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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 pmol-L ™" for HVA, 0.06 pmol-L™' for VMA, and 0.12 pmol-L™' 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 ],Lmol-L*l for HVA, 0.05 ],Lmol-L*1 for VMA,
and 0.03 pmol-L™' for 5-HIAA, respectively; at BDDE 0.44 pmol-L™' for HVA
and 0.34 pmol-L™' 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 pmol-L™" for HVA, 5.0 pmol-L™
for VMA, and 8.3 pmol-L™ for 5-HIAA, respectively.



Abstrakt

Ptredlozend disertacni prace je zamétfena na vyvoj elektrochemickych metod
stanoveni  biomarkeri  nadorovych  onemocnéni: homovanilové (HVA),
vanilmandlové (VMA) a 5-hydroxy-3-indoloctové (5-HIAA) kyseliny.

V prvni ¢asti prace bylo zkoumano elektrochemické chovani téchto analyth
ve vsadkovém uspofadani pomoci diferenéni pulsni voltametrie (DPV)
na sitotiskovych uhlikovych elektrodach (SPCEs). Bylo prokazano, ze toto stanoveni
je dostatecné citlivé pro sledovani téchto biomarkerti a ze miize byt pouzito 1 pro
stanoveni HVA a VMA ve smési. Ziskané meze detekce (LOD) byly 0,24 pmol-L™'
pro HVA, 0,06 pmol-L™' pro VMA a 0,12 umol-L™' pro 5-HIAA.

Pozadavky na zrychleni analyzy a zdroven snizeni jeji ceny byly impulsem
pro stanoveni vybranych analytii v pratoku. Nejprve byla studovana pratokova
injekéni analyza s amperometrickou detekci pro stanoveni vSech tfi biomarkerii
na stejnych SPCE, poté bylo podobné stanoveni pro strukturné podobnéjsi latky,
HVA a VMA, v pritoku provedeno i na borem dopované diamantové elektrodé
(BDDE). Po optimalizaci metod byly dosaZeny nasledujici LOD: s pouzitim SPCE
0,07 pmol-L™" pro HVA, 0,05 pmol-L™' pro VMA a 0,03 pmol-L™" pro 5-HIAA;
s pouzitim BDDE 0,44 pmol-L ™' pro HVA a 0,34 umol-L™' pro VMA.

Déle bylo studovano stanoveni sledovanych biomarkert v lidské moci
metodou HPLC s amperometrickou detekci na elektrodé ze skelného uhliku. Po jeji
optimalizaci a vyvinuti jednoduché pfedipravy vzorkli moci bylo GspéSné provedeno
rychlé  stanoveni vSech tfi analyti v jedné analyze vzorku moci

s LOD 11,0 pmol-L™' pro HVA, 5,0 pmol-L™' pro VMA a 8,3 pmol-L ™' pro 5-HIAA.
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Chapter 1 Introduction

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. Makrlikova, J. Barek, V. Vyskocil, T. Navratil, 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. Makrlikova, E. Ktena, A. Economou, J. Fischer, T. Navratil,

J. Barek, V. Vyskocil, 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. Némeckova-Makrlikova, F.-M. Matysik, T. Navratil, J. Barek,

V. Vyskocil, 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. do0i:10.1002/elan.201800540.
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Chapter 1 Introduction

[4]  A. Némelkova-Makrlikova, T. Navratil, J. Barek, P. Stenclovd, A.

Kromka, V. Vyskocil, 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. Némeclkova-Makrlikova, J. Barek, T. Navratil, J. Fischer,

V. Vyskocil, H. Dejmkova, 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

12



Chapter 1 Introduction

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].

13



Chapter 2 Overview of tested tumour biomarkers

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].
OH
HsCO OH H,CO. OH
A\
o o N
HO' HO H

HVA VMA 5-HIAA

OH

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 pmol-L™" for HVA, from 11.6 to 28.7 pmol-L™" for VMA, and 17.8 to 58.3
umol-L™" 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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Chapter 2 Overview of tested tumour biomarkers

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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Chapter 2 Overview of tested tumour biomarkers

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
16



Chapter 2 Overview of tested tumour biomarkers

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].

+ -
“H, 2e

OCH3

OH

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

VMA Vanillin
0
HO .
0
+ -
AH, -2e
Peak |
OCH3 ~OCH; OCH, OCH3
OH

+ -
-1H | -2e

Peak I

o-Quinone

CH3OH
Multiple products —~<=—
+HZO

Fig. 3. Mechanism of the electrochemical oxidation of VMA [77]
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Chapter 2 Overview of tested tumour biomarkers

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=0 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].

HO OH  1on™+2¢”  Oxy OH
| A\
N
H

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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Chapter 3 Working electrodes and techniques

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> bonds, diamond’s structure is formed with sp’-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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Chapter 3 Working electrodes and techniques

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® 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].

20



Chapter 3 Working electrodes and techniques

In this research [4], working BDDE (D-517-SA, @ 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™' KCI, Elektrochemicke Detektory, Czech Republic) and with
a platinum wire auxiliary electrode (@ 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 (@ 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™" KCl,
Monokrystaly [5]/ Elektrochemicke Detektory [4], Czech Republic) electrode,
and a platinum wire auxiliary electrode (@ 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
(@ 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 x W10 x HO.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"', pH 3.0)
in concentration range from 0.1 to 100 pmol-L™'. 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 pumol-L™' for HVA (2™ peak), 0.06 pmol'L™ for VMA (2™ peak),
and 0.12 pmol-L™' for 5-HIAA (1 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~ and 10° mol-L™".

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 ', working electrode
potential within 0.1 V to 1.2 V, and pH of carrier solution (BRB, 0.04 mol-L™)
within 2.0 to 10.0. Injected volume was kept constant 20 pL. Calibration dependences
were tested in the range from 10 to 1000 umol-L™". 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 ', 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 ',
detection potential +0.6 V for HVA and +0.8 for VMA and 5-HIAA, BRB (0.04 mol-L™)
at pH 2.0, current range 1-100 pA, injected volume 20 pL) calibration dependences
were constructed. The measurements were repeated three times at each concentration
in the concentration range 0.05-100 pumol-L™'. 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 pmol-L™" for HVA, 0.053 umol-L™' for VMA, and 0.033 pmol-L™' for 5-HIAA,
respectively, (calculated from peak heights), and 0.024 pmolL™” for HVA,
0.020 umol-L™" for VMA, and 0.012 umol-L™" 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 1V) [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 H,SO,4 (0.5 pmol-L™") and then by CV in BRB
(0.04 mol-L™", pH 7.0 from —0.8 V to +2.3 V at scan rate 100 mV-s . 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 1V, 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 pL, 20 pL 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’ [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 pmol-L ™",

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 pmol-L™" , concentration of
VMA (HVA) was 5 and 10 pmol-L™ (Appendix IV, Fig. 3 and Fig. 4), in concentration
range from 10 to 100 pmol-L™" concentration of VMA (HVA) was 50 and 100 pmol-L™
(Appendix 1V, Fig. 5 and Fig. 6). Calibration dependences were linear with LODs
0.44 pmol-L™" for HVA and 0.34 pmol-L™' 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
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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 pmol-L™") and 100 pmol-L™" of the other biomarker.
FIA-MPA calibration dependence of HVA in the presence of 100 pmol-L™" 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 pumol-L™ 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 (@ 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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44 HPLC of homovanillic acid, vanillylmandelic acid,
and  S-hydroxyindole-3-acetic acid wusing amperometric

and spectrophotometric detection

Even though HPLC is common method for the determination of urinary HVA,
VMA, and 5-HIAA wused 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"', detection potential
+1.1 V, and injected volume 20 pL. 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 pmol'L™' and obtained LODs were
0.2 pmol-L™' (HVA), 0.3 pmol-L™' (VMA), and 0.3 pmol-L™' (5-HIAA) for HPLC-ED
(Appendix V, Table 1) and 02 pmol'L' (HVA), 0.6 pmolL' (VMA),
and 0.3 pmol-L™" (5-HIAA) for HPLC-UV (Appendix V, Table 2). Molar absorptivity
at 279 nm is 2900, 3100, and 7000 mol-L-em™ 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'. 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 pL 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 pumol-L™") 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™" stock solution of each analyte) into a urine
sample acidified with 10% of acetic acid (final concentrations of analytes were
100 pmol-L™" 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 pmol-L™" of any
of the analytes can be safely detected and even 50 umol-L™' 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™" 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 pmol-L ™" and they were linear in this range
(Appendix V, Fig. 4), with achieved LODs 11.0 umol-L™' (HVA), 5.0 pmol-L™
(VMA), and 8.3 pmol-L™"' (5-HIAA) for HPLC-ED, respectively, (Appendix V,
Table 1) and 13.9 pmol-L™' (HVA), 72.9 umol-L"' (VMA), and 13.1 pmol-L"
(5-HIAA) for HPLC-UV, respectively (Appendix V, Table 2).

Lower concentrations of tested biomarkers (0.5 to 10 pmol-L™") 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 pmol-L™'. 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 pmol-L™
for HVA, 0.06 pmol-L™" for VMA, and 0.12 pumol-L™' 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 pmol-L ™
for HVA, 0.05 pmol-L™' for VMA, and 0.03 pmol-L™' 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 pmol-L™' for HVA and 0.34 pmol-L™" 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 pmol-L™" for HVA, 5.0 pmol-L™
for VMA, and 8.3 pmol-L™" 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.
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1. Uvod

Homovanilova kyselina (HVA, 4-hydroxy-3-methoxy-
fenyloctova kyselina, CAS No 306-08-1) a vamilmandlova
kyselina (VMA, 4-hydroxy-3-methoxymandlova kyselina,
CAS No 55-10-7) jsou koneénym produktem metabolismu
katecholamini'=*, 3-Hydroxyindol-3-octova  kyselina
(HIAA, CAS No 54-16-0) je produktem metabolismu neu-
rotransmiteru sermon_inu‘. Zvyiena koncentrace HVA,
VMA a HIAA v moé&i® a v krevni plasmé® miize indikovat

oH
mmm mcn:@/Krm
HO (8] HO 8]
HVA VMA

Obr. 1. Strukturni vzorce HVA, VMA a HIAA
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néktera onemocnéni. Koncentrace HVA a VMA v télnich
tekutinach je zvviena predeviim u nadord typu neuroblas-
tomu®™’, f‘eDChl‘Dml:I:}"[Dmu"g a karcinoidu™™_ Kromé& zmi-
nénych nadori mohou HVA, VMA a HIAA slouzit
k predikei sch'Lzofrenie“, Parkinsonovy nemoci"‘ autis-

u' a Touretteova syndromu'*. Rovnéz mohou signalizo-
vat deprese"‘ posttraumaticke stresove poruchym a sebe-
vrazedné chovani u pacjentfl“. Pomér koncentraci HVA/S
VMA v moti novorozenci miZe slouZit pro véasnou dia-
enosu Menkesovy nemoci'®. Normalni koncentrace vyse
zminénych organickych kyselin v moéi jsou 82-410
pmol I™' pro HVA, 11,6-28.7 pmol I"' pro VMA a 17,8
58,3 umol I"! pro HIAA"Y, resp. 1,3-7,6 mg I"' pro viech-
ny tyto bicmﬁrker}-‘m.

Pro stanoveni vyie zminénych biomarkerd (obr. I]é'e
zapotfebi citlivych a selektivnich analytickych techni !
vzhledem k jejich podobnym strukturam a nizkym koncen-
tracim v biologickych tekutinach. Nejéaste;i se pouZiva
HPLC s elektrochemickou detekci {ED)HH , napf. ampe=
rometrickou™ nebo coulometrickou®, &i s mimofadng citli-
vou fluorescenéni detekci {FDJ”"O_ Avsak piima flu-
orescenéni kvantifikace katecholamind a jejich metabolith
v realnych vzorcich je obtizné proveditelna kvili kratkym
emisnim a excitalnim vlnovym dalkam, a proto se Easto
pouZiva jejich derivatizace". Jests citlivéjdi a selektivnj-
3i je chemiluminiscenéni detekee (CHLD)Y' a nejcitlivéjsi
a nEJ'PSE]ei_itivnéjﬁi Je detekce hmotnostni spektrometrii
(MS)"™*  Dalsimi moZnymi metodami pro stanoveni
HVA, VMA a HIAA jsou plynova chromatografie (GC)**,
tenkovrstva chromatografie & vysokouZinna tenkovrstva
chromatografie (HPTLC)”, imunochemické metody*™**
aspelm'cfmomelrie"ﬂ. Z elektromigraénich metod je
vhodna kapilarni elektroforéza (CZE)'** gasto spojena
s ampérometrickou detekei™*, micelarni elektrokineticka
chromatografie (MEK.C }10.44 a izotachoforéza®”.

Pfed samotnym stanovenim jsou vzorky &asto upravo-
vany, nejéastéji kapalinovou extrakei"’ umoZiujici potfeb-
nou piedbéinou separaci a prekoncentract. Nékdy lze vzo-
rek pouze prefiltrovat a injektovat do kolony™*. Popsana
Jje 1 extrakee HVA a HIAA tuhou fazi na bazi dutého viak-
na vodiveho polypyrrol '™

el
R
H

HIAA
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Vyse uvedené separaéni a spektrometrické metody
Jsou viak zpravidla finanéné, instrumentalné | éasové nad-
roéné. Proto je v posledni dobé vénovana pozornost 1 vyu-
ziti modemich elektroanalytickych metod, které jsou
v fadé pfipadd dostateéné citlivé i selektivni a pfitom jsou
rychlejdi, jednodusSi a levnéjsi zhlediska pofizovacich
i provoznich nikladd. Navic jsou snadno miniaturizovatel-
né a tudiz kompatibilni s pfistupem oznacovanym jako
point-of-care analysis”, kterému je dnes vénovana zvyse-
na pozornost. Proto je nasledujici pfehled vénovan prave
vyuziti modernich elektroanalytickych metod v této oblas-
ti, pfitemZ pozomost je zaméfena na nejéastéji pouZivané
voltametricke a ampérometrické metody.

2. Elektrochemicks oxidace studovanych
biomarkeru

Diky =OH skupiné na aromatickém systému jsou
uvedené biomarkery elektrochemicky aktivni a lze je rela-
tivné snadno oxidovat na nejriznéjsich pevnych elektro-
dach (viz tab. [}**. Navzdory strukturni podobnosti HV A
a VMA vykazuji odlidné chovani napf. pfi voltametrii na
hranami orientované (edge-plane pyrolytic graphite
electrode, EPPGE) & na zakladni rovinou onentovang
(basal-plane pyrolytic graphite electrode, BPPGE) pyroly-
ticke prafitove elektrodé nebo na elektrodé ze skelného

o
Ho M5 HO -
5 .'4-!‘,——2\9. =
[ pik 1 I

Referit

uhliku (GCE). VMA je zde oxidovana v prvnim kroku na
radikal-kation za vymény dvou elektrond (prvni pik pfi
diferenéni pulsni voltametrii {DPV)). Ten je nasledné de-
karboxylovan na vanilin, ktery je dale oxidovan za vymeé-
ny daliich dvou elektronii na odpovidajici e~chinon {druby
pik pfi DPV) podlehajici dal3i elektrochemicke oxidaci za
vzniku smési riznych produkti (viz obr. 2).

Naproti tomu HVA poskytuje jediny DPV pik pfi
potencialu odpovidajicimu prvnimu piku VMA. To je vy-
svétlovano podstatné nizdi rychlosti dekarboxylace a re-
aromatizace vedouci ke vzniku wanilinu poskytujiciho
druhy pik'™* Pfi ireverzibilni elektrochemické oxidaci
HVA na uhlikové pastové elektrodé (CPE) dochazi ke
vzniku 4-aceto-o-chinonu, ktery tvofi reverzibilni redoxni
systém s 3,4-dihydroxyfenyloctovou kyselinou™, Vyskyt
tfi piki na voltamogramu u HIAA na nékterych elektrodo-
vych materialech mitze byt spojen s odlinym mechanis-
mem elektrochemicke oxidace vedouci k chinoniminové
struktufe, ve které C=0 vazba (vznikla z —OH skupiny na
benzenovém jadfe) je konjugovana s C=N wvazbou
vzniklou v heterocyklické ¢asti molekuly™ (viz obr. 3).
Podle |:wr=i.t::e’2 Je celkovy mechanismus znaéné sloZity
a jednotlivé piky odpovidaji vesmés ireverzibilnim kro-
kiim s pfenosem jednoho elektronu a jednoho protonu at’
uz vychozi latky &i sloZité smési vzniklych meziprodukti.

