42,

MODERNI
ELEKTROCHEMICKE
METODY

REDNASEK






Best servis Usti nad Labem
Ustav fyzikalni chemie J. Heyrovského AV CR. v. v i., Praha

Biofyzikalni ustav AV CR,v.v.i., Brmo

Katedra analytické chemie,
FPiirodovedecka fakulta Univerzity Karlovy, Praha

Sbornik prednasek

mezinarodni odborné konference

42. Moderni Elektrochemické Metody

Jetfichovice, 22, — 26. kvétna 2023

Uspofadali;

Tomas Mavyratil, Miroslav Fojta a Karolina Schwarzova

ISBN 978-80-208247-0-9



Tato publikace je urézna pro Uéastniky konference a éleny pofadajicich organizaci

Za obsah vedkerych texiu nesou pinou zodpovédnost autofi. Publikace neprosla
cdbornou ani jazykovou Opravou. Zvefejnéné informace mohouw byt dale poudity za
pledpokiadu Gplného citovdn] puvodniho zdroje. Pletiskovani, kopirovani & plevadéni
této publikace do jakékeoliv tisiéné & elektronicke formy a jgji prode| je moZny pouze
na zakladé pisemneho scuhlasy vydavatele. (Bona fide védedti pracovnici si mohou
pofidit jednotlivé kopie pro viastni potfebu).

Nézev: 42. Mederni Elektrochemické Metody

ydal: Srzenova Lenka - Best servis Usti nad Labem
Autar: kolektiv autord

Podet stran: 238

Maklad: K-}

Wydani 1

Farmat: AL

ISBM: 478-80-908547-0-5



Best servis Ustl nad Labem

J. Heyrovsky Institute of Physical Chemistry
of the Czech Academy of Sciences, Pragus

Institute of Biophysics of the Czech Academy of Sciences, Brno

Department of Analytical Chemistry, Faculty of Sclence,
Charles University, Prague

ef Physical Chamiatry

Proceedings of the International Conference

42" Modern Electrochemical Methods

Jetfichovice, Czech Republic

May 22™ - May 28™, 2023

Editors:

Tomas Mavratil, Miroslav Fojta, and Karolina Schwarzova

ISEN 978-80-308347-0-2



Podékovani partneram konference
42. Moderni Elektrochemické Metody

oxl e e IBP .&

e FRIEGDOYEDECK A
-«F—« FAKULTA
Univereita Karlova

£ Metrohm

Ceska republika
C) (S

ComArr

Chemistry
Europe

ECO-TREND PLUS s:r.0.




Content

Judita Anthy, Eva Vanddbovd, Momka Spasevova. Milan Houska, Markéta Vrabcavd, Eva
Vogelova, Barborg Holwbova, Vaisecherova-Lisalova Hona, and Viliam Koliveska
Probing Charge Transfer and Mass Transport through Zwitterionic Polymer Brushes by
Electrochemical Methods: The Supporting Self-Aszembled Monolayer Cham Length
Matters

Muartin Baroch, Luddh Mika, and Haomae Deymbovd
Application of Metal Reference Electrodes

Jo Bartadel, Martin Kocurik, Jarcslov Pockobradsky, Jan Svoboda, Jaromira Chvlkovd,
and Milod Sedldk
Maolecularly Imprinted Polymers for Selective Extraction of Xenobiotics

Perr Bavidl, Jana Skapalovd, Radet Jerpa, Dana Stalbovd, Tomedd Navedril, and Jan
Largmaer

Analytical Derivatization [or Identification of Electrochemical Oxidation Productz of
Fentanyl=

Michaela Bartovd and Tomedd Mikyeek

Determination of Surfactants Using Potemiometric Titration

Zevnah Belhasl, Jan Hrbad, and David Sirovsig
Determination of 5ix Antthistamines by HPLC-ECD Emploving Bare and Modified
Carbomn Fiber Microelectrode

Aner Bélusova, Jan Krefdi, Radba Kuderovd, and Martin Klsadet

The Stability, Temperature Dependency, and Reproducibility of Ton-Selective Electrode
Response

Eva Bldhova, Lucie Serbarovd, and Karoling Schwarzova-Peckova

Study of the Vollammetric Behaviour of TR-hydroxyeholesterol on Boron-doped Diamond
Electrode

Gahriela Broncovd, Sdra Hermochovd, Miroslavae Trohovs, Sdria Haviowd, Petr Frabile,
Perr Hiavin, Jif Sraus, and Michal Noevor?
Electrochemical Visualization of Dactyloscopic Traces

f'_{l’i_.'rgl'r:mfgr:.r Jana Palakovd, Simona Baluchowl, Andrew Tavior, and Karoling
Sehwarzova-Peckosd

Electrochemical Properties of Scaife Polished {110 }-oriented Single-Crvstal Boron-Doped
Dinmond Electrodes

Hang Depmkova, Andrey Vikartovsky, Jaknb Pecak, ard Martin Baroch

Comparizon of Flow-through Boron-Doped Dismond Electrodes

Jurey) Dhewn, Martin Baroch, Viaclav (_Adn\en_}". JindFich SindfFich, and Jakub Piendk
Spectroelectrochemical Study of Acidobasic Equilibria of Protoporphyrin Derivatives
Dt Dobrovodsky, Aled Dafhel, Dandel Rendink, and Mivoslov Fajta
Electrochemical Detection of G-quadruplexes wsing N-methv] Mesoporphyrin IX a8 a
Redox Probe

Lo Fischer, Lacie Fofova, and Karcling Schwarzova-Peckova

Study of Absorplion Properties of Boron-doped Diamond Using Methy] Vielogen
Mirosloe Fojta, Sucana Solddnova, Ladeh Havean, Hana Pivesdond, and Monika
Hermanovd

Anodic Signal of Guanime Residues m DNA af the Mercury Electrode Depends on the
Presence of Adenine and/or Cylosine

Page

21

31

is

43

47

51

]

0l



Timea Bararovd, Sdn Krahuder, and Wirosloe Gal
Electrochemical Impedance Spectroscopy - Tool for the Determination of the Basic Kinetic
Parameters of Enteropeptidaze

Sangm Garekbaghi, Amir M. Ashrafi, Lukas Richtera, and Vojtech ddmm
Highly Sensitive Amperometric Determination of Lactose by an Enzyme Cascade Svstem

Muonika Hermanovd, Marcela Hruihovd, Luddt Hovwan, and Mirosiav Fojta
Interactions of Modified and Natural DX A Components and (ligonuclestides with
Mercury lons

Lueia Hajova, Simona Fisofova, Martin Vedka, Marion Marton, Marian Vois,

Tomas Mackalak, and Andrea Veojs Stadvovd

Electrochemical Oxidation of Selected Bisphenols on Borone-Doped Diamond Electrodes
Jan Hrhdad

Energyv-controlled Spark scharges for Electrode Activation and Modification

Marta Choitska-Mivmaresvk, Teana Sestakova, and Tomds Navatil

Dretermination of Selected Natueal Psychoactive Substances m Organic Matrices at 30
Printed Electrodes

Jargwiirg Chplkevd, Alona Usenbo, (leksandr Matweiev, Jan Bartadek, Viadimir Jehlidha,
and Rendta Selelovabi

Voltammetnie Determination of Selected Estrogen Mixtures in Waters

Kristina Jeliikovd Fva Bldhovd, Peter Coambal, and Karoling Schwarzovd-Peckovd
Study of Electrochemical Behaviour of Bile Acids on Boron-Doeped Diamond Electrode

Leon Jenner, Dzmney Pruchiowsk, Matoud Petlak, and Eva Sitorova
Easy Detection of Protein-RMNA Interactions by Northwestern Blotting

Radek Jerga
Haow to Increase Selectivity in Voltamimetry

Jitka Klikavevd, Milan Svs, Veronika Sonmriichovd, and Menila Tonibovd

Optimization of Ethyl Carbamate Derivatization for Spectrophotometric and
Electrochemical Detection

Jang Kocabovg, Stépanka Newikova Lachmanove, Frantitek Ve, Michal Valdsel, and
Magdaldna Hromaded

Electrochemical Propenics of Mixed Self-Assembled Monolayers Based on Terpyridine
Transition Metal Complexes

Liweie Kotgdnd, Milan Madar, Voprdoh Kubidel, and Jifi Ludwvik
Electrochemically Investigated pH-dependent Redox Properties of Copper Complexes of
Azamacrocyelic Ligands

Anna Rubickova, Alice Tomaikova, Dominik Sme2, and Tomds Kfilek
The Use of Capillary Electrophoresis for the Control of Industrial Mistures

Anton Lytvynenko, Simona Baluchovd, Jan Kriidek, and Karoling Schwarzovd-Peckovd
Voltammetric Detection of Monoamine Newrotransmitters in a Meurobasal Medium

Fladimir Maredek
A Polarzable Reference Electrode

Cetzandy Matvieiey, Rendta Seledovskd, Mavian Voys, Mavidn Marton, and Jaromira
Chyiliend

Sereen-Printed Sensors with Chemically Deposited Boron-Doped Diamond Electrode: the
Effect of the Batico of the Area of the Working to the Auxiliary Electrode

[

T2

75

87

91

25

103

107

111

116

121

124

129

133



Radoan Metelba, Marting Swidbovd, Frosa Grapes, and Tahir Arlneshi
Practical Experience with Planar Three-Electrode Sensors: Graphite Modified with Carbon
Nanotubes vs. Boron-Doped DMamond

Tomak Mikvsek and Barbora fndrichosd

Voltammetric Determination of Arecolme

Towndd Nawveanl, Libufe Tratovd Foyrdoh Hrdiidha, and Xioochun Li

Elimination Voltammetry with Lincar Scan: Advantages and Disadvantages

Michal Nedvédd, Kristma Jeliikovd, Karel Nesmérak, and Kgroling Schwarzovd-Peckovd
Electrochemical Oxidation of Phenolic Compounds on Boron-Doped Dinmaond Electrodes
Levalislav Novorny, Simona Uehviilond, Gabriela Kuchitovd, Lenka Swadliovd, and Libor
Drufek

Possible Use of the Special Interface for Effective Potentiometric Measurcments

Anag Owdradkova, Marie Stiborovd, Helena Dradinska, Ludék Hovan, Kareling
Sehwarzovd-Peckova, Miroslav Fojta

A Voltammetrie Study of an Azo Dyve Sudan [and s Metabolites in the Presence of
NADFH

Lrartidek (pekar and Petr Tima

Electromembrane Mini-extraction On-lme Connected to Capillary Electrophoresi=

Evg Pospidilovg, Wireslmz Trchova, Radek Fajgar, Jan Kodi, and Taliona V. Shishbanova
Screen-Prnted Electrodes Modified with Electrochemically Oxidized 3- Aminobenzoic
Acid: Characterization and Application

Lucie Pradakond, Jaw Fizcher, Andrew Taylor, ond Amea Kubidtow

The Role of Electrochemistry in Degradation Studics

Arezon Saadati, Amir M, Askhrafi, Voftéch Adam, and Lukas Richiera
Maolecularky Imprinted Polymser-based Sensor for Electrochemical Detection of
Moxifloxacin

Jawg Skopalovd, Pelra Delefalovd, Radek Jerga, Petra Krepdl, and Pelr Bariak
Electrochemical Oxidation of 1-Phenylpiperidine and 1-Phenylpipernzine

Bomana Spkolova, Fliska Jirowikowd, Naria Degane, Jokub Wastidok, and Jacek Nyez
Application of In situ IR Spectroelectrochencal Technigues in Determination of Redox
Mechanizm of Bicactive Compounds

Milan Svs, Michaela Bartova, Martn Baried, Tomdd Mikysek, and fvan Svancara
Electrochemical and Electron Microscopic Characterization of Solid-Disk Shungite
Electrodes

Remita Seletovsld, Qleksandy Marvieiev, Aneta Fendrichovd, Lenka Janikovd, and
Javamira Cholkovd

Electrochemical Oxidation of Svstemic Fungicide Metalaxy] and its Determination in
Matural Waters

Maviin Siluda, Eva Vanddbovd, Mapdaléna Hromadova, and Viliom Kolivaika
30 Primted Microfluidic Cell for Spectroelectrochemical Analysis

Libge Trnkonad, Xicochun Li, and Teta TRakavd

A Detailed Analysis of the Electron Transfer via Elimination Voltanumetry
Petr Thma

Electrophoretic Monitoring of 3-hydroxybutyrate as an Indicator of Starvation with Inverse
Tunable Electroosmotic Flow

138

142

151

155

159

162

167

172

176

181

186

191

195

200

205

208



Seyiie Twewyasla, Jifl Bavek, and Rohden Jogypdid

An Enzymatic Biosensor with Amperometric Detection in a Flow Injection Analysis for the
Determmation of L-lactic Acid: Development and Application

Frantifek Vawrek, Michal Yalaiek, Gabor Mészdaros, Sindfich Gasior, and Magdaléna
Hromadawt

Effect of Functional Group Stabilization on Charge Transport Properties of 4.4°-Biphenol
based Molecular Svwitch

Michal Zelenshy, Jaw Fischer, Simona Balichowd, Andrew Taylor, and Karoling
Schwarzovid-Pectova
Electroanaly=zis of Depamineg on Bare and Cheme-mechanically Polished BDI» Electrodes

L. Zaloudlova, V. Halama, J, Karban, ¥ Ostatng, and A, Dadkel
Vaolammetry of Organometallic Glveomimetics

Author Index

213

218

223

227

31



Probing Charge Transfer amd Mass Transport through Zwittevionic Polymer Broshes
by Electrochemical Methods: The Supporting Seli-Assembled Monslayer Chain Length
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Ahstract

Recent advances in biosenzing highlighted the importance of zwitterionic polv(carhoxybetaine)
(pCBY brushes  which provide excellent  antifouling  properties  combined  with  bio=
functionalization capacity. These brushes are usually grafted from initiators on self-assembled
manolayers (8AMs). Hercin, the impact of the alkancthiolate SAM chain length on the
structural and functional properties of the pCH brush is inspected. Cyvelic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were used 1o investigate the penetrabality
ol the brush for small molecules and interfacial charge tramsfer characteristics, The SAM length
was found to hove a substantial impact on all studied characteristics

Keywords: Polymer brushes, Self-assembled monolayvers, Antifouling, Cyelic voltammetry,
Electrochemical impedance spectroscopy.

Introduction

In biosensing, electrochemical methods, such as impedance spectroscopy (EIS) amnd cvelic
voltammetry (CV), have heen stendily gaining attention in recent vears ', These two powerful
technigues are “label-free”, so high biofouling resistance of utilized components is of the utmost
imporance for their successful implementation. However, the application of modem, tunable,
uliralow fouling materials such as awitterionic pCH brushes in electrochemical biosensors s
still not common, Highly dense zwitierionic pCB brushes are a fairly new rescarch topic * and
thetr responsive character to changes in plL temperature, and ionic strength of the surrounsing
environment is intensively studied ¥, Another importont aspect is imposed by the requirements
of impedimetric methods themselves |, especially when a redox probe is emploved as a sensing
element. The most commanly emploved probes in recent impedimetric biosensing works are
|]"1.'|:L‘H.':ﬁ|"' - and [Rlll:f\.'”:l:ﬁr" A5 The evalusted analytical parameter associated with the
target analvie i charge transfer resistance (R-) ' In the case of zwitterionic PHs, the use of
charged electroactive probes could be complicated by dipole-ion interactions, which could
potentially impact the mass transport of the probe and hence the response of electrochemical
biosensors. Theretore, the question of whether, and how, switterionie PHs, and the supporting
zelf-assembled monolayers those PBs are grafted from, affect the mass transport of probes and
interfacial charge transfer has 1o be answered before the widespread wse of PBs as antifouling
structures in impedimetric hicsensing,

Herein, we combined CV and EIS approaches to probe the functional {charge transfer and mass
tragspont) properties of antifouling pCB brush grown on alkanethiolate S ANMs with varied chain
lengths. As o representative  pwitterionic  brush,  poly(carboxyvbetaing  methacrylamide).,
PUBMAA, was chosen for its good biofouling resistance, biocompatibality, and readiness for



Numctionalization by biorecognition elements *7, Charge transler and mass trnsport properties
of pCBMAA grown on alkanethiolate SAMs with varied chain lengths were examined by EIS
and CV measurements emploving [ Ru{™H:e]*" redox probe used frequently in bioanalytical
applications %, Employing the combination of computer-assisted design and extrusion-hased
31 printing. we have devised and manufactured a cell dedicated to electrochemical binsensing
mensurements.

Experimental part

Diesign and mannfactre of elecirochemical cell

We developed a custome-made 3D-printed cell with a three-electrode arrangement for OV and
EI& measurements. [ts design follows our recently developed approaches for manufacturing 310
printed reaction ware for electrochemical *** and impedimetric **' sensing,

The cell was manufactured emploving fused deposition modeling {extrusion-basesd) 31 printer
(13 ME3S, Prusa Research s.ro, Prague, Czech Republic), Before printing, the extruder was
copiously purged at 250 °C with the respective filament 10 remove residues of previously wed
materials. The printing pad was cleaned with acetone {purchased from Penta, Crech Republic)
at room temperature. To increase the adhesion between printed objects and the printing pad. the
latter was covered by adhesive tape. The bottom cell part with a groove for the working
electrode and Kalrez O-ring was printed from PLA filament (PLA Extrafill, Filamentum, Czech
Republic) in a bottom-up direction, while the upper cell body with openings [or reference and
counter electrode, as well as inlet and outlet for inert gas, was printed from polvpropylene
filament (PT Natural, Fiberlogy, Poland) in a top-down direction

Fraparanen of albanethicl zelf-assembled monoloyers

For all procedures requiring an squecus environment, Milli)) dejomized water (resistivity
18.2 M42 em, max. TOC 3 ppb, Millipore, France) was used. Compounds to prepare 5AMs
were purchased from Prochimia, Poland, They were diluted m absolwte ethanol (UW
speciroscopic grade, 798 %o, Lachmer, Czech Republic) to form solutions with 1 mM
concentration. A polyerystalline gold sheet {10 mm x 10 mm x 0.5 mim, 9993 %5) served as the
warking electrode purchased from Goodfellow GmbH, Germany. The working electrode was
pre-cleaned by 10 min immersion in freshly prepared Piranha solution {96 % sulfuric acid and
3 %o hydrogen peroxide, both purchased from Penta, Czech Republic, mixed in a vy ratio of
310, This treatment was [ollowed by copious rinsing with water and anodic ¢lectropolishing
performed in 1M HzS04 with a piece of Au wire (0.5 mm dismeter, 99,99 %) serving as a
counter-alectrode. The electropolizhing was terminated when the whole electrode surface was
visibly oxidized. The electrogenerated surface gold oxide layer was subsequently dissolved by
immersing in 15 HCL {prepared from suprapure 30 % HCL Merck, Germany) for 1 min. The
electropolishing'oxide removal step was repented thres times, Subsequently, the electrode was
copiously rinsed with water and absolute ethanol and enher immediately mstalled in the
electrochemical cell {for the contral experiment, see below) or immersed m ImM ethanolic
solution of respective SAM-forming compound in a custom-made nl-ended glass text tube,
The self-pssembly was performed overnight at room temperature withoat access to light. The
stch modified electrode was copiously rinsed with sbsolute ethanal and dried on air and either
immediately installed in the electrochemical cell or further fmctionalized with pCB hrush.

Characterization of samples by electrochemical measuremeants

The gold working electrode {either bare or functionalized by alkancthiolate SAM= or
SAMPCBMAA brush bilavers) was mserted inlo the bottom part of the 3D-primted cell,
Perflusroelastomer Oering (mner diameter 6.35 mm, thickness 1.78 mm, purchased from

(]



DuPont Kalree) was inseried inthe groove in the top cell part with ¢lean Teflon tweezers, The
two cell parts were carefully fitted together and secured by office clips, The cell was
immediately filled with 30 mL of aqueons I solution of [FudNHa s Cls (98 %o, purchased
fromn Bigma-Aldrich) used as the probe additionally containing standard PBS as the supporting
clectrolyte. Gold wire (0.5 mun diameter. 99,99 %) with a length of 200cm folded as o serpentine
and ¢leaned by Pironha selution o= discussed above was wsed as the counter electrode. Lenk-
less lab-made Ap/AgCUIM LiCl assemblv was uwsed as the reference electrode. The
probe/electrolvie solution was de-aeraled by a stream of argon gas (99,998 %, Messer) throaugh
the cell for 15 min, All electrochemical measurements were performed wing a commercial
potentiostat {PGSTATI0ZN, Autolab, Metrohm). First, we emploved CV with the bare gold
electrode to determine the standard redox potential (E"y of the probe. Subsequently, gold
clectrodes modified with either alkanethiolate 8AMs or SAM PCEMAA brush bilayers were
inspected, EIS was measured al the DC potentinl set 1o E? value emploving AC perturbation
with zere-to-peak amplitude of 5 mY and frequency rmging from 107 10 1077 1z, As the next
slep, OV was performed with the linear (analog) potential sweep in the range of 0.4 and <06 ¥
at a polarization rate of 25 m% &'\, To confirm the presence of alkanethiolate SAM on the gold
electrode, a reductive desosption experimen was performed by extending the cathodic potemial
limit o -2.0 % Finally. such treated electrodes were inspected in the original potential range
and the obtained response was used to verify the agreement between the potential st m the EIS
and the & value of the redox probe.

