 2017). 

 

7. A. Makrlíková, T. Navrátil, Optimization of conditions for voltammetric detection 

of tumor biomarker 5-hydroxyindole-3-acetic acid using flow injection analysis, 

Seminar of Students of JHI 2017 – Liblice, Czech Republic (9. – 10. 5. 2017). 

 

8. A. Makrlíková, F.-M. Matysik, T. Navrátil, J. Barek, V. Vyskočil, Determination 

of vanillylmandelic acid using flow injection analysis with amperometric detection, 

XXII. Meeting of the Portuguese Electrochemical Society – Ponta Delgada, Azores, 

Portugal (19. – 22. 6. 2017). 

 

9. A. Makrlíková, F.-M. Matysik, T. Navrátil, J. Barek, V. Vyskočil, Voltammetric 

determination of tumor biomarkers using flow injection analysis with amperometric 

detection, 13th International Students Conference Modern Analytical Chemistry – 

Prague, Czech Republic (21. – 22. 9. 2017).    

 

10. A. Makrlíková, F.-M. Matysik, J. Barek, V. Vyskočil, T. Navrátil, Electrochemical 

methods for determination of tumor biomarkers in human urine, 1st Cross-Border 

Seminar on Electroanalytical Chemistry, Furth im Wald, Germany (4. – 6. 4. 2018).  

 

11. A. Makrlíková, H. Dejmková, T. Navrátil, J. Barek a V. Vyskočil, HPLC-ED/UV 

with solid phase extraction for the determination of 5-hydroxyindole-3-acetic acid, 

XXXVIII. Modern Electrochemical Methods – Jetřichovice u Děčína,  

Czech Republic (21. – 25. 5. 2018).    

 



Chapter 13  Appendix VII 

128 

 

12. A. Makrlíková, T. Navrátil, Electrochemical methods for determination  

of homovanillic, vanillylmandelic, and 5-hydroxyindole-3-acetic acids in human 

urine, Seminar of Students of JHI 2018 – Prague, Czech Republic  

(12. – 13. 6. 2018). 

 

13. A. Němečková-Makrlíková, H. Dejmková, T. Navrátil, J. Barek, V. Vyskočil, 

HPLC-ED/UV for determination of vanillylmandelic acid in human urine after solid 

phase extraction, 14th International Students Conference Modern Analytical 

Chemistry – Prague, Czech Republic (20. – 21. 9. 2018). 

 

14. A. Němečková-Makrlíková, J. Barek, V. Vyskočil, T. Navrátil, Determination  

of homovanillic and vanillylmandelic acid using flow injection analysis with 

amperometric detection at boron doped diamond electrode, 2nd Cross-Border 

Seminar on Electroanalytical Chemistry – České Budějovice, Czech Republic  

(10. – 12. 4. 2019).  

 

15. A. Makrlíková, T. Navrátil, Determination of tumor biomarkers using flow 

injection analysis with amperometric detection at boron doped diamond electrode, 

Seminar of Students of JHI 2019 – Liblice, Czech Republic (29. – 30. 4. 2019). 

 

 

 

Lectures within the seminars of J. Heyrovský Institute of Physical Chemistry  

of the Czech Academy of Sciences: 

 

16. A. Makrlíková, Voltametrické a amperometrické stanovení kyseliny homovanilové 

jako biomarkeru neuroblastomu (Voltammetric and amperometric determination  

of homovanillic acid as tumour biomarker), Prague, Czech Republic (30. 1. 2017). 

 

17. A. Němečková-Makrlíková, Elektrochemické metody pro stanovení biomarkerů 

rakoviny (Electrochemical methods for determination of tumour biomarkers), 

Prague, Czech Republic (7. 6. 2019). 

 



Chapter 13  Appendix VII 

129 

 

C) Poster presentations 

1. A. Makrlíková, E. Ktena, A. Economou, J. Fischer, V. Vyskočil, Electrochemical 

determination of selected tumor biomarkers using screen-printed electrodes,  

16th International Conference on Electroanalysis ESEAC – Bath, United Kingdom  

(12. – 16. 6. 2016).  

 

2.  A. Makrlíková, T. Navrátil, J. Barek, V. Vyskočil, H. Dejmková, Determination  

of homovanillic acid in human urine using HPLC-ED/UV with solid phase 

extraction, 17th International Conference on Electroanalysis – Rhodos, Greece  

(3. – 6. 6. 2018). 

 

D) Internship 

Long-term foreign internship in laboratory of Prof. Dr. Frank-Michael Matysik, 

University of Regensburg, Faculty of Chemistry and Pharmacy, Institute of Analytical 

Chemistry, Chemo- and Biosensors, Regensburg, Germany (1. 10. 2016 – 31. 12. 2016).  

 

E) Grants 

Principal investigator 

Determination of selected biomarkers in human urine by flow methods with 

electrochemical and spectrophotometric detection. Grant Agency of Charles University. 

Project 243-734216, 2016 – 2018. 

 

Team member 

New approaches to monitoring of agrochemicals, food additives and contaminants  

and their transformation processes in environmental and food matrices. Grant Agency 

of the Czech Republic (the Czech Science Foundation). Project 17-03868S,  

2017 – 2019. 

 

 