Poloha i vyska pikd diskutovanych biomarkera pfi
nejcasté)i pouzivane DPV zavisi na pH. sloZeni zakladniho

waniliry

HOT 0.,
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Obr. 2. Elekirochemicka oxidace VMA (cit.*)
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Obr. 3. Elektrochemicks oxidace HIAA (cit.™)
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Tabulka 1
Prehled voltametrickych metod stanoveni HVA, VMA a HIAA
Elektroda Technika  Analyt Prostiedi Vzorek Uprava LOD Lit.
vzorku [pmol l'l]
EPPGE® DPV VMA fosfatovy pufr (pH 6,85) = - 1,7 49
MWCNT-SPE® 1
SPCE* DPV HVA, VMA, BR pufr (004 mol 7', = - 0,24 (HVA) 51
HIAA pH 3,0) 0,06 (VMA)
0,12 (HIAA)
OGCE? SWv HIAA acetatovy pufr - - 0,92 52
(0,2 mol I, pH 2)
GCE* Ccv HIAA fosfatovy pufr Zaludeéni  centrifugace, (0,08 53
(0,025 mol ]",pH 2) &tava deproteinizace
CFEf DPV HVA, VMA  BR pufr (004 mol I”', = . 0,09 (HVA) 54
pH 2,0) 0,24 (VMA)
CPE® cv HVA fosfatovy pufr (pH 7.4)  extra- fedéni 3 55
(modifikovana celularni zikladnim
lipidem) mozkova  elektrolytem
tekutina
CPE CcV HVA, VMA  fosfatovy pufr - - neuveden 56
(modifikovana (0,1 mol I, pH 7.5)
kationtovymi
tenzidy)
GCE (film DPy HVA fosfatovy pufr lidska nafedéni 17 57
Alizarinove (0,1 mol I, pH 3.0) krevni
cervené §) plazma
GCE (film DPV HVA fosfatovy pufr lidska fedéni 94107 16
J-aming=3- (0,2 mol l"', pH 7.2) krevni zakladnim
-merkapto-1,2,4- plazma elektrolytem
-triazolu)
SFCE SwWv HIAA fosfatovy pufr (pH 7,2)  lidska nafed&ni 0,022 59
(modifikovana krevni
nanoéasticemi plazma
zlata)
GCE DPV HVA fosfatovy pufr - - 0,01 60
(modifikovana (0,1 mol l'l, pH 7.2)
médi)
GCE DPV HVA citratovy/HC1 pufr - - 0,007 61
s polymernim {0,1 mol l'l, pH 1,1} se
filmem (MIP") 40% acetonitrilem)
GCE DPV VMA citratovy pufr - - 96 62
s polymernim {0,025 mol I', pH 3,0)
filmem (MIP)
BDDE' DPV HVA, VMA  fosfatovy pufr - - 05T(HVA) 64
(0,1 mol I, pH 3,0) 0,41 (VMA)
CPE DPV HVA, VMA  BR pufr (004 mol I”', - - 0,38 (HVA) 63
pH 2.0} 0,25 (VMA)
607
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Tabulka I
pokratovani
Elektroda Technika  Analyt Prostredi Vzorek Uprava LoD Lit.
vzorku [umol ]

CPE DPV HVA BR pufr (pH 2) - - 04 67
CCE VMA - - 5,02

(prvni pik)

0,92

(druhy pik)
SPCE DPV HVA, VMA  BR pufr (0,04 molI”', - - 0,24(HVA) 68

pH 3) 0,06 (VMA)

Ptelektroda  DPV HVA, VMA  BR pufr(pH 3) - - neuveden 69

*EPPGE = hranami orientovana pyrolyticka grafitova elektroda (edge-plane pyrolytic graphite electrode), ® MWCNT-SPE =
vicesténnymi uhlikovymi nanotrubiékami (multiwalled carbon nanotubes) modifikovana sitotiskova elektroda (screen-
printed electrode), “SPCE - sitotiskova uhlikova elektroda (screen-printed carbon electrode). 40GCE - elektroda
z oxidovaného skelného uhliku (oxidized glassy carbon electrode), “GCE = elektroda ze skelného uhliku (glassy carbon
electrode), fCFE - uhlikova filmova elekiroda (carbon film electrode), *CPE - uhlikova pastova elektroda (carbon paste
electrode), BMIP - molekularné vtistény polymer (molecular imprinted polymer), 'BDDE — borem dopovana diamantova
elektroda, ' CCE = uhlikova kompozitni elektroda (carbon composite electrode)

elektrolytu i na pouzitem elektrodovém materialu a pohy=
buje se v Sirokém rozmezi od +1,2 V v pfipadé VMA &i
+0,9 V v pfipadé HVA na anodicky oxidované borem
dopované diamantové elektrodé (BDDE) az po +0.6 V
v piipadé VMA ¢i +0,3 V v piipadé HVA na GCE. HIAA
Je pak ve vétiiné pfipadd oxidovana pfi nizdich potencia-
lech nez VMA & HVA. Za urtitych podminek lze tedy
ziskat dostateéné oddélené signaly téchto analyt umo@fiu-
Jici jejich simultanni stanoveni 1 na nemodifikovanych
elektrodach. Hledani téchto podminek a pripadne aplikace
voltametrickych metod na redlné vzorky je predmétem
vétsiny dale diskutovanych praci.

3. Voltametrické stanoveni studovanych
biomarkeru

K témto uéelim lze vyuzit fadu nemodifikovanych
i riznym zphsobem modifikovanych elektrod. Prikladem
vyuziti nemodifikovanych elektrod je stanoveni HVA,
VMA a HIAA na sitotiskovych uhlikovych elektrodach
(SPCE, screen-printed carbon electrode) pomoci DPV
(cit.’"ys LOD 0,24 pumeol I"' (HVA), 0,06 pmol I (VMA)
a 0,12 pmol I (HIAA). Uvedenou metodou Jje modne
stanovit kazdou kyselinu zvlast, HVA a VMA 1 simul-
tanné ve smési. Square wave voltametrie (SWV, voltame-
trie Etvercovych viny na GCE pfi stanoveni HIAA posky-
tuje LOD 0,9 pmol I"' i za pfitomnosti nékterych interfe-
rentl, pficemZ znatna pozomost byla vénovana i mecha-
nismu elektrodového déje”.C}'kllcka voltametrie (CV) na
GCE byla pouzita i ke stanoveni HIAA v lidske Zaludeéni
&ave™ s LOD 80 nmol 1™, Simultanni stanoveni HVA
a VMA pomoci DPV na kompozitni uhlikove elektrode™
poskytlo LOD 0,3 pmol I7' pro HVA a 0,8 pmol "' (1. pik)
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a 1.4 pmol re pik) pro VMA. CV na nemodifikovane
CPE byla pouzita ke sledovani HVA v mozkoveé extracelu-
larni tekuting. PR rychlosti skenovani 0,2 'V s~ a vhodné
zvolenych podminkach umoiiuje sledovani HVA v 10s
intervalech s LOD 3 pmol I (cit. ™).

Voltametricke stanoveni HVA a VMA na CPE modi-
fikovanych in situ povrchové aktivnimi latkami (konkrétné
kationtovymi lenzidy}“ vedlo k vyraznému zvydeni citli-
vosti ve srovnani s nemodifikovanymi CPE, coZ bylo vy-
svétleno na zakladé elektrostatickych a hydrofobnich inter-
akei. Za uréitych podminek povrchove aktivni latky stabilizuji
nékteré z elektrochemickych produkii, coZ vysvétluje rozdil-
né voltametrické chovani HVA a VMA aodrazi se i v niiz-
nych mechanismech jejich elektrochemicke oxidace™.

DPV na GCE s polymernim filmem Alizarinove ¢er=
vené S pfi stanoveni levodopy (L-DOPA) a HVA
v piitomnosti askorbové kyseliny poskytla LOD 6, 17 a
30 nmol "' pro L-DOPA, HVA a askorbovou kyselimur™.
GCE potazena filmem 3-amino-3-merkapto- 1,2,4-triazolu
byla pouzita k aspésnému simultannimu stanoveni kyseli-
ny 3 d-dihydroxyfenyloctove (DOPAC) a HVA, s LOD
66 pmol I' pro DOPAC a 94 pmol I"' pro HVA (cit.’).
Toto simultanni stanoveni na nemodifikovane GCE nebylo
mozng. Voltametrické stanoveni HVA a VMA na anodic-
ky oxidované BDDE, nemodifikované GCE a GCE modi-
fikované Nafionem (Nafion/GCE) a Poly(neutralni &erve-
ni) (PNR/GCE) poskytlo LOD 0,6; 0,9; 0,8 a 1,2 umol I”!
pro HVA a 04; 1.5, 24 a 1,1 pmol r' pro VMA na
BDDE, nemodifikované GCE, Nafion/GCE a PNR/GCE
[cit.”}. SPCE na bazi grafitu modifikovaného nanoéastice-
mi zlata poskytla pi1 SWV stanoveni dopaminu a HIAA ve
vzorcich mogi LOD & nmol I™' pro dopamin a 22 nmol I™*
pro HIAA [cit.s"}.
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Voltametricky senzor pro stanoveni mocove kyseliny
a HVA v pfitomnosti askorboveé kyseliny pfipraveny nane-
senim vrstvy médi na GCE (cit™) umo#iuje stanoveni
10nmol I’ HVA a kyseliny moéové v pritomnosti
100 nmol I! kyseliny askorbove.

Molekularng vtidténé polymery (MIP) jsou dal$i moz-
nosti pro stanoveni biomarkeri rakoviny. Maolekulami
imprinting je uZitetna metoda pro pfipravu polymemich
poréznich materiali s vysokou selektivitou pro molekulu
(templat) diky pamétovému efektu. Metoda zaloZend na
porovnani  stabilizaénich energii  pfedpolymenzaénich
aduktii mezi templatem a riznymi funk&nimi monomery®!
umoznila raciondlni vybér nejvhodnéjiiho monomeru
a rozpouitédla. Takto pfipraveny voltametricky senzor pro
stanoveni HVA s pouzitim MIP jako rozpoznavaciho prv-
ku pfipravencho polymeraci methakrylove kyseliny
v prostfedi toluenu poskytl LD 7 nmol r Vyvoj volta-
metrického senzoru na baz elektrod modifikovanyech
akrylovymy MIP pro stanoveni VMA popsali Blanco-
Lopez a spol.*, Tenké vrstvy MIP byly pripraveny rotac-
nim nanasenim smési monomerd (templatu, methakrylove
kyseliny, zesitovaciho cinidla a rozpoustédla) na povrch
GCE a naslednou fotopolymeraci. Vlastni méfeni bylo
provedeno ve vodném citratovém pufru (0,025 mol I",
pH 3) s 10 % (v/v) acetonitrilu zajist'ujicim dobrou smaci-
vost polymeru. LOD se pohyboval kolem 93 pmol I™'.

Stanoveni HVA, VMA a HIAA pomoci voltametrie
i pomoci pozdéji diskutovane ampérometrie jsou vénovany
i bakalafske a diplomové prace studentll z nasi laboratofe.
Jako priklad lze uvest stanoveni HVA pomoci HPLC-ED
{cit."*) na koloné Phenomenex Gemini C18 s coulometric-
kou detekei (ESA, 0V, +0,075 V, +0,45 V) a mobilni fazi
fosfato-acetatovy pufr, acetonitril a methanol o pH 5,35
s LOD 0,13 pmol "' nebe simultanni stanoveni HVA
a VMA ve smési pomoci DPV s anodicky oxidovanou
BDDE™ ve fosfiatovém pufru (0,1 mol I"', pH 3.0) s vy~
slednymi LOD 0,57 pmol I™' pro HVA a 0,41 pmal I! pro
VMA. HVA a VMA byly dale stanoveny pomoci DPV
a HPLCE-ED na CPE (cit™). DPV v Brittonové-
Robinsonové (BR) pufru poskytla LOD 0,38 pmaol r pro
HVA a 0,25 pmol I"! pro VMA. HPLC s ampérometrickou
detekei (,,wall-jet” detektor, +1,1 V) s mobilni fazi aceto-
nitril-fosfato-acetatovy pufr (25:75) o pH 2.5 poskytla LOD
0,7 pmol I"' pro HVA a 0,2 pmol I™" pro VMA. Metodou
standardniho pfidavku byly sledované biomarkery stano-
veny ve zfedéném vzorku moéi s LOD 0,8 umol I pro
HVA a 0,5 pmol I"" pro VMA. Dosazené vysledky jsou
zaroveni shruty v &lanku®. Uhlikova filmova elektroda
(CFE) a GCE byly poufity v dizertaéni praci® pro stano-
veni HVYA a VMA pomoci CV, DPV, voltametrie
s linedarnim naristem potencialu (LSV, linear staircase
voltammetry) a elektrochemické impedanéni spektrosko-
pie (EIS). Bylo popsano i stanoveni HVA a VMA pomoci
DPV na SPCE™ v BR pufrus LOD 0,24 pmol I™' pro HVA
a 0,06 pmol 17 pro VMA. Vysledky byly spolu s dalsim
analytem HIAA (LOD 0,12 umol r publikovany ve vyie
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zminéném elanku®. V dalsi zavéretné praci®™ je pro stano-
veni HVA a VMA vyuzita diferenéni pulsni ampérometrie
(+0,6 V, platinovy tubulami detektor) s platinovou elektro-
dou v BR pufru a rovnéz HFLC s ampérometrickou detek-
ci a UV detekci (254 nm) v mobilni fazi acetonitril-
BR pufr (pH 2,5).

4. HPLC stanoveni studovanych biomarkeri
s elektrochemickou detekei

HPLC-ED kombinuje vyhody separacnich metod
(zeymeéna vy33i selektivitu) a metod elektrochemickych
(vysokou citlivost a skutecnost, Ze nerudi elektrochemicky
neaktivni latky). Mez detekce se zpravidla pohybuje
v submikromolarnim koncentraénim rozmezi a ph analyze
biologickych materialG se tato technika casto kombinuje
s vhodnou metodou predbéiné separace a prekoncentrace,
nejcasté]i pomoci kapalinove extrakee (LLE) nebo extrak-
ce tuhou fazi (SPE, pozor na stejnou zkratku pouzivanou
béiné v odborne literatufe pro sitotiskove elektrody). Nej-
Castéji se powziva ampérometricka detekce pfi konstantnim
potencialu vloZzeném na vhodnou pracovni elektrodu. Nej-
béiné)si upofadani je tenkovrstvé (thin-layer), wall-jet &
tubularni. Rozhodujici zde je vhodna volba podminek pro
separaci a pro detekci, které je nutné vhodmym zplsobem
sladit, a dale vhodna volba pouZittho materialu detekéni
elektrody. V posledni dobé se stale ¢astéji pouZivaji meto-
dy s rychlou zménou potencialu pracovni elektrody umoz-
fujici zaznam fady wvoltamogrami v pribéhu jediného
chromatografického piku a tak zvy3ujici vypovédni hodno-
tu tohoto ezpisobu  detekce. Totéz plati o elektro-
chemickych detektorech vyuZivajicich rizné typy elektro-
dovych poli umoZiujicich soudasny zaznam chromatogra-
mi pfi riznych hodnotach vloZeného potencialu. Pulsni
ampérometrie pak umodiuje vyuiiti riznych potencidlo-
vich pulsit nejen kdetekei sledovaného analytu, ale
i k ¢i5téni pracovni elektrody eliminujicimu pfipadné pro-
blémy s jeji pasivaci. Pravdépodobné nejcitlivéjsi je coulo-
metricka detekce pomoci poréznich elektrod &i jejich poli,
ktera viak wyZaduje podstatné drazsi instrumentaci. Pe-
hled metod stanoveni studovanych biomarker( pomoci
riznych metod HPLC s elektrochemickou detekci je uve-
den v tab. II. Z lékafskeého hlediska je nejzajimavé)si prace
italskych véded®, ktefi sledovali biomarkery neuroblasto-
mu (HVA a VMA) pomoci HPLC-ED s vyuzitim komeré-
né dostupné metody (HVA-VMA s HPLC, Bio Rad Labo-
ratories, Milan, Italie) po dobu sedmi let. Prace podrobné
analyzuje diagnostické vysledky HVA/Cr a VMA/SCr
(hodnoty HVA a VMA vztazené na mnozstvi vyloudeného
kreatininu v moéi) v riznych stadiich onemocnéni
avékovych podskupinach a poskytuje mezni hodnoty,
které mohou uréit pacienty s neuroblastomem i pacienty
5 podezfenim na neuroblastom a pomoei tak pfi vyhodno-
covani lékafskych vySetfeni.
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Tabulka I
HPLC-ED stanoveni HVA, VMA a HIAA
Detekce (typ detekce, Analyt Kolona (typ, Vzorek Uprava vzorku LOD Lit.
typ detektoru, (zmitost v pm; [umol ]'1]
parametry ) rozméry v mmj})
coul”, ESA, +H0, 4V, HVA,VMA, ODS (150 x 4,6) moé filtrace (43=131)107 3
H2V,-03V HIAA
coul”, ESA, H0,1V, HVAVMA, Zorbax SP-150 C8  moé extrakee 2, 7(HVA) 22
H),65V, 10,7V HIAA ethyl-acetitem 0,5(VMA)
5,2 (HIAA)
ampb, TL-5 priatokova HVA, VMA, ODS (5,150 x 46) moé extrakce neuveden 23
cela, +0,67V HlAA ethyl-acetatem
amp, pritokova cela, HVA, VMA,  Yanapak ODS-T mod centrifugace neuveden T0
+0,6 V(HVA, VMA), HIAA (10; 250 = 4)
+H),45 V (3-HIAA)
amp, LC-12 pritokova  HVA, VMA,  Hypersil ODS moé extrakece neuveden 71
cela, H0,72V HIAA (5; 150 % 4.8) ethyl-acetatem
coul, ESA, +0.35V, HWVA, VMA, Lichrospher C18 moé extrakce 0,08 (HVA) 9
+ V,0V HIAA (5; 125 x 4) etherem, 0,13 (VMA)
centrifugace 0,03 (HIAA)
coul, detektorove pole,  HVA, VMA,  Clé/iontové mod centrifugace 9.3 107 (HVA) 24
+H),2 WV, +0,3 V,+0,35 V, HIAA vyménna 1,21-107
H0, 4V, 045V, +0.5 V, (150 = 4,6) (VMA)
H,55 V,+06 V 1,31-107%
(HIAA)
coul, ESA, +0,1 V, HVA, VMA Inertsil-ODS 2 moé analyty eluovany 0,03 (HVA, 72
+H),22V (250 x 4,6) 2 filtraéniho VMA)
papiru, ziedéni
amp, LC-4B pritokova HVA, VMA Hitachi Gel No. moé analyty eluovany  neuveden 73
cela, +H0,85 V 3013-0 (250 = 4) 2 filtraéniho
papiru, extrakce
ethyl-acetatem
amp, LC-4B, +0,9 V HVA, VMA Hitachi Gel 3013-0 moé extrakce 0,055 (HVA) 74
(5; 250 = 4) 2 filtraéniho 0,025 (VMA)
papiru
coul, ESA, +0,05 V, HVA, VMA Spherisorb ODS 2 plasma SPE", 1,710 (HVA) 27
0175V (3; 230 = 4) centrifugace 3.8 107 (VMA)
coul, ESA, +H0 45V, HVA, VMA Discovery HS CI8  moé SPE 0,8(HVA) T3
+H) 4V, 0,18V (5; 250 = 4) 0.4 (VMA)
amp, LC-17 priitokova ~ VMA, HIAA ~ Waters 5 um C18 mod extrakce 10,1 (VMA) T6
cela, +H0.8 WV MNova Pak ethyl-acetitem 35,2 (HIAA)
amp, LC-4 pritokova HVA,HIAA  CI8RP (300 % 3,9) moé hydrolyza 14-10% (HVA) 77
cela, 0,7V 1,3-107 (HIAA)
amp, LC-4A pritokova HVA, HIAA Ultrasphere ODS my§i homogenizace, 1,37 107 (HVA) 78
cela, +0.85 V (3; 130 = 4.6) mozkova  centrifugace 3.2-107 (HIAA)
tkan
coul, ESA, +0,1V, HVA,HIAA  C18 Hypersil vysudené  SPE 6.6 107 (HVA) 79
=02V, +04V (5; 150 x 4,6) krevni 2,6- 107 (HIAA)
skvmy
a plasma
610
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Tabulka I
pokraéovani
Detekee (typ detekce, Analyt Kolona (typ, Vzorek Uprava vzorku  LOD Lit.
typ detektoru, parametry ) (zrnitost v pm; [umol 1]