Hesults and discnssion

Zwitterionic pCBAMAA brushes were first synthesized by the surface-initiated atom transfer
radical polvmerization protocol described elsewhere '™ and then characterized by FI-IRRAS
and spectroscopic ellipsometry to evaluate their thickness and relative density. Electrochemical
techniques E1S and CV were emploved 1o probe the penetrability of pCBMAA brisshes for small
molecules represented by the [BwNHa)s[" ™ redox probe and the influence of the length of
supporting alkanethiolae SAM on charge transfer and mass transport properties, A summary of
these results is displayed in Fig. 1 B, evaluating Faradaic peak current (top) from CV and charge
tranefer resistance (R from EIS for svstems with pCBMAA brush and without it. For the gold
clectrode modified by the shorest, Cs SAM. the obtained CV had a shape similar to that
regorded on the bare Au electrode used as a control expeniment. Slightly decreased cathodic
andd anodic iF values (36 and 22 pA) and increased peak-to-peak separation (118 mV) point 1o
subtly slowed charge transfer due 1o the energetic barrier imposed by the 5AM. The presemce
of the pCBMAA brush on the SAM did not alter ir values, mdicating that the PB structure did
ot hinder the mass transport of the probe between the solution and the electrode. For the
medium-length, Cx SAM, the retardation of the charge transfer is more pronounced, with a
barely noticeable backward {re-oxidation) Faradaic feature. Corresaponding characteristics were
also observed for the Cy SAM modified by the brush. For the longest Cip SAM, both with and
without brush, the cathodic Faradaic feature appears merely as a current onset, with the anodic
leature completely mizsing. Results of CV clearly demonstrate that the interfacial charge
tramesler is slowed with incrensing Cu value in the SAM amd that the mass transport of the redox
probe is unaffected by the presence of the brush, SAMs with and without pCBEMAA brush were
further examined by EIS with the goal of quantifying the charge transfer resistance (R and
imerfacial capacitance (Cw) values, Values of Coe were determined from fo and frequency
values corresponding to 7 maxima, fuo, 38 1720 080 " For the bare gold electrode,
obtained data lay on a straight diagonal (277 = 27 line. implying that diffusional {Warburg)
impedance & dominam in the entire inspected frequency range and the fo value is thus
immeasurably small. Conversely, electrodes moditied with 8 AMs show semicircles, with fa
villues incrensing with . Values of Cuw decrense with Cs, coroboratimg that SAMs form




diclectne lavers and their thickness inereases with this parameter. The presence of the brush has
ne profound influence on e and Coe values, which is in line wath the results of CW
mensurements. All results point o the conclusion that pCERMAA brush did net affect the
concentration of the probe at the electirode electrodyvie interfee nnd did not hinder the interCeial
charge transfer. Therelore, it s safe to conclude that pCBMAA brushes grown on all three
supporting SAMs showed exeellemt pencirability for small moleewles and do not disrupt the
structural integrity of SAMs.
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Fig 1. A) Schematic depiction with madel Nyquist plot for probed systems reworked from
Rl Orange circles = probe in reduced form, turquoise circles = probe in oxidized form, Ry
the resistanee of the palymer brush, Cim =~ interfacial capacitance, Cs ~ capacitance of the brush,
s = the resistance of clectrolvte. B) Faradaic peak current (i¢) from CW {top) and charge
transfer resistance (Be) from EIS {bottom) presented as averaged data points with error bars
from ol measurements performed on pCBMAA brushes (blue) and alkanethiclate SAMs of
varying chain length {Cw without brushes (Mack).

Cong lusions

Electrochemical impedance spectroscopy, evelic voltammetry, and surfice plasmon resomnce
were emploved to probe penctrability, charge transfer properties, and resistance 1o biofouling
of zwitterionic  polv(carboxybetaine  methacrylamide) brush  grafied from  supporting
alkanethiclate SAMs of varving chain length. Whereas the presence of the polymer brush had
little impaet on the two former properties while providing the assembly with good biotouling
resistance, it was found that the SAM chain length had a profound effect on the Faradaic peak
current and charge transfer resistunce, Seeing as these parumeters are critical for the analytical
performance of electrochemical biosensors, the results presented herein highlight how

12



imp=oriant it 15 o consider the structure of tunable molecular supports for polymer brishes when
designing such assemblies for real-world applications.
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Abstract

In this work, reference clectrodes made of several materials were fobricated and tested.
Exhaustive testing of the clectrodes was performed emploving potentiometric measurements,
where long-term and short-term stability had been assessed; by cyvelic vollammetry, i which
influence on deformation and shift of veltammograms were observed;, and by FIA with
amperomeltne detection, which served as a testing setup for the intended main use of these
electrodes in flow detectors. The most stable and repeatable performance, hased on mentionad
procedures, was obtained for antimony electrodes, which were then used for the fabrication of
a miniaturized amperometric detector.

Kevwords:  Polentiometry,  Amperometry,  Vollammetry,  Reference  electrodes,
Miniaturzation.

Uvod

Zmalost napeti vklidandho mezi pracovni a referendni elekirodu je jednou z Klicovyeh potich
pro elektrochemicka méfeni. & tohoto ditvodu je nuiné, aby refierentni elekiroda méla béhem
méfeni potencidl stabilni a dobie definovatelny, v idealnim pfipadé by takova elekiroda méla
bt také nepolarizovateing ' Mejéastéfi tylo elektrody sestivaji z kovového dritku pokrytého
vrslvou  meroepusing  soli daneho  kovie ponotenéhe  do rostoku soli, Klera ma se
Zminéncu perozpustnou soli spoleny aniont. Tento svstém pak musi byt od méfendho roztoku
oddalen fritow, aby bylo zamezene piipadnvm kentaminacim, Nevvhodou téte konstrukee je
omerend modnost jejich miniaturizace, praved kvilli fritg, kieri je pro potfeby zejména
prittokovych méfeni zisadni, aby se minimalizovalo rozmyvini zon makvin v detektom %

Jednow z meznesti pro smendeni rozmérd referenéni elebtrody je pougiti samotneho kovového
dritku — &istéhe nebo modifikovaného — ponofendho do elekirolyin = obsahem vhodnych
protionti,  Prikladem mide bt powisini pochlonidovancho  sifibmého dritku o pridini
chlaridewyeh aniont piimao do zikladnihe elektrolvin. Nevihodou tohoto postupu je poticha
udrzovat stabilnd. nejlépe vwasi, koncentraci chlorid( v pribéhu viech méfeni’. Ohdobnym
piiatupem jaou v, elekirody kov-oxid, priniend fungujicd jako pH elektrody avyuiivajicl jako
protiont H', jehod koncemrace bivi kontroloving § za jinymi téely a bez svladinich opatieni.
Piikladem takovych elekirod jsou antimonoyvé nebo bismutové elektrody studované v této prici;
jejich potencial je advisly od pomén Sh/Sh:0s a BiBiz( najejich povrchn *. Poslednim typem
studovanym v této praci bvly elektrody hydrogenpaladiové, keré maji, stejnd jako predchozi,
pertencial zavisly na pH, jen g v tomio piipad jednd o rovnovainy pedencial dany pomérem
mezl veddikem absorbovanym do strakiery palladia o vodikovimi Kationty, pritomnymi
v roztoku

Cilem této prace bylo plipravit a otestovat 2mindné referencni elebirody ve smyvalu krdtkodobé
a dlouhodobé stability a ovéfeni jejich chovini a viive pfi pougiti ve voltametrickych metodich



a zejména v pritokevyeh amperometnckych méfenich s wyhledem na jepich vyuiti pro
madnesti miniaturizace priiokowvich elekirochemickych detektori,

Experimentilnd Sist

Antimonové a bismutové elektrody byly phipravené roetavenim daného kovu v dusikové
atmosféfe. Tavenina kovu pak byla nasina do sklenéné Pasteurovy pipety s nerezovym driatem
slowFicim jako budouci elekiricky komtakt. Poté byvly elektrody postupnéd ofitény roztokem
1 mel/L HEL, izopropanclem a vodou v ultreevakové leni. Razdy Sistict krok, trval 30 minu

Hydrogenpalladiovd (PdH) elekiredy byvly piipraveny potenciostatickym generovinim voadiku
zrogtokn 0.1 mol’l. HCL pfi 0.9V, po dobu pfiblizné 5 hodin. Priprava probihala
v thiclektrodovém uspofidini s paladiovim dritkem zapojenym jako pracowni elektroda,

Petenciometricka méfeni byla providéna ve dvouelekirodovém wspofadini s potencialovym
rozdilem méfensm vidy mezi standardni  argentochlonidoveu referencni elektrodou a
shsdovanon kovevou referendni elekirodou,

Voltametrickd méfeni byla providéna v tficlektrodovém uspofidini s pracovni clekirodou ze
skelného ulliko a platinovou pomocnou elekirodon. Jako referenénl elektroda byla powtita bud”
klasicki argentochlondova elektroda nebo testované kovové referenéni elektrody. Pritekovi
amperometricks méfeni byla providéna v v, wall-jet uspofidini v prepadové nidobee, Jako
ziklndni elektrobvt byl pouzit Britton-Robinsomiv pulr o koncentraci ©.2 mol/L. Jako analvt
prov evklickou voltametrii a amperometrii byl poudit roztok hexachloroiriditany drselného o
koncentract 1,0 mmol/L rozpudténéhoe v zdkladnim elekirolyin o potfebinémn pH.

Visledky a diskuse
Béhem potenciometrickych méfeni byla uw viech elektrod pozoroving sména potencidlu
v zivislosti na pH rozioku v rozsahu od 2,0 do 12,0, Nejblize se teoretické hodnoté, 1.
S0omVipH, phblizila elekireda antimonovi se smémici kolem 47 mV/pH. Bismulova
elektroda, kierd je stepného typu, mela smémici pouze kolem 30 mVipH, piitem? jednotlivd
mefeni méla rozpiyl az £ 25 mV, Tento jev mohl byt zphsoben nepravidelnym zoxidovinim
povechu elektrody. Hydrogenpaladiowvé elekirody vvkazovaly smérmici nejmentl, klerd se
v prib&hn péti todnd zmendila = 22 mV/pH na 17 mV/pH. Ziroved u této elekirody postupng
progradovala odchylka v bazické oblasti. Pro zlepfeni odezvy bylo tedy nutné elektrodu
rehvdrogenovat. £ pohledu kriatkodobé stability o sledovini potenciiloveho drifiu =e jako
nejstabilnggsi jevi elekirody antimonové o bismutové, se zmanow polencialy pod 2 mV za
hodinu. Naopak nejvétEi pokles byl zaznamenany u hydrogenpaladiovich elebirod v bazickém
prostfedi, kdv Sinil a2 3 mV za hodine,

Vysledky wvoltametrickych méfend, proviadénych pii pH 3.0, 7.0 a 11,0, wvwhkaruji posun
anodického | katodického signdlu hexachloroiriditanu, piibliné odpovidajici petencidlovym
roediliin mezi  argemochlondovou  a studovanou  referenéni  elektrodow,  naméfenym
potenciometricky. jak je modné vidét na obrizko 1A — C. Nejpiesnéjii shoda byla namdiena u
antimonovyeh elektrod, naopak nejviégi odehylky, az 90 mY, byvlv zidtény u bismutovich
elekirod, Zaroven uidchio elekirod byla pozorovina drobna deformace voltametrickych kivvek,
kdy = evétsila hodnata ARy meei anodickym a katodickym signalem, v neutralnim a bazickém
pH. oproti argemtochloridové elekirods,

Hydrodynamicke voltamogramy ziskané pii amperometrickych mafenich v prostiedi o pH 3.0,
T a 110, zobrazend na obrizeich 1D — F. wykaeuji v&ii odchylky od potenciometricky
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ziskarych hodnot, oprofi voltametrickym méfendm, zejmena v kysels a neutrilni oblast pH. To
migte byt s nejvitii pravispodobnost zpisobend pritokem elaktrolyiua posunutim rovnovily
mezl éstym kovem a oxidem v pfipad® antimonovyeh a bizmutovyeh elektrod a mez
absorbovanym vodikem a vodikovim kationty v pfipad® hydrogenpaladiovych elektrod, na
rochrani elektroda’slektrolyt. Miemens pribsh hyvdrodvnamickych voltamogrami nebo nijak
vyenamné deformovany oprot standardné powfvans argentochlondoves elektrods.
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Obr, 1. Cyklické voltmmogramy (A - C) L0 momol’l hexachloroinditann  draselnshe
v 0.2 mal’L. Britton-Eobinsonovd pufim o pH 3.0 (A, 7.0 (Bl a 11,0 (00, a hvdrodynamické
voltamogramy stejného analyio pii powdae pufie o pH 3,0 (D0, 7.0 (E) a 11,0 (F} jako nosnshoe
elektrolyty, za poudit argentochloridové (Cema), hydrogenpalidiovs (zelend), antimonové
(Gervena) a bizmtowvé clektrody (modra).

Laver

Referenénd elektrody vyrobeng 2 matendll citlivich na zménu pll byly dspéing otestoviny
pomoci i zdkladnich  eleltrochemickyeh  techmik.,  Jako nejslibngiE  pro vvodit
v minishurizovanych detekiorech se jevi elekroda antimonova — vahledem k jegi velmi dobeé
stabilite o mimmslng deformaci pak voltametrickych tak amperometrickyeh kvek, Naopak jake
nejméng vhodna se jevi elektroda bsmutova — zejména kvl velkym odehylkam phi
voltametrickych méfenich a nestabilité odervy na pH. Hydrogenpaladiova elekiroda
vykazovala, stené jako antimonova, velmi dobré elektrochemické chowvani, nicmén vzhledem
k principu této clekirody je nuna obéasma rehydrogenace, cod mé&me jopi phpadng vyudit
v kompakinich detektorech,
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Abstract

Covalently prepared molecularly imprinted polymers (MIPs)were developed for the adsorption
of 1-naphthalencacetic acid (NAAY Molecular imprinting was performed wsing twoe different
NAA denvatives. Both types of MIPs were able 1o adsorb =98% NAMA from selution within
1 min. and desorb 0 guantitatively and can be wsed in owl least 10 comsecutive
adsorption'desorption cycles. Ester-derived MIPs also showed selectivity for MAA in a mixture
with other acids and were effective for contimuous flow adsorption of NAA from the solution.

Kevwords:  1-naphthaleneacetic acid, Molecularly imprinted polvmers, Electrochemical
determimation, Specilic sorption material

Intrusluction

Industrial agriculture is a major polluter, contaminating the environment with pesticides and
agrochemicals, Molecularly imprinted polymers (MIP2) are synthetic materials that can
selectively adsorb a target molecule from a mixture of other molecules ', MIPs are prepared by
a nen-covalent or covalent method, A non-covalent MIP can be prepared by mixing a template
molecule with monomers that are capable of non-bonding interactions . The covalent method
invelves altaching the template molecule 1o a polymenzable group via a cleavable linker,
leaving a pendant group on the pelymer that can interact with the template during rebinding,
MIPs have been used successfully for the selective adsorption of various substances, including
agrochemicals %,

In our work, noevel MIPs were prepared for the selective adsorption of 1-naphthalencacetic acid
(MAA)Y by a covalent method using two different hydrobvzable linkers between the template
and polymerizable group-—ester (MIPs-A) and Memethylhvdroxamate functionality (MIP=-B)
(Fig. 13 *. MIPs are o promising tool Tor the selective adsorption of Largel molecules from
complex mixtures. Both covalent and non-covalent methods can be used 1o prepare MIPs, with
cach method having its advantages and disadvamtages. MIPz are likely to find wider
applications in areas such as environmental monitoring, food safety, and dmg discovery.

Experimental part

Adsorpiion desorption experiments

To conduct adsorption/desorption experiments, MIPs were added 1o a glass vial containing
MAA stock solution (0.5mL, 107 mol L7, glveine-HC1 bulfer at pH = 2.6) and 2 drops of EUOT,
The vial was then capped and sonicated in an ulirasound bath al 20°C for a specific lime period,
After fillering the suspension, the cleas solution was analyzed electrochemically. The wsed
MIPs were then placed in a glass vial comtaining 0.1 mol- L™ NaOH solution { EtOH:water; 1:1).
somicated for 10 min at 50°C, filered. and analvzed electrochemically using Volammetric
analyzis on an clectrochemical analyvzer EP 100V A (HEC Rervis, Slovakia) The measurement



was conducted using a three-electrode cell, with a working electrode BDDE (Windsor Scientific
Lid., UK, active surface area of 7.07 mm?, inner diameter of 3 mimn, resistivity of (LOTS £ cm
with a B'C ratio during deposition of 1000 ppm), a reference saturated AgCl electrode
{Ag/AgCURCH (sat)), and platinum wire as an auxiliary electrode (hoth from Monokrystaly,
Czech Republic).

Raesults anad Discussion

Wik A

Fig. 1. Scheme of preparation of molecularly imprinted pelymers for NAA adsorplion

This study tested the ability of moleculardy mprinted polvmers, ssnthesized m our lshoratory
{Flg. 1) {MIPs) 1o selectively adsorh naphthaleneacetic acid (NAA) from solution. A reference
time of 1 hour was chosen for sample analysis. The working solution contained 107 maol-1.!
NAA in glyeine-HCI butfer, with the buffer chosen Tor its zwitterionic character and pH set at
2.6 1o suppress N AA dissociation. The amount of polymer was chosen as 10% relative to the
volume of the working solution, with 50 mg of NAA caught ot from the solution and
menitored by vollammetne analysis

Takble 1.
Suminarization of MWAA adsoeption resulis,
Polymer Surface area swellability in water Adsorbed NAA®
g1y (ml-g"') (e}
NP 6.8 = (L6 1.5 3
MIFs-A TH=0Y9 L3 98
AIPs-B 128+ 213 % e

*From 0.5 mL of 10 mol-L7 NAA in 0.1 mol-L7" glveine-HCI buffer at pH - 2.6, 1 h;
20°C; 2 drops of EtOH

Despite the low surface arca, signiticant uptake of NAA into the polvimer matnix was observed,
indicating the key importance of swellmg, Non-imprinted polymer ( NIF) cought out only 23%
of NAA, while both MIPs prepared were able 1o catch out =98 % of NAA. Swellability, rather
than the surface area in the dry state or pendanl groups, was found o be the key fador m
determining the ability of the copolymer (o absorh NAA

The amount of polymer required Tor quantitative adsorption of NAA from the solition was
optimized. For both MIPs-A and MIPs-B, 40 mg of the polymer was found to be sufficient.
For comparizon, different amounts of non-mmprinted polvimer { NI were studied. which even
at a loading of 80 mg was not able 1o catch out more than 30% of NAA from the solwtion. The
time reguired for quantitative NAA uplake wos also determimesd, For both MIPs-A and MIPs-
B, only 1030 minutes was sulficient,

The pessibility of releasing adsorbed NAA and MIPs possible rewsability was studied.
Desorption was first carried out in aqueous sodium hydroxide solution at elevated temperature,
but only trace amounts of NAA were released. Ethanol was found to result in a higher amowm
of NAA release. with 0.1 mel-L” NaOH in ethanol-water {50 v/'v) mixture resulting in
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ouantitative desorption of adsorbed NAA within only 100 mimutes ol elevated lemperature,
Catching out NAA from the maodel solution, filtration of the polymer on a sintered frit, dryving
it, and placing it in an ethanol-water selution of NaOH showed that even after 10 cveles, the
polymers MIPs-A and MIPs-B retain their original properties. The reusability resulis of the
prepared MIPs clearly showed that the MIPs prepared were able to catch out NAA from the
solution repeatedly.

The developed methodology with MIPs-A polvmer was validsted 1o use inoreal water samples
(tap water, well water) spiked with MAA (107 mol L™ NAA), To simplify the procedure,
solutions of NAA were prepared in water samples that were acidified with HC o pH<3, The
results show that the developed methodology can be applicd to real samples without a loss of
efficiency.

MIPs-A (which 15 significantly easier to prepare) was wsed for contimeous [ow removal of
NAA from the solution. The lab-scale experiment was performed by prepaning a 30 %
methanolic solution of NAA al & concentration of 1107 mol L7 and adjusting the pH of the
solution o pH = 2.8 The pelyethylene column was packed with 0.1 g of MIPs-A and the
column was fitted with a fitting, the column inlet was from the NAA stock solution and the
column outlet was connected via the ftting to the UV detector. After the equilibration. the
columm was able 1o absorb NAA from 30 mL of the stock solution in cach cvele, when more
than 9% NAMA were caught out. The molar adsorption capacity of the MIPs-A polymer was
therefore estimated as (0373 mmol g based on the above experiment. The experiment also
showed an equilibrivm after the alkalic regeneration which was conducted by washing with
3 (viv) of methanolic MaOH solution, After this washing, less than (0L25% of NAA was
eluted from the column.

Conclusions

We have developed new sorption materials wsing molecularly imprinted polymers to adsorb 1-
naphthalenescetic acnd (NAAL This was achieved through a novel suspension polvmenization
method using visible light. We tested two types of polvmers, the ester-derived MIP= and N-
methylhvdroxamate-lmked MIPs, Both tvpes of polvmers were effective in binding NAA 1o
their matrix and could be reused up to 10 times. Funbermore, the ester-derived MIPs are cost-
effective and highly efficient in removing MAA from solutions. In the final testing, we
continuously absorbed a 10°° mol-L" NAA solution, which was performed at Least 10 times,
The capacity of the polymer was 69,5 mg of NAA per 1 g of polymer. We validated the method
for the adsorption of NAA from spiked samples of tap and well water, where the efliciency was
the same as m the maodel buflered solution. These lindings will be valuable for further research
on developing selective MIPs for the adsorption of ether carboxvlic acids.
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Adbstract

Analytical derivatization and GC-ME analysis were emploved for the identification of maim
prechucts from the electrochemical oxidation of Fentanyl derivatives, Chemical derivatization
provides proof of the chemical reactivity of Tunctional groaps in oxidation products and serves
for the chemical conversion of larget compounds into the second senes of denvatives o confirm
the identification of particular products, Using the direct GC-ME analysis of oxidation products,
derivatization of aldehydes with cysteamine and derivatization of amides by acidic hydrolysis
and  subsequent  reaction  with  ethvlchloroformiate,  phenvlacetaldelyde,  and  N-
phenylpropanamide were unambigously identified as oxadation products from fentanyl,
thisphen-2-vlcetaldebvde,  and  Nephenylpropanamade  from  sufemtamil,  amd
phenvlacetaldehyde and 2-furanilid from furanyifentanyl,

Keywords: Fentanyl, Sufentanil, Furanylfemtany], Flecirochemical oxidation, Derivatization,
Ciax Chromatography-hMass Spectrometry

Ui

Fentanyl a jeho analogn jsou svnteticke opisidy bézné pouivané v medicing joke analgetika a
anestetika ' 8 témile litkami je spojenn mimotadng  visoki mira rizikn smriehého
predivkovin pii nelegalnim snewdivini, zpravidla v kembinact s jinymi ndvykovymi latkami 2.
Je dobie znamo, Ze rostouct znewdivani oproidi — véetng fentanylu — je v USA alarmujicim
problémem a pro vvstiing oznatent tohoto neblahého stavo se fasto pouiiva termin opicidnd
epidemic” ™. Opioidy jsou nejéastédi pfidginou amri @ predivkovini a podet smrelnich
pripadil se stile zvviuje °. Viznamny narst Gmnli @ pledivkovini (véemé prediviovini
opioidy) byl hligen v roce 2020, s nejvétéi pravdépodobnosti jake jeden = mnoha disledki
pandemie COVID=19 (et %) V Ceské republice bylo v roce 2020 hlifeno 28 dmri na
predivkovimi opioidy . Nepfieniva siluace vy2aduje mimo jiné i vivej novyeh, rychlych,
lewnyech, efektivnich a dobie dostupnyeh metod pro analyzuw téchie litek, Derivaty fentanylu je
madné analyzovat elektrochemicky. Mechanismus eletrochemické oxidace Fentanylu bl
stwdovin pii vyvogi analyiické metody pro rvchlow kvamifikaci fentanylu v roztocich pomoci
ex-situ adsorpéni vollametric **. K fedeni mechanismu reakee byla mimo jiné pougita plynovi
chromatografic s hmotnosini spektrometrii (GO-ME) Tyto experimenty byly zamdéieny na
identifikaci  hlavnich  navrehovanyeh  produkitd  clektrochemické  oxidace  fentanylu
(fenylacetaldehyd o N-fenvlpropanamid),  sufemtanile  (hiofen-2-viocetaldehvd a N-
lemwIpropanamid)y a franylfentanylu (fenvincetaldehyd a 2-feranilid) (Obr, 1), Prezentovany
prispévek je saméfen na vyurili analyvtické derivatizace cilovych latek pro potvrzeni
identifikace oxidaénich produktl pomoct GO-MS,
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Obr. 1. Struktury studovanych litek a reakéni schemata jejich elektrochemickych piemén (a) a
nasledmych derivatizaénich rekaci oxidagnich produkia (b

Experimentalni st

2 myg prslusného femtanylu {fentanvl, sufertanil, furanyifentanyl) byly rozpustany ve 2 ml
methanolw, smiseny s 2 ml 010 CHzOOONH) ve vodé a elektrolyzoviany na platinové sithové
elektrod® pii 1.1 V (ref. SCE, pomocnd Pt elekiroda v oddéleném prostom s 0, 1M NaClOu) po
dobu 30 min. Elektrolyzit (4 ml) byl ziedén 4 ml redestilované vodv a extrahovin 2 ml
ethvlocetaty v centrifigadni zkumavee. Organicka fize byla odebring do &sté vialky, obsah
ekumavky byl alkalizovin 50 ul 0,26 NaOH a extrahovin 2 ml ethylacetdin, Spojend extrakiy
hyly odpateny mirmym provdem dusiku pi 30°C do sucha.

Fiimd onalyca exidodnich produknt: Odparek byl rekonstitwovin v 1 oml  ethylacetim
a analyzovian plynovou chromatografii,

Dierivatizace aldehydi: K odparkn byl pfidin 1 ml rostoku cysteaminu (0568 g cysteamin
hydrochloridu ve 20 ml vody, alkalizovat 1M NaOH na pH 8 o doplnit do 25 ml), smés byla
promichana (5 min} a inkubovina pit lnboratorni teplatd 1 hod, Denvity byly extrahovany 2 ml
ethvlacetitn a analvzoviny,
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Dgrivatizace omidhi; Odparek byl roepusién v 1 ml 16 HCLa hydrolyeovan 1 hod pii 80°C, Po
ochlazeni byl roztok neutralizovin 1M NaOH, byvlo pidine 25wl methyl- nebo
ethylchlorformidtu a 1 ml 1M NazCOs, roztok byl inkubovin 300 mim pi laboratomni teploté,
extrahovan 2 ml etlivlacetitu a extraki byl amalyzovin.

Analyza byla provedena na plynovém  chromatogratu Agilent TE90A s hmotnostnim
spektrometrem Agilent 5975C (Agilent Technelogies. Palo Alto, USA) s nepolami kapilimi
koblonow HP=5ms= (M) m x (,b25 mm x 0,25 pm), heliem jake nosnym plynem (.9 ml'min) &
teplotnim programem 30°C — 2 min — 10°Clhmin — 300°C — 13 min. Ddvkovan byl 1 pl vzorku
% ddvkovacim pulsem 200 kPa, 0,3 min,

Visledky a diskuse

Pro spolehlivou identifikaci oxidadénich produktd a jeji potvrzeni byly powkity dvé zikladni
strtegie. Prmi, piimodary postup byl zalofen no piimé analvze oxidaénich produbti po
Jednoduche  extraked 2 elekirolvzovandhe  vzorku  (Obr,  2ab),  porovndni  ziskanych
hmotnostich spekter s databizi a porovnani ziskanvch spekier a retenénich Cast = udaj
ziskanymi analyzou autemtickych standardid cilovyeh Litek. Po elekirolyze je viak ve veorku
stile piitommo vyenamné moodstvi fentanylu a dalfich oxidabnich produkii a nelze zocla
wyloudit, Ze tepelnd degradace tbchto litek v ndstiikovém prostoru plynovéhoe chromatografu
nemicze vést ke veniku stemyvch produkti jake elektrolyza, Pro prokizdni pfitommosti
detegovanyeh exidaénich produkin ve veorke jedtd pred GO-MS analyzou byvln provedena
dertvatizoce kierd zde slouZi jako nastrop kealitativoi analvey (1) prokiazinim chemicke
reaklivity prishene funkini skupmy a (i) prevedenim cilovich litek na druhow fadu derivand,
Kleré jaou naslednd idemifikoviny. Pro chemickou pieména prsluiného aldehydu byla pouiita
Jednoduchi reakee s cvsteaminem vedouct ke veniku odpovidajicihe substiteovanche 1,3-
thinzolidinu (Obr.  Zc¢). WV phipadé  substituovaného  amidu byln  pouzita  dvoukrokovd
dertvatizace vvuzivagici kyselé hvdrolyzy a nasledné derivatizace uvolngného amiline methyl-
nebo ethylehloformiatem za veniko odpovidajicicho methyl- nebo ethvl N-fenylkarbamatu
(Obr, 2d), Viechny provedend expenimenty ok poskyviugi datn polvrzujici  piitommost
fenvlacetaldelvdu a N-fenylpropanamidu ve vzorku elektrolyzity fertanylu, Experimenty
provedend se sufentanilem a furanylfentanylem potvezugi, 2e elektrochemickouw exidaci t2chto
latek venikd vedle jid zminovaného fenylacetaldehvdu a N-fenylpropanamidu jedid analogicky
thiofen-2-viacetaldelyd a 2-Turanilid.

Lavir

Analyticka derivatizace a plynovi chromatografie s hainotnostog spekirometrii s¢ osvédiily jako
vhodng nistroje pro sdentifikoed oxidaénich produkii o fefeni reakiniho  mechanizmue
elektrochemicke oxidace femtanyli a dalsich opicdidic Provedend experimenty  potvedily
plitomnost Fenylacetaldehydu a N-fenylpropanamidu v rostoku po elektrochemicks oxidaci
Femtanylw. W péipade sufentanilu byl jako odpovidajici aldehydicky produkt prokazan thiofen-
I-ylacetaldehyd a v pfipadé furanyifentanviu byl jako amidicky produkt prokizin zccla
analogicky 2-furanilid.
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vidajici pfimé analvze oxidadnich produkid

Obr, 2. Chromatogramy a hmotnostni spekira odpo
fentanylu (ab). derivatizaci fenylacetaldehydu cysteaminem {c) a hyvdrolyze a derivatizaci N-

feny Ipropanamidu (d).

Avknowled gments
Thiz research has been supported by the Czech Science Foundation (project No, 20-073308)

and by the Palacky University Olomouc (project No. IGA PrF 2023 027).

24



Heferences

1.
2.

ta b L

. Maotional  Institute on Dmg

Kok 1., Lejéko 1, Viba L: Opioidy. Maxdorf, Praha 2021,
Shoff E.N,, Zaney M.E,, Kahl LH., Hime G.W,, Boland D.M.: J. Anal, Toxicol, 47, 484
(2017,

. Nelson LS., Juurlink D.N., Perrone J.: JAMA 774, 1453 (2015).

Lucyk 8.N.. Melson L.8.: Ann. Emerg. Med. &5, 21 {2017).
Abuse:  Drug  Owverdose  Death  Rates.
ls eslaal pslics oy : s D loaded

March 3™ 2023,

5

. Ciccarone I: Curr. Opin, Psvehiatry, 34, 344 (2021),
. Mraviik V., Chromynovi P Grohmamova K., Janikova B, Rous 7., Grolmusova L.,

Frnkevi E.. Nechanski B.: Zpriva o problematickém weivini psychoakinmich 1éki v
Ceské republice 2021, Urad viidy Ceské Republiky. Praha 2021

. Jerga R Stelbovi D, Fajncovia Cechova M., Bartik P, Skopalova J.- Elektrochemicka

oxidace a voltametrické stanoveni fentanylh, 73, Zjazd chemikov, Homy Smokovec,
Slovenska republika, &, - 10, % 2021, Shomik prspévki. Chem#i 171 (20213 174,

. Jerga R., Bartak P., Skopalova 1@ Volammetric Determination of Femtanyl and its

Analogues. XL, Modemi clektrochemické metody. Jetfichovice, Ceska republika, 8.-12. 11
2021. Shornik prednddek, sir. 108-111.

25



Determination of Surfactants Using Patentiometric Titration
(Stanoveni povechovi aktivaich latek pomoci pofenciometricke titrace)

Michaela Birtova and Tomdd Mikyvsek
University of Pardubice, Faculty of Chemical Technology, Department of Analytical
Chemistry, Studentska 573, 53210 Pardubice, Crech Republic,
E-muail: michaslobartovaid student. upee.cx

Ahstract

Thiz comtribution is focusad on the use of polentiometnc titration for the determination of
antonic surfactants. For this purpose ion-selective electrode of carbon paste type was used.
Carbon paste consisted of graphite powder and o-nitrophenyvioctylether as a pasting liguid
where ion pairs formed during potentiometric titration were extracted. The electrode was tested
for the determmation of anienie surfactants in commercinl samples. Performed experiments
alse include a comparison of manual and amtomatic ttration,

Kevwords: Potemtiometric fitration, Surfsctants, Carhon paste electrode, Coated-wire
clectrode.

Twod

Princip polenciometricke titrace tenzidi je zalozen na tvorbe omtovvch parl, Takoveéts pary
venkaji mezi titraénim émidlem obsahujici lipofilni aniont nebo kationt a analyzovanou
ldtkou, kierd obsahuge lipofilni k titrantu opaing nabily djonl. 2 divodu nizke rozpusinosti
iontovyeh asociatll ve vods je lze v roztoku nalézt v podobe sea2enin ' Samotny priibeh mefend
pak spodivd v zdenamu zmény napati mémého chnku ponofenhe do sledovaného roxtoku, a
to v zdvislosti na phidavku titrantu, z &chod je modné ndslednd stanovit koncentraci daného
analyiu 2,

Z hlediska elekirod jsou pro potenciometnicks titnwe  povechové aktivoich latek Sasto
poativand jontové selektivii elektrody (ISE)} s kapalinoveu & polymerni membrinou,
Prikladem [ISE s kapalinovou membranow mitze byt uhlikovid pastova elekiroda (CPE)
a v piipade [SE s polymemi membrinou se mike jednat o coated-wire elektrodu (CWE) %,
Lajednn 2 vwhod téchio elekirod e pokladat to, e jsou pouZitelné pro stanoveni viech typi
tenzidii. Tento faki je moiny diky piidavkuo plastifikitorn do polymerni membrany & uhlikové
pasty {Juko kapalné pojive wviz nifge), do néhof jsou djontové parv. tvefend béhem
titrace, souduné extrahoviny *. Daldi vohodow je i jejich snadna priprava, Klerow lze provést v
Iaboratofi. Coated-wire elekirody json konstruoviny @ vodivého materiile (napf, hlinikovy
dran), ktery mid na konci polyvmerni membrinn obsahujici plastifikitor =%, Podminkou volliy
vidiviho materidlu je inernost vodide vidi analviu a daléim litkim v méfeném roztoku '
WV oporovndni & uhlikowymi pastovyimi elekirodami vwkazngi coated-wire elekirody poimdme
vysoky ohmicky adpor. CPE json tvofeny smési uhlikového prigko a kapalného pojiva, které
Jsou spoleéné vymichdny do pasty *. Jake kapalné pojivo lze vitomto piipads volit piimo
plastifikitor %, Altemativou k témto jednodute zhotovitelnym elektrodim jsou na rhu
dostupne elektrody (napf. od Metrohm, Mettler Toledo, aj. ) které jsou primo uréensd pro titrace
tenzicii,

Kromé polenciometrické titrace [ze pro stanoveni tenzidd vvuzit | klasiltejsi a ditve hojne
vyigtivanou titracnl metodw, kierou je tzv. dvoufizovi titrace. Tento typ titrace se aplikuje
vilwadng pro ve vodd rozpusing amiontové povrchovd aktived Biky, kieré jsou tiroviny
odmémym roztokem kationtového tenzidu, Titrnce probihi ve vodném prostiedi za Odasti
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smasneho indikitory a organického rozpoustédla (chloroform), ve Klerém je titraei venikla
hvdrofobai sdl rozpusing, Ta je misledng behem titrace extrahovina do organické faze. Bod
ckvivalence je din barvenym pfechedem wybraného indikatory rozpasteného v orgamické
ety 13 )

VISIVE

Mezi daldi analyvtické metody, Kerimi je modné stanovit tenzidy patfi napé. metody
chromatograficke, kam lze zatadit tenkovrstvou, kapalinoveu a plynoves chromatografii.
Taktér zde nabézagi wplaindni i dal3i elekirochemicke metody, jako polarografie, voltametrie
nebo piima potenciometrie ' 9, Ddle jsou vwuditelné i metody jako ultrafialova spektroskopie,
infracervens, hmotnosing a nukledrmi magneticka rezenanini spektrometrie, Tyio metody jsou
spite vhodné pro identifikaci, respektive pro charakierizaci chemické strubtury tenzidi ',

Tenzidy jsou, @ pohledu toxicity. méné a@ mimé toxické latky. ale na drubou stranu jsou
drizdivé a pro orgamismy Skodlivé, Nékieré 2 nich {napf. sulfokyselny) lze pokladat dokonce
za 2iraviny, Piiklsdem takové litky je dodecylbenzensulfonovi kyvseling, kierd se svaji silow
viroviiva Kyseling sirové "%,V pfirods mohow tenzidy sloudit néklersm mikroorganismiim
{predeviim baktériim) jako zdroj ubliku, a 7 toho ddvodu jsou jimi rozkladdmy ™ " Tato
tzv. biodegradace probiki ve dvoun Faeich. V prvni fizi jzou tenzidy metabolizoviny na litky
povechowvd jid neaktivel a vié druhé jsou néslednd rozlodeny ad na zakladni anorganické
substance, jakimi jsou napf. oxid uhlicity, vodo, sicany & dusiénany %, Pritbéh biodegradace
Je odlizny pro meme typy povrehové aktiviich lalek, jelikod zavisi zejména na charaklery
Trvdrofobmich skupin obsagenyeh v jejich strukturich ',

Temto pispivek pojedndva o prakiickém vywriti potenciometricke fitrace ke stanoveni
aniontovyeh tenzidid obsazenych v redlndch veorcich. Mimo jiné jsou zde porovndviny dva
zpilizoby provedeni titrace: i) manuilni, a ii) pomoci amomatického titritomn.

Experimentilni Sist

Mémy Clanek pro polenciometnckou titraen byl tvofen mdikaémi CPE a relerentni
chloridostiibmon (Ag | AgC1] 30 KCI) elekiredon, Uhlikovd pasia byla piipravena smisenim
a0 mg grafitového prasku (CR-3) a 400 mg pastové kapaliny, klerou zde predstavoval
a-nitrofenylokivléter. Pomoci prenosného pH metru CPH 52 (Eleca, Turnov) bylo sledoving
napéti Elanku. V piripadé manuilni tirace byla pouiita klasicka sklenéna byreta o objemu 10 ml.
automaticka titrace byla providéna na titritom Ovion 960 {Boston, USA). Vetkeré chemikdlic
{p. ) vyima wvedenych realmech veorki, byly pofizeny od finmy Sigma Aldrich (Steinheim,
MNemecko)., K pripravé roetobal a méfeni byla poukita vidy deiomizovang voda, Jako titeaini
cimidln byly pouzity 0,01 M chlond hexadecylpyridimia (CPC) o 00095 M tegotrant, jejichZ
koncentrace  byvla  stanovena  standardizaci 00093 M tetrafenylboritanu  sodného
standardizovaného 0,01 M roztokem  dusiénanu  thalného. Vzorky SYNTAPRON O
a SYNTAPON EH byly poskyinuty spoleénosti EMASPOL as. (Teplice, Ceakd republika). Pro
plipravu jejich riedénydch roztoki (250 ml) byla pouiita navidka 0.5 g veorkw Veorck
prostiediu na myti nidobi W5 byl zakoupen od firmy Lid] Ceski republika v.o.s. (Praha, Ceska
republika). Roxtok tohoto veorku (250 ml)y byl plipraven & navadky 1.0 g veorku. K vlastnimu
stanoveni pak bylo vidy pipetovanas 10 ml prisludného roztokn veorku,

Wsledky o diskuse

Ke stanoveni tenzidil je v praxi stdle hojné vyulivina, vWie uvedend dvoufizova titrace, aviak
i th md avé limity, a to pledeviim pfi stanovend aniontovych tenzidd = kratdim alkylovym
fetezcem. Fiohoto divodu jsme se zadali touto problematikou zabyvat ve snaze najit Fedend
pomoci potenciometrické titrace s vyuwkitim iontove selektivnich clektrod. 1 kdyE lze pomoci
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uvedend paetenciometricke titrace stanovit viechny typy tenzidi, lente piigpévek je vénovin
powze stanoveni vybranych aniontovich  teneidi. K dispozic jsme méli dva veorky
anonaktiviich tenzidd (SYNTAPON O a SYNTAPON EH), které byly manudlng tiroviny
roztokem tegotranty (kationtovy tenzidy, Zde je nutné podetknout, Ze pfi potenciometrické
titraci hraje roli vy2ka a strmost napéfového skoku. Vyika napéfového $oku je, mimo jing,
ovlivnéna deélkon alkylevého Fetézee aniontového tenzidu, 2 tohoto ditvvodu byly oba veorky
titroviny tegotrantem, ktery poskytuje vyl napétovy skok ne# napf. CPC. Prvni 2 nich,
SYNTAPON 0, predstavoval vodny roztok alkylsulfatn sedného o molekulove hmotnosti
234 g/mol, ktery obsahoval & uhliki vuhlovedikovém fetéeci. Drubym veorkem byl
SYNTAPON EH. co2 je vodny roziok 2-ethylhexylsulfi sodného o molekulové hmotnosti
232 g/mol, Pribéh potenciometricke titrace tohoto vzorku je mazomén na obr, 1, kde je patrng,
Ze prvni titrace je odlisnd, cof mime jiné plati i u titeaci dalfich vzerki. Tento faki je din tim,
e pii prwni titraci jeRE peni anionaktivid sloZka vzorku dostateiné extrahovand do
o-nitrofenyloktyléten, a wdi# pro presnéjéi vyhodnoceni visledkn je nutné titraci opakovat.
Vsledky stanoveni (uvedené jako primémeé hodnoty i opakovanych méfeni) jsou uvedeny
v Tabulce I

(@)
=]
)

0 1 2 a 4 ] ] b
WV [mi]

Obr. 1. Polenciometricke ttraéni kitvky a) 1. méfend, b) 2. mébeni, ) 2. méfeni Fedéného
vzorku SYNTAPON EH titrovanéheo 0,0095 M roztokem tegotrantu. Mémd elektroda: CPE.

Tabulka 1
Vysledky stanoveni aniontovveh tenzidil v redlnych vzoreich,
Vzorek ek larovino [%a] Malezeno [%o]
SYNTAPOMN O 4041 433+1.4
SYNTAPON EH A1 43,6
ws 15-30 2.5
Wk 15-30 M8=+1

Stanoveni provedena pomoci * mameilni titrace, " automatickeho titratoru.

Potenciometrick titrace tenzidd ma, kromé uvedenych wwhod, i své nevyhody. Jednou z nich
Jekvalitativai popis stanovovancho tenzidu. Je modne bez obtiF rozlist mezi jednotlivymi tvpy
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tenzidi, aviak pokud neni znama piesnd struktura, lze vysledek stanovent uvést pouze jako
ebvivalent endmého tenzidu (napr. dodecylsirmnu sodnéhod, coz byl prave prpad daliiho
shoumaného veorkw, ktervm byl prostiedek na mvti nddobi W3 od firmy Lidl Ceskd republika
v, Sde jsme rovend? olestovali moknost vywZitl antomatického titratoru, klery jo v pragi hojng
vyuZivin. Pro tyto titrece byl poudit odmérmy roztok kationtového tenzidu CPC. Pritbéhy obou
titraci json zndzomény na obrizeich 2 a 3. £ visledki obou typi titraci. uvedenyeh v tabulce 1
lre konstatovat, #o¢ oba provedend zphsoby poskytuji témér totogne vwsledky a take, 7o obsah
amiontovych tenzidd se nachizi v roemeri deklarovaného mnokstvi. Vihodow  powriti
mlomatickeho ltrator je zejména Gaovi dspor, jeliko? pedna titrsce trvd piblizng 10 minut
wietnd  vybodnoceni bodu ckvivalence. Takiér lze timio zplscbem  piedejit chybém
spiisobenych lidskym faktorem, 2 téchto divvodd sutomaticka titrmes naléza v praxi mnohem
vEET vyuziti ne? klasicks manudlni titrace.
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Ober, 2. Potenciometricke titraéni kftvky ) 1. méfeni. b) 2. méfeni, ¢) 3. méfeni fedénsho
veorku W titrovaného 0,00 M roztokem CPC. Méma elektrodn; CPE, Zpisob provedeni:
manuilni titrnze,
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e [
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e

e
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Ohbr. 3. Potenciometricke tiraéni kivvky o) 1. méreni, b} 2. méfeni, ¢ 3. méfeni fedéncho
veorky W titrovaného 0,00 M roztokem CPC. Méma elektrodn; CPE, Zpiisob provedeni:
antomatickd titrace,
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Lavir

Mizeme tedy kenstatovat, ke pomoci pedenciometricke titrace se dspding podafilo stanovit
obsah anionakiiviich slozek veorkit SYNTAPON Oa SYNTAPON EH v deklaroviném
rogmesd stejnd, jako se podafilo u veorku W3, F tohoto divodu lze usuzovat, #e tuto metodu
Je madné spolehlivé aplikovat i na redlné veorky. V neposledni fadé bychom riadi podékovali
finné Enaspol as. za poskyinuté veorky.
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Determination of Sis Antihistamines by HPLOC-ECT Emploving Bare and Modified
Carbon Fiber Microclectrode

Feviab Belbasi *, Jan Hrbad ", and David Jrovaky
Palacky University. Faculty of Science. Depariment of Analvtical Chemistry,
17 listopadu 12, 771 46 Olomoue, Crech Republic, E-mail: zeynab belbasid limupol.cz
* Masarvk University, Faculty of Science, Depariment of Chemistry, Kamenice 5,
625 () Brmo, Czech Republic

Adstrmet

Wi used a spark-modified carbon fiber microelectrode (CFME]. coated with a nanostructured
nickel laver, and placed it i a flow-through detection cell for the simultaneous isocratic HPLC
analysis of six piperazine antihistamines. Compared to the bare {carbon-moditied) CFME. the
nickel-coated ¢lectrode had o better affinity towards the studied drugs. resulting in a higher
current response as well as better LODs and LOOs, as confirmed alzo by amperometry and
evelic voltammetry (CV)

Keywords: HPLC, clectrochemical detection, amperometry, microclectrode, antihistamines,
apark-discharge, metallic layers.