TOZMETY v mm))
amp, LC-3 pritokova HVA, HIAA C18 (300 x 3,9) lidska centrifugace 1LI-10 (HVA) 80
cela, +08 V a mysi 1,1-107 (HIAA)
mozkova
than
amp, tenkovrstva HVA, HIAA Luna CI18 mozkomisni mikrodialyza 13107 (HVA) 12
pritokova cela, +0.7 V (5; 250 = 4.6) mok 6 10~ (HIAA)
amp, detekce pomoci HVA, HIAA  Polygosil C8 mysi homogenizace, neuveden 81
rotujici diskove (3; 100 x 3) mozkova centrifugace
elektrody pfi +0,7 V tkan
amp, tenkovrstva HVA Shim-pack VP-ODS  moé centrifugace 710 26
prittokova cela, +0.7 V (5 150 = 4.6)
coul, ESA,+03 V HVA CI8 RP mysi - 3107 82
(5; 250 = 4.6) mozkova
tkan po
mikro-
dialyze
coul, ESA, detektorove HVA C18 ESA MD-150 my§i homogenizace 4.7 107 83
pole, +0,05 V na elektro- (3; 150 = 3) mozkova
dé 1, +0,15 V na elektrodé tkan
2, +0.25 V na elektrodé 3,
+0,35 V na elektrodé 4,
+0,55 V na elektrodé 5,
+0,9 V na elektrodé 6,
+1 V na elektrodé 7
amp, TV II tenkovrstvy, HWVA Polygosil C8 mysi homogenizace, neuveden 84
+0.8V (3; 100 x 3) mozkova centrifugace
than
amp, pritokova cela, HVA C8(5; 150 = 4,6) plasma SPE 1.1~ 107 85
+H0 8V
coul, ESA, +0,1V, HVA CH(5; 250 x 4,6) plasma SPE 55107 86
02V, +H,5V
coul, ESA OV, 0075V, HVA Phenomenex my§i homogenizace, 0,13 63
+ 45V Gemini C1& mozkova filtrace
(150 % 4,6) tkai’
coul, ESA, +H0 45V, VMA Spherisorb ODS2 (5; mo& extrakce do 125107 87
02V 100; vazané faze na
CI18(10; 20) oxidu
kfemicitém
amp, TL-8A pritokova VMA Lichrosorb RP 18 moé extrakce neuveden 88
cela, +13V (10; 250 = 4.5) ethyl-acetatem,
centrifugace
amp, LC-3 pritokova HIAA Mucleosil C18 RP (3; moé - 0,5 89
cela, +0.6 V T5%4)
Mucleosil C18 RP (5;
150 = 4.6)
amp, LC-4B pritokova HIAA Biophase ODS C18  moé SPE 6,28 90
cela, +0,55 V (5,250 x 4,6)
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Tabulka II
pokraéovani
Detekee (typ detekee, Analyt Kolona (typ, Vzorek Uprava vzorku ~ LOD Lit.
typ detektoru, parametry ) (zrnitost v pm; [umol ]'I]
TOZMETY v mm )

amp, LC-4A pritokova HIAA Bondapak C18 mozkomisni extrakce 4107 91
cela, +05 V (10; 240 = 4 6) mok, ethyl-acetatem,

plasma, centrifugace

moé
amp, pritokova cela, HIAA Luna C18 mod centrifugace, 50~ 92
+04V (3; 250 x 4,6) filtrace
amp, TL-8A pritokova HIAA Ultrasphere C18 moé centrifugace neuveden 93
cela, +1 V (3; 150 x 4.5)
coul, ESA, +0,25 V; HVA, VMA, Hypersil C18 moé - 2(HVA) 10
+0),55V HIAA (5; 250 x 4,6) 0,3 (VMA)

1 (HIAA)

“coul = coulometricka detekce, "amp — ampérometricka detekee, “SPE — extrakee tuhou fizi (solid phase extraction),
pokus o pouZiti této techniky v my&i mozkove tkani po mikrodialyze byl neaspéiny

5. Dalii elektrochemické metody

Sem lze zafadit napf. nékteré velmi zajimave studie
moinosti potenciometrického stanoveni téchto biomarke-
ri*®™ a dale studie jejich stanoveni pomoci pritokové
injekéni analyzy s ampérometrickou detekei (FLA-AD)™.

Potenciometrie  pfedstavuje jednu  z nejlevnd)jiich,
nejrychlejdich a tudiz v praxi nejoblibenéjsich metod. Vel-
mi zajimavou moinost detekce diskutovanych protinado-
rovych biomarkerd nabizi diplomova |:t4'=é:::e'-"’l popisujici
pfipravu potenciometrickych biosenzorii na bazi vodivych
polymeri a PVC membran. Na pfedupraveny povreh elek-
trod na bazi vodivych polymerid byla kovalentng navazana
merkaptofenylboronova kyselina a povrch PVC membran
na bazi anexu byl modifikovan chemicky generovanym
polyanilinem (PANI). Takto pfipravena elektroda umoziiu-
je rychlé a jednoduche pfimé potenciometrické stanoveni
HVA, VMA i HIAA s LOD kolem 2 mmol ", FIA umoz-
fiuje vyrazne zrychleni analyz a navic v fadé pfipada eli-
minuje problémy s pasivaci pracovni elektrody, nebot’
produkty elektrodove reakee jsou GZinné odstrafiovany od
povrchu elektrody tokem nosné kapaliny. VyuZitim
FIA-AD ke stanoveni studovanych biomarkerd se zabyva
studie**. Biomarkery byly stanoveny na SPCE v BR pufru
(0,04 mol ]", pH 2,0) v komeréné dostupne pritokove
cele. Kalibraéni zavislosti byly proméfeny v rozsahu 0,05
az |00 pmol I, Zavislosti byly linearni a dosaZene LOD
byly 0,065 pmol I™' pro HVA (pii +0,6 V), 0,053 pmol 17!
pro VMA (pfi +0.8 V) a 0,033 umol I'' pro HIAA (pfi
+),8 V) (poéitano zvyhodnocenych  vySek  pika)
20,024 pmol ' pro HVA, 0,020 pmol I pro VMA
a 0,012 umol r pro HIAA (poéitano z vyhodnocenych
ploch pikd). Tato metoda je povazovana za slibnou

612

z hlediska rychlosti analyzy. snadné automatizace a elimi-
nace pasivace elektrod. Vzhledem k blizkym hodnotam
detekénich potencialll nelze viechny tfi biomarkery stano-
vit simultanné v jednom experimentu. K tomuto aéelu se
nabizi dosud nezkoumana monost vyuzZiti fast scan volta-
metrie, pole elektrod & vhodnych matematickych metod
pouzivanych k rozlideni elektrochemicky podobnych latek.

6. Lavér

Cilem tohoto pfispévku bylo upozemit na moZnosti,
vyhody a omezeni modernich elektroanalytickych metod
pro stanoveni vybranych nadorovych biomarkerd (jmeno-
vité homovanilové, vanilmandloveé a 3-hydroxy-3-indol-
octove kyseliny) a pfehledng shrnout dosud publikovane
voltametrické a ampérometricke metody vhodné pro stano-
veni zmingnych biomarker( v biologickych tekutinach. Jak
11 bylo uvedeno, hlavni pfednosti elektrochemickych me-
tod je jejich rychlost, citlivost, miniaturizovatelnost a niz-
ké pofizovaci | provozni niklady. Za nevyhodu lze pova-
Zovat ne vZdy postaujici selektivitu a probléemy s pasivaci
pracovnich elektrod ve sloiitych biologickych matricich.
A pravé timto smérem bude nutné zameéfit dalsi vyzkum.
Z velkého poétu publikovanych praci o elektrochemickém
stanoveni diskutovanych biomarkerd lze usuzovat na jejich
vyznam a jejich moznosti. Diky vEasnému zachyceni zvy-
genych koncentraci téchto biomarkeri v télnich tekutinach
Jje moino léébu nadord zahajit wéas, a zvyiit tak 3anci na
uzdraveni pacienti.

Tento prispévek vznikl v rdamci Specifického vyvsako-
Skolského vyckumu (SVV260440), za financni podpory
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VMA are connected with the catecholamine metabolism,
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while HIAA 1s related to the tryptophan metabolism. The
aim of this review is to describe the electrochemical oxida-
tion HVA, VMA, and HIAA and summanize published
voltammetric and amperometric methods suitable for the
determination of these biomarkers in various biological
fluids.

Referit

Keywords: homovanillic acid, vanillylmandelic acid,
S-hydroxy-3-indoleacetic acid, tumor biomarkers, voltam-
metry, amperometry, HPLC with electrochemical detec-
tion
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Voltammetric Determination of Tumor Biomarkers for
Neuroblastoma (Homovanillic Acid, Vanillylmandelic
Acid, and 5-Hydroxyindole-3-acetic Acid) at Screen-

printed Carbon Electrodes

Anna Makrlikova,!® Evangelia Ktena,! Anastasios Economou,! Jan Fischer,” Tom4s Navratil,l*!

Jifi Barek, ! and Vlastimil Vyskogil®!

Abstract: Three tumor biomarkers (homovanillic acid
(HVA), vanillylmandelic acid (VMA), and 5-hydroxyin-
dole-3-acetic acid (5-HIAA)) have been determined by
differential pulse voltammetry (DPV) at screen-printed
carbon electrodes (SPCEs). As an optimum medium for
all three analytes, Britton-Robinson buffer (0.04 mol-L A
pH 3.0) was used. Dependencies of the peak current on
the concentration of a biomarker were linear in the con-

centration range from 0.2 to 100 pmol-L ' for all the
tested compounds, with the limits of quantification
0.8 pmol-L" for homovanillic acid, 0.2 pmol-L"" for va-
nillylmandelic acid, and 0.4 pmol-L " for 5-hydroxyin-
dole-3-acetic acid. Moreover, it was verified that the
newly developed methods can be used for simultaneous
determination of HVA and VMA in mixture.

Keywords: Homovanillic acid - Vanillylmandelic acid - 5-Hydroxyindole-3-acetic acid - Differential pulse voltammetry - Screen-

printed carbon electrodes

1 Introduction

Homovanillic acid (HVA, 4-Hydroxy-3-methoxyphenyl-
acetic acid) and vanillylmandelic acid (VMA, DL-4-Hy-
droxy-3-methoxymandelic acid) are structurally closely
related and they are the major end products of catechola-
mine  metabolism.  5-Hydroxyindole-3-acetic  acid
(5-HIAA) is a breakdown product of serotonin (5-hy-
droxytryptamine) [1,2]. Their structural formulas are
given in Table 1. The phenolic structure suggests that they
can be oxidized at carbon electrodes, which can be used
for their determination [3,4]. Determination of urinary
levels of HVA, VMA, and 5-HIAA can be a useful tool
for the prediction of neuroblastic and carcinoid tumors
[2]. Urinary production of adrenal hormones (norepi-
nephrine, epinephrine, and dopamine) and their metabo-
lites (nor-metanephrine, metanephrine, methoxydopa-
mine, HVA, and VMA) is increased in the case of neuro-
blastoma (this term refers to a spectrum of neuroblastic
tumors including neuroblastoma, ganglioneuroblastoma,
and ganglioneuroma). These kinds of tumors are connect-
ed with metabolism of tryptophan, with the release of
large amount of serotonin, and lead to clinical syndromes
like flushing, hepatomegaly, diarrhea, bronchospasm, and
right-sided heart failure [5]. Measuring 5-HIAA in bio-
logical fluids for clinical purposes can be useful for the di-
agnosis not only of neuroblastoma or carcinoid syndrome
but also of essential hypertension, depression, migraine,
and Tourette syndrome [6]. The urinary concentrations
for the above mentioned organic acids described as
normal are from 8.2 to 41.0 umol-L™' for HVA, from 11.6
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to 287 umol-L°' for VMA, and from 178 to
583 umol-L " for 5-HIAA [7]. i.e. between 1.3 and
7.6 mg-L ! of those biomarkers [8].