Intreduction

HPLC with electrochemical detection (HIPLC-ED) is o techmique that has become popular
mainly due to iz high sensitivity towards substances that easily underge oxidation or
reduction ' Although HPFLC-ED is well applicable to a wide range of hiologically active
substances, one of its general limitations is that many mmportant substances do not readily
undergo clectrochemical conversion at the working electrode to provide an analytically usetul
signal. Cne appranch may be to use working electrodes made from les= conventional materials
(such as BDD), providing a wider usable potential range, or to use a specific modification of
comventional working electrodes that promote the conversion of analvies and this improve the
analvtical response %,

W used spark-modified, nanostructured-nickel-coated CFME a8 a sensitive detection sensor
in the developed HPLC method for the determination of buclizing (BCE), meclizine (MCE )
cetinzine (CTE), Munarizine (FLE), eyelizine (CF) and chlorocyclizine (CCE) antihistamine
drugs commeonly used m the treatment of a wide range of allergies. We focused on substances
comlaining a piperazine ring in their melecule, The structural formulae of the selected analyvies
including diclofenae used as the intermal standard can be seenin Fig, 1.
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Fig. 1. Structures of selected pperazine antihestammes: Buclizne (BCZ), Meclizine (MCZ),

Cyelmine (CZ), Chlorocychizne (CCI), Cetinzme (CTI), Flunanzne (FLE), Diclofenac (DF)
— miternal standand

Experimental

The standards of antthigamine drugs (buclizine, meclizine, cetinzine, flunanzine, cyclizine,
and chlorocyclizine) and diclofenac were purchased from Sigma Solutions of analytes were
prepared by dissolution and dilubing of antihistamine drugs i methanol and water. For the
maobile phase preparation, sedium dibpdrogen phosphate monchydrate (TraceSsalect punty’
purchased from Flaka (Fluka A, Buchs, Switzerland) was used. Methanol (Merck, Darmstadt,
Germany) was of gradient grade punty The microelectrode febrication was described in
previcus works +° Electrochemical measurements were performed using a nanoampere
electrochemical workstation (L-Chem, Czech Republic, hitp.fwww lchem ez Leak-Free
AgihpCl Reference electrode was used as a reference electrode Platinum wire served as an
awciliary electrode

The HFLC systemn consisted of an ESA isocratic pump (Model 522) and & Rheodyne manueal

inyector equipped with a 20 pL loop A Coulochem OI potentiostat (ESA Ine., Chelmsford, B4,
U34) opeating in a three-electrode amangement was coupled with a selfdesigned
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amperometng Oow cell [4] squipped with o CFME. Belore the mmpector, an ESA guard cell
(Moxdel 50200 was placed. The samples were introduced into the system using glass inpection
symnges (Hamilton, Bene, NV, USA). HPLC separations were perfocmed using a reversaed-
phase ARION-CN 3 pm column, 150 = 2.1 mm LD, The mobile phase consisted of 50 mM-
MaH:zPOu (pH 3 MeDH (45/55, wiv) and was filtered and degassed before use, The flow rate
was 015 mL min’,

Results and Discusson

All the analvtes studied are oxidized only at relatively ligh positive potentials as they lack any
of the typically casy-to-oxadize functional group. In the case of bare (unmodified) CFME as a
wirking alectrodde, the background electrolyte starts to decompose in the upper potential region
and the analytical response deteriorates sigmficantly.
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Fig. 2. Hydrodymamie voltammograms of selected dosgs.

In comtrast, spark-discharge MWi-modified CFME provided nicely defined hydrodynanme
voltammograms that allowed substances of interest 1o be detected even at high working
potentials (see Fig. 2).

The modified CFME was then emploved as an amperometric detection sansor in the developed
HPLC fior the separation of six antihistamine dmgs including an 1.5, (Fig. 3).

A comparative HPLC experitent was carfied out wing a bare CFME in an identical
arrangement. For both detection svatems, calibrations were perfocmed and limits of
detection'quantification were caleulated, The defection svstem using the nickel-modified
CFME offered better signal stability, higher sensitivity (steeper calibration slopes), and lower
LDs and LOCs compared fo the unmodified CFME, To verify that the preparad electrode
modification is stable and provides reproducible results, a stalality study wes also performed
for the HPLC-ED method under final expenmental conditions.
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Fig. 3 HFLC-ED separation of the selected antilistarmine drugs with Mi-modified CFME as a
waorking electrode, Concentration: 7.10° mal 1.7 each analyte, E =+1500 mV (v Ag/agCl),

Conclusions

We have successfully applied the modified CFME as a working detection electrode for an
isocratic HPLC-ED determination of six common antilistamines. The CFME was modified
using the spark-discharge method deseribed previously * Using this technigque, the fiber
electrodde was coated with a nanostructured layer of nickel, which contnibutes to improving the
analytical proparties of the sensor and achieving lower limits of detection and quanti fication
when used as an amperometric sensor after previons HPLC separation of piperazine
antthistamines.
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The stability, Temperature Dependency, and Reprodocibility of Tlon-Selective Electrode
Ruesponse
(Studinm stability, teplotnich zavislosti a reprodubovatelnosti adesyy iontovic
seleltivaich elekirod )

Anna Béhitova, Jan Krejdi. Radka Kuberovi, and Martin Klusidck
BVT Technologies, 1.5, Strizek 2086, 592 53, Strazek. Czech Republic, E-mail: infoiabvt.cz

Ahstruct
The article analyses the influence of temperature on jon=selective electrode measurements and
their operational stability.

Keywords: lon-selective electrode. ISE. Temperature stability, Operational stability.

Uvind

Teome iontove selektivnich elekarod (I8E) zadala v roce 1937 analyzou sklenéné pH elekirody !
Prakticka teorie 1SE zatala v sedesatveh letech °, Dnes se pouzivaji v kKlasickém uspoiadini
nebo jako aktivii sondast 18Fet *. Clinek se zabyva Klasickymi 1SE a analvzuje jejich tepelné
vlastnoati a provozni siabilitu.

Rlasicke elekirody se hézng powzivaji ponofenim do testovaného analyzovaného veorku, Tento
krok vklada vyenamny viiv na hdského operitora a jeho dovednosti, Proto méfeni probihalo v
plné amtomatizovandm reXimu bez jakéhokoli viiva lidské obsluby s vigmmbkou spusténi méfeni

Experimentilni Shst
Pti méfeni byly powkity &ty typy tradiénich ISE o priméru 12 min: K-ISE, Ca-ISE a Na-ISE
{Monokrystalv, Tumov) a CLISE elektroda {TMS., méfici svstémy, Tumov) ve spojeni
s referendéni Ag'AgCl pelovou elektrodou (ED, Tumov)., Elekirody byly pfipojeny k 15t
kanalovému  polenciostatu (Monokrystaly, Tumov) = PC s méficim  programem  logper
(veorkovini po 0,3 5),

17 kakdé ISE bvla prom&fena stabilita kalibradni kitvky pii 5, 15, 25 a 35 °C. Méteni pii jedné
teploté probihale kontinudlng v #-10 opakovanych sekvencich (v celkové délee asi 6-T hod.
EalibraZni roxtoky a promyvaci roztok {objem 50 ml) byly upevnény ve speciilni temperované
desce piipojend k pritokovému termostatu Julabo a MLW, Po kondicionaci a upevnéni 15E do
pohyblivého ramene iz méfeni probibale zeeln suomaticky bez zasabu obshehy na pristrogi
Amtosamper Spectro (kompletni prestavba BYT Technologies)

Popis méficikho algoritmn:

Na podiatkn méfeni byla dvojice 1SE a referentnd Ag/AgCl eleliredy 15 min promyvana
v kadince s destilovanou vodou (piived a odved kapaliny zajidtén peristaltickym Gerpadlem).
Poté byvla dvojice ISE s referenini elekirodou piesunuta na 5 min do kidinky s destilovanou
vodow, aby dodlo k ustaleni odezvy po predchozim promefvani. Nislednd probihalo méfeni po
dobu 3 min postupné v péti kalibraénich rostocich od nejméné (107° mol1) nE k nejvice
koncentrovanému roztoku (1070 mol/), Kéicimi se vidy o jednu koncentracni dekadw. PR
presunech do daliihe kalibraénihe roctoke byla dvejice 15E o referenéni elektrody ponofena
vidy do tev, | predkalibratnilo roztoku®, aby se minimalizovala chivba méfeni. Na Konei méteni
celé jedné sekvence (kalibradni kiivioy') byla dvojice ISE a referenind elektrody promyvina po
dobu 15 min a celé méfend se 8- 10krit zopakowvalo,
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FPouiteé chemikalie:

Pro piiprave kalibragnich roztokil (v koncentraci 107 — 107 mol1) v destilované vodé pro CI,
K. Na, Ca-ISE byl poudit KCl p.a, (Penta), NaCl p.a, (Penta), CalNOsjn 4 HzOr (P-lab, Reoth).
Pro tpravu pH kalibratnich roziokid pro Na-18E byl powkit ethanolamin p.a. (Penta) a kvselina
octovi ledovd, p.a (Sigma-Addrich). Iontovi sila nebwla u kalibradnich roztokil upravena.

Vyshedky a diskuse
Byla provedena méfeni Cl, K, Na, Ca<ISE elekirod, Obrizky ukazuji tvpicke chovini elekirod,

Obr, 1, Obr, 2 a Obr, 3 miZe ukazugi pitklad typickych zdvishosti smémic kalibrainich kfivek
riznych ISE na teploté.
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Obr. 1. Zavislost smérmice kalibratni kfivky Ca-ISE na teploid.
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Obr. 2. Zdwislost smamice Kalibracni kitvky K-ISE a Na-TISE na teploe,
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Ohbr, 3. Zavislost smémice kalibragni kiivky CLISE na teplog,
Napéti ISE elektrody je uwréeno Nermstovon roviicd (1)
r = B =80 (%) = AT g
E=E=n {u] 2,303 55 log [“] I

Kde @ je soulin daliich aktivit, kieré se podileji na wyivdfeni méfeného potencidlu
a kterd se musd minimdlnd mdénit.

Provedeny rozbor uknzuje, 2o pro dosazeni rozlizent aklivit cea 1 % je muatné méfeni polenciile
s rozlisenim 392 uV. Mafeni potencidlu s timto rozlifenim je jiz ovlivikne konstrukénim
uspoiadanim elekirody.

Meéfeni je ovlivieine i dalimi elekirochemickymi jevy, napf, Dommanovou reviovihon na [SE
membring, mechanismem pohyblivest wonth a jeho teplotni zavislosti.

£ Memstovy rovmice vyphivd, fe zivislost smérnice kalibraéni kfiviy na teploté je linedmi
i

= hodnotoy =— |, Tak se chovaln pouze Co-15E {Obr. 1) (smémice (,1916; korelace 0,9973)
Pro CI-ISE {Obr. 3) a K-ISE (Obr, 2} je zivislost Konkivni a pro Na-ISE je konvexni (Obr, 2),
Popsmane chovand neni zplsobeno referenint Ag/AgCl elektrodou, Klerd byvla stepnd ve viech
miétenich. MNejpravdépodobnéjdi vysvitleni je vliv iontové sily. Donnanova potenciilu nebao
aloditdjAl teplotni zivislosti polyblivosti fontd v membrans. Vv mize mit teplotni hystereze
&1 nedostateénd stabilizace elektrody pred méfenim.

Hodnota smémic kalibroénich kitvek v viech ébvi typi [SE roste s teplotou, aviak stabilita
signilu s rostoust teploton klesh (ak lze ofebavat) Nejlepii casovou stabilin vykazuje
Ca-ISE (Obr, 4) a naopak nejvétii fasovon nestabilite wwkamje K-ISE (Obr, 3)
Napt. u K=ISE je pii 35 °C pokles smémice kalibraini kivvky 25 % za 6 hodin kontmudlnibe
meteni. ISE elektrody vykazagi hysterezi — prond médeni je odlisné a zivisi na predchozim
mieni uchovivini a kondicionaci elekirody.
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Obr. 4. Stahilita  smémice  kalibraéni  kfivky  Ca-ISE  pii kontinuilnim — méfeni
pifi teplotich 3, 15, 25 a 35 °C.
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Obr. 5 Stabilita  =mémice  kalibraéni  kfivky  K-18E  pii kontinudlnim  méfend
pii teplotich 3, 15, 25 a 35 °C.

Livir

18E elektrody jzou pruktickym analyticksm nastrojem. Vesledek méfeni viak mize byt
ovlivien teplotni zavislosti kalibracod kiivky, Klerd mize byt nelineami (1), neni splnéna
Nermstova rovnice) a Gasové nestabilind, Nejw@il Casowvd nestabilita byla zjisténa u K-18E
(zména zmernic 4 % za hod pii 35 °C a 1 %0 za hod pii 25 °C). Naopak nejvatdi Casovou stabilit
vykazovala Ca-I15E elektroda (0.2 %6 za hod pii 35 °C a 0,4 % za hod piti 25 7C).
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Study of the Vidtammetric Behaviowr of 7-hyd rosycholesterol on Boren-daoped
Diamond Electrode
(Studivm soltametrického chavan 7E-hydrosycholesterolo na elektrodé 2 borem
dopavandlo diamamntu)
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Labormtory of Envirommental Electrochemistry, Albertov 6, 128 00 Praguee 2,
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Ahbstract

The electrochemical behavier of 7i-hydroxyvcholesternl was studied using cvelic and
dilferential pulse voltommetry on a boron-doped diamond electrode in the media of acetonitrile
— perchlorie acid (water content 1 %), In this media, the studied substance {or its dehydration
products) undergoes electrochemical oxidation and provides an irreversible anodic response at
ca HLRG WV (va, Ag/AgNO in acetonitrile). Cyelic voltammetry and spectrophoiometry were
used o study the influence of acid concentration or water content in the supporting electrolyite
to achicve optimal response.

Keywords: 70-hvdroxvcholesterol. Boron-doped diamond electrode, Onadation, Oxysterols,
Woltammetry,

Vvl

Ooysteroly jaou dileiitg Litky ovliviujicd Fadu d&jo v lidském téle. Jaou soudasti mechanisms
odbourini steralil na Eludové kyselimy, podileji se na homeostax cholesterolu, jednd se ale i o
latky Béastnici se fady patogenezi. Oeovsteroli, jako oxidovanych forem sterold, existuje celd
fadi. Jeou odvozeny predeviim od cholesterolu a ftosterold (ev. oxviyviosteroly — venikaji
zejmeéna oxidact sitosterolu & campesterolu, méné stigmasterolu a brassicasterslu), ale 182 od
jeich preburzond 7, Strukiura cholesterolu a fytosteroli je podobmi. Tvofi ji steroddni jadro,
hvdreecylovid skupina na uhliku C3 a dvojni vazha mezi uhliky C3 a C6, diky které podléhd
oxidaénim reakcim. Btgjnd tak oxidaci podléhaji dvojné vazby u Ptosterolt., pokud jzou
pl‘ilumn}'.li1\' oxidatnim reakcim miie dochdzet i na postrannim Fetdzci umisténém na whliku
C17 (ref. 1

Detekee oxvsteroll je pomémé komplikovand, zdroven viak dilefita, jelikod mohou byt
markery celé fady onemocnéni. TéE je tieba sledovar pejich veskyt v potravinach kil
negativnim viivim na lidsky organismus. Metody ulivand k detekei patii mezi pokrodilé
instrumentilnd  metody, piedeviim plvnovd chromatografie ve spojeni s hmotnostnim
detektorem powtii po separaci cholesterolu a oxysterold a ndsledné derivatizaci analyii,
a kapalinovi chromatografie s tandemovou hmotnestni spektrometrii 4. Divodem je strukiura
oxysteroli podobnd cholesterolu, ktery se ve veorcich vyskytuje spoleéné v nejméné tisickrat
vyiEsi koncentraci.

Elektrochemické metody byly dosud k detekel oxysteroli svuity okmjove Stené jako pro
ostaini steroidni sloudeniny neohsahujici sromaticky kruh neho konjugovans dvajné vaeby pro
nd plati, 2o se daji oxidoval pouze pii vysoké kladnych potencidlech v nevodmych prostfedich
i Toboto piistupu bylo vyusite pro jejich stanoveni v oxidativied modifikevandm LI (low-
density lipoprotein) cholesterolu metodon semi-mikeo HPLC wve spojeni s elektrochemickou
detekei (ECLDY na elektrodé ze skelného uhliku °. Detekes probihala v mobilni fizi slofené
z acetonitrilu eheahujiciho 50 mmol 171 LiCIOw, a viedeny potencidl +2.8 V (vs. Ag/AgCl).
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Inovativiim piistupem pro elekirochemickou detekei steroidnich slowdenin, zavedenym na
pracovisti INESCO laboratofe elektrochemie Zivoiniho prostiedi na PFF UK, je jejich aktivace
dehydrataci steroidnihe skeletu, Klerd vede k zavedend dvojivch vazeb a piipadnd daliim
struktumim  zmémim  daldi umodiujicim  néslednd  elekirochemickou oxidaci  veniklych
produkti v rdmci potencidlového okna bénych nemodifikovanych elektrod (napi. platina,
skelny uhlik. borem dopovany dismant) ' Tato jedneduchi metodn je inspiroving
Lighermann-Burchardovon  reakei  cholesterolu v prostfedi kyseliny  sirové,  oclové
a acetanhvdridu, kterd vede k jeho mizobné dehvdrataci a je zédkladem Abell-Kendallovy
kolommetrickd metody detekee cholesterolu ", Uvedeny dvoustupiiony piistup spocivajici
v dehydrataci a nasledné phimé oxidaci produkti v témie prostiedi byl dosud poudit
k voltametrické detekei primimich #luéovich kyselin véemé jejich stinoveni v sér 51, ke
stanoveni  cholesterolu v mléénych produktech ™ a ke stanoveni jeho  prekurson
T-dehydrocholesteroly  jake  markery  Smith-Lembi-Opitzova syndromu * Stodium
elekirochermické oxmdace oxyifvie)sterolll a vyvoj elekirochemickych metod zalokenvch na
uvedeném piistupu pro jejich detekel predstavige syenamnou maeznest roesitent dostupnych
amalytickvel metod, obevidEtd ve spojeni se separainimi metodami pro detekei smési téchio
analyti.

Experimentilni ¢hst

Studovanymi latkami byl T8-hvdroxveholestersl { Avanti Polar Lipuds, Alabaster, USA), Dale
byl powzit acetoniiril pro HPLC (Honeywell); kyseling chlorista 70%, fosforeind 85% (Penta,
Chrudim, CRY, sirova 96%, dusiénd 63%, chlorovodikova 33% (vie Lach—Ner, Neratovice,
CRY; chloristan sodny (Fluka) a alumina o velikosti Sstic 0,5 pm (Elektrochemicks detektory,
Turnov), Viechny chemikalie byly analytické Gistoty.

Pre voltametricka méteni byl pouzit polarogral’ Eco-Trbo se soflwarem Multielchem 3.2.0
(Eco-Trend Plus, Praha). Jako pracovii elektroda bvla pouzita elektroda 2 borem dopovansho
dimmante {BioLogic, Sevssinet-Fariset Francie) o primére disku 3 mm (8§ = 7,07 mm’),
Pomocni elekiroda byla platinova elektroda { Elektrochemické detektory, Tumov), a referentni
clektroda nevodnad elektroda die Pleskova, kterd je tvofena stfibmym dritkem ponofenym do
reeioku obsahujiciho dusiénan stiibmy o koneentraci 1107 mol 17 a chloristan sodny o
koncentraci 1 mol 1! v ncetonitrilu, Pred ka#dvm méfenim byl povrch BDD clektrody
aktivovan ledténim. b spekirofotometnickému méfeni byl pouZil spektrololometr Agilent 8453
{Agilent Technologies, Sama Clara, USA)

Visledhy a diskuze

Tit-hydroxyvcholexterol poskyiuje v prostiedi kyseliny chlorizté v acetonitrilu anodickon odezva
pii petencidlu okolo +860 mV. £a ddelem ziskini optimalni stability signalu bylo testovano
prostredi o rienych koncentracich kyseliny chlonsté v zikladnim elektrolytu {0,1; 0,05 o
001 My =znichk nejvyidi a  nejstabilngidi  odezva v pribéha 90 min  poskytupe
Ti-hydroxycholesterol v ngjménd koncentrované kyseling, TEE byvla testoving prostfedi (0,1 M
ky=elimy chlonisté = mienymi obsahy vesdy (s obsahem minimalniho mno@stvi vody, 1), 0,55 %
1 %, 5 % a 10 ") NejvviRi a nejstabilngjgi odezva v prisbéhu 90 min byvln pozorovina
voprostiedi s 1 % vody (viz Obr, 1) % piitonmosts 3% obsabin vody dochazelo béhem hodany
k postupnému ndristu piku pii cca +860 mV a ménd vyrazncho plku pii + 1230 a2 <1350 mV
v zavislosti na fase. WV prostiedi s obsabem 10 %0 vody byl pozorovin pouze pomalu narlstagici
pik pifi potencialu okolo + 1250 mV. Kromdé kyseling chloristé byl anodicky signdl pozorovin i
v jimich anorganickyeh kyvselinach — v kvseling sirové, dusiéné a fosforeing,
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Ze spektrofotometrickych méfemn 7f-hydroxycholesterolu provedenych v 0,1 M kyseling
chlonste s obsahem vody 0,55 % (Obr. 1) 1ze sowdit, 2o dehydrataéni reakes probiha bihem
prvmich piiblizng 4 mimuat, kdy byl ve spekimu pororovan pokles piku pii cca 240 nm, a zaroven
namst piku pfi cca 307 nm, Tato informace odpovida poznatk, #2 1 valtametricky signal se
viwing po 3-4 minutich, Produkt dehydratace ma lehce fialovomodron barv, narst
absorbance ve viditelné oblasti lze pozorovat pli cca 580 nm s maximem po zhruba
30 mimitach. Spekitrofotometricke méfend byvlo provedeno té# v prostfads 0,1 M kyselinye
chlorovodikove, kde byl pomorovan namst piku pfi cca 307 nm k maximu po phiblizne
30 mmtach.