So far mainly chromatographic methods were used for
the determination of these biomarkers. Comparison of
three direct HPLC methods for quantification of urinary
HVA, VMA, and 5-HIAA (two with spectrofluorometric
detection with discontinuous gradients and one with cou-
lometric detection with linear gradient) can be found in
paper [2]. In the first method with fluorescence detection
[9], the method of the external standard [10] was used.
The second method with fluorescence detection was per-
formed according to [11], except for the column protec-
tion procedure based on C18 pre-column cartridges. The
third method with electrochemical detection combines
methods described in papers [12,13] using a dual-cell cou-
lometric detector Coulochem type 5100 (ESA, Bedford,

|a] A. Makrlikovd, J. Fischer, J. Barek, V. Vyskocil
Charles University, Faculty of Science, Department of
Analytical Chemistry, UNESCO Laboratory of
Environmental Electrochemistry, Hlavova 8, 128 43 Prague
2, Czech Republic
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[b] A. Makrlikovd, T. Navratil
J. Heyrovsky Institute of Physical Chemistry of the AS CR,
v.vi.. Dolejskova 3, 182 23 Prague 8, Czech Republic
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National and Kapodistrian University of Athens,
Department of Chemistry. Laboratory of Analytical
Chemistry. Panepistimiopolis, Zografou, 157 71 Athens.
Greece
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Table 1. Basic information about the studied analytes.
Structure of analyte Common name CAS Number
H;CO. OH
m Homovanillic acid 306-08-1
HO'
OH
H;CO. OH
Vanillylmandelic acid 55-10-7
<]
H
o
OH
H 5-Hydroxyindole-3-acetic acid 54-16-0

Tz

MA, USA). The first cell was operated at 0.25 V, which
was optimized for 5-HIAA, and the second cell was oper-
ated at 0.55V for detecting HVA and VMA. Limits of
detection (LODs) for HVA were 1.0, 2.0, and
2.0 umol-L" (first, second, and third method), 0.5, 0.5,
and 03 pmol-L™' for VMA (first, second, and third
method), and 1.0 pmol-L" for 5-HIAA (all three meth-
ods). All the above mentioned analytical methods were
proved to be suitable for the direct simultaneous determi-
nation of these analytes in human urine [2]. Yoshitake et
al. [6] proposed an improved HPLC method for the de-
termination of 5-HIAA in human urine based on auto-
mated pre-column derivatization of 5-HIAA with benzyl-
amine followed by fluorescence detection (345/480 nm)
providing LOD 5 nmol-L " without any sample purifica-
tion. Another possible determination of 5-HIAA [14] is
based on combination of adsorption chromatography with
UV detection providing LOD (.52 pmol-L- "

Due to the low concentrations of these analytes,
sample pre-treatment procedure is frequently used. Solid
phase extraction (SPE) seems to be a suitable technique
to obtain good sample purification and high extraction
vields [15]. Determination of HVA in human plasma by
HPLC was successfully performed using a reversed-phase
column and coulometric detection after anion-exchange
SPE with LOD around 1 nmol-L™" [16]. Determination
of HVA in human urine using SPE at weak anion-ex-
change hypercrosslinked polymer resin followed by
HPLC with UV detection at 280nm gave LOD
2.47 pmol-L~" [17]. Solid phase microextraction (SPME)
combined with gas chromatography quadrupole mass
spectrometry after preliminary derivatization with ethyl
chloroformate/ethanol was described in [18]. Combina-
tion of column and partition chromatography (GC-MS)
was used in [19] to isolate and quantify biological organic
acids in human urine and cerebrospinal fluid (including
HVA, VMA, and 5-HIAA) after their conversion to tri-
methylsilyl derivatives. Simultaneous determination of
HVA and 5-HIAA by HPLC-ED after liquid-liquid ex-
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traction of acidified urine with ether followed by coulo-
metric detection at +350 mV gave LOD 0.08 pmol-L™'
for HVA and 0.03 pumol-L ' for 5-HIAA [20]. An
enzyme immunoassay for urinary VMA using a polyclonal
antiserum and a VMA-—acetylcholinesterase conjugate as
an enzymatic tracer in the concentration range 0.2-
2.25 pmol-L' gave cross-reactivity with HVA 0.8% and
less than 0.4% with other structurally related catechola-
mine metabolites [21].

Differential pulse voltammetry (DPV) of VMA at an
edge-plane pyrolytic graphite electrode (EPPGE) and at
a commercially available multiwalled carbon nanotubes
(MWCNTSs) screen-printed electrodes (MWCNT-SPEs)
gave LODs 1.7 and 1.0 pmol-L ', respectively (in phos-
phate buffer solution, pH 6.85) [4]. It was found that the
oxidation of VMA at an EPPGE leads to the formation
of vanillin via molecule decarboxylation, which may be
further oxidized at a high potential, leading to two dis-
tinct voltammetric peaks. On other forms of carbon,
these two voltammetric peaks are not so well defined.
HVA undergoes a similar oxidation pathway but due to
the lack of an -OH group, rearomatization after decar-
boxylation is a slower process requiring the attack of
water, in order to form vanillic alcohol, and as a result
only one peak is observed. The resolution of HVA and
VMA can be further improved by modification of the
clectrode with a porous layer of MWCNTS to change the
mass transport to that of a thin layer system [4]. Voltam-
metric behavior of HVA and VMA was also investigated
at carbon paste electrodes (CPEs) modified in situ with
cationic surfactants which stabilize some of the electro-
chemical reaction intermediates resulting in different vol-
tammetric behavior of HVA and VMA on unmodified
and modified electrodes [22]. Similarly, modification of
CPEs with submicellar concentrations of surfactants re-
sults in improved reversibility and sensitivity [23]. Cyclic
voltammetric determination of 5-HIAA in human gastric
juice at a glassy carbon electrode (GCE) is possible in
the concentration range from 0.2 to 20 pmol-L™" with

FElectroanalysis 2017, 29, 146-153 147
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LOD 80nmol-L' [24]. An array of catbon composite
film electrodes (CFEs) based on graphitic conductive mi-
croparticles and nonconductive polystyrene binder em-
bedded in a 96-well microtitration plate was applied to
DPV determination with LOD 0.3 pmol-L~" for HVA
and 0.8 umol -L ™' for VMA [3]. Square wave voltamme-
try (SWV) of 5-HIAA at an oxidized glassy carbon elec-
trode (OGCE) gave LOD 0.9 pmol-L ™" with minimal in-
terference of usual urine components [31]. A voltammet-
ric sensor for HVA was developed using different molecu-
larly imprinted polymers (MIPs) as recognition elements
[25]. This sensor gave a linear response for concentrations
of HVA between 0.05 and 10pmol-L™' with LOD
7 nmol- L ". The comparison of existing methods is given
in Table 2.

The presented paper is focused on the development of
a simple, inexpensive, fast, and user-friendly DPV
method for the determination of the three above men-
tioned tumor biomarkers in Britton-Robinson buffer
(BRB) using easily commercially available screen-printed
carbon electrodes (SPCEs) which are a suitable tool for
the determination of various organic compounds in bio-
logical fluids [27,28]. There is no problem with their pas-
sivation because they are disposable and thus used just
for one measurement. They are relatively inexpensive be-
cause of their mass production. Their application can cir-
cumvent sometimes complicated modification and/or fab-
rication of less common electrodes. Moreover, the newly
developed methods are compatible with portable instru-
mentation, suitable for further miniaturization and thus
compatible with the point-of-care concept.

ELECTROANALYSIS

2 Experimental

2.1 Apparatus

The voltammetric measurements were performed with
a computer controlled Eco-Tribo Polarograph with Polar
Pro software, version 5.1 for Windows 95/98/Me/2000/XP
(Polaro-Sensors, Czech Republic). The software worked
under the operational system Microsoft Windows XP Pro-
fessional (Microsoft Corporation, USA). Differential
pulse voltammetry (DPV) was performed using SPCEs
(type DRP 110, DropSens, Spain) with three electrode
system comprising a carbon working electrode (4 mm di-
ameter), a carbon counter electrode, and a silver refer-
ence electrode. A new SPCE was used for each measure-
ment to avoid cross-contamination and passivation and to
comply with usual requirements for clinical analyses.
However, it was verified that up to 5 measurements can
be done at a single SPCE at micromolar concentrations
of the tested biomarkers. At higher concentrations, the
passivation of SPCE is observable. Therefore, it is better
to use a new SPCE for each measurement for the highest
concentrations of these analytes.

2.2 Reagents and Proced

The stock solutions (1 mmol-L ") of the three tumor bio-
markers were prepared by dissolving a required amount
of the pure substance in 25 mL of deionized water (HVA:
4.67mg; VMA: 495mg; 5-HIAA: 478 mg). It follows
from UV spectrophotometric monitoring of the stability

Table 2. Analytical methods for the determination of HVA, VMA. and 5-HIAA.

Analyte Method Detection LOD [umol L] References
HVA, VMA GC MS 0.27 (both) [26]
HVA, VMA, 5-HIAA HPLC MS/MS 0.27 (HVA) (5]
0.0050 (VMA)
0.078 (5-HIAA)
HVA, VMA, 5-HIAA HPLC Fluorimetry 1.0 (HVA) 2]
0.5 (VMA)
1.0 (5-HIAA)
Fluorimetry 2.0 (HVA)
0.5 (VMA)
1.0 (5-HIAA)
Coulometry 2.0 (HVA)
0.3 (VMA)
1.0 (5-HIAA)
5-HIAA HPLC Fluorimetry 0.005 (6]
HPLC uv 0.52 [14]
VMA Immunoassays Enzymatic 0.2 [21]
HVA Voltammetry DPV (MIPs) 0.007 25]
VMA Voltammetry DPV (EPPGE) 1.7 [4]
DPV (MWCNT-SPEs) 1.0
VMA, HVA Voltammetry DPV (CFEs) 0.09 (HVA) 3]
0.24 (VMA)
S-HIAA Voltammetry SWV (OGCE) 0.9 31]
HVA, VMA, 5-HIAA Voltammetry DPV (SPCEs) 0.24 (HVA) This work
0.06 (VMA)

0.06 (5-HIAA)
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of those stock solutions that their absorbance at corre-
sponding maximum wavelengths (279 nm for HVA and
VMA, and 276 nm for 5-HIAA, respectively) was con-
stant for 3 months with RSD lower than 2%, thus con-
firming their sufficient stability. All measurements were
performed in Britton-Robinson buffer (BRB) prepared in
a usual way, Le. by mixing a solution of 0.04 mol-L ' in
phosphoric  acid, 0.04 mol-L' in acetic acid, and
0.04 mol-L " in boric acid with the appropriate amount
of 0.2mol-L"" sodium hydroxide solution. Appropriate
amount of the analyte stock solution was placed into
a 25 mL volumetric flask and filled up to the mark with
BRB of the required pH. Afterwards, 5 mL of thus pre-
pared solution were transferred into a voltammetric
vessel and the voltammograms were recorded in five rep-
etitions using DPV from —200 to +1400 (or 1600) mV,
scan rate 20mV-s ', pulse height +50 mV, pulse width
100 ms, and current range 100 pA. The DPV peak heights
were evaluated from the straight lines connecting the
minima before and after the peak (the minimum after the
second peak was used when the first and the second peak
were not well separated). All the experiments were per-
formed at room temperature. For calculating calibration
curve parameters and graphic expressions of results, Mi-
crosoft Office Excel 2010 (Microsoft Corporation, USA)

9005 mV1200

ELECTROANALYSIS

and OriginPro 8.0 (OriginLab Corporation, USA) were
used. The limit of quantification (LOQ) was calculated as
LOQ =10 s/a, where s is the standard deviation of 10 re-
petitive measurements of the lowest measurable concen-
tration and « is the slope of the calibration curve [29].
The limit of detection (LOD) was calculated as LOD =
3s/a.

3 Results and Discussions

BRB was chosen as a base electrolyte. At first, DP vol-
tammograms of HVA in BRB of different pH were mea-
sured (see Fig. 1). The optimum pH for the determination
of HVA was found to be 3.0. At pH 3.0, two well-devel-
oped peaks of HVA are formed; the more positive peak
decreases with increasing pH (see Fig. 1B).

Due to similarity of structures of VMA and HVA, the
pH dependence of VMA was also similar and the opti-
mum pH for the determination of HVA was found to be
3.0 as well (see Fig. 2). For 5-HIAA, the pH dependence
was measured from pH 2.0 to pH 9.0. The peak of
5-HIAA was not evaluable at pH> 9.0 (see Fig.2B). The
optimum pH for the determination of S-HIAA was found
to be 3.0, too. In acidic pH, there are two well-separated
peaks of 5-HIAA.

R . 2 2=
0 300 600 200 1200

Fig.1. (A) DP voltammograms of HVA (0.1 mmol-L ") measured at SPCE in BRB at different pH from 2.0 to 12.0; (B) enlarged
DP voltammograms of HVA (0.1 mmol-L ") measured at SPCE in BRB at different pH from 6.0 to 12.0; pH is given above the

curves; the bold curve corresponds to optimum pH.

hpA

__2

0 300 600 9005 mv1200

= .
0 300 600 900 1200
E mV

Fig.2. DP voltammograms of VMA (A) and 5-HIAA (B), both 0.1 mmol-L"!, measured at SPCE in BRB at different pH given

above the curves: the bold curves correspond to optimum pH.
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The existence of two peaks suggests the mechanism
proceeding through the decarboxylation of VMA to form
vanillin, which is further oxidized resulting in the second
peak. At low pH. the electrochemical oxidation of this
functionality probably follows a “—2e”, —2H""” mecha-
nism leading to the formation of a carbocation [4]. This
mechanism is similar to that found for the oxidation of
catechol [22]. Oxidative voltammetric responses of VMA
and HVA at SPCEs are similar, contrary to the situation
at an EPPGE and MWCNT-SPEs [4] where different
number of voltammetric peaks was observed. The appear-
ance of three peaks in the case of 5-HIIA can be connect-
ed with a slightly different mechanism of its electrochemi-
cal oxidation resulting in quinoneimine structure in which
the C=0 double bond formed from the ~OH group on
the benzene ring is conjugated with the C=N double
bond formed in the heterocyclic (pyrrole) part of the mol-
ecule [30].

Afterwards, the dependencies of the peak current on
the analyte concentration were measured in BRB at pH
3.0 in the concentration range from 0.1 to 100 pmol-L .
All dependencies were linear in this range. DP voltam-
mograms of the analytes in the concentration range from
10 to 100 pmol-L ™" are shown in Fig 3, from 1 to
10 pmol-L™" in Fig.4, and from 0.1 to 1pmol-L! in
Fig. 5. For HVA and VMA, both peaks are significant,
well-developed, and useful for analytical purposes. For
5-HIAA, three peaks were observed. However, only the

A

0 300 600 QODE mv1200
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peak at the potential around +270 mV was evaluated for
the calibration dependence because evaluation of the
other two peaks is more difficult and leads to less precise
results. The obtained LOQs were: 1.0 umol-L™" (1% peak)
and 0.8 pmol-L" (2* peak) for HVA, 0.4 pmol-L™' (1%
peak) and 02umol-L™' (2" peak) for VMA, and
0.2 pmol-L" for 5-HIAA (1" peak), respectively (see
Table 3).

An attempt to determine HVA and VMA in mixture is
documented by Figs. 6 and 7. It can be seen that it is pos-
sible to find the peaks of HVA and of VMA in the mix-
ture whose height is linear function of the concentration
of one of the biomarkers at constant concentration of the
other one. Therefore, DPV at SPCE can be used for the
determination of the two biomarkers in their mixture
both in the 107 and 10 *mol-L ' concentration ranges
using the standard addition of these analytes.

4 Conclusions

Voltammetric determination of tumor biomarkers repre-
sents a useful approach for prediction of diseases and
could help to start their treatment in time. This paper de-
scribes determination of three tumor biomarkers using
DPV at SPCE. The optimum medium for the determina-
tion of HVA, VMA and 5-HTAA was found to be BRB
at pH 3.0. Calibration dependencies were linear in the

whole tested concentration range from 0.2 to

9

B
huA

6

3

¢ 0 360 660 9[:)0 1200

E, mV

L uA
4

0 300

600 QOOE‘ mV1 200

Fig.3. DP voltammograms of HVA (A), VMA (B). and 5-HIAA (C) measured at SPCE in BRB at pH 3.0 in the concentration
range from 10 to 100 pmol-L~'; the numbers next to the curves correspond to the analyte concentrations in pmol- L%,
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Fig.4. DP voltammograms of HVA (A), VMA (B), and 5-HIAA (C) measured at SPCE in BRB at pH 3.0 in the concentration
range from 1 to 10 pmol- L~'; the numbers next to the curves correspond to the analyte concentrations in pmol-L~".
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Fig.5. DP voltammograms of HVA (A), VMA (B). and 5-HIAA (C) measured at SPCE in BRB at pH 3.0 in the concentration
range from 0.1 to 1 pmol -L'; the numbers next to the curves correspond to the analyte concentrations in pmol- L.
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Table 3. Parameters of calibration straight lines (including standard deviations) for DPV determination of tested biomarkers at SPCE
in BRB at pH 3.0 constructed from voltammograms measured in the concentration range from 0.1 to 100 pmol-L ",

Analyte Slope (mA-Lmol ') Intercept (nA) Correlation coefficient LOQ (umol-L ) LOD (umol-L ")
HVA (2" peak) 63.0+0.6 41423 0.9993 0.8 0.24
VMA (2™ peak) 782+25 170+94 0.9922 02 0.06
5-HIAA (1* peak) 3B.8+12 116 £45 0.9930 04 0.12
30} A o 7 3.0
L pA 4 pA
15 15
0.0 . L : 0.0
0 300 600 900 1200
E mV
B 200
.';, nA
400 100(;’%‘_)/.
LE 05 2 .4
A pmoI.L
200+ 4

0 300 600 900 v 1200

Fig.6. DP voltammograms of HVA and VMA mixture mea-
sured at SPCE in BRB at pH 3.0. (A) 1 - supporting electrolyte,
2-5 — constant cyy, 20 pmol- L', 2-5 — increasing ey, 0, 10, 20,
and 40 umol-L~". Inset: Dependence of the first, second, and
third peak current (line 1. 2, and 3) of the mixture of HVA and
VMA on ¢y at constant cypa. (B) 1 - supporting electrolyte. 2-
5 — constant eyys 2 pmol-L™", 2-5 — increasing cyva 0. 1. 2. and
4pmol-L~". Inset: Dependence of the first, second, and third
peak current (line 1, 2, and 3) of the mixture of HVA and VMA
0n cypyy at constant eyya.