Pro dalsi méfeni Tfi-hydrosgycholesterolu byla jako vhodng prostfedi zvolema 0,1 M kyselina
chlorista s obsahem | % vody. WV ni byla zmeéfena kalibradni zavislost, jeiji linedrmd dymamicky
rogsah byl v intervalu 1 aF 80 pmal 17! & vypodterny limit detekee byl 0,20 pmol 17, Dale byla
v tomito prostied] zmétena zavislost odervy na rychlost polanzace, zni vyplyva, Ze vvika
piku J; je piimo uméma edmecning z rychlost polanzace, ty. redoxm dij je Rzen difie.

az
tas
L = B —sa
. —
b Tmin
1l ——dmin
a1
{
0
5o L] 1500 £ my 20080 ] 450 B30 4 nm

Obr. 1. A) LS voltamogram TEhydrosyeholasterolu (e = 1+ 107° mel 1) v prostiedi 0,1 M
kyseliny chlonsté v acetomtrilu s obsahem vody 1 % Pracovii elektroda BDD {rychlost skenu
100 m 57" B) Absorpén spektrum TE-hyvdrosyeholestarolu (e = 1 - 107 mol 17" v prostiecdi
0,1 M kyseliny chlonisté v acetonitnilu s obsabem vody 0,55 %

2dver

Bylo ziggtEno, 2a 78-hydroxyvcholesterol poskvtuje ireverabini anodicky signdl pil cca
FRe0mY v prostiedi kyvselingy chlonisté v acetonitnly, Metodoun evklické woltametrie a
spektrofotometrie bvly nalezeny optimslni podminky, za kterveh je tenfo anodicky signsl
stabalni v fase pro proveden dalsich expenmentiy, tedy méfeni zavislostt odenay na rychlost
polanzace & prométeni kalibreémch zividost. Dalsim pledmétem studia bude studium
voltametnckého chowvani dalzich sterolil {napt. Ta-hydrosycholesterolu,
25-hydroccyeholesterodu) a  téF owvdfend modnost  soudasného  stanovend  oogysteroli
a cholesterolu

Acknowledgments
This resaarch has been supported by the Grant Agency of Charles University (project GAUK
172823), the Czech Science Foundation {project GACE 19-112685), and the Specific
University Research (53WV 260690)

41



References

1.

L ode e b2

1.
12.

Oaegui-Arrazola A, Mendndez-Carreiio M., Ansorena [, Astiasarin L: Food Chem,
Toicol. 43, 328 (2010)

. Breeska M., Szyimcevk Ko, S8xterk A. 1 Food Bci. 81, R2299 (2016).

Dzeletovie 8., Brever 0., Lund E., Diczfalusy U.: Anal. Biochem. 225, T3 (1995)

- McDonald 1. G, Smith D D, Stiles AL R, Russell DoW, AC T Lipid Res. 53, 1399 (20120

klouda I, Barek 1., Nesmérik k., Schwarzovi-Peckovi B Cnt. Rev. Anal. Chem. 47, 384
{201 7).

Matsumaga |, Hakamata H., Sadohara K, Kakiuchi K., Kusu F.: Anal, Biochem. 323, 222
{ 20408,

Benefiovi L., Klouda 1., Blahovi E.. Mesmérak K.. Kotovsky P, Niadvomikovi 1. Banak P,
Skopalova, I, Schwarzovi-Peckova K.: Food Chem. 793, 133278 {2022).

Klouda 1. Barek 1. Kofovsky P. Herl T. Matysik F-M.. Nesmérik K., Schwarzovi-
Peckova k. Electrochem, Commun. 86, 99 (2018)

Klouda 1, Benesovi L., Kotovsky P, Schwarzovi-Peckova K. Talamta 228, 122260
(2021},

CKlouda T, MNesmérik K., Kodfowsky P, Barek 1, Schwarzovd-Peckova K.

Biselectrochemistry J34, 107539 (20200
Abell L. L., Levy B. B, Brodie B. B.. Kendall F. E. 1.2 Biol. Chem. T95 357 {(1932)
Niong ., Wilson W, E., Pang I Lipids 42, 87 {2007}

42



Electrachemical Viswalization of Dactyloscopic Traces
(Elekirochemicka viewalizace dakiyloskapickych stop)

Gabricla Breneeva ®, Sira Hermechovi *, Mireslava Trehovi ®, Sarka Havlova ",
Petr Vrablic . Petr Hlavin ©, Jifi Straus *, and Michal Novatny ®
*University of Chemistry and Technology, Prague, Technicki 5. 166 28 Prague 6,
Czech Republic, E-mail: sara.hermochoviaivscht.cz
" Institwte of Physics of the Crech Academy of Sciences, Na Slovance 1999/2, 182 00
Prague 8, Czech Republic
* Criminalistics Institute Prague Police of the Czech Republic, Bartolomeajska 310012, 11000

Prague, Czech Republic

Ahstract

This sty is focused on the viswalization of fingerprints with electropalymerized poly{neutral
red) (PNR) on metal surfaces including cartridges, The polvmer film was prepared from 2 mM
MR using cvelic voltammetry in phosphate buffer with (1M KNCs on brass substrates in the
potential range —0.20-0,30 WV {vs. Ag/AgCl) at a scan rate of 30 mV &7 for 6-10 cveles. The
marphology and structure of modified surfaces with fingerprints and PNRE were studied. This
perspective way to visualize latent fingerprints with abserved details of the papillary lines could
e applied future in forensic practios.

Keywords: Fmgerprnt, Brass, Cvelic voltammetry, Polyineutral) red, Cartndge,

Vvl

Otisky prsti (OF) jsou diky své jedinednosti a stabilite velmi dilezite ve forenzni kriminalistice.
Wa podezfelych predmétech jsou Sasto nalezeny latentni OF, kieré jsou za béEného osviétleni
podstatd neviditelné 1. K tvorbé latentnich OF pfispivaii hlavné ekrinni potni #ldaey, kleré se
nachize)i prevaing na papilirnich liniich, a mazové potni Zlazy, které se vyskytuji na hlavE.
Mazovy OF je z velke Gisti tvofen volnymi mastnymi kyselinami a jejich estery. Podstainon
st OF jak mazowého, tak i ekrinmilo, tvodi voda, Klerd se milze béhem stimuti OF lehee
odpafit e praxi se setkavame pievaing s OF tvofenym obéma tamito slozkami,

Vodivé polymery (VP) se v posledni dobé zadaly vyudivat pifi vizualizaci mazovych OF
snimanych & kevovych povrehi *. Na kovowy material mitde byt VP nandgen potenciostaticky
nebo pomoci ovklické wvoltametrie (CV) %7 ¥V nadich experimentech byla poufita
polvineutralni) Gerven (PNR)7, Jedni se o polylenazinové barvivo, Kleré mide bit
elekirochemicky deponoval na riené kovové substrity *°. PNE mi kutalyvticky' dcinek o také
mohou byt naslednd méneny jeji elektrochemicke a optické viasmosti dpravou pH *%, Behem
namdfeni se PNR deponuje na kovewy subsirdl mezi papilarmd linie OF a tim venikd
1zv. negativid ohraz .

Cilem price bylo vizualizovat latenini OF na mosaznych subsiritech, jako jsou pligky
a nibojnice. pomoci tenkého filmu PMR, a tento postup oplimalizovat a charakicrizoval pro
budousi uplatnéni na vvsticlens nabomice z krimmalisticke praxe.

Esperimentalni &ist

Viechmy komercni chemikalie bylv poudity bez dalfiho Cifténd, NR, H280, KHzP(O,
NaeHPOu-12ZH:0, KNOy, aceton a etanol byvly ziskdny od spoletnosti Lachema respekaive
Lach-ner a Penta (CR). Rortok 2 mM monomeru ME byl piipraven ve fosfitovém pufi o pH 7
s L] M KENOa{oenadeném jako zdakladni elektrobvt {(ZE)).
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Pred nanesenim mazového OF byvly mosaznd plistky a ndbojnice chemicky vwlistény dle
postupl Beresforda T onamdtenim v sekvenci roztokil redestilovand voda, aceton, tepla
mydlovd voda a etanol. Poté byly subsirdty ponechdmy doachnout za laboratosnich podminek.
MNa suché substraty byl nancsen mazovy OF opdt dle Beresforda . Ruce se umyly teplou
mydlovou vodou a ponechaly volng uschnout Naslednd se pravy palec tiel o kofen nosu a &elo
z dirvodu vvtvofeni mastného Filmw, ktery byl nisledné nanesen na mosazny pligek o ndbonic
mirmym Hakem béhem 1-25,

Elekirechemicka méfeni byla providéna s potenciostatem/ galvanostatem PGSTAT-12 Autolab
(Eco-Chemie, Nizozemsko). Elektrodovy clinek byl sloden & nasycené referentni elektrody
ApApCl Pt velkoploing clektrody jako pomocné elektrody o mosaaich pligki a nibomic
Jako pracovni elekirody. Keré byly phichyeeny krokosvorkou.

Depozice PNE probihala metodou evklicke voltametnie za podminek uvedenveh v Tabule 1,
kieré byly optimalizoviny pro plisky i nabognice Po dokonceni polvmenizace byly subsiriny
oplachnuty v ZE bez monomern a ndsledne v redestilované vode a ponechdny doschnow
na vaduchu za laboratomi podminek.

Tabulka 1.
Podminky CV depozice PNE na mosazné subsirity
Crnadeni veorku 3 4 N1
Substrdt plisek plisek ndbojnice 43 ALTTO
Le NE AND AND
Polencidlové rozmezi. my JOH-550 300-550 200500
Scan mfe, mV 57 50 50 50
Potel vk [ 6 b

Substrity (objekiy) byly nasledné fotograficky sndokumentovany pomeci mobilnibe telelonu
Samsung 521 3G, stereoskopického mikroskopa Niken SMZ1500 s digitdlni zreadlovkon
Camon 11001, (Japonsko), Ddle byl pouiit skenovaci elektroneyy mikroskop (SEM) Mira 3
LMH (Tescan, CR). FTIR spektra bvla zméfena pomoct FTIR mikroskopu Nicolet iN10 MX
(Thermo Fisher Scientific, USA) opatfeny detektorem MCOT-A chlazendim dusikem.

Vyshedky a diskuse

Vhodnouw metodou pro depoeict PNE na kovoyy substrit je metoda CV, kierd nam dovolupe
sledovat a fidit tvarba venikajici polymemi vestvy, Na Obr, 1 jsou zazameniny vollamogramy
deponovand PNR na tii mosaznd ohjekty, Béhem pronibo cvklu je pozorovin katedicky pik
okole potencidlu 007 V., Tento pik se se avviujicim se podtem cvkli posouval k potencidla
0 V. Podobné pribéhy jrou pozoroviny pfi depozici PNE na rizné mosazné subsirity (plidky.
nabojnice & a bez OF). Hodnota proudu se béhem polymerizace viditelnd ménila, cod znadilo
tvorbu polymemiho filmu na mosazném substratn. £ eyklického voltamogramu je také moiné
posoudit, e OF polvmenzact filmu nebrini, noopak vrstva polymenn PNE vznika ryehlei ne
na suhstritu bez OF.

Stegnd jako pii potenciostatickém nandzeni PEDOT, které provada] Costa a spol 10 mesmala
byt tlouitka nanesené polvmerni vrstvy vetsi nek tlowitka masinoty OF, aby nedochizelo
k pievestvend OF. Tlowdtku venikajiciho filmn je moiné reguloval ropmezim potencidli
a dobou namddeni filmuw, kieri je ovlivadna podtem cyvklic
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Ohr. 1. Cyklické voltamogramy elektrochemické depozice PME na a) mosazny plifek 3 hex
OF (eda kitvka) o plisek 4 s mazovym OF (Sernd kfivka), b) mosaenou nabogmict K1 s OF 45
AUTO od firmy Sellier & Bellot (Srafovana kiivika)

Béhem poelvmerizace ME na mosaznd substeaty takeé dochazi k oxidaci mosazného povrchu, jak
je popsine v literateie 1% cor mike Zpisobit pevidjsi ukotveni veniklé polymerni vrstvy
na tomto substritu,. Ma drubow stranu bEhem optimalizace metody bvlo nutno sjemnit™
podminky polvmenzace, aby se climinovalo rozpousténi mosazi na minimum volbou w#Siho
potenciilove rozmezi. Vysledny polvmerni film byl mnohem homogenndiéi a jeho barva byla
JasnéjEi, jak je pdokumentovano na Obr, 20 Ma vizualizovaném OF na nabognici K1 {c) jsou
wyvenadeny disly nalezend markanty (detaily drubé drovng) 1-23, Nekieré z nich mohow byt
pozorevany poulym okem, napd, jizvy, ukendeni, vidlice a ofka

-
Bd aE

EROOoEE @

Ohe. 2. Mosaend substraty po naneseni PNR: a) suchy mosazny plitek 3 beze OF = nanesenym
filmem PRE: b)) vizualizovany OF na mosazném plisku 4 po naneseni PME (plifck s filmem
byl mokry, snimky pofizeny mobilnim telefonem); ¢) ndboqmice M1 (45 ALUTTOod firmy Sellier
& Bellot) s vizvalizevanym muzesym OF a phfwcenymi markonly (snimek poefizen pomoei
stereoskopického mikroskopu),

Pomoci SEM byla zjisténa morfologie polvmernd vrstvy, OF a jejich rozhrani, 2 Qbr. 3 je
riggmeé, Fo PMRE tvofi viakna o priméru asi (b5-1.5 pm. Na snimku jsou vedle viaken FMNE
pozorovany 1 #laté nanodishce., ktervmi byl veorek pied méfenim popriden x ddvodi lep&iho
nasmimani obraze a ostiejEhe prechode mea jednothvemi strekturmims motivy



Obr, 3, Snimek morfologie PNR pofizeny SEM v redinme a) sekundirnich elektroni (SE,
= argl. Secondary electrons), by zpeni odrazenych elektroni (BSE, = angl. Back-seatiered
elecirons).

Modifikovang mosaemd substraty byly charaktenzovany FTIR spektroskomi. Pomecl FTIE
mikroskope byly ziskiny spektra jak OPF, tak i deponovanyeh Esti PNE mezi papilisnimi
liniermi OF. Vysledky budou zpracoviny v dal% shadii,

Laver

Tente mévrh jednoduche metody pro vizualizact otiski prsti na zaklad® elektrochemucke
deporice PNR z neutralnihe prostfedi, kdy je mimmalizovane podkozent gencticke informace
by mohl usnadmt skenovani ofiskn prsti z nabojnic v praxi. Parametry metody viznalizace
(zakladnl elektralyt, potencidlovy rozsah, podet eyl byly postupnd optinalizoviny, dokud
nebwl otisk dostatednd viditelny, Je pfedpokladin dal% rozvo) metody a pledeviim aplikace
metody na vystieleng nabojnice, kterd json klidovym pledmétem pro kriminalistikouw praxi
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Electrochemical Propertics of Seaife Polished §1010]-oriented Single-Crystal Boron-
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Ahstract

Crystal orientations §111}, {1003, and § 110}, naturally presemt m pelyervstalline boron-doped
diamonds, are the mest stedied among single-crvstal boron-doped diamends (SC-BDD. In this
work, a comparison of the electrochemical behavior of four scaife polished § 110} -orientedSC-
BIDx deposited at a BC eatio 230 — 2000 ppm has been performed. Cyvelic voltaminetry
experiments with inner and outer sphere redox markers showed relatively fast heterogencous
clectron transfer kinetics regarding all four SC-BDID electrodes. Furthermaore, on SC-BDD
[ 110§ 200, calibration dependencies for dopamine were mensured by square-wave voltammetry
(5WV) on both, the H-terminated surface afler cathodic pre-treatment and the O-terminated
surface after anodic pre-treatment.  Additionallv, the SWYV mensurements were highly
repeatable for each concentration level, and lmmits of detection and guantilication were
calculated.

Keywords: Single-crystal. Boron-doped diamond. Crystal oriemation, Boron doping level,
Seaife diamond polishing, Dopamine

Vvl

Borem dopovany diamant (BDIY) je atraktivei elektrodovy material, kiery se v elebirochemii
pouziva o roku 1992 (ref, ) Unikdtni viasinosti zahmujici Sirokd potencidlovd okno ve
vodinych i nevodnveh prostiedich, nizké proudy pozadi, velké plrepéti kyvalibu, chemickou
stabilitu v niroénych  podminkich zahmujicich  vyvsoké teploty o proudové  hustoty,
bickompatibilitu a modnost generace hydrosylovveh radikili in site > * % 2 BDD délaji idealni
materidl pro  elektronnalize  organickych  litek, elektrochemickou  degradact  polutantt
v exdpacnich vodach, elekirosvntézn, elekirokatalyzu, ale 1 uskladnéni elekiricks energie. Navic
lze BDDY povrechy memé modilikoval a wylepsit tak jejich viasinosti pro elektroanalyticke
aplikace. Elektrochemicka odezva a dalii visstnosti konvendnich polvkrvstalicksch BDID
elektrod viak zivisi na nikolika dileZitych faktorech, jako je: i) koncentrace baoru, it) temminace
povrehu (H- v, ©-), i) obsah nediamantovilo sp*-uhliku a iv) krystalovd orientace %759,
Keré Fidi vodivost a ovliviluji heterogenni kinetiku elektronového pfenosu. Lefténim BIDD
povrchu lze také zménit jeho chemické slofeni a viastnosti, jelikod vede ke snieni obsahu
kysliku na povrchu a zrychleni kinctiky elektronového pienosu. Mechanické ledténi diamanti
spoéivi v jejich tlageni na rychle rotujici {co 2800 rpm) Zelemny kotoud za piitommosti
diamantové dri 1%,

Monokrystalické (single-crystal, SC-BDIY) BDD zatim nebvly dostatedn studoviny ani
wyvidivany jako elektrody. Mejlastdji jaou studovany krystalové orientace §111}. {100}
a § 110}, Klend se plirozend vyskytuji v polvkrystalickyeh BDD. Riené krvstalové orientace na
povrchu BODDY filmb oviivig i elektrochemickeé chovini. Porozuméni vlive krystalové orientace
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na elekirochemické chovini a daldi viastnost BDD je zapimavi moznost cilené ipravy BDD
povrchu pre elektroanalyzu specifickych orgamickyeh latek. Jednim 2 pristupd je studium
homoepitagialng  nebo  heteroepitaxidlog  pripravenyeh  SC-BDD elektrod s Konkrétni
krystalovou oriemtaci. Elektrochemickych studii SC-BDDY je mdlo kwviili vyevam v procesu
piipravy. Potichné jsou dobife definovand dinmantové monokrystaly o dostatedné velikosti. coi
se odridi na cend. ldedlné je povech SC-BDID hladky, bez (nebo = minimédlnim mnodstvim) sp*
uhliku a povrehovyeh defekti,

Votéte prici byly porovidvany dva sety Ctyi SC-BDD elekirod s krystalovou onentaci {110},
lisied se koncentraci borw (BC = 230, 300, 10040 @ 2000 ppm pi depozict v plvome faz), Prvni
sel obsahoval SC-BDD clektrody piimo po depozici BDD filmu na monokrystalicky substrat,
druhy set byl pfipraven mechanickym lefténim povrehu elektrod prvniho setu, Kencentrace
baru v SC-BIDD namétené pomoci Ramanovy spekirometrie jsou relativiné podobné, v rozsaho
ca 45007 - 75107 emi Y. Nejmengi koncentrace boru byl znenamenina u SC-BDID
110w, Cilem @0 prace byvlo zpstit, jak mechanické leiténi povrchu ovlivinuge
elekirochermcké chovani SC-BDIY a posowdit jejich vhodnost pro elekiroanalyzu dopaming
(DA

Experimentilni dhst

Svntetické monokrystalicks diamanty tvpu Ib (005 ¢, Sumitomo Electric, Hartmetall GmbH,
Crermany) vyrobené technikou vysokého tlaku a teploty byvly vylestény do krvstalové roviny
§110} pomoci mechanického lefténi popsaného v ref ', Toklo vvleiténé substrity byly
nashedng charakterizoviany pomoci XED (edehylka od roviny §110} < 4 %) a pouzity k depozici
B filmi. Stejnid technika mechanického leftdni byla powkita po provedeni viech méfeni na
SC-BDD elektroddch piimo po depozici.

BDD filmy byly deponoviny pomoci 1.5 KW MW-PECVD svstému ANS010 (Beki Diamond
Swstems, USA) ve smési obsahujici 1 % methanu ve vodiku a tnmethylboru jake zdroj boru,
Podminky depozice bylv: vwhkon T00W_ tlak 100 mbar, teplota 1000 “C, Gas 180 min a pamér
BC vplyone fizi 230, 500, 1000 a 2000 ppm, Vyzledkem fohote zplsobu depozice je
H-terminovany povech (as-deposited, Han).

Roxtoky  redoxnich markerd  powfivanych  k méfeni  ovklickych  volamogrami  byly
1 mmol dm ™ hexakvanofeleznatan  draselny. 1 mmel dm™*  hexachloroiriditan  draselmy,
1 mmol dm ™ chlorid hexaamminruthenity a1 mmal dm™ ferrocenmethanol (FebeOI)
vigchny v 1 mol dm™ chloridu draselném. Ddile byl powsit 0,1 mmol dm™ dopamin v 0,1
mol don? fosfitovem pulru (pH = 7,407 P# katodickem § anodickém pre-trestmentu pevrehi
elekirod byvla pourivina 0.5 mol dm * kyselina sirova

Standardy  pouité k pfipravé roztoki redoxnich markert citlivich k povrchu  elebirody
(hexakyanofelematan draselny, hexachlorciriditan draselny, chlorid hexaamminruthenity
a dopamin, Sigma-Aldrich) byly vysoké Cistoty. Ostatni chemikalic byly analytickd istoty:
chiorid draselny, dihydrat dihydrogenfosforeinanu sodného a kyselina sirovi {vie Lach-ner,
Meratovice, CR),

K mafeni cyklickyeh voltamogrami byl poulivin potenciostal Awtolab (Metrohm, CR)
a standardmd  tHelekirodové zapojend jednotlive SC-BDD byly powdity jako pracovnl
elektrody, argentchloridevd {Ag | AzCl| 3 mal dm™ KC1) referentnd elekiveda a platinevy drit
Jako pomoend clekiroda. SC-BORD byly béhem méfeni umistény do specidlnibo 3D-EEného
dridku ', PH pripravé fosfatového pufru byl pougivin pH metr Jenway 3510 s kombinovanou
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elekirodow, Ke kalibraci elekirody byla pouzivana tfibodovi kalibrace se standardnimi pafiy
pH = 400, 7,00 a 10,00, K &deni elekirodového povechu pied pouZitim byvla poukivina
uhrazvukowvi lizen Sonorex {Bandelin, Némecko )

Pri katodickém pre-treatmentu v prostfedi kyvseling sirové byl pouZivan konstamni prowd

20 mA, resp. proudevi hustota ca —0,5 A cm ™. Rehydrogenace probihala virdy v asovich
intervalech 1 min. Pi anodickém pre-treatmentu byl vlozen konstantni pstencial +2.4 Y po
dobu 5 min,

Visledky a diskuse

Vyledténé SC-BDD elekirody a elektrody piimo po depozici byly charakterizovany pomoci CV
experimentt) s redoxnimi markery wégEi (male citlivé k chemickym zménim na povrehu)
i vmitimi stéry {citlivé k chemick:im sméndam na povrchu). JTak bylo oéekivano, obeond markery
vigjEi sfery na veledténg povreh nereagovaly vyraend, Rowdil potenciild anodickeého
a katodického piku (ASp)u FeldeOH” "a [ BN Ha :|5|"' ™ ha wwlesténych povrsich byl prakuicky
totozny jake u Cerstvé deponovanych elekird, Pouze u SC-BDDY {11050 dodlo po vylestén
k patrmému zrvchlend kinetiky elekironoyého pfenceu (o 26 mV), viz, Tabulka T a 11, V piipads
[Tl dodlo k mimému zpomaleni kinetiky elektronového piencsu pravdépodobnd
v ditsledku ziporného niboje komplexu a Sisteéné oxidaci povrchu 8C-BDD po lefténi. Tato
clektrostatickd repulze vede ke zpomaleni kinetiky elektronového pienosu navedory povaze
mechanismu elekironového prenosu [IrCls)* ™ pres vndjéi slén,

Na drubou stranu redoxni markery wnitini sféry ([Fe(CN)s]™ a dopamin/dopamin-a-chinon,
DAV reagovaly na vyledténd povechue SC-BDND vEdl aménou AFp, resp. potencidly
anedickéhe piku DA (Epa) ned markery vidjsi sféry. 17 [1-‘.:((_"?{}(|" 7 doklo po vyledteni
k vyraznému #rychleni kinetiky elektronovéhe prenosw; nejpvyraméji u SC-BDD {110} 5w
{emengeni Al o 137 mV), pravdépodobng kvili ngjmengimu obsalu bon, zatimes u ostatnich
SC-BDD elekirod byln zaznamenina zména AR o o 40-60 mY (Tabulka I+10} V pfipadé
DA =I5 wwsledky hizi dle koncentrace boru, U meng dopovanyeh SC-DDD elekirod dodlo
ke zrvehleni kinetiky elekironového piencsu, Klerd se projevilo jak na Spa, tak na Afp,
u SC-BDD {110} 250 (pokles AFp o oo B0 mV) a {110} s (pokles AFp ca o 40 mV), Naopak
u vice dopovanych SC-BDD elekirod §110} 000 a §110} 200 dodlo ke zpomaleni (2vyieni AR,
o ca 100 mV). Hodnoty Fpa pro dopamin naméfend na mechanicky ledténych {110} SC-BDD
jsou viak srovmatelné nebo niEsl ned hodnoty naméiené na chemicko-mechanicky lesténfch
polvkrvstalickych BDD 'Y No mikladé visledki cvklické voltametrie redoxnich markeri
vinitind sféry bee wsoudit, ke mechamicke bedteni mize mil velky vliv na kinetiku elektronoveého
prennsy

Tabulka 1

Rozdil potencidlu katodického a anodického piku AR jednotlivich redoxnich markerth a DA
ziskané na SC-BOD s Han povrchenm.

Redosni marker AR, mY [Mopamin
SC-BOD [RuiNHak]"™ FeMeOH™ [IeClL]™  [FeiCNK'™™ |FpapamV AR, mV
{11H e 700 ik T 137 459 434
1 s 95 i3 63 232 420 36
R (T i3 o3 134 374 323
1 63 i3 &4 122 335 276
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Tabulka 11
Rozdil potencidlu katodickéhe a anodickéle piku AR, pro cvklickou voltametni jednotlivych
redoxni markerd a DA ziskand na mechanicky lefténveh SC-BDID,

Redoxni marker Afp, mY Dopamin
SC-BDD  [RuNHzj]" " FeMeOH™ [InCl]" ™ [FeiCNu[* " |SppamV AR, mV
PI10as 63 [ #3 gl 196 157
AL LR k] B3 a5 91 a2
FLA0 s 71 b i el 462 435
FL100 a0 63 6# 91 LR 410 168

Pree SC-BDD {11035 = ngjvvisi komeentraci boru byl sm@fena kalibradni zavislost DA
(v 0,1 mol dm™ fosfitovém pufru, pH = 7,400 metodou square-wave voltometrie (WY no
Hetermmovaném 1 Ceterminovaném povrehu, PouZitd optimalni parometry. SWY jsou 1)
A=140mV, =60 Hz a AE = 3 mV pro H-terminovamy povech a i) 4 = 70mV, /= 50 Hz
a AR = 6mV pro O-lerminovany povrch, Koncentradnd rozsal byl = 2 a2 100 pmaol dm ™
V oplipadé H-terminovaného povrchu byla linearnd Gast kalibrace od 7.5 do 80 pmol dm
a v pripadé O-terminovaného povechu od 2.5 do 100 wmol dm™, jok lze vidét na obr. 1.
Dosprend meze detekoe a kvantifikace byly 2,01 pmol dm™  a 6,70 pmol dm™  pro
H-terminovany powvreh, resp. 4,06 pmol dm* a 13,0 pmel dm™* pro. O<lerminevany povrch,
Tyt hodnoty jsou srovnatelnd s hodnotami naméfenymi na polykrystalickych a poréznich BDD
elektrodich za pouZiti stejnéhe zpisoba vihodnoceni ' i chemicko-mechanicky ledtgnych
pelvkrystalickyich BDRD elektrodach . Odezva byla vysoce opakovatelnd (RS} < 5 26) u ohou
typii terminace povrchu, Mezi jednotlivimi mébenimi bylo pro aktivaci elektrodového povrchu
dostatelné pouze zamichani roxoku.

"ﬁ__ gal® H-terminovany pavrch o
- o D-terminovany povrch
0EF 1
o4} -
0.2 -
0.0 E
Q 25 50 Il 100

¢, umel dm™
Obr, 1. Kalibraéni zivislost DA pro H-terminovany a O-termimovany povreh. Méfeno SWWY
v 0,1 mol dm™* fosfitovém pulre (pH = 7,400 na SC-BDD {110 200,

Livir

WV oporovndni & Gerstvd deponovanyii 8C-BDID elektrodami, u mechanicky lefténych nebylo
prokdedno znatelné arychleni kinetiky prenosu elektronu pro redoxni markery vndjéi sférv. Na
drubou stranu pro redocni markery = mechanismem pfenosu elektronu viitini sféron byly
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profaziny znaéne roedily v rvehlost kinetiky elektronového prenosu, phicemi zrychleni nebo
zpomaleni zavisi na koneentraci borw, Pomeoct square-wave voltametrie byly na mechanicky
lestemych SC-BDD dosaZeny meze detekee a kvantifikace pro dopamin srovnatelng
& hodinotami  dosakenymi na poréznich, polvkrystalickych a chemicko-mechanicky BDD
elektrodich '* ', Daltim krokem bude méfeni v redlnych vrorcich,
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Comparison of Flow-through Boron-Doped Dinmaond Electeodes
(Porovmani miznych fypo pratokasvyeh dianmantovich elekirod)

Hana Dejmbovd, Andrej Vikanovaky, Jakub Pecdik, and Martin Baroch
Charles University, Faculty of Bcience, Departiment of Analytical Chemistry, UNESCO
Laboratory of Environmental Electrochemistry, Albentov 6, 128 43 Prague 2, Crech Republic

Ahstract

The performance of two high-area flow-through electrodes based on a boron-doped diamond is
compared, attention iz paid 1o electrochemical behavior towards selected polyphenalic
compounds a8 well as 1o the peak shape and parameters of the calibration dependence. Both
electrodes proved to be useful for the detection m HPLC, although nene of them provided o
high conversion degree toward the mode] analyies,

Kevwaords: Boron-doped diamaond electrode, Amperametry, Flow-through detection,

Uvod

Kowstrukes velkoplodny ch pritekovych elektrod na bdzi borem dopovaného diamantu {BDIDE)
je problematika = potencialné zajimavymi vysledky, nicméné ne mcela piimodarim Fedenim.
Elektrochemicks vinstnosti BIMOE. jako je odolnost, nizky proud pozadi a firoké potencidlove
okne, umodiugi Srokou  aplikaci  pripravenych  elektrod  pro coulometrickow  detekei
v kombinaci = pritokovymi technikami ' kromé toho se. vehledem ke specifickénu pribéhu
oxidace na povrchu BDDE, sde otvicd moznost elektrochemickych destrukel odpadnich
organickyeh  ldtek ° Technologie wyroby BDDE pomeei depozice nicménd  vyrobu
velkoplodnych  elektrod  péilid  nepodporuje,  protode  pravidelnd  pokeyvini  slozite
strukturovaného substrat je obtizns * %,

Viomto prispévke bude  porosmiavine  elektrochemicks  chovini dvouw  wvelkoplodnych
pritokovyech BDDE, syrobenyeh rienym techmbami, Sroevmiavany byly jak parametry
elekirochemické reakee, tak priapévek k rozmyti chromatografickd z6my a parametry kalibradni
vizlosti

Experimentdng dhst

Jako modelové analyty byly wyuziy dopamin a norepinefrin (Sigma-Aldrich). Méeni byla
provadéna na chromatograficke sestavé slofend z vysokotlaké gradientové pumpy BETA 10
(Ecom, CR), degasseru DG 3014 (Eeom, CR), Sesticesiného divkovaciho ventilu (Ecom, CR)
se smychow objemu 20 pl, kolony Kinetex® EVO CI18 {150 = 46 mm) (Phenomenex), UV
detektom Sapphire (Eoom, CR) & vinovou délkou 280 nm a elektrochemického detektom
ADLC 1 {Laboratomi plistroje Praha, CR). Jako mobilnd fize slouzil desethrit zieding
Brittondv-Robinsowdy pufr. Elektrochemicki méfeni probihala v thielektrodoviém uspodadani
s platinovou pomocnen elekirodon a argentochloridovon (36 KCL) referentni elekirodou
ponetenych spolu s pracovni BDDE do pfepadové nadobky. Prvmi testovanou pracovni
clektrodou byla destidka = porézniho mikrokrystalického borem dopovaného diamantu ve tvam
disku o polomém 2,5 mm a thouitce cea 60 pm. Druha elektroda méla tvar vilee o peloméru 4
mm a vvice 2 mm, klervm prochazelo sest dér o primére 1 mm, piicems povreeh tohoto 1@lesa
byl pokryt nanokrystalickim dinmantem; pracovala tedy jako vicekanalova tubulami elebiroda,

Visledky a diskuse

Hydrodynamické vellamogramy studovanyeh laek byly na obou pracovnich elekiroddch
naméfeny v prostfedi o pH 2.5 ax 10. Ohé elekirody poskvtovaly pro kaddou ze studovanych
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Tatek jedmy oxidaénd vim, jejiZ potencial Klesal se stoupajicim pH, pfiend proudovi odezva
byla obdobni ve viech sledovanyeh prostiedich. Péréeni BDDE vvkazovala chovini typicke
pro diamantove elektrody: plepét elektrodove reakee zapiiéinile pomaly namst proudove
odezvy a tedy protahly tvar voltametncke viny. Multitubularm BDDE, pokrda diamantem
odlizného charaktern, se v tomte ohledu chovala vice ve shodd s teoretickym chovamim,
s vyTazmEjEm tvarsm vin, Na druhou strann poskytovala porgeni BDDE mimeé Sirél ancdicke
potencialove okno, jeho #iTka se amendovala se stoupapicim pH mobilni fize.

Megativii vliv kanstrukee detektor ma rozmyvti chromatografickeho pikn byl pozorovatelny,
nicmené Hika plku byla v obou detekénich systémech powze pliblizng dvojnasobna oproi UV
spektrofotometricks deteker, cof je akeeptovatelng hodnota (Obe. 1) Stupen konverze byl
prekvapivd vsE o mulbitubolimibo detektor, kde dosahl piiblizng 10 %9 ve srovinm 5 %
dosaZenyeh s pordenim detektoremn,  Opakovatelnost méfeni byla srovmatelnd pro obe
konstrukes - RSD nepfesdhla 5 % (n= 10}

2000 30
I 55
i 1800k 5 00 A/ nal
1/ na
afmay /A a5
1600 0 158 |
35
1400 15 1400
13
L aon |
L300 h i} %
A000 5 A0 5
RO a 100 =]
L 2 4 a 3 4 &

£ min t/ min

Obr, 1. Porovni tviru piku smés norepinefing a dopamin na poréeni BDDE pil potenciilu
09 V (A) a multiubulimé BDDE pAi potencidln 06 V (B} ve soviem sUV
spekirofotometrickou deteked {éarkovana Gara). Kolona Kinetex® EVO C18 (150 = 4,6 mm),
mobilni faze pufr pH 6.

Falibragni zivislosti bayly mifeny v koncentménim reesaln 1 af 100 pmal 1V lomio
kencentradnim rozsahu jsou viechny narméfend kivky insiom ¢ korelatmim koeficientem mezi
09077 g 0,0905 Meze stanovitelnosti dosahuji hodnety piblizng 1 pmel 1 pro pérdeni
elektrodn & 0.5 pmol 171 pro multitebulimi elektrody, cof patmé odrid roedily ve stupni
konverze a tfim 1 vyEcs pilku

Fiver

WV rogpori s ofekavanim nevvkazal ani jeden z testovamyeh konstrukénich typh elektrod vysaky
stupedfi konverze, blidici se kvantitativninmy. Presto se jedna, s ohledem na miskang parametry
stanoveni, udimné a efktvin pracovi elekirody pro pritokova méfend. Elektrochermmoke
chovini nullululx.l.'lunu elektrody vykaaye nekterd rvsy nediamantovyeh ublikovech elekirod,
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se viemi 2 oho vyplivigicimi vvhodami (nizké prepéti elektrodovyeh reakei) | nevyhodami
(mendi 2iftka potencidlového okna),
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Spectroclectrochemical Study of Acidobasic Equilibria of Proteperphyrin Derivatives
(spektroclektrochemicke studinm acidobazickych rovnovah derivido protoporfyrine
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Adbstract

A spectroelectrochemical study of protoporphyrin IX and protoporplivrin IX dimethyl ester im
non-agueons media is presented, Vanations m the absorption band intensities and spectral shifts
during cyelic voltammetry are described, Optical absorption spectra of protoporphyrin IX in
vartous redox states were more complex than those of protoperphyrn [X dimethyl ester due to
the presence of two carboxyl groups. The carboxy] groups of protoporphyrin IX undergo
deprotonation in the cathodic potentials. and additional bands in the absorplion spectra were
observed. The spectroclectrochermical results are compared with those obtained by other groups
from spectrophastometric titrations.

Keywords: Protoporphyrin 1%, Protoporphyrin X dimethy] ester, Dimethylformamide, LV-
Vis absorption, Spectroelectrochemisiry, Cyvelic voltammetry,

Vvl

Porfyriny jsou souddsti mnoha biologicky vyznamnych redoxnich systémd, mezi nejdiletitdjsi
patfi Totosymtelicky apardt o dychaci fetézec ', Nesubstituovamy porfyrinovy kruh predstavuje
systém osmndicti elekironi kenjugovanych vazeb v Sestndctiélenném vnitfnim kruhu o vvkazuje
charakiensticka shsorpini spekirn = dominantnim Soretovim B piasem (So—+52) v okoli 400 nm
a Etyimi O pasy (Bo— 51) v dervené oblasti vidielného spekira (Obr. 1), Optickd spektra
porfyrinid poskytuji informace o poloze molekuloyvéch orbitalil o zdvisi na jejich redoxni formé.
Virnzna zavislost intenzity a polohy absorpénich pisi na redosmim stavu je dile?ita zejména
pro vvukiti protoperfyring ve Fotodynamické terapii, poudivané pfi 162hé nektervch nidori *
Predbéina spekiroelektrochemicki studie protoporfyring 13X v dimethylommamidu ukdeala *,
Fe v katodické oblasti jsouw dva redoxmi pfechody, pricems odpovidajici redoxni formy maji
vvenamnd odlifné spekirilni viasinosti. Cilem této studie bylo srovidni protoportyrine 12X
& protoporfyrinem IX dimethylesterem a wrdeni viiva plitomnosti karboooylownich skupinna
optickou absorpei.

Experimentilni Sist

Protoporphyrin IX (PP IX), protoperfynn X dimethylester (PP IX DME) Rerrocen,
tetrabuty lammonium hexafluorofeslfit {TBA PFs) byly poukity tak, jak byly dodény (Merck)
TEA PFs (pomocny elektrolyt) byl dosuden za vakoa (=3 Tore) pii 60°C po dobu 10-12 hodin.
N -dimethy iformamid (DMF) (Merck) byl sugen pod molekulovymi sity 44 (18 day a vice)
a destilovan za sniteného tlaku (~10 Torr) vidy tésnd pfed pripravou roztoki (PP I PP IX
DME a ferrocenu). Roztoky veorkl byly pied dédvkovinim do méfici cely probubliviny cca
15 min. argonem,

Spekiroelektrochemickd métemi byla providana v opticke tenkovestvé cele Hartlova tvpu = Pt
prascovil a pomoeno mitzkovon elekirodou a Ag psendoreferenini elelirodow. Délka optickd

55



driily mezi okénky bvla ~0.2 mm, objem elektrolyiu 300 ul. Cyklick voltametrie PPIX a PP
1IX DME bvla méfena potenciostatem Autolab PGSTATION, rechlost skenu 1-2 my/s,
Absorpéni U'V-¥is spekira bvla snimana viaknovym spektrometrem Avantes (ULS3648TEC),
Jako svételnd zdroj byla powita Sirokospekirilni halogen-dentenova lampa Avalight DHe.
Spektroclektrochemicky expenment b fizen procedurou v programovém prostiedi Mova 2.1,
Potencial Ag psewdoreferening elekirody byl kontrolovan pomoci | mb ferrocens v pomocném
elekiralyiu,

Visledky a diskuse

UI'V-¥is absorpini spektra ~1 mM roetoka PP IX a PP X DME (Obr. 1A) v 0.1 M TBA PT.
v DIMF jsou na obr. 13, Hlavnimi rvsy spekter studovanych slovéenin jsou vimazny Soretiy B
pas s maximem u vinove &elky kolem 405 nm a Etvii O pasy s masimy mezi 500630 nm.
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Obr. 1. A — Chemicka struktura protoporfyrinu IX (R = H)ya protoporfyninu LX dimethylestery
(B = —Clz) B — Absorpéni UV-¥is spektra protoporfyninu 1X (PP 1X) a protoporfyrinu [X
dimethvlesteru (PP [X DME) v 0.1 M TBA PFs v NV =dimethy I formamidu

Ma obe, 2 jsou cvklicke voltamogramy studovanyich porfirind v moesahu -2V - +2 V. 2 obr,
plyne, #e zikladni redoxni vlastnest obou systémi jsou si podobne.

. -
3 1 m PP D 20 1 mM PR IXDME
— gzp} 01M THAPF, - 01 M TBA PF,
DWF wf
ob
ol
20
[} 5
a0t 18
PGSTATION
PEETATID
-BO SEC pall Pt-F-Ag -k SEC call PI-FE-Ag
—— 5
o L 2 N L 2 N L " A Lap L i i i i s.m.nm;’seﬂll'l"-"-'ll
-20 -15 40 0% DO 05 10 18 20 20 .18 40 45 0O DS 10 18 24
Evs. fg [V] Ewvs. Ag [V]
A B

O, 2. Cyklicka voltametrie roxtoki PP IX (A) a PP IX DME (B



Clyfi absarpéni £ pasy jsou charakieristiché pro porfyriny se dvéma nesubstituovanymi vodiky
uprostied tetrapyrrolovihoe kruhu . Spektroelektrochemické studivm studovandch porTyrinid
ukizalo, fe pii zméng potencidlu v katodicke oblasti dochazi nejdiive K narugeni vnitinilyo
uspofidand pyrralovich atomi H (Obie. 3 )
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Obr. 3. Absorpéni UV-Vis spekira PP IX (A) a PP IX DME (B) v oldlast preniho redosmibo
plechodu v katodické oblasti.