100 pmol-L". LOQs were as follows: 0.8 pmol-L" for
HVA, 02 pmol-L™' for VMA, and 0.4 pmol-L" for
5-HIAA. The obtained results prove that DPV at SPCE
is sensitive enough for monitoring of the tested tumor
markers, thus paving the way for their monitoring in vari-
ous biological matrices. Moreover, it was proved that

www.electroanalysis.wiley-vch.de
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Fig.7. DP voltammograms of HVA and VMA mixture mea-
sured at SPCE in BRB at pH 3.0. (A) 1 - supporting electrolyte,
2-5 — constant ¢yy, 20 pmol L™, 2-5 — increasing eyy a4 0, 10, 20,
and 40 pmol-L ", Inset: Dependence of the first, second, and
third peak current (line 1, 2, and 3) of the mixture of HVA and
VMA on c¢yya at constant cyys. (B) 1 - supporting electrolyte.
2-5 — constant ey 2 pmol- L7, 2-5 — increasing cyya 0. 1. 2. and
4 pmol-L~". Inset: Dependence of the first, second, and third
peak current (line 1. 2, and 3) of the mixture of HVA and VMA
0N ¢y, at constant ¢y ..

DPV at SPCE can be used for the determination of HVA
and VMA in mixture.

It follows from our preliminary experiments that the
application of the newly developed methods for urine
samples would require some preliminary separation and
preconcentration, SPE and/or various forms of membrane

FElectroanalysis 2017, 29, 146-153 152
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separation being the most suitable candidates for this pur-
pose, as shown in the Introduction. Therefore, our further
research will be focused on the combination of these sep-
aration techniques with the newly developed DPV at
SPCE determination of the tested biomarkers.
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Determination of three Tumor Biomarkers (Homovanillic
Acid, Vanillylmandelic Acid, and 5-Hydroxyindole-3-A cetic
Acid) Using Flow Injection Analysis with Amperometric

Detection

Anna Némeckovd-Makrlikova,!™ " Frank-Michael Malysik.[“] Tomas Navratil, ®! Jiti Barek *" and

Vlastimil Vysko¢il®!

Abstract: Flow injection analysis with amperometric
detection (FIA-AD) at screen-printed carbon electrodes
(SPCEs) in optimum medium of Britton-Robinson buffer
(0.04 mol- L', pH 2.0) was used for the determination of
three tumor biomarkers (homovanillic acid (HVA),
vanillylmandelic acid (VMA), and 5-hydroxyindole-3-
acetic acid (5-HIAA)). Dependences of the peak current
on the concentration of biomarkers were linear in the

whole tested concentration range from 0.05 to
100 pmol-L~*, with limits of detection (LODs) of
0.065 pmol-L " for HVA, 0.053 umol-L " for VMA, and
0.033 ymol-L~' for 5-HIAA (calculated from peak
heights), and 0.024 pmol-L ' for HVA, 0.020 pmol-L ' for
VMA, and 0.012 umol-L " for 5-HIAA (calculated from
peak areas), respectively.

Keywords: Screen-printed carbon electrodes » Flow injection analysis « Amperometric detection »+ Homovanillic acid « Vanillylmandelic

acid « 5-Hydroxyindole-3-acetic acid

1 Introduction

Determination of HVA ((4-hydroxy-3-methoxyphenyl)-
acetic acid), VMA (hydroxy(4-hydroxy-3-methoxyphen-
yl)-acetic acid), and 5-HIAA (2-(5-hydroxy-1H-indol-3-
yl)-acetic acid) is a tool for prediction of neuroendocrine
tumors: neuroblastoma, pheochromocytoma, and carci-
noid tumors. Neuroblastoma is the most common tumor
in childhood. It arises from primitive sympathetic ganglion
cells and has wide range of symptoms [1]. Pheochromocy-
tomas (as well as neuroblastoma) are catecholamine-
secreting tumors arising from the chromaffin cells of the
adrenal glands. They are rare vascular tumors with classic
symptoms as a headache, palpitation, anxiety, and diapho-
resis [2]. Carcinoid tumors are neuroendocrine tumors
which sometimes can metastasize. Tumors are character-
istic with clinical syndromes including carcinoid syndrome
with symptoms including skin flushing, wheezing, and
diarrhea. Carcinoid tumors are rare in the adult popula-
tion [3].

HVA and VMA are structurally closely related; they
are major end products of catecholamine metabolism.
5-HIAA is a breakdown product of serotonin [4,5].
Their structural formulae are shown in Table 1. They
are excreted in urine; normal urinary concentrations are
from 8.2 to 41.0 pmol-L~' for HVA, from 11.6 to
28.7 pmol -L "' for VMA, and from 17.8 to 58.3 pmol-L ™"
for 5-HIAA [6], i.e. between 1.3 and 7.6mg-L"" of
these biomarkers [7]. Their abnormally high concen-
trations can signalize tumors.
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Most common methods for the determination of these
biomarkers are HPLC, GC, and immunoassay [8] for
HVA and VMA, and HPLC or GC-MS for 5-HIAA [4].
Due to phenolic structure (hydroxyl group on aromatic
system) of the biomarkers, they can be electrochemically
oxidized and electrochemical methods for their determi-
nation can be used [9,10].

In spite of HVA and VMA similarity, their voltam-
metric responses are different, see review [11]. On a glassy
carbon electrode, VMA is oxidized to a cation-radical
(first peak at differential pulse voltammetry (DPV)); in
second step, decarboxylation leads to vanillin, which is
further oxidized to a corresponding o-quinone derivative
(second peak at DPV) [8]. On the other hand, only one
DPV peak is observable for HVA at the potential
corresponding to the first peak of VMA. The most likely
explanation is the lower rate of decarboxylation and

[a] A. Némeckova-Makrlikovd, J. Barek, V. Vyskotil
Charles University, Faculty of Science, Department of Analy-
tical Chemistry, UNESCO Laboratory of Environmental
Electrochemistry, Hlavova 2030/8, CZ-12843 Prague 2, Czech
Republic
E-mail: barek@natur.cuni.cz
[b] A. Némeckova-Makrlikovd, T. Navratil
J. Heyrovsky Institute of Physical Chemistry of the AS CR,
v.v.i., Dolejskova 2155/3, CZ-18223 Prague 8, Czech Republic
[¢] F-M. Matysik
University of Regensburg, Institute of Analytical Chemistry.
Chemo- and Biosensors, Universititsstraie 31, D-93053 Re-
gensburg, Germany
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Table 1. Basic information about the studied biomarkers.
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Common name homovanillic acid

vanillylmandelic acid

5-hydroxyindole-3-acetic acid

Structure of analyte

H;CO. OH
m
HO

CAS Number 306-08-1

o
OH
H,CO. OH o oH
I 3\
HO' i
H
55-10-7 54-16-0

rearomatization leading to vanillin, resulting in the
disappearance of the second peak. Mechanism of the
electrochemical oxidation of 5-HIAA, which leads to a
quinoneimine structure, is different from that of HVA and
VMA. In the resulting product, a C=0 bond (arising from
an —OH group on the aromatic system) is conjugated with
a C=N bond in the heterocyclic part of the molecule
[8,12].

Simple way for the determination of HVA, VMA, and
5-HIAA could be voltammetry on bare electrodes, which
are user-friendly without the necessity of any other pre-
treatment. DPV determination of VMA on an edge plane
pyrolytic graphite electrode in phosphate buffer (pH 6.85)
gave LOD 1.7pmol-L' [8]. HVA and VMA were
determined by DPV on a carbon composite ¢lectrode in
Britton-Robinson (BR) buffer pH2 with LODs
0.3 pmol-L' for HVA and 0.8 pmol-L™' for VMA [9].
BR buffer pH3.0 was used for DPV determination of
HVA, VMA, and 5-HIAA at SPCEs with LODs
024 pmol-L™'  (HVA), 0.06 pmol-L™' (VMA), and
0.12 pmol- L' (5-HIAA) [13]. Cyclic voltammetric deter-
mination of HVA on a carbon paste electrode in brain
extracellular fluid with LOD 3 pmol-L' [14] and square-
wave voltammetric determination of 5-HIAA on an
oxidized glassy carbon electrode with LOD 0.9 pmol-L'
[15] were described.

A useful inspiration for FIA-AD determination of the
above mentioned biomarkers can be found in papers
devoted to HPLC with electrochemical detection. Glassy
carbon [16] or carbon paste [17] are commonly used
electrode materials. HVA and VMA were determined
simultaneously and 5-HIAA separately in urine by
HPLC-AD with a glassy carbon electrode flow cell
(VMD-101, Yanaco, Japan) at +0.6 V (HVA, VMA) and
+0.45V (5-HIAA) [18]. Interesting arrangement based
on extraction of analytes from filter paper treated with
tartrate buffer followed by HPLC-AD with an ampero-
metric detector LC-4B with a glassy carbon flow cell TL-
5A (Bioanalytical Systems Inc., USA) at +09V gave
LODs 0.055pmol-L" (HVA) and 0.025 pmol-L™'
(VMA) in urine [19]. Simultaneous determination with an
amperometric detector LC-4A with an LC-17 flow cell
(Bioanalytical Systems Inc., USA) at + 0.8 Vin urine gave
LODs 10.1 pmol-L ™' (VMA) and 5.2 pmol-L ' (5-HIAA)
[20]. In the case of rat brain tissue [21], the LC-4A
electrochemical detector was used and the effluent was
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passed through a TL-5 flow cell (Bioanalytical Systems
Inc., USA) with a glassy carbon electrode at +0.85V,
giving estimated LODs 13.7 nmol-L ™' for HVA and 5.2
nmol-L~! for 5-HIAA. Rat and human brain tissues [22]
were analyzed using an amperometric detector LC-3 with
a carbon paste electrode flow cell TL-3 (Bioanalytical
Systems Inc, WUSA) at +08V, giving LODs
11.0 nmol-L~' for HVA and 1.1 nmol-L "' for 5-HIAA.

Many HPLC-AD methods were used for the determi-
nation of only one of these biomarkers. For the sake of
illustration, HVA was determined in different matrices,
e.g. in urine [23] (self-fabricated wall-jet/thin-layer am-
perometric detector, glassy carbon working electrode,
+0.7 V), in rat brain tissue [24] (home-made thin-layer
amperometric detector with a glassy carbon working
electrode, +0.8 V), or in plasma [25] (wall-jet amperomet-
ric detector (Antec Leyden BV, The Netherlands), glassy
carbon electrode, +0.8V), with LODs around
1 nmol-L™"; VMA was determined in urine after an ethyl
acetale extraction [26] (glassy carbon electrode cell TL-
8A (Bioanalytical Systems Inc., USA), + 1.3 V). 5-HIAA
was monitored using an electrochemical detector LC-3
with a glassy carbon electrode (Bioanalytical Systems Inc.,
USA) at +0.6 V, with LOD 0.5 pmol-L" [27], an electro-
chemical detector with a glassy carbon electrode cell LC-
4B (Bioanalytical Systems Inc., USA) at +0.55V, with
LOD 628 ymol-L™' [28], and a glassy carbon electrode
cell TL-8A (Bioanalytical Systems Inc., USA) at +1V,
with estimated LOD 5.23 pmol -L ™" [29].

FIA is a suitable method for large scale monitoring of
HVA, VMA, and 5-HIAA because of high throughput,
short time of analysis, and easy automation. Moreover, its
combination with amperometric detection (AD) guaran-
tees sufficient sensitivity. From the above given summary
of voltammetric and amperometric monitoring of these
biomarkers, it can be concluded that the application of
carbon-based electrodes combined with a thin-layer
arrangement is the most promising approach for FIA-AD.
Therefore, this paper is devoted to the study of electro-
chemical behavior of the three tumor biomarkers and to
their determination using FIA-AD at easily commercially
available SPCEs.

Electroanalysis 2019, 31, 303-308 304
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Table 2. Parameters and their tested ranges for FIA-AD determination of the three tumor biomarkers at SPCE. Injected volume 20 uL

was kept constant.

Analyte Potassium ferrocyanide HVA VMA 5-HIAA
Flow rate [mL -min'] 0.2-4 0.5-2.5 0.5-2.5 0.5-2.5
Working electrode potential [V] 0.1-1.2 04-12 0.4-1.2 0.4-1.2
pH of carrier solution 2-10 2-8 2-8 2-8
Concentration of injected solutions [umol- L] 10-1000 0.05-100 0.05-100 0.05-100

2 Experimental
2.1 Apparatus

FIA-AD was performed using an apparatus consisting of
a syringe pump (NE-510L, LABICOM, sr.o., Czech
Republic), an injection valve (type 7725i, Rheodyne,
USA) with a 20 pL injection loop, a flow cell (flow-cell in
Teflon for screen-printed electrodes FLWCL-TEF, Drop-
Sens, Spain), and a computer-controlled potentiostat
PalmSens3 (PalmSens BV, The Netherlands). A three-
electrode SPCE system (type DRP-110, DropSens, Spain)
comprising of a screen-printed carbon working electrode
(4 mm diameter), a carbon counter electrode, and a silver
reference electrode was used. (SPCEs are disposable,
however, it was verified that up to 20 measurements can
be repeated at a single SPCE at micromolar concen-
trations of the tested biomarkers without problems with
passivation. Cross-contamination was not observed).

2.2 Reagents

The stock solutions (100 pmol-L™') of the three tumor
biomarkers (all Sigma Aldrich, Germany) were prepared
by dissolving an appropriate amount of the substance in
100 mL of deionized water. Potassium ferrocyanide was
obtained from Lachema, Czech Republic. All measure-
ments were performed in Britton-Robinson (BR) buffer
prepared in a usual way, i.e. by mixing a solution of
0.04 mol-L™" in phosphoric acid, 0.04 mol-L™" in acetic
acid, and 0.04 mol-L " in boric acid with the appropriate
amount of 0.2 mol-L™" sodium hydroxide solution. Deion-
ized water was produced by a Millipore Milli-Q system
(Millipore, USA).

2.3 Procedures

An SPCE was inserted into the flow cell and the syringe
pump was filled with BR buffer of an appropriate pH.
Then, the pump was set to an appropriate flow rate. The
polentiostat was computer-controlled for an easy change
of any parameter of AD. Samples were injected through
an injection valve at regular time intervals. All experi-
ments were performed at room temperature. For evalua-
tion of electrochemical signals, PSTrace software for
PalmSens3 (PalmSens BV, The Netherlands) was used.
For calculating calibration curve parameters and graphic
expressions of results, Microsoft Office Excel 2010
(Microsoft Corporation, USA) and OriginPro 8 (Origin-
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Lab Corporation, USA) were used. LODs were calculated
as LOD =3 xs/a, where s is the standard deviation of 10
repetitive measurements of the lowest measurable con-
centration and a is the slope of the calibration curve [30].

3 Results and Discussion

To obtain the best resulis for the determination of tested
biomarkers, the following parameters were optimized:
flow rate of carrier solution, potential of detection, and
pH of BR buffer used as a carrier solution. At first, pilot
experiments with potassium ferrocyanide were performed
to optimize possible flow rate and to obtain general
information about behavior of a combined (assembled)
FIA apparatus. Afterwards, the experiments were re-
peated with the tested biomarkers. Tested ranges of
individual FIA paramelters are summarized in Table 2.

Optimum pH for potassium ferrocyanide (pH3) was
slightly different than that for the tested tumor bio-
markers, detection potential was +0.5V, and calibration
dependences were tested in the range from 10 to
1000 ymol-L~". Injected volume (20 uL) and optimum
flow rate (1 mL-min"') were the same for both potassium
ferrocyanide and the tested biomarkers.

Signals of tumor biomarkers were evaluated from
peak heights and from peak areas. For the sake of
illustration and brevity, only dependences for the peak
heights are shown in this paper. Dependences of the
peak heights on the potential of detection for each
analyte are depicted in Figure 1. For HVA and VMA,
optimum detection potentials were +0.6 V and +0.8V,
respectively. For 5-HIAA, the highest peaks were
obtained for detection potentials from +1.0 to +1.2 V.
However, the repeatability of determination was some-
what worse than at lower detection potentials. For
different potentials (+0.8V, +09V, and +1V), the
determination was repeated ten times and the relative
standard deviations (RSDs) were evaluated. RSDs
calculated from the peak heights were 0.42% for
potential +0.8V, 1.47% for +0.9V, and 0.87% for
+1.0 V. The potential of detection with the lowest RSD
(+0.8 V) was thus chosen as the optimum one for 5-
HIAA.