2 pribihu zmén absorpénich spekier na obr. 3 je patmmé, e prvni redubénd stuped probiha na
odlignych mistech porfyrmového kruhu, Zatimeo u PP IX je pokles intenzity Soretovn pisu
mirny a k podstatnéma poklesu dochiei az ve druhém redukinim kroku (~ -1 V), u PP IX DME
je patmny monotonni pokles jid od nizkych hodnot potenciilu v katodické oblasti. Postupay
pokles intenzity Soretova pasu byl pozerovin u riznvch derivitlh porfyrine v DMF pii
apektrofotometrickych titracich a byl spojovin s postupnou deprotonizaci vaitfnich atomd H
tetrapyrralového kruhu . Chovani PP IX DME odpovidi témto pogorovinim, zatimeo u PP
IX je prvni redukéni stuped  doprovizen malouw aménou  intenzity Sorctova  pasu.
Nejpravdépodobndjgim divodem je deprotonizace karboxvlovich skupin PP 1N,

Mejvyrazndgsi rozdil v posunu elektronesych hladin je pozorovin v drubém redukénim stupm
{0, 4),
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Obr. 4 Abzorpéni UV-Vis spekira PP IN (A) a PP IXN DME (B) v oblasti drubého redosnita
prechadu v katodické oblasti.

L



LT PP IOk, 440 ndsleduje po Servendm posunu k ndrlista Sirokého pasu u vinove délky ~350
nm. zatimes u PP X DME (Obr. 4B) dochizi nejdifive k Cervendmu posuva (405 nm — 445
nm) a nasledné k oplnému poklesu Soretova pasu, Chovini absorpénich pase — jejich mtenzita
a pozice — v zavislosti na redosmich podminkiach maji zasadni ddlezitost pro vybér vhodne
vinewé delky orafovani ve fotsdvnamicke terapi,

Vliv karboxylewyeh skupin na spebtroclektrochemické chovani absorpénich pdsi v druhém
redukénim stupni (Obe. 4) je 2fejmy | 2 védilo podtn pdsu u PPN ve srovndnd s PP IX DME,
Jakok i posunu izobestickych bodd u PP IX. Absorpéni pasy nad 800 mm odpovidaji svoji
spekiralni polohou agregatim a souvise)i s visokou koncentrwi (¢ = 1 mM) studovanych
harviv. V béznyich spektroskopickich studiich (e = 107 M) tylo pdsy ngjsou pozoroviny.

Livir

Spektroclekirochemické chovini protoporfyrinu 1 a protoporfyrinu IX dimethy lestern ukizalo
viiv karboxviovych skupin na polohw elektronovych  hladin pfi nienyeh  hodnotach
elektrodového potencidly v katodicke oblasti. Proni redukéni krok vede u PP X k malé zméné
intemzily Soretova pasu v disledku deprotomizace karboxylovich skupin, u PP IX je zména
intenzity disledkem deprotonizace atomi H tetragyreolovélvo krubu a je viraznd jiz pii nizkych
hestnotich potencidle v katodicke oblasti. Ve drubhém redukiénim kroku vede piitomnost
karboecvlovich skupin u PP IX k vEimu podtu absorpénich pdst a posunn izobestickych bodi.
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Electrochemical Detection of Gogquadropleses using N-methy ] Mesoparphyrin IX as a
Redox Probe

Dianizl Dobrovodslod ) Aled Dadilel *, Daniel Rendiuk *, and Miroslav Fojta *"
* Institute of Biophyszics of the Crech Acadenmy of Bciences, Krilovopolska 135, 612 65 Broo,
Caech Republic, E-mail: danicldi@ibp.cz
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Adbstrmet

The development of novel analvtical techniques for the study of allemative DNA G-
quadruplexes ((45) is becoming relevant with the increasing insight inte their biclogical roles.
An  approach utilizing N-methvl mesoporphyrin IN (WMM) a5 a redox probe for
electrochemical G4 mmalysis 5 miroduced in this contribution, Basic electrochemical
characterization of NMM was performed wing evelic voltammetry at 2 b '-“E-”"t’. mercury drogp
electrode (HMDE) NMM produced a significantly lower reduction peak in the presence of
simgle- and double-stranded oligonucleotides (0N, compared 1o Ga-forming TNz, which
were used for the selective detection of Gds. This effect was also used to monitor the K-
dependent Tolding of s,

Kevwords:  Memethy]  mesoporphvrin,  Geguadreples,  Electrochenueal  probes,  Cyelic
voltimmetry, Hangimg mercury drop electrode, [N A structure

Intraoduction

Electrochemical methods have been well-established as powerful teals for the study of nucleic
acids., Compared to more conventionally used techniques. such as U'V-vis or circular dichroism
(1) spectroscopy, electrochemistry offers incrensed sensitivity, a high degree of versatility,
fazt and simple analvsis, along with the possibility of miniaturization for the development of
portable biosensors, Farndaie, as well as non=faradaic signals of DNA oblaned by a vaniely of
voltammetric methods o mercury electrodes, have been shown 1o be sensitive 1o DNA
structure, confermational changes, and damage. For example, DNA double-strand (ds) to
simgle-strand (88) transition, can be detected by differential pulse voltammetry of square-wave
voltammetry as an inerease of reduction peak of the nucleohases adenine and cytosine. which
are more readily reduced in the ss-from. Likewise, specific changes in the double-layer
capacitanee of adsorbed DNA at mercury can be detected by alternating current voltammetry,
which can be related 10 DN A structure or damage ',

However, no direct relationship between DMNA structure and its intrinsic electrochemical
response has so far been observed in the investigation of G-quadruplex DNAC G-quadruplex
{Gi) 15 an alternative, quadruple-helical DNA strocture which can form in DNA sequences
containing blocks of guanines. The guanines in G4 are associnted with a network of Hoogsteen-
tvpe hydrogen bonds into square guanine tetrads {Fig. 1a)°. Formation and stability of G4s are
tightly dependent on the presence of cations, that are involved in the G4 architecture (Fig. 1a) .
G4 structures are present m mmportant genomic regions and the body of evidence for their
involvement in the regulation of vital cellular processes is steadily growing **, For that reason,
the development of a simple electronnalyvtical methed for G4 detection might be uselul. Since
intrinsic DNA electroactivity is not readily usable for this purpose, we focused on the use of
small molecules as electrochemical probes for the indirect detection of these structures ®. In this
contribution, the electrochemical behavior of M-methvl mesoporphyrin IN (MMM, Fig. |b) i
investigated and this compound is used for the discrimination of G4 DN A structures,
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Fig. 1. Structure of a guamne tetrad with a central cation M" (a} and the studied compound
MMM ().

Esperimental

Gd-forming  oligodesoymuclestides  (ODNs)  hut-T2 ((AGIT=:AG:), TBA
(G:ToG:TGT GeT20z) and c-mivelB (AGTGAGTG) and Gd-non-forming ODNs hut-com
(CTAZnC:T), odn3l (CATGCATGACGTCACTC:AGTCG0:TAG) and  odndl-com
(CTAGCGACTGAGTGACGTCATGCATG)  were  purchased  from  Sigma-Aldrich
(Germanv). Double-stranded ODMs hit-ds and odn31-ds were prepared by lybridization of the
appropnate pairs of complementary ODNs, The G4-forming ODNs were denatured at 95 °C
for 5 man after which KCL was added to the final concentration of 0.3 M and the samgles were
slowly cooled to facilitate G4 fidding. All ODNs were prepared for experiments as 5 pM
solutions in 0.3 M KOl or LiC]L MMM was purchased from Santa Cruz Biotechnology (LISA)
and was stored &s & 5 mM aquecus solution at 4 “C. All other chemicals were obtainad from
Sigma-Aldnch.

Dependence of the electrochenmeal response of MMM on pH was measured in Britton-Robinson
(BE) buffer pH 2 — 12, For all other experiments, .05 M Lithiumn phosphate buffer pH 6.9
(LiPB) with or withowt 0.3 M KOl or LiCl was used, Electrochemical measurements were
performed wsing cyclic voltammetry {CV) in the potential window (000 W, —1 85 V) at scan
rate | W 57 unless stated otheranse, on PGSTATI28N potentiostat contralled by software Nova
2.1 (both Metrohm Autolab} in a three-electrode system with hanging mercury drop working
electrode {(HMDE), glassy carbon mcdliary electrode and Ag/agClAM KOl reference
electrods. Measured solutions were deaerated for 2 min before messurement and the mercury
drop was ereated for the last 45 5 of the deaeration pened to allow adsorption of the analytes
froem the selution. CD spectroseopy was performed on a Jaseo 1815 instrument (Jazeo, Japan)
at 20 °C in 1 .0 em quartz cuvettes in the wavelength range 230 — 330 nm at 200 nm min~! scan

spaed.

Results and Discussion

The electrochemical behavior of KMM studied using OV at HMDE in BR buffer within the pH
range from 2 to 12 {selected values in Fig. 2a) was determaned to be rather complex. Reduction
on MMM yielded thres cathodic peaks labeled 1, [0, and 111, Peak 11 only appearad between pH
4 and 5. The major reduction signal, peak 111 increased with increasing pH and reached its
mxirmrn intersaty at pH 8, and sharply fell at higher pH values, The invelvement of H wons
in the reduction processes behind all three peaks was evidenced by the shift of their reduction
potential to more negative values wath increasing pH. An additional signal, a spike 8, likely of
nom-faradaic onigin appearad near the potential of peak 111 at pH @ and above, Peak 111 was best
defined at pH 7 which was, therefore, chosan for further experiments in LiPB. OV

G0



measurements of NMM with increasing scan rate betwean 0.05 and 5 V 57" revealed linear
dependence of peak 111 height on this parameter (Fig. 2b), indicating an adsorption-controlled
process. Involvement of adsorption to the HMDE sirface in the reduction of KMM can be
expected based on its arcmatic character. Using peak 111, MMM could be detected with a limit
of detection of 0.04 pM.

Ay

e o4 @B A2 18

EV
Fig. 2. 8) Cyclic voltammaograms of 1 ub NMM in BR buffer of selected pH valuzs at HMDE,
b} Cyelic voltammograms of | pM MMM in LiPB buffer measured at increasing scan rates:
005 0.0, 025, 0.5, 1, 2.5 and 5 V 57! {direction of the arrow), inset; evaluated scan rate
dependence of peak 111,

Mext, MMM was used s an electrochemical probe for the detection of G4z based on their
different electrochemical responses in the presence of vanous confommation of ODNs, Peak 111
wis measured al inereasing concentrations of MMM in the presence of 0.25 pM of ODNs in
LiPB with 0.3 M KCl added. In addition to providing the ionic stremgth needad for QDN
adsorption to HMDE, KOl is necessary for the in-selution formation of G4s in the G4-forming
ODNs. CD spectroscopy was used to confirm the existence of these strectures, based on
characteristic spectral patterns. In the presence of ss- and dsDODNs (Fig. 3a), the obtamned
intensities of peak [11 were significantly lower, compared to the presence of Ga-fonming ODNs
(Fig. 3b). This difference was particularly promnent at NMM concenfrations above (.25 pM,
i in the excess of MMM, Bagad on our previous sdy %, the ohserved effact was aftritated to
the arrangement of adsorbed species on the HMDE surface, Linear 35 amd d=ODNs are able to
pack into dense lavers on the electrode surface, and thus allow little space for the adsorption of
the probe, Gds, on the other hand, form adsorbed lavers with greater intermolecular distances,
allowing a more facile reduction of NMM. In addition, MMM 15 able to bind G4s, which hikely
contributes to the observed difference.

Furthermore, the deseribed approach was also able to discriminate between folded Gas and G-
foddad ODNs in their unfolded state, In the presence of Li™ jons, G4s are not formed, This,
when 0.3 M of LiCT instead of KCl was added to LiIPE, lower signals, comparable to the s and
dsODMz were obtainad also with the Ga-forming ODMNz (Fig, 3¢k Since folded and unfolded
foems of the same QDN were discermble, we atternpted to detect also the conformationsl
transition with increasing K* concentration. Samples of 5pM TBA were prepared with
increasing concentration of KO, wath the fotal salt concentration kept constant at 0.3 M by the
appropriate concentration of LiC] and measured by CD o confirm the structural change based
on the increase of a charactenistic CD band. The samples were then diluted to ©.25 pM and
1.25 pM of NMM was added. The increaze of peak 11 in CV of these samples confirmed, that
the described methad can detect K -dependent G4 folding comparably to CD spectroscopy
while requuiring twenty times lower ODN concentration.
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Fig. 3. Concentration dependence of peak 111 of NMM in the presence of 0.25 pM of sangle-
and deuble-stranded ODMs (a) and G4-forming ODNs {b, ¢ measured by CW at HMDE in
LiPE buffer contaimng 300 mMé KCl (a, b) or LeCl (c).

Conclusions

In this contribution, basic electrochemical charactenistics of KMM were determined by CV at
HMDE. The reduction of NMM was determuined to be adsorphon controlled, and the Lt of
detection of this compound was determmned to be 0.04 pd. NMM was subsequently used as o
voltarmmetne profbe for the detection of G4 struetures formed by ODRs, BMM inmixtures with
Cids produced substantially larger peak 1 than in mixtures with ss and &ODMs and even the
Ced-forming ODMNz in their unfolded states, The larger signal was mostly attnbasted 1o better
areess of the probe fo the HMDE surface. The gradual transition from the unfoldad state to G4
induced by K* ions was alao detected, These results can be usaful in the development of new
approaches for the electrochemacal analvsis of altemative DMNA strechures.
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Sty of Absorption Properties of Boron-doped Diamomd Using Methy ] Vielsgen
(Studivm absorpénich vlastnosti berem dopovanych dinmanino
= wyvukitim methy ] vielogenu)

Jan Fischer. Lucie Foftovi, and Karolina Schwarzovi-Peckovi
Charles University, Faculty of Bcience, Department of Analvtical Chemistry, Albertov 6,
128 00 Prague 2, Crech Republic

Ahstruct

The electrochemical and adsorptive behavior of methyl viologen on boren-deped diamond
(B} surfaces after electrochemical or mechanical protrestment was investigated. Methvl
viologen (MV) was used a5 a model compound becouse it offers quasi-reversible redox
transformations. Cyelic voltammetry in agqueous media of 0.1 mol dm? KCl using was
emploved to mdicate that adsorption of MY occurs not only on the H-terminated surface after
cathodic activation but also on the polished surface and (Merminated surface after anodic
activation as well, The adsorption was confirmed using adsorptive tramsfer vellammetry,

Keywords: Boron-doped diamond electrode, Methv] vielogen, Adsorption. Voltammetry.

Ul

Borem  dopovany  dinmant (BDDY) svwvmika mezi uhlikovymi  elektrodosym materialy
vypimesnym viastnostmi juko jsou Sroké potencialové okno, nizké o stabilni proudy pozadi,
vysokd mechanickd a chemicka odolnost, biokempatibilita a moinost elebirochemického in-
situ aktivace ' BDID byl také fasto ditve popisovan jako material odolivajici adsorpeim ©.
Mekolik studii viak wvadi, de adsorpee organickych sloucenin je ovlivnéna morfidogii,
krystalografickymi orientacemi a povrchovimi defekty vaniklymi béhem depozice filma BDD.
Nejdilezitégsi roli hraje chemicka struktura adsorbované litky a povrehova predoprava povrchu
elektrody =, Zatimen anodicky aktivevany povrch (O-BDDY je relativié hydrofilng s nizkow
povrechovou vodivosti, katodicky aktivovany povrch (H-BDDY) je hvdrofobni s wréilow
povrchovou vodivest, klerd tvpicky vede k rychlgjéi kinetice heterogenniho elektronovéls
tramsferu (HET), Rychld kinetika HET bvla fakeé pozorovana pro povich elekirody lestény
suspened aluminy (p-BIDD)

Methylviologen (MV) je firoce poufivany herbicid, byl zvolen jako modelovd slondenina,
prefoe obsahuje aromaticks jadra umediugici adsorpel prostredmctvim z—= interakei. Jeho
kvazi-reverzibalm redoxni reakce vedow ke zménam nabaje molekuly, kierd zahmuge neutrabni
(M) nebo Kladng mabité (MY, MV™) formy {Obr. 1), Navic byvlo ji2 diive popsdno, 2e MV
e adsorbuje na H-BDD .

Proto jsme se zaméfili na elektrochemické a adsorpéni chovini methylviologenu na povriich
B v miznych modifikacich v ditsledbu elektrochemické nebo mechanické predapravy.

Hyc—H CHy === HC—H CHy === HyE— H—CHy
M

Hlullli- MY 1+

Obr. 1. Jednoelektronové reverzibilnd redoxni reakee methylviologenu poskytuji i riené
formy,
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Experimentalni st

Vaechny poudivand chemikilie mély Sistodu p, ., roztoky byly prednosing pitpravoviany pimo
v zakladnim elektrolviu, jako studovany analyvt byl pouzit N N-dimethyl-4, 4 -bipyrdinium
dichlorid, zndim také jako methylviologen (98%, Sigma-Aldrich, TSA)

Meieni byla providéna na pfistroji Eco-Tribo polarogral’ Fizeném poditadovym programem
MultiEIChem 3.2 (Ustav Fyzikilni chemie Joroslava Heyrovského AV CR). P samotném
méfeni bylo syudiving Whelekiredové uspofadini — referencni argentehlonidovi elekiroda
(AgAgClY moldm ™ KCly,  pomocna  platimova elebiroda o plote 57 mm® (o
Elekirechemicke detekiory, CR) a pracovni byla borem dopovand dismantova elekiroda
o priiméru 3 mm aktivai plochy a o geometrické plode 7.1 mm® (BioLogic SAS, Francic).

C-BDD0 povrch byl pipraven v métici cele v roztobu 0,5mol dm ™ Hi804 viokenim vysokého
aktivaénihe potencialu Eaa = +2400 mV za nepretrinéhe michini po doba 10 min, Naproti
tomu pro piiprave H-BDD povechu byvlo treba ve steindm roztoku pouzil potencidl
Eaki 2400 mY za nepretezitého michani po dobu 10 min. Pro obnova elekiredového povrchu
byla elekiroda aktivevina 5 minut v zavislosti opet v roztoku 8, 5mol dm ' HaS04 za neustdlého
michini a viokenim vysokého kladnéhe aktivadniho potencidlu Fuq —2400 mV. P-BDD povrch
pracovni elektrody byl piipraven pétiminutovym ledténim na ledticl podlodee (Elektrochemicke
detebktory, CR) kteri byla nopeiténa =suspenzi aluminy o velikosti &stic 1,1 pm
s deiomizovanas vodou,

Visledhy a diskuse

Redoxnd chovani MY bylo studovano metodou eyvklické vollametrie na p-BDID, O-BIND a H-
BN elektrodich, viz Obr. 2. Vvika a poloha katodickvch a anodickych signalu MV byla
studovana v zdvislosti na parametrech. jako je rychlost skenu, akumulaéni potencial a doba
akumulace, Vysledky naznadovaly adsorpei MY na povrehu BDD elebktrody.

-1.2 0.9 05 0.3
E, V vs, AglAgCl[3mal dm KCI

Obr, 2. Cyklicky voltamogram 1 mmol dm* MV v 0.1 mol dm* KClna BDD elektrodsich ez
akumulace, sken od —1,3 V k0,1 V azpét.
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Pii akumulaci byl poeorovin na O-BDD pouge nepatmy vyskyt prvniho oxidadniho pike
a vyznamny ndrist drahého oxidacniho piku, Na p-BDD a H-BDD dochizi pii akumulac
ke zlévini obow oxidainich pikid, Pro p-BDD je charakieristicka vvskova prevaha prvniho
oxidaéniho pika nad drubyim oxidatnim pikem, uw H-BDD jo tomu naopak. Vedjemné
porovindni  probéhu cyklickych voltamogrami MV na jednotlivich povrdich spliiuje
piredpoklady vodivosti a kinetiky HET danyeh poveehi.

Ohecnd lze Ficl, 2¢ proni redukéni pik vwkazoval na viech povrdich dé fizeny difizi, druby
redukéni pik na povechu p-BDD a H-BDD vwkazoval smérnici 0,4, co? naznaluje, 2e se
Jednd o déje s viraznym piispevkem difuze, dochizi u mich viak k urcitému ovliveani
piedchozimi reakcemi. Oxidaéni déj prvniho oxidadniho piku byl jako jediny z piki
ovlivnén adsorpei MY na O-BDD, kdy jeho smémice byla 0.7, 4. vykazoval dé&j smiseny.
Viechny ostatni piky mély ziavislesti = nizkymi smérnicemi mendimi ned 0.4, jejich déje
byvly viraené ovlivoény déji predchazejicimi,

Mepvyenamndjéi akumulace byla ziskina pii akumuolaci za michdni, a to na viech povriich,
Akumulace na O-BDD bvla provedena péi akumuoladnim potencidlu 1,3 W, pro p-BDD a
H-BDID byl writ potencidl -1.2 V. jelikod poskytoval stejné a stabilni voltamogramy
s kratsi dobou anmalyzy. Na viech povrdich se ukézalo wrfité abumulaéni maximum
v blizkosti doby  akumulace 1208, Za stondardni dobu akumulace akumulaénich i
transferovych experimentt bylo vybrino 60 s, Adsorpee byla prokazina adsorpini
prenosovou rozpoustéci vollametrii na O-BDD, kdy byl po prenosu, ktery nisledoval
60 s akumulaci pi 1,2V, zachovan signal MY 2 cea 40 % oproti méfeni providéném bez
pienosu.