The tested range of flow rates was 0.5-2.5mL-min
for each biomarker (see Figure2). Around flow rate
I mL-min "', peaks were reasonably high. Therefore, test-
ing of repeatability (same procedure as for detection
potential) was carried out. Higher flow rates (above

FElectroanalysis 2019, 31, 303-308 305
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Fig. 1. Dependence of the peak height (FIA-AD at SPCE) on the
potential of detection for () HVA in BR buffer pH3, (@)
VMA in BR buffer pH 2, and (A) 5-HIAA in BR buffer pH2;
concentration of each injected analyte solution 100 pmol-L,
flow rate 1mL-min!, three repeated measurements, current
range 1-100 pA, injected volume 20 pl.. Optimum values for each
analyte are magnified.
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Fig. 2. Dependence of the peak height (FIA-AD at SPCE) on the
flow rate for () HVA in BR buffer pH 3, potential of detection
+0.6V. (@) VMA in BR buffer pH2. potential of detection
+0.8V. and (A) 5-HIAA in BR buffer pH2. potential of
detection + (.8 V: concentration of each injected analyte solution
100 pmol-L~", three repeated measurements, current range 1—
100 pA, injected volume 20 pL. Optimum values for each analyte
are magnified.

2mL-min"") deformed a syringe pump and repeatability
was worse. For different flow rates around 1 mL-min ' (1,
1.2, 1.5, and 2 mL-min '), RSDs were evaluated and the
lowest values were obtained for flow rate 1 mL-min "' for
all analytes. Therefore, the flow rate 1mL-min~" was
selected as optimum.
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From previous voltammetric studies of the tested
biomarkers [13], optimum pH was expected to be in acidic
region. This assumption was also confirmed for FIA-AD.
Figure 3 shows the decreasing peak heights with the
increasing values of pH. Therefore, for all the studied
biomarkers, pH 2 was chosen as optimum.

551 = HVA
= o VMA
50k ‘-—\ —A—5-HIAA
A
45 .\
< o
e - o,
L aop e — i
5
#
= a5
(]
= \-
L™ -
< 30
o)
o ,st
20 A—
15 . . . L L . .
1 2 3 4 5 8 7 8 9

pH

Fig. 3. Dependence of the peak height (FIA-AD at SPCE) on the
pH for (M) HVA, potential of detection +0.6V, (@) VMA,
potential of detection +0.8V. and (A) 5-HIAA, potential of
detection +0.8 V: concentration of each injected analyte solution
100 umol -L~!, BR buffer, flow rate 1 mL-min~', three repeated
measurements, current range 1-100 pA, injected volume 20 plL.
Optimum values for each analyte are magnified.

Three measurements were performed for each opti-
mized value (potential of detection, flow rate, and pH).
Obtained RSDs for the tested potentials of detection were
between 0.05% and 825%, in one outlying case 17%
(potential of detection + 0.4 V for HVA); from 0.06% to
5.67% for the tested flow rates; and from 021% to
2.89 % for the tested pH values.

Under optimum conditions for each biomarker (see
Table 3), calibration dependences were measured (see
Figure 4 which depicts FIA recordings of 5-HIAA in the
concentration range of 0.05-100 pmol-L™" for the sake of
illustration). Three measurements were performed at each
concentration and averages were evaluated. FIA record-
ings for HVA and VMA look similarly (not shown). Used
optimum parameters, parameters of calibration straight
lines, and found L ODs are summarized in Table 3.

All concentration dependences were linear in the
whole tested concentration range. LODs were calculated
both from peak heights and from peak areas. All figures
of merit of the calibration straight lines are summarized in
Table 3.

To the authors’ knowledge, this work is the first one
that deals with determination of HVA, VMA, and 5-
HIAA using FIA-AD. The paper [31] combines FIA
with monolithic columns and chemiluminescence detec-

Electroanalysis 2019, 31, 303-308 306
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Table 3. Parameters of calibration straight lines for FIA-AD at SPCE determination of the tested biomarkers in the concentration

range from 0.05 to 100 pmol L7,

BR buffer pH 2, detection potential

106V (HVA) or +08V (VMA and 5-HIAA), flow rate

1 mL-min~", three repeated measurements, current range 1-100 pA, injected volume 20 pL.

nalyte valuated signal ope -L-umol~" or ntercept orrelation coefficient umol- L~
Anal Evaluated signal Sl L |-t I Correlati ffici LOD 1.1t
pA-s-L-pmol™" #) (A or pA-s *)
HVA peak height 0.0365+0.0001 —0.005+£0.003 0.9999 0.065
peak area* 0.0979+0.0007 —0.001 £0.025 0.9996 0.024
VMA peak height 0.0420+0.0002 —0.008 £0.008 0.9997 0.053
peak area* 0.1127 £ 0.0003 +0.003+0.011 0.9999 0.020
5-HIAA peak height 0.0525 £+ 0.0002 —0.004 £0.007 0.9999 0.033
peak area* 0.1480 £ 0.0006 —0.033£0.020 0.9999 0.012
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Fig. 4. (A) FIA-AD at SPCE recordings of 5S-HIAA: (1) 0.05 pmol-L~', (2) 0.1 pmol-L~', (3) 0.4 pmol-L~!, (4) 1pmol-L~, (5)
2 umol- L™, (6) 4 pmol- L™, (7) 8 pymol-L™", (8) 10 umol-L™", (9) 20 pmol-L™", (10) 40 umol-L~", and (11) 100 ymol-L™" in BR buffer
pH 2, potential of detection +0.8 V, flow rate 1 mL-min~", current range 1-100 pA, injected volume 20 uL. (B) Magnified FIA-AD at
SPCE recordings from (A): (1) 0.05 pmol-L ™", (2) 0.1 pmol- L', (3) 0.4 pmol-L", (4) 1 pmol-L ", and (5) 2 pmol-L~". (C) Magnified
FIA-AD at SPCE recordings from (A): (1) 4 pmol-L %, (2) 8 umol- L', (3) 10 pmol- L', (4) 20 umol- L, and (5) 40 pmol -L~". (D)
Calibration dlependence from (A) for FIA-AD determination of the tested biomarkers at SPCE in the concentration range from (.05 to
100 pmol- L.

tion and describes determination of HVA, VMA, 5- 4 Conclusion

HIAA, and serotonin in human urine with LODs 0.3,
0.5, and 0.1 pmol-L™' for HVA, VMA, and 5-HIAA,
respectively.

It was confirmed that FIA-AD at SPCE represents a
suitable technique for the determination of HVA, VMA,
and 5-HIAA as frequently monitored tumor biomarkers.
Under found optimum conditions (BR buffer pH 2, detec-
tion potential + 0.6 V for HVA and + 0.8 V for VMA and 5-
HIAA, flow rate 1mL-min"', current range 1-100 pA,
www.electroanalysis.wiley-vch.de
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injected volume 20 pL), all of calibration dependences were
linear in the concentration range 0.05-100 pmol-L ', with
LODs 0.065 pmol-L! for HVA, 0.053 pmol-L" for VMA,
and 0.033 pmol-L™' for 5-HIAA (calculated from peak
heights), and 0.024 pmol-L" for HVA, 0.020 pmol-L"! for
VMA, and 0012 pmol-L! for 5-HIAA (calculated from
peak areas). Using FIA-AD, there is no problem with
passivation of the used SPCEs because reaction products are
washed away from the working electrode surface, thus
minimizing the risk of its passivation. The determination is
fast and could be easily automated. Moreover, coupling of
FIA-AD with preliminary separation and/or preconcentra-
tion can be envisaged.
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e FIA at boron doped diamond elec-
trode was used for the first time for
determination of tumour biomarkers
HVA and VMA in mixture.

e Electrode passivation was success-
fully eliminated by imposing suitable
cleaning pulses on the working
electrode.

 The limit of detection for both stud-
ied analytes is in the submicromolar
concentration range.
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A new method for the simultaneous determination of two tumour biomarkers, homovanillic (HVA) and
vanillylmandelic acid (VMA), using flow injection analysis (FIA) with amperometric detection (AD) at a
commercially available boron doped diamond electrode (BDDE) was developed. It was found that this
method is suitable for the determination of HVA (in the presence of VMA) and VMA (in the presence of
HVA) in optimum medium of Britton-Robinson buffer (0.04mol L', pH 3.0). Calibration dependences
consist of two linear parts for both biomarkers, the first one being in the concentration range from 1 to
10 pmol L~ and the second one from 10 to 100 pmol L' (with obtained LODs 0.44 pmol L' for HVA and
0.34 umol L™! for VMA, respectively). To minimize any negative effects related to the passivation of the
working electrode, suitable cleaning pulses (+2.4 V for 30 s) were imposed on the working electrode
after each measurement. An attempt to use FIA with multiple pulse amperometric detection to deter-
mine both analytes in one run was not successful. Changing potentials in short intervals in multiple pulse
detection probably results in mutual interaction of analytes andfor products of their electrochemical
oxidation, thus preventing the application of this approach.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Homovanillic acid (HVA, 4-hydroxy-3-methoxyphenylacetic
acid, CAS Number: 306-08-1) and vanillylmandelic acid (VMA,
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p,.-4-hydroxy-3-methoxymandelic acid, CAS Number: 55-10-7) are
products of catecholamine metabolism with similar structure (see
Fig. 1). They can be used for diagnosis and monitoring of neuro-
endocrine catecholamine-producing tumours: neuroblastoma and
pheochromocytoma [1]. Neuroblastoma is malignant tumour of
sympathetic ganglion cells with wide range of symptoms; it typi-
cally manifests in childhood up to 10 years with frequent metas-
tases [1,2]. Pheochromocytoma is benign (malignancy is rare)
tumour arising from the chromaffin cells of the adrenal gland;
metastases could be in the lungs, liver, bones, and lymph nodes.
Pheochromocytoma occurs most often between 30 and 40 years of
age [1,3]. HVA and VMA are excreted in urine. Normal concentra-
tions in urine vary from 8.2 to 41.0 pmol L ! for HVA and from 11.6
to 28.7 umolL 1 for VMA [4]. Their several times higher urinary
concentration can predict the above mentioned tumours.

The determination of HVA and VMA requires selective and
sensitive analytical methods. The most frequently used methods
are HPLC with electrochemical detection [5-9], GC-MS [10,11],
capillary electrophoresis [4,12], immunoassays [13,14], and vol-
tammetric methods (see review [9] and original paper [15]).
Routine analysis and possible screening in infants result in a great
interest in the development of fast, inexpensive, selective, and
sensitive electrochemical methods compatible with a point-of-care
approach. HVA and VMA are electroactive compounds and thus can
be electrochemically oxidized because of hydroxyl group on aro-
matic system [16,17]. Among a large family of electrode materials,
boron doped diamond electrode (BDDE) provides unique combi-
nation of intrinsic properties, e.g. chemical, electrochemical, and
mechanical stability, wide potential window, low capacitive back-
ground current, low noise, and resistance to passivation [18-21].
BDDE was used in batch arrangement for the determination of HVA
and VMA by DC voltammetry (DCV) and differential pulse vol-
tammetry (DPV), both separately and in the mixture [22]. VMA was
determined by DPV at BDDE combined with hollow fibre based
microextraction in model urine samples [23]. Possibilities of the
use of BDDE in flow systems are discussed in review [24]. So far
only disposable screen-printed carbon electrodes were used for FIA
determination of HVA and VMA [25]. FIA at BDDE with high sam-
pling rate, fast response time, low cost instrumentation, and
acceptable precision presenting an alternative to traditional batch
analysis was not used so far for the determination of HVA and VMA.
Therefore, this paper is devoted to simultaneous FIA determination
of HVA and VMA at BDDE making use of its well-known above
mentioned advantages and simplicity, low cost, and high speed of
this approach. Moreover, BDDE can be used many times in com-
parison with previously used disposable screen-printed carbon
electrodes and thus it is better compatible with principles of green
analytical chemistry. Another envisaged advantage of BDDE is
lower danger of passivation by high molecular interferents, e.g.
proteins, present in biological samples. The main aim of the paper is
to verify the applicability of BDDE for FIA AD determination of HVA
and VMA and to verify the functionality of the proposed FIA-BDDE
system. Therefore, FIA was performed with a constant potential

H;CO OH

(o]

HO A

amperometric detection (AD) resulting in oxidation peaks of HVA
and VMA. Published studies employing multiple pulse ampero-
metric detection (MPA) for simultaneous determination of drugs
[26,27], sugars [28], antioxidants [29], and synthetic colorants [30]
as well as a novel internal standard method in FIA system based on
the application of sequential potential pulses to the working elec-
trode in an electrochemical flow cell [31] prompted us to investi-
gate this approach for the analysis of the mixture of HVA and VMA
using BDDE as well.

2. Experimental
2.1. Reagents and solutions

Homovanillic acid (HVA, CAS Number: 306-08-1) and vanillyl-
mandelic acid (VMA, CAS Number: 55-10-7) were supplied by
Sigma-Aldrich, USA. Their stock solutions {1 mmol L~') were pre-
pared by dissolving the exact amount of the substance in 100 mL of
deionized water and kept in a fridge. Diluted solutions were pre-
pared by measuring appropriate amount of the stock solution into a
10 mL volumetric flask and filling up to the mark with Britton-
Robinson (BR) buffer of the required pH. BR buffer was prepared
by mixing a solution of 0.04molL™' in phosphoric acid,
0.04 mol L ! in acetic acid, and 0.04 mol L ! in boric acid with the
proper amount of 0.2molL ' sodium hydroxide solution. All
chemicals used for BR buffer preparation were of analytical grade
purity, p.a., Lach-Ner, Czech Republic. Deionized water was pro-
duced by Millipore Milli-Q system (Millipore, USA). Stability of HVA
and VMA stock solutions was confirmed spectrophotometrically at
279 nm; solutions were stable at least for three months.

2.2. Apparatus

The amperometric measurements were carried out using a
potentiostat/galvanostat Autolab PGSTAT101 controlled by NOVA
version 1.11.2 (Metrohm, Switzerland) working under Windows XP
Professional version 2002 (Microsoft Corporation, USA) and at a
three electrode system in “wall-jet” arrangement with a working
BDDE (D-517-SA, 3 mm in diameter, Windsor Scientific, UK), a
reference Ag/AgCl (3molL 'KCl) electrode (Elektrochemicke
Detektory, Czech Republic), and a platinum wire counter electrode
(0.5 mm in diameter, Monokrystaly, Czech Republic). High pressure
pump HPP 5001 (Laboratorni Pristroje, Czech Republic) was used to
provide a flow of the carrier solution together with six-way injec-
tion valve Injector D UNI (Ecom, Czech Republic) for injection of
samples (20 pL injection loop). pH was measured with pH-meter
Jenway 3510 (Jenway, UK) with a combined glass electrode cali-
brated using standard aqueous buffers at room temperature.

2.3. Procedures

Prior to the first measurement, BDDE surface was activated by
applying positive potential +2.4 V for 20 min in H3504

OH

HyCO OH

HO B

Fig. 1. Structural formulae of homovanillic acid (A) and vanillylmandelic acid (B).
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(0.5umol L") and then by cyclic voltammetry (CV) in BR buffer at
pH 7.0 in potential range between —0.8 V and +2.3 V at scan rate
100 mV s~ CV scans were repeated until CV curve was stable.
Before every single measurement, a high positive potential (+2.4 V
for 30 s) was applied on BDDE to eliminate passivation. Ampero-
metric detection was carried out at a constant potential which was
(together with pH) optimized by recording hydrodynamic vol-
tammograms of HVA and VMA from +0.5 to +1.7 V in the pH range
of 2.0-7.0. Under the optimized conditions, the calibration

dependences were constructed for each analyte alone and in the
presence of the other one. All measurements were made in tripli-
cate at laboratory temperature, and peak heights were evaluated
from the amperometric FIA AD curves. Limits of detection (LODs)
were calculated as a threefold of a standard deviation of ten
consequent measurements at the lowest measurable concentration
divided by the slope of the calibration curve [32].
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Fig. 2. Hydrodynamic voltammograms (i.e. FIA AD peak heights as a function of applied detection potential) of HVA (m) and VMA () (both 100 umol L"), Carrier solution: BR buffer

(0.04molL™! at appropriate pH), injected volume 20 uL, flow rate 1 mLmin~ L
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3. Results and discussion 14
3.1. Optimization of parameters for FIA AD determination of HVA 12+ //‘
and VMA /A/
10 |
At first, hydrodynamic voltammograms were recorded to find g_ //
out the optimum pH and applied potential. Tested pH varied from . 08| /‘/ .
20 to 7.0 and applied potential from +0.5 to +1.7 V. Each voltam- = i o
mogram was recorded three times, and then peak heights were 2 sk C //'
evaluated. Selected hydrodynamic voltammograms are depicted in 2 /’./
Fig. 2. For successful determination of HVA and VMA using FIA AD, X 04 /"// ]
their potentials have to be sufficiently different. The best devel- g B crcl I ==
oped, the best repeatable, and the most stable peaks were obtained O g2t " ,r‘"//’
at pH 3.0 which was thus selected as an optimum medium for A —
further measurements. (Acidic pH is recommended for HPLC-ED 00 —
determination of these biomarkers as well [5-9]). FIA MPA is i i ‘ i i i
based on the assumption that if at the potential of the first pulse 0 2 4 6 8 10

only first analyte (HVA) is oxidized, and at the potential of the
second pulse both analytes (HVA and VMA) are oxidized, the FIA
MPA response of VMA can be calculated by subtraction of HVA
signal from total signal 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) [33]). Optimum pulse
potentials were found to be +1.1 V (first pulse potential) for HVA
and +1.5 V (second pulse potential) for VMA at pH 3.0 (see Fig. 2).
Analogously, the constant potential +1.1 V was found to be opti-
mum for FIA AD calibration dependences of HVA and +1.5 V for FIA
AD calibration dependences of VMA, both for individual analytes
alone and for their mixture. Even though passivation at FIA is less
frequent than at batch analysis, in this case passivation of BDDE was
observed. It was probably caused by adsorption of electrode reac-
tion products on BDDE surface. In batch DPV determination of HVA
and VMA [34], passivation was eliminated by inserting cleaning
step at +2.4 V for 30 s. To keep the FIA AD signal stable, the same
cleaning step was used (i.e. +2.4 V for 30 s). This cleaning step was
inserted prior to each measurement. (Tested lower applied
potentials +1.6 V, +1.8 V, +2.0 V, and +2.2 V were not sufficient
enough for FIA AD to keep the signal stable).

After finding optimum pH and applied detection potential, in-
jection volume and flow rate were optimized. Injection volume was

0.7

06 /

05
& / )
3
£%[c e //
il
=N //./ /.
2 - e
02+ /
g ./- /
O o1} =
A //'/
0.0 =
1 1 1 L L 1
0 2 4 5 8 10
Concentration of HVA, pmol-L™
Fig. 3. The calibration d dence for FIA AD d ion of HVA in the concen-

tration range 1-10 pmol L~ (A) alone; (B) in the presence of 5 pmol L~ of VMA; (C)in
the presence of 10 umol L' of VMA. Carrier solution: BR buffer (0.04 molL™", pH 3.0),
injected volume 20 L, flow rate 1 mLmin~". Peak height of HVA measured at optimum
detection potential +1.1 V.

Concentration of VMA, pmol-L"1

Fig. 4. The calibration dep e for FIA AD ion of VMA in the concen-
tration range 1-10 pmol L~ ": (A) alone; (B) in the presence of 5 pmol L' of HVA; (C) in
the presence of 10 umol L~ ! of HVA, Carrier solution: BR buffer (0.04mol L™, pH 3.0},
injected volume 20 pL, flow rate 1 mLmin . Peak height of VMA measured at opti-
mum detection potential +1.5 V.

tested from 20 to 100 puL. Due to better elimination of passivation,
sufficiently high signal, and lower sample consumption, 20 L in-
jection volume was selected as optimum for further measurements.
Optimum flow rate was set to 1 mL min "', based on previous results
with FIA AD determination of HVA and VMA at screen-printed
electrodes [25]. Under these conditions, 25 consequent injections
gave amperometric responses with relative standard deviations
(RSDs) lower than 4% for both analytes at concentration
100 umol L', confirming that problems with electrode passivation
were successfully eliminated by this approach.

3.2. Concentration dependences

Under the optimized conditions, FIA AD calibration curves for

T ‘/‘l

6 //
f// //-

/./
P

o

S
T

-

Peak height, A

I
20 40 60 80 100

o—qi

Concentration of HVA, ymol-L™

Fig. 5. The calibration dependence for FIA AD determination of HVA in the concen-
tration range 10100 pmolL ' (A) alone; (B) in the presence of 50 umol L' of VMA;
(C) in the presence of 100 pmolL ! of VMA. Carrier solution: BR buffer (0.04 mol L™',
pH 3.0), injected volume 20 pL, flow rate 1 mLmin . Peak height of HVA measured at
optimum detection potential +1.1 V.
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\s

b= ’\CD

|
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=1

Concentration of VMA, pmol-L™

Fig. 6. The calibration dependence for FIA AD determination of VMA in the concen-
tration range 10-100 umolL": (A) alone; (B} in the presence of 50 pmolL ' of HVA;
(C) in the presence of 100 pmolL ! of HVA. Carrier solution: BR buffer {0.04 mol L !,
pH 3.0}, injected volume 20 L, flow rate 1 mLmin~". Peak height of VMA measured at
optimum detection potential +1.5 V.

HVA and VMA were constructed using varying concentrations of
HVA (VMA) at constant concentration of VMA (HVA) in concen-
tration ranges 1-10 umol L 1 (see Figs. 3 and 4, constant concen-
trations of the other analyte were 5 and 10pumolL '), and
10-100 umol L' (see Figs. 5 and 6, constant concentrations of the
other analyte were 50 and 100 umol L 1). All obtained calibration
dependences were linear with acceptable correlation coefficients
and with LODs 0.44 ymol L™ for HVA and 0.34 umolL ' for VMA,
respectively. Figs. 36 depict a gradual linear increase in intercepts
of the calibration dependences of HVA (VMA) after addition of
constant concentration of VMA (HVA) (see Fig. 7). All figures of
merit of the calibration dependences are summarized in Table 1.

3.3. Multiple pulse flow injection analysis

FIA MPA generally enables simultaneous determination of
several compounds with sufficiently different oxidation potentials.
Principle of FIA MPA is based on pulses with alternating optimum
potentials selected for each analyte. Pulse potentials (+1.1 V for
HVA and +1.5 V for VMA) were selected from hydrodynamic

0 50 100
T T T 4
A
03 “
10-100 pmeal-L "
< 0z
2° 5
a
8 B
2
3 01
=
1-10 pmol L,
0.0 -——l 4o
0 5 0

Concentration of VMA, pmol-L™

voltammograms. The FIA MPA signal

of HVA at pulse
potential +1.1 V is high enough with a small contribution of VMA
while FIA MPA signal of VMA at pulse potential +15 V is at its
maximum level. Other conditions were the same as in ampero-
metric detection: BR buffer (0.04 mol L ! pH 3.0), injected volume
20 uL, flow rate 1 mL min ! The pulse width for FIA MPA at BDDE
was tested in the range from 50 to 150 ms and no significant dif-
ferences were observed. Therefore, the pulse width 100 ms was
chosen as an optimum. Apart from alternating pulses of +1.1 V
and +1.5V, cleaning pulse at +2.2 V was added. Contrary to FIA AD,
cleaning pulse at +2.2 V was sufficient, probably because of lower
passivation in the case of FIA MPA connected with shorter time for
electrode reaction given by short pulses in comparison with much
longer time in the case of FIA AD. Varying concentration of HVA or
VMA (10, 20, 40, 60, 80, and 100 pmol L™ ') and 100 umol L' of the
other compound were used. In Fig. 8, FIA MPA calibration depen-
dence of HVA is depicted in the presence of 100 ymol L~ ! of VMA in
each solution. Peaks of HVA (m) should be linearly increasing with
increasing HVA concentration, and peaks of VMA (e) should be
constant because of constant VMA concentration. Moreover, peaks
of VMA should be reproducible to prove they are not influenced by
changing concentration of HVA. However, contrary to the expec-
tations, VMA at concentration level 100 umol L 1 provides different
FIA MPA signals with increasing trend, and FIA MPA calibration
dependence of HVA is not linear. Therefore, another experiment
was performed under the same conditions, where FIA MPA cali-
bration dependence of HVA was constructed without addition of
VMA at concentration level of 100 pmolL ! In that case, the cali-
bration dependence of HVA was linear. Moreover, FIA MPA signal of
VMA at concentration 100 pmol L T was measured separately in the
absence of HVA in multiple pulse system, and this signal was
constant and reproducible. Thus, it can be concluded that FIA MPA
cannot be used for the determination of HVA and VMA in a mixture
simultaneously, probably due to an interaction of products of their
electrochemical oxidation with each other or with the parent
compounds. If VMA and HVA are determined separately in multiple
pulse arrangement, they exhibit standard behaviour. This conclu-
sion is supported by experiments with electrodes made of other
electrode materials, namely commercially available screen-printed
carbon electrodes (DropSens, Spain) and a glassy carbon electrode
(3 mm in diameter, Metrohm, Switzerland), giving similar negative
results for FIA MPA. Moreover, a stronger passivation at both carbon
electrodes was observed in comparison with BDDE and several
attempts to eliminate it were not successful. Thus, we were not able
to find conditions for simultaneous FIA MPA determination of HVA

and VMA.
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Fig. 7. Dependence of the FIA AD calibration straight line intercepts for: (A) HVA in the concentration ranges (1-10) and (10-100) pmol L ! measured at+ 1.1 V on the concentration
of added VMA; (B) VMA in the concentration ranges (1-10) and (10-100) pmol L ! measured at +1.5 V on the concentration of added HVA.
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Table 1

Parameters of the calibration curves for FIA AD determination of HVA and VMA at BDDE. BR buffer at pH 3.0 as a carrier solution, detection potentials +1.1 V(HVA)and +1.5V

(VMA), injected volume 20 pL, flow rate 1 mL min~!

First analyte and its concentration range (umol L'} Second analyte and its

Slope +SD (AL -mol ') Intercept + SD Correlation LOD (pmol L")

added concentration (pmol L™1) (pA) coefficient
HVA (1-10) VMA (0) 0.0355 + 0.0003 0.000 +0.002* 0.9995 0.20
HVA (1-10) VMA (5) 0.0306 + 0.0002 0.146 +0.001 09997 037
HVA (1-10) VMA (10) 0.0323 + 0.0005 0.317 +0.003 0.9987 043
HVA (10-100) VMA (0) 0.0314 + 0.0001 —0.003+0.007° 09999 030
HVA (10-100) VMA (50) 0.0413 £ 0.0004 1.364 £0024 09994 052
HVA (10-100) VMA (100} 0.0376 +0.0012 3.384 +0.067 09939 0.80
VMA (1-10) HVA (0) 0.0429 + 0.0005 0.003 +0.003* 09993 019
VMA (1-10) HVA (5) 0.0576 + 0.0007 0.217 £ 0.004 0.9992 0.24
VMA (1-10) HVA (10) 0.0750 + 0.0016 0.508 +0.009 09972 037
VMA (10-100) HVA (0) 0.0844 + 0.0018 034 +0.10 09972 0.19
VMA (10-100) HVA (50) 0.0808 +0.0016 2.826 +0.089 09977 043
VMA (10-100) HVA (100) 0.0744 £ 0.0017 5451 £ 0.095 0.9969 0.60

* Denoted values are not statistically significantly different from zero.
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Fig. 8. The calibration dependence for FIA MPA determination of HVA (m) (10, 20, 40,
60, 80, and 100 umol L"), each sample with addition of VMA (e) (at constant con-
centration level 100 pumol L~*). Carrier solution: BR buffer (0.04 molL™", at pH 3.0),
applied potential pulses +11 V (HVA), +1.5 V (VMA), pulse width 100 m s, cleaning
pulse +22 V, injected volume 20 pL, flow rate 1 mL min ",

4. Conclusions

Optimum conditions were found for the determination of
tumour biomarkers homovanillic and vanillylmandelic acid using
flow injection analysis with amperometric detection at boron
doped diamond electrode. The main advantages of the newly
developed method are low cost and short time of analysis, suffi-
cient precision and sensitivity, low consumption of samples and
reagents, and linear calibration dependences in broad concentra-
tion range with average LODs 0.44 umol L~ and 0.34 umol L' for
homovanillic and vanillylmandelic acid, respectively. The possible
interference of some electrochemically active urine components or
adsorbable non-specific proteins and other large molecular urine
components can be partially compensated by sample dilutions with
the buffer used or by a preliminary separation using solid-phase
extraction, which is currently under further investigation. Flow
injection analysis with multipulse detection is not applicable for
the determination of the mixture of the two tumour biomarkers,
probably because of mutual interaction of products of electro-
chemical reaction and initial analytes.
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ABSTRACT

HPLC with amperometric detection (HPLC-ED) was used for the simultaneous determination
of tumour biomarkers homovanillic acid (HVA), vanillylmandelic acid (VMA), and 5-
hydroxyindole-3-acetic acid (5-HIAA) in one run in human urine using inexpensive lab-made
glassy carbon wall-jet detector. Simple and fast solid-phase extraction was used instead of
earlier used more time consuming liquid-liquid extraction. Simultaneous determination of the
three analytes in one run is fast with limits of detection at micromolar concentrations;
amperometric detection is more sensitive than the spectrophotometric one. Calibration
dependences are linear in the concentration range from 20 to 150 pmol- L™ Interferences of
other compounds present in urine were not observed for HPLC-ED. Concentrations of tumour
biomarkers in urine of healthy volunteer found by HPLC-ED correspond with previously

published normal physiological concentrations.
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1. Introduction

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,
5-hydroxyindole-3-acetic acid) are compounds excreted in urine. HVA and VMA are
catecholamine metabolites; 5-HIAA is a product of serotonin metabolism. Published normal
physiological urinary concentrations of these biomarkers are from 8.2 to 41 pmol L™ for HVA,
from 11.6 to 28.7 pmol-L! for VMA, and from 17.8 to 58.3 umol-L! for 5-HIAA [1].

Their higher secretion can predict neuroblastoma, pheochromocytoma and carcinoid
tumours [1,2]. HVA and VMA are associated with the presence of neuroblastoma and
pheochromocytoma. Neuroblastoma is a malignant childhood tumour of sympathetic nervous
system with a wide range of clinical presentation and frequent metastases. It typically occurs in
childhood up to 10 years, median age being 17 months. [3,4]. Unlike neuroblastoma,
pheochromocytoma 1s i most cases benign tumour with manifestation between 30 and 40
years of age [3,5]. The tumour arises from the chromaffin cells of the adrenal medulla and it
can metastasize [6]. Carcinoid tumour is a rare asymptomatic tumour. Some tumours can be
benign. Larger ones, especially with metastatic spread with clinical manifestation into carcinoid
syndrome, are usually malignant. Carcinoid syndrome manifests itself by skin flushing,
wheezing, and diarthoea [7]. For all above mentioned tumours, an early diagnosis is important
to prevent malignancy and mortality in metastatic or recurrent stage of the disease [3,8].

Apart from tumours, an unusual secretion level of HVA, VMA, and 5-HIAA indicates
other diseases. HVA and VMA are associated with Parkinson disease [9], schizophrenia [10],
suicide attempts [11], and posttraumatic stress disorder [12]. Diagnosis of hypertension [13],
depression [14], migraine [15], and Tourette syndrome [16] is related to 5-HIAA and serotonin,
respectively.

Despite HVA and VMA structural similarities (see Fig 1), their electrochemical behaviour
is different [17]. Oxidation of VMA at an edge-plane pyrolytic graphite electrode (EPPGE)
using differential pulse voltammetry (DPV) occurs in two steps resulting in two voltammetric
peaks. In the first step, vanillin 1s formed through molecule decarboxylation and in the second
step, vanillin is oxidized at a higher potential. HVA oxidation 1s similar, but slower process of

rearomatization after decarboxylation to form vanillyl alcohol results only in one oxidation
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peak [17]. 5S-HIAA has different oxidation mechanism (due to quinoneimine structure in which
C=0 bond is conjugated with C=N bond) resulting in three voltammetric peaks [18].

H3CO. OH H;CO. OH
N\
o o N
HO' A HO' B H C
Fig. 1. Structures of homovanillic acid (A), vanillylmandelic acid (B), and 5-hydroxyindole-3-
acetic acid (C).

Determination of the above mentioned biomarkers in human wine can be performed only
with selective and sensitive methods. HPL.C with amperometric [19] and coulometric [20]
detection, more sensitive fluorescence [21] or chemiluminescence detection [22], and the most
sensitive MS detection [23,24] have been used for these analytes. Moreover, GC [25,26], TLC
[27], HPTLC [28], mmunoassays [29,30], spectrophotometric methods [31], capillary
electrophoresis [1,32], micellar electrokinetic chromatography [33], and isotachophoresis [34]
have been described. A thorough and inspiring overview of the recent trends in the
quantification of biogenic amines (e.g. serotonin or dopamine, which are metabolized into
HVA, VMA, and 5-HIAA) as biomarkers in biofluids can be found in review [35].

Even though HPLC is a common method for the determination of HVA, VMA, and 5-HIAA in
urine in clinical laboratories, it usually requires expensive instrumentation and complicated
sample pre-treatment. In review [36] on electrochemical methods for the determination of
HVA, VMA, and 5-HIA A, many published articles about HPLC-ED of these analytes in urine
can be found, but only few of them allow simultaneous determination of all three mentioned
biomarkers in one analysis. Moreover, a complex sample pre-treatment 1s necessary in all cases
and thus analyses are quite time-consuming. Papers [37-39] describe HPLC with amperometric
detection of HVA, VMA, and 5-HIAA using glassy carbon [37, 38] and carbon paste electrode
[39]. In paper [38] HVA and VMA were detected simultaneously, but 5S-HIAA was detected
separately. Sample pre-treatment involved time-consuming extraction with ethyl acetate
followed by re-extraction into buffer or acidic aqueous solution [37,38,39]. Retention times of
analytes were within 16 minutes [37], 25 minutes [38], and 27 minutes [39], respectively.
HPLC with coulometric detection using sophisticated but rather expensive ESA Coulochem IT

Multi-Electrode electrochemical detector was used for determination of HVA and 5-HIAA in
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[40], where extraction with ether and centrifugation as a sample pre-treatiment were used and
analysis took 15 minutes. However, VMA was not included in this study. In paper [41] after a
sample clean-up the analysis took over 30 minutes but it required sophisticated but relatively
expensive eight-channel electrode electrochemical detector. In paper [42] analysis took also
over 30 minutes but extraction with ethyl acetate was necessary and expensive ESA
Coulochem IT Multi-Electrode electrochemical detector was again used. In paper [43] the
analysis of slightly different set of analytes (3,4-dihydroxymandelic acid, VMA, 3,4-
dihydroxyphenyl-glycol, and 4-hydroxy-3-methoxyphenylglycol took even 70 minutes with
extraction, centrifugation and filtration as a sample pre-treatment. Other mentioned papers in
review [36] deal with determination of only one or two analytes out of these three biomarkers
(HVA, VMA, 5-HIAA). The analysed samples were not only urine, but also plasma, rat
(human) brain tissue, and cerebrospinal fluid in which case a sample pre-treatment is even
more difficult (solid phase extraction, homogenization, hydrolysis, and microdialysis).

Overall, these studies highlight the need for fast and simple HPLC method for the
simultaneous determination of HVA, VMA, and 5-HIAA. Therefore, the aim of this work was
to develop reliable, fast and inexpensive analytical method employing HPLC with
amperometric detection using an inexpensive commercially available glassy carbon electrode in
a simple lab-made wall-jet arrangement for simultaneous determination of all three cancer
biomarkers, 1.e. HVA, VMA, and 5-HIAA in human urine in one run without complicated and
time-consuming sample pre-treatment and without the need for expensive ESA Coulochem II
Multi-Electrode electrochemical detector and thus decreasing investment cost for this important

determination.
2. Experimental section

2.1. Materials and reagents

Homovanillic acid (HVA, CAS Number 306-08-1, > 99 %), vanillylmandelic acid (VMA,
CAS Number 55-10-7, > 98 %), and 5-hydroxyindole-3-acetic acid (5-HIA A, CAS Number 54-
16-0, > 98 %) were purchased from Sigma-Aldrich, USA. Their stock solutions (¢ = 1 mmol-L~
1y were prepared by dissolving appropriate amount of pure substances in 25 mL of deionized
water. Based on UV spectrophotometric monitoring at 279 nm it was proved that those stock
solutions are stable for at least 3 months. Acetate-phosphate buffer was prepared in a usual way
by mixing solution A (2.84 mL of glacial acetic acid and 3.37 mL of concentrated phosphoric
acid (both analytical grade purity, Lach-Ner, Czech Republic) in 1 L of deionized water) and
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solution B (8 g of sodium hydroxide (analytical grade purity, Lach-Ner, Czech Republic) in 1L
of deionized water). Acetonitrile and methanol (both HPLC grade, Merck, Germany) and
deionized water (Millipore, USA) were used.

2.2. Instrumentation

HPLC with amperometric detection was performed in a “wall-jet” arrangement [46],
however, with easily commercially available glassy carbon working electrode (3 mm diameter,
Metrohm, Switzerland), a reference Ag | AgCl electrode (3 mol- L' KCI, Monokrystaly, Czech
Republic), and a platinumn wire auxiliary electrode (Monokrystaly, Czech Republic). The
surface of the working electrode was mechanically polished after each measurement with
aqueous slurry of alumina powder (1.1 pm particle size, Elektrochemicke Detektory, Czech
Republic). For the sake of comparison with electrochemical detection, spectrophotometric
detection was carried out.

HPLC-ED/UV apparatus consisted of a degasser DG 4014, a high pressure pump Beta 10,
an injection valve with a 20 pL loop, a UV/VIS detector Sapphire 800 (all Ecom, Czech
Republic), and an amperometric detector ADLC 2 (Laboratorni Pristroje, Czech Republic).
Column Kromasil Etermity-5-PhenylHexyl 4.6x150 mm, 5 pm (AkzoNobel, The Netherlands)
was used. The mobile phase was a mixture of acetate-phosphate buffer at pH 2.5 and
acetonitrile (content of acetonitrile linearly increased from 5 to 25% in 10 minutes). The
HPLC-ED/UV system was controlled via Clarity 2.3 software (DataApex, Czech Republic).

pH was measured with a pH meter Jenway 3510 (Jenway, UK) with a combined glass
electrode. For calculation of calibration parameters and graphic expressions of results,
Microsoft Office Excel 2010 (Microsoft, USA) and OriginPro 8.0 (Origin-Lab, USA) were
used. Limits of detection (LODs) were calculated as the analyte concentration corresponding to
a threefold of a standard deviation s of ten repetitive measurements at the lowest measurable

concentration divided by the slope a of the calibration curve (LOD = 3s/a) [44].

2.3. Solid phase extraction

As the urine sample pretreatment, solid phase extraction (SPE) was performed before
injecting the samples into HPLC system. This approach is much faster and more ,green” then
previously used liquid-liquid extraction. For that purpose, commercially available poly(styrene-
divinylbenzene) based SPE columns (LiChrolut EN 200 mg 3 mL standard PP-tubes; Merck
Millipore, Germany) were used. SPE columns were activated with 5 mL of methanol, rinsed

with 1 mL of deionized water and then dried by sucking air for 30 seconds using vacuum, flow
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rate being kept at 1 mL-min™ during the whole procedure. Spiked urine samples (5 mL)
containing 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 washed by 1 mL of
deionized water and then dried by sucking air through it for 30 seconds using vacuum.
Afterwards, the analytes were eluted by 5 mL of methanol and 20 puL of thus obtained eluate
were directly injected into HPLC system. SPE was thus used only as a preliminary separation
method. Optionally, it can be used for preconcentration as well. However, relatively high
concentrations of HVA, VMA, and 5-HIAA in urine (tens of pmol-L7!) combined with
relatively high sensitivity of the newly developed HPLC-ED method with ZODs in this
concentration region (tens of pmol-L™') makes the time consuming preconcentration step

unnecessary.
3. Results and discussion

3.1. HPLC separation of HVA, VMA and 5-HIAA

Chromatographic conditions were partly adapted from [45], where HPLC-ED was
successfully used for the 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},
detection potential +1.1 V, and mjected volume 20 pl. Spectrophotometric detection was
performed at 279 nm. Under these conditions all three analytes were well separated in less than
10 minutes (see Fig. 2) and the calculated LODs were is submicromolar concentration regions
(see Table 1).

Concentration dependences obtained under the above given conditions for monitored
biomarkers dissolved in acetate-phosphate buffer pH 2.5 were linear in the concentration range
from 0.5 to 10 pmol-L™" (see Table 1 and 2 and Fig. 2.). Molar absorptivity at 279 nm
wavelength is 2900, 3100, and 7000 mol* L cm™ for HVA, VMA, and 5-HIAA, respectively,
which explains higher slope of HPLC-UV dependence of 5-HIAA. Similarly, higher slope for
5-HIAA in HPLC-ED can be due to its slightly different structure especially in the

heteroaromatic region resulting in higher amperometric response.
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Fig. 2. HPLC-ED (A) and HPLC-UV (B) chromatograms of mixture of the tested biomarkers
(100 umol-L™ each) in acetate-phosphate buffer pH 2.5. Gradient elution (acetate-phosphate
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buffer at pH 2.5:acetonitrile (from 5 to 25 % acetonitrile in 10 minutes)), flow rate 1 mL-min?,
injection loop 20 pL, injected sample in acetate-phosphate buffer pH 2.5, lab-made wall-jet
detector with glassy carbon working electrode (3 mm diameter), detection potential +1.1 V (for
HPLC-ED), detection wavelength 279 nm (for HPLC-UV). Calibration dependences in the

concentration range from 0.5 to 10 pmol- L™ and evaluated from peak heights are in insets.

3.2.  Solid phase extraction

Most of biological matrices including urine require appropriate sample pre-treatment to
avoid HPLC column damage due to many organic compounds present in the sample. In the
case of relatively polar compounds, including the studied analytes, partial sample clean-up
improves the HPLC part of the determination. Most of the so-far used sample pre-treatment
steps for tested biomarkers were rather tedious. Therefore, SPE at commercially available
columns was chosen as a simple and straightforward technique. Two different solvents,
acetonitrile and methanol, were used both for SPE column activation and for elution of
analytes. Best results were obtamed with methanol giving recoveries 96-98% for all three
analytes. Afterwards, the following SPE parameters were optimized: volume of solvent for SPE
column conditioning, volume and flow rate of deionized water for washing the column and of
solvent for elution of tested analytes, and volume of used acidified urine sample. The optimized
SPE procedure is described in Paragraph 2.3. Due to the sufficient sensitivity of the
determination methods, it was not necessary to use the SPE for pre-concentration of analytes
(which could be easily done by eluate evaporation and re-dissolution in a smaller volume of

methanol) and no other sample pre-treatment was necessary.

3.3. HPLC-ED determination of tested biomarkers in human urine

HPLC-ED chromatograms of human urine alone and after standard addition (1 mL of stock
solution of each analyte (1 mmol-L™) into a urine sample acidified with 10% of acetic acid
(final concentration of all analytes was 100 pmol-L™" and total volume of the spiked urine
sample subjected to SPE was 10 mL) are shown in Fig. 3 together with HPLC-UV
chromatograms for the sake of comparison. It can be seen from this figure that the
electrochemical detection is more selective than UV detection, considering interfering peaks in
unspiked urine samples. HPLC-ED chromatogram (Fig. 3A) shows that 100 pmol- L™ of any of
the analytes can be safely detected. Moreover, it is obvious from the inset in Fig. 3A that even
50 pumol-L7? spiked concentrations are easily distinguishable. In the case of HPLC-UV (Fig.
3B) it 1s not the case for VMA and HVA because of higher interfering peaks.
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Fig. 3. HPLC-ED (A) and HPLC-UV (B) chromatograms of urine acidified with 10% of acetic
acid after SPE (black line) and acidified urine after SPE with addition of HVA, VMA, and 5-
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HIAA, each at concentration 100 pmol-L™! (red line). Gradient elution (acetate-phosphate
buffer at pH 2.5:acetonitrile (from 5 to 25 % acetonitrile in 10 minutes)), flow rate 1 mL-min’,
injected volume 20 pL, glassy carbon working electrode, detection potential +1.1 V (for
HPLC-ED), detection wavelength 279 nm (for HPLC-UV). Inset in (A) corresponds to addition
of HVA, VMA, and 5-HIAA, each at concentration 50 pmol- L™ (blue line).

For the construction of calibration curves in urine, 4.00 mL of urine, 1 mL of glacial acetic
acid, and 0.2-1.5 mL of the stock solution of tested biomarkers (1 mmol-1. ") was measured
mto 10 mL volumetric flask and made up to the mark with deionised water prior to the SPE
procedure. Calibration dependences in human urine were then measured under optimum
conditions (Fig. 4). All measurements were repeated five times. They were linear in the whole
tested concentration range from 20 to 150 pmol-L™! for all three biomarkers. The calibration
curves in lower concentration range from 0.5 to 10 umol-L™! were difficult to evaluate because
of interfering peaks of compounds present in urine. If necessary, SPE could be used for
preconcentration to reach this concentration range. However, from practical purposes it is not
necessary taking into account the fact that usual normal physiological concentration of the
tested biomarkers in urine of healthy people is tens of pmol- L.

All figures of merit from of all calibration dependences are summarized in Table 1 (for
HPLC-ED) and in Table 2 (for HPLC-UV). The dependences are linear with the correlation
coefficients close to one, although their slopes are lower than those of dependences measured
using solutions in buffer alone. LODs are logically higher in urine than in pure buffers due to
mterfering peaks. Moreover, the LODs of electrochemical detection are lower than those of UV
detection due to larger and more numerous interfering peaks in UV detection connected with
higher selectivity of amperometric detection. This results in worse linearity, higher intercepts

and higher LODs of HPLC-UV.
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Fig. 4. Calibration dependences for HPLC-ED (A) a HPLC-UV (B) of HVA (A), VMA (H),

and 5-HIAA (@) in the concentration range from 20 to 150 pmol- L™ in urine sample. Gradient

elution (acetate-phosphate buffer at pH 2.5:acetonitrile (from 5 to 25 % in 10 munutes), flow

rate 1 mL-min}, injected volume 20 pL, lab-made wall-jet detector with glassy carbon working

electrode, detection potential +1.1 V (for HPLC-ED), detection wavelength 279 nm (for HPLC-

uv).

Table 1. Parameters of calibration dependences for HPLC-ED determination of tested

biomarkers in the concentration range from 0.5 to 10 pmol-L™! in buffer samples and from 20

to 150 pmol-L™" in urine samples after SPE. Gradient elution (acetate-phosphate buffer at pH

2.5:acetonitrile (from 5 to 25 % in 10 minutes), flow rate 1 mL-min~?, injected volume 20 pL,

glassy carbon electrode, detection potential +1.1 V.

R — Slope = SD Intercept + SD Correla.tion LOD
(nA-L-pmol™?) (nA) coefficient  (umol- L)

HVA buffer 60.8+0.2 —05+1.1* 0.9949 0.2

VMA buffer 93+05 -23+£20 0.9914 03
5-HIAA  buffer 19.6 0.4 -33=x21 0.9977 03

HVA urine 47+0.4 74+£30 0.9717 11

VMA urine 4402 0.5=+20%* 0.9853 5.0
5-HIAA  urine 124+£08 101 £ 40%* 0.9774 83

* Insignificant on the level of significance a = 0.05.

Table 2. Parameters of calibration dependences for HPLC-UV determination of tested

biomarkers in the concentration range from 0.5 to 10 pmol-L™" in buffer samples and from 20

to 150 umol-L™! in urine samples after SPE. Gradient elution (acetate-phosphate buffer at pH

2.5: acetonitrile (from 5 to 25 % in 10 minutes), flow rate 1 mL-min?, injected volume 20 pL,

detection wavelength 279 nm.

) Slope £ SD Intercept + SD Correlation LOD
Analyte Matrix )
(mAU-L: pmol™) (mAU) coefficient  (umol-L™)
HVA buffer 0.202 +0.002 0.017+0.011 0.9897 0.2
VMA buffer 0.155+0.004 0.041 £0.021 0.9898 0.6

13
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5-HIAA  buffer 0.355 = 0.003 0.020+0.018 0.9923 03
HVA urine 01070017 108:14 0.8340 139
VMA urine 0.084=0.010 20+08 0.9381 72.9
S-HIAA  urine 0282+ 0015 3012 0.9867 13.1

The practical applicability of the newly developed HPLC-ED method was tested by
determining concentration of HVA, VMA, and 5-HIAA m spiked human urine using
calibration curve method. Substantial interferences were not observed in HPLC-ED, where
concentrations found in unspiked human urine correspond with published normal
concentrations in urine [1]. Despite relatively high standard deviation (SD) it is obvious that

HPLC-ED can confirm increased concentrations of tested biomarkers in urine.

Table 3. HPLC-ED determination of HVA, VMA, and 5-HIAA in urine samples. A — added
concentration, F — found concentration, R — recovery (calculated from the found concentration

after subtracting the concentration in the sample before standard addition).

Analyt A F+SD* A F+SD |R+SD A F=SD | R+SD
pmol-L7 | pmol-L™! | pmol-L7! | pmol-17? % pmol- L7 | pmol- L7 %
HVA 0 24+7 50 73+ 14 98 +28 | 100 11716 |92+ 16
VMA 0 6+4 50 5321 93+42 | 100 112+19 |99+ 19
5-HIAA |0 13+4 50 60+8 92+16 | 100 10816 | 95+16

 These values are in good agreement with the published normal physiological concentration
range of healthy people, namely 8.2 — 41 pmol-L for HVA, 11.6 — 28.7 umol-L! for VMA
and 17.8—58.3 pmol-L ' for 5-HIAA [1].

4. Conclusions

Simultaneous determination of HVA, VMA, and 5-HIAA in human urine was successfully
performed using HPLC-ED with inexpensive lab-made wall-jet detector with easily
commercially available glassy carbon electrode coupled with SPE on LiChrolut EN columns
used as a pre-cleaning step after column activation with methanol. (5 mL of acidified urine
samples were loaded onto SPE column and eluted by 5 mL of methanol). Obtained calibration

dependences in urine samples were linear in the concentration range from 20 to 150 pmol-17!
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and LODs were at micromolar concentrations, the amperometric detection providing somewhat
lower LODs than spectrophotometric one. The practical applicability of the newly developed
method was verified by the determination of HVA, VMA, and 5-HIAA in spiked urine
samples. It can be concluded that the presented HPLC-ED method for simultaneous
determination of the three tumour biomarkers is fast, simple and sufficiently sensitive and
much cheaper the previously published methods using sophisticated and expensive
electrochemical detectors and it could be used for simple low-cost screening of human urine

and thus help to diagnose tumours and other diseases.
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