Lavir

Visledky naznaduji, ¢ dochizi k adsorpel MY nejen no katodicky vproveném, ale taks na
lefténém o anedicky upraveném povrchu BRI elektrody. U viech povrehd byvla pozorovina
adsorpee MVT na obow oxidaénich picich, jejich nejvimendjE st ph evyiovini doby
abumulace byl sledovan na leftendm povechu, nejmendi byl na povechu oxidovandm a nejlepsi
abumulaci poskyviovala akumulace za michani, Adsorpee byla potvrzena za pomo metody
adsorpéni pfenosové rozpoubtéed vollametrie.
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Amnodic signal of Guanine Residoes in DA af the Meroury Electrode Depends on the
Fresence of Adenine and 'or Cytosine
(Anadicky signal guaninovyeh ghyikn v DNA na fuCove elebitrodé je savisly na
pititommaesth adening nebay eviosingg
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Ahstract

In this work, we studied the effects of thymine, cytosine. and adenine present in guanine-
containing sligonucleotides on their voltammetric properties, We confirmed that the reduction
of guanine to 7.8-dihydroguanine (the latter being subsequently detected by anodic oxadation)
reguires the presence of adenine and cyvtosine reduction products, which have been identified
as catalvsts of hydrogen evolution, The primary reduction step of guanine thus follows a
chemical mechanism. Our results Turther suggest that the guanine vollimmetnc response is
dependen on the presence of adenine or cviosineg, and its use as an analytical signal for DNA
strcture needs 1o be approached with caution and with respect to the composition of the
investigated DN AL

Keywords: guanine, ovtosine, sdenine, mercury electrode, cathodic reduction, chemical
reduction, emtalytic hvdrogen evolution

Uvad

Elektrechemicke viastnosti nukleswich kvselin preduriugi moknosti studia jejich viastnosti
poemoci voltametrickych a daléich elektrochemickych metod ' Bize nukleovych kyselin
mohou, v zivislosti na podminkich, byt elektrochemicky oxidovamy nebo redukoviny na
riznveh elektrodich za veniku analyticky vwuinelnych proudovich signald. Pro sledovini
oxidace bazi (zepmena purinovich) jsow wvyudivany emét vwhradng uhlikové elekimdy,
peskytujici dostateing Sirokd potencidlové okno v anodické oblasti, K redukci nukleobdz se
tracicne vvuzivaji elekirody obsahujici riut, véetné visici riutovd kapkové elekirody (HMDE)
a riznyeh typid elektrod na bizi amalgamd . Ty wmodtuji, diky vweokému vodikovému prepiti.
dosihnowm dostatednd negativinich potencidlt. pii kterveh dochizi k redubci cytosimu a adeninn
za venikn katodickych signili, a také k chemicky reverzibilni redukei guanion na 7.8-
dihydroguanin, ktery lre detekovat pomoci anodického signilu jeho spétné oxidace na guanin
(dile wvidény jako pik G Jedna se o dobfe definovany voltametricky signal, kiery byl
vmimulosti opakovang vyuEi pro niens analvticke ofely, viemé deteboe specilickych
pokozeni INA * nebo sledovini struktumich prechodi v DNA. Viiv struktury DINA na jeji
voltametrické choviani byl pozorovin zejména na negativnd nabitém povechu Autovych
elekirod, kde dochdzd k souhde mezi adsorped hydrofobaich bizi na povech routi a odpuzovinim
negativid nabitych fosfatovyeh skupin od povrcho, Riené strubkiury DNA se Lidi dostupnosti
rhyviki bizi o tim padem detekovanon elekirochemickou aktiviton ',

W magi predchori pricit jsme zhkoumali vetah meri délkou homoguanimovich  bloki
vsynletickych oligedeosynuklectidech (ODMN), tvorbow guaminesych kvadruplexi (G4) a
aménami imenzily pike G, 5 délkou guanimového bloku rostla schopnest tvoiit G4 detekované
pomoet spekiroskopie cirkulimibo dichroismu a soudasné postupne klesala vwika pike G,
adkoli celkovy podet guanind v QDN restl. Pozerovany jev byl tak plisouzen tvorb G4 a jejich
miénd efektivni imerakci = povrchem elektrody — a tudi® meéne efeldivad redukei guaninovych
btk — v srovndni 8 nestrukturovanymi ODM. £ dalfich experimentd vyplvnulo, e intenzita
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piku G méfend pii daném ohsahu guaning neni nezavisla na obsahu dalgich nukleohiei, seména
cvlozine @ adenin, a Ze je tedy potieba efekt strubiury DNA pa vviku whoto signilu
interpretoval s opatmosti, Byvlo ukizano i pe cvtosin a adenin, resp, produkty jejich
elektrochemické redukce, katalyaujl vyvijend vodiku (CHE) na HMDE. Vezmeme-li v dvalu
dalgi poporovini, #e primami redukee guaninu je podporovana katalytickdim vyvijenim vodiku
v plitomnosti externich katalvzitord jako je napt. cisplating ®, lze zévislost piku G na
pritomnosti baxi poskytugicich katalyticky aktivni redubéni produkty phisoudit d2asti CHE na
primimi redukel guaning,

Vtdto praci pme se zaméfili na porovidni elekirochemickych viastnosti symtetickych ODN o
rizEném slodeni a schvenci nukleotidd s dirazem na chovini ODN obsabujicich guanin
v rizném kontextu estatnich kanonickych bizi.

Experimentalni &ist

Muterial Symtetickd QDN (viz Tab, 1) byly dodiny firmon VBC-BIOTECH {Rakouske), QDN
byly rozpusteny v deionizovand vodé. Alikvoty o kencentraci 100 umol L' byly skladoviny
pii =20 "C. Ostatnd chemikidlie byly poukity v Sistotd pro analizu.

Tah. 1.

Powiité eligonukleotidy
Sekvence Oenadeni Délka (nukleotida)
COGUCGCOGOCGCCGECGoOGOCGOOG (OO a7
AAGAAGAAGAAGAAGAAGAAGAAGAAG [AAGE 7
TIGTTGTTGTTGTTGTTGT TG T TGTTG (TTG) 7

Eleltrochemickd  midfenl.  Viechna voltametricki méfeni byla  provedena  pomoci
clektrochemického  analveitorn Autolab (Eco Chemie,  Holandsko)  pripojeného k
elekirodovému systému V A-Stand 663 (Metrohm, Svicarske), Vidy se pougival ielekirodovy
systém s HMDE jake pracovni, Ag AgCl3M KO jako referenéni a platinovym dritem jako
pomocnou elekirodou, Méteni byla provedena v redimu in siw (se studovanym ODN o
koncentraci 20 pg ml ! v zkladnim elebtrolvin) nebo ec-sitn (adsorpind prenosoveu technilion
"y, Ve druhiém pripada byla TN A na elebtrodu adsorhovana ze 3-pl kapky roztoku piisheného
QDN {ohsahujici 0,2 mol L7 KaCl a ODN o koncentraci 20 pg m].‘ljl po dobu 1 =60 5
Elekiroda bvla naslednd oplachnuta a vie#ena do elektrochemické niadoblky obsahujici sty
zikladni elekirolyt, ve kterém bylo méfeni provedeno. Cyklickd voltametrie (CV) na HMDE
bvln provedena = poéiteénim potencidlem Ei= (L1 V a bodem obratu -1.85 V_ rvchlosti skenu 1
Wosl w03 M omravendams amonném = 005 M fosfiiovim pufrem pH 6.9, Pred kaidym
méfenim byl roztok zakladnibe elekirelyviu 2 min probablivan argonem. Viechny experimenty
bvly provadeny pii laboratomi teploté,

Visledky o diskuse

Fkoumali jame nékolik sad symtetickych oligonukleotidd obsalujicich guanin v kontexiu
sekvenci ostatnich bizi. Priklad uvedeny v Tabulce 1. zahrmuje repetitivni sekvence, ve kterjych
jsou guaninové zhviky oddéleny dublety CC, AA nebo TT. Takowvéto sckvence nevytvifi
stabilni dvegronbovice ani kvadruplexy a tudiz neni dived mex mimi ofekiavat zasadni
odliznost v pristupnosti guaninovich ebyikd pro redukel na povechu HMDE (2 wediz am
virame emény v intenzile pikn Gy Vesledky viak uknengi znaéne rozdily mez 1@milo themi
ODN, kdy (TTGYY neposkytoval Zdny méitelny pik G a pik G poskyviovany (CCT) byl o iid
wyidi ned pik G poskytovany (AAGY (Obr. 1) Podobad rozdily byly pozoroviay mezi daldimi
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N ohsahujicimi guanin a ligicimi se pritomnosti adenime a/mneho oviosine Y pripadg 00N
peskytujicich pik G se tento pik objevil pouze v piipade, 2e byl negativin bod obratu umistén v
oblasti patenciali negativnéjgich, nez je potenciil redukce eviosinw adeninu, Je tedy ziejme, ke
schopnost tvorby G4 nend jedinon viasinostl ovlivingici redoxni procesy guaninu na HMDE
(tfebake ODN se¢ sekvencemi vhodnymi pro formowini G4 tvofily na HMDE méné stabilni
adsorbované vrstvy ve srovnani s ostainimi  sckvencemi. jak bylo  potvrzeno  pomoci
elektronktiviich sond 7). Visledly télo price tedy potvreuji predpokiad. #¢ pro redukei guaninu
na HMDE v prostfedi newtrilnibo mravencane amonného je nuina piitommost Katalyzaton
vwwijeni vodiku (t). redukce protond) a primdemi keok tto redukce sleduje chemicky
mechanismis

-.——-----—'--'''—"""I..'---\_'_-.'-.l
.-.-.-.-.—--—-‘-"—'_"'_-"--.
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Obr. 1. Useky anodickych vétvi evklickych voltamogramii zkoumanych ODN {viz legendn
v ohrazku a Tab, 1), Parametry méfeni jsou uvedeny v experimentilni &ast

Favir

Porvrdili jsme. #e pro redukci guaninn na 7.8-dihydroguanin (ktery je naslednd detekovan
pomoci anodické oxidace) je nund pritommost redukénich produkta adeninu o cvtosmu, které
Jsou katalyzatory vywijeni vodiko, Primimi redukéni krok guaninu tak zfejmé probihia
chemicky reakei s vvvijensm vodikem. £ nadich vyzledki dile plyne, ze pik G je zivisly na
pritormmost viEe zminénych bizi a k jeho viukin jako analviického signila pii siudie stk
DNA je potieba plistupoval s opatrmosti a brit v avahu glozeni zkoumanych sekvenei,
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Electrachemical Impedance Spectroscopy - Taol for the Determination of the Basic
Kinetic Parameters of Enteropeptidoze
(Elektrochemicks impedandm spektroskopia - nastroj pre stanavenie sikladnych
Kinetickych parametroy Enterope ptidaey)
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Ahstract

The study of enzymes as biocatalysts, either in terms of their apphication in industry or their
function in the human body, has become increasingly important in recent vears, The study of
enzyme kinetics provides information on a wide range of reactions ocourring in organisims, and
thiz information in tum can be important for understanding and predicting not only the behavior
and function of enzvimes but even the metabolizm of all living things. Morcover, data from
kinetic measurements can be applied m practice to improve the quality and quantity of
enzymatic botechnological production of mdustnally important substances, In this work, we
have focused on the determination of basic kinetie parameters of the enzyme enteropeptidaze,
while its activity will be observed on the synthetic substrate GDAK-(ENA), The physiological
role of enteropeptidaze consists in the conversion of the inactive irvpsinogen into its active form
= trypsin, while this process triggers a cascade of further conversions of inactive forms of
enzymes into their active forms. We used electrochemical impedance spectroscopy o determineg
the basic kinetic parameters of individual enzvme mutations, We compared our dita with those
obtained by traditional fluorescence spectroscopy.

Kevwonds: Enteropeptidaze, Electrochemical impedance spectroscopy, Kinetics, Mutations,

Uvinl

Enzyimy predstavud zikladné zlozky Fivotichoy, rastlin a mikroorganizmov, ked'e katalyvaujpi
a koordimuja zlokité reakeie bunkového metabolizmu, Okrem toho mdku byt ziskané
bistechnologickymi procesmi z prokarvotickyeh bunick o pouZité na katalvzu réenveh
komeréne wenamnyeh procesov |, Priklady ich powritia sahmaji virobu sladidiel, modifikacie
antibiotik, &stenie prosiriedkoy, pracich praskov a ih vwuitie v analyticksych zariadeniach a
testoch s Klinickym, forenznim a environmentalnym vyuiitim =, Enteropeptidiza, znima aj ako
enterokingza (EC 3.4.21.9), patri medzi proteolvticks enzymy zo skupiny hydroliz, konkrétne
do rodiny 81 peptidiz. Te syntetizovand ako ymogén {proenteropeplidiza), ktory musi byt
aktivovany inou profeizow, ako je trypszin alebo duodendza. Aktivovani enteropeptidiza
potom zahajuje kaskadu reakeii, ktoré vedi k aktivicin daldich zymogénov a naslednému
zapojeniu do triviacich procesov sivisiacich s regulicion signalizdcic Xivin, absorpciou a
metabolizmem *. Jgj hlavnou dlohou je premena pankreatického prekurzom trypsinesénu na
aklivoy trypsin, klory nasledne melen hvdrolyewe peplidove vighy proteinoy prijimanych
potravou,  ale ) aktivupe mnozstve  dalfich  pankreatickych  svmogénov, ake =0
chymetrypsinogen, proelastizy, prokarboxvpeptiddey A, B, niektoré prolipizy a proesteriza 1.2
Abtivicia pankreatickych enzdmoy je kMiGovd pre trdvenie bielkovin, ktoré sa musia rozlodit’
na aminckvseling a byt absorhovand v limene creva ',
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Cielom nafg) price bole vvwilim elekirochemicke) impedanéneg) spekiroskopie stanovit’
zikladné kinetickd parametre mutovanyeh foriem enterokinazy, wh vaijomne porovinanie
w porovnanie nadich vysledkov s vislediami ziskanymi Neorescencnon spektroskopiou,

Experimentilna Cast’

Na ddely experimentu sme powfili rézne mutovand fomy eneymu enteropeptidiey, kloné sme
ziskall od Katedry molekulame) brologie Prirsdovedecke) fakulty Universty Komenského,
Tieto mutdeie boli produkované v metyvlotrolng kvasinke P, Pastaris o odhzovali sa 2menow
wréatveh kenkrétmyeh aminokyselin v aktivoom mieste 2a iné, s ohladom na amanokyselinove
sekvencie pritomé vo vyisich organizmoch. Mutovang enzymy sme skladovali v meaznicke
pri teplote - 18 “C. aby sme predish ich pripadne) degradacii alebo kontaminaeri.

Meranie zikladmwich bicchemickyeh parametrov sme uskutoénili pri potenciall otvorenshe
obvodu (OCP), Na zadintku sme uréili OCP & nasledne sme pridali enteropeptidizn do rozioke
w spustili meranie elekirochemicke) impedancie svsiému, Mo zabezpedenie reprodukovatelMmost
sme kazdi mutdciv enzymu testovali pri rovioake] koncentridedi a s ohlTadom na meniacu sa
koncentraciu substratu. Impedancia bola potom merand 15-kedt pri danom OCF a striedavom
napiti l-e amplitisdou @ mV. Meranie sme uskutochovali v rozsahu frekvencil od 5 00 He do
10 Hzx °.

Vysledky o diskusia

Mazim cielom bolo vvuditr impedandné meramia na ziskanie informaeii o odporoch elektrolyvie
meda praceviou o referenénou elekirddon, aby sme sledovali zmenn vodivost roztoku pe
Siepend substritu na dve mendic molekuly - Muorofdr a fenu sekvenciv aminokyselin (GILE),
Této #mena vodivosti mide byt spisobend bud” narastom alebo poklesom vodivost, a zdvisi
od pohyblivosti organickych molekil {difiznym koeficientom) alebo solvataéného obalu
danich molekal (elektroforetickeé bradenicy ', £ tichie Odajov sme stanovili podiatoéné
rychlost reakeie. kloné sme nisledne vymesli v zivslost od koncentricie substratu, ako je
Znizomend nn nasledu) teom obrizku
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Obr. 1: Zivislost’ podiatodne] richlostt enzymaticke) reakeie pre Mutl) mutaciu enzvymu
enterokinien v ivislost od koneentricie substrin '

Okrem nelivedme) formy, na ziklade Klore) sme urdili K a vee sme fieto adaje previedl de
linedrngj formy. Ztyehto lincarizovanych foriem sme urdili Ku, Ve, turnover number
a mohutnost ereymu a visledky medzi jednotlivymi muticiami sme vedjomne porovnali.



Z visledkov vyplivim e jednotlivé muticie nezlepsujio kinetické parametre enzvmu ', hogi
tieto muticie boli cielend na zvyienie nabojov interakeie medzi akiiviovm miestom enzymu
a substratom. Pravdepodobnou pridinee je, 2o okrem bodove) ameny aminokyseliny dochadeas
k stérickym zimemdm v aktiviom mieste enzvimn. Nami namerand Gdaje 50 sice poroviatelné
& Odajmi ziskanymi fluorescenénon metddou, aviak vietky adaje vykazuji micme zhorfené
parametre. To made byt zapritinené nedokonalim mictanim powZitim trojelekiridoyého
systémuna SPE eventudlne starnutim veoriek enzymu. Rovnako ddaje ziskané lineamzovanou
Formon si zatndené vimmeEou chybou, klora pochidea @ merania impedaimcia systému '
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Temto vyskum bol podporeny Agentiroun pre podporu vyskumu avivoja. Sislo gramtu
APVY-21-007T6.

Literatira

1. Baranovi T.: Diplomavd praca, Slovenski technickd univerzita v Bratislave, Bratislava
2023

Raobinson P. K. Essays Biochem. 3% 1 (2013).

Sun W, et al.: 1. Pharm. Experimental Ther. 375, 510 {20207,

Ogiwara K. Takahashi, T, PNAS J04, 7021 (2007

Sasaki M., et al.: Pharmacol. Res, Persp. 7, ¢DD517 (2019).

Lol o

71



Highly Sensitive Ampersmetric Determination of Lactose by an Eneyme Cascade
Sy=tem
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Ahstract

Lactose detection is imporiant in dairy products to decrease the risk of exposure to lactose in
lactose-intelerant people. Using an eneymatic cascade system of f-galactosidase and glucose
oxidase an electrochemical biosensor was developed. By usimg the developed biosensor, loctose
was determined using the chronoamperometry technigue with a sensitivity of 1.0% pA/mML

Kevwords: Lactose, Chronoamperometry, Cascade system.

Introduction

About 68% of the people m the world suffer from lactose infolerance that conses malobsorption
in dairy products which are an important source of calcium and vitamins ', Hence, the
consumplion of lactose-free dairy products can reduce the risk of nutrition deficiency °. The
conventional analvtical methods for the detection of lactese include mid-infrared, HFLC, and
enzymatic assavs, The latler is more specific and requires inexpensive instrumentation *. It
exploits an enzyvme cascade system consisting of three enzymes, [-galactosidase {f-gal),
glucose oxidase (GOx). and horseradish peroxidase. The sensitivity. selectivity, and accuracy
of this method rely on the catalvtic activity of the engyme components *

Lactose biosensors with high sensitivity have previously been created ! However, using the f-
gal enzyme creates higher selectivity towards lactose as the target analvie. This needs a cascade
engymatic svstem containing GOx and f-gal *. The Ha0n: produced from the oxidation of
glucose by GOx entrapped in o multiwall carbon nanotube (MWCNT) employed on the
electrode surface can be detected necording 1o our previous study % Extracting f-gal from
medical tablets decreases the cost of enzyvme production. Here a sensitive method has been
established lor the detection of lactose in phosphite bufTer,

Experimental

Cilucose oxidase (GOxX) obtained from A spergilivs miger = 100,000 U-g ' solid (EC 1.1.3.4),
chitesan, MWCNT, and Ruly. and dimethylformamide (DMF) were purchased from Sigma-
Aldrich (81. Louis, MO, USA).

Pegal tablets were purchased from Generica company, under the brand name Laktoleraea, As a
source of f-gal enzvme solution, 200 mg/mL of lactose tablet was dissolved in lmL distilled
water and filtered u=ing a svringe with 0.2 pm pore size filters. GOx with a concemtration of
20 mg/ml. was made in 0.1 M PBS solution. Chitosan with a concentration of 3% was made in
a 1 %o acetic acid solution.

P-gal and GOx and chitosan solutions were mixed in a volume ratio of 10:1:1. A dispersion of
MWONT was made with o concentration of 2 mg'mL i DMF, comaining 5 % Rul,
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Then 3 lavers (10 pl. each) of thus prepared MWONT dispersion were drop cast on a glassy
carbon electrode (GCE) and dried at room temperature. Later, 3 lavers of 10ul. enzvmes and
chitosan mixture were drop-casted on MWCNT-modified GCE.

A three-clectrode svstem connected to an Autolab potentiostat galvanostat (Mierohm., the
Wetherlands) was used for electrochemical analysis, where the bare GCE or modified GCE
served as the working electrode, platimum as the counter electrode. and Ag/AgCl was used as
the reference electrode,

Chronsamperometry technigue was chosen to be implemented in 0.4 V as the applied potential,
in a cell containing 0.1 M phosphate buffer 10 mL of, while lactose was added with inerement
in concentration of lactose at 2 mMl in each injection.

Hesulis and dizcnssion

Lactose 1s catalyzed 1o glucose and galactose by the fegal enzvme, Later glucose is oxidized by
G, where Hz20z is produced as a product of this reaction . Ha0z s detected on the electrode
aurface as Bu(h acts as a mediator that facilitates the oxidation of HaOn at a low applied
potential *. As Fig. I{a) shows cach injection of lactose leads to an increment in lactose
comcentration of 2 mM in solution while an increase in current response of 3pA occurs in each
injection,
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Fig. 1. {a) chronoamperometry applied in 0.4V, in phosplate buffer with pH of 7, each injection
comtained a 200 pL of lactose concentradion with the concentration of (.1 M, and (b) the related
calibration curve

As Fig. 2(b) shows the calibration diagram parameters used to caleulate analytical results in the
detection of lactose, The analvtical Rgures of merits for the developed biosensors were oblained
a5 Tollows, sensitivity was calenlated o he 109 pASmb, the reproducibility indicated by RSD
was calculated to be 11 %o, the limit of detection (LOA2) obtained by the 3o method was
0,65 mM, and a linear range of 2 to 24 mM was obtained




Conelusions

The enzymes of GOx and Pegal were entrapped in MWONT by drop casting on the electrode
surface, Using a cascade enzymatic system of GO and fegal enzvmes, lactose was determined
with the LOD of 0,635 mM in phosphate buffer solwion. The developed biosensor can be wsmad
for rapid evaluation of the lactose content i Food=tulls.
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Interactions of Modified and Natural DNA Components and Oligonocleotides with
Mercury lons
(Imterakee modifikovanych a prirocenych slofek DN A o oligonuklestidi s ionty futi)
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Adbstrmet

The ability of DNA bases 1o form complexes with ions of transition metals is well known. In
thi=s work, we have studied the ability of natural and modified DNA bases, both in their
manomene forms and as paris of oligonueleotides, to fonm complexes with mercury. We
confirmed the formation of the complex of thymine cccurnmg in oligonucleotides with mercury;
thi= feature iz widely used in the comstruction of sensors for mercury detection, Furthermore,
the ability 1o form these complexes was found for guanine, 2-<thiothymine and 4-thiothymine,
all of them in the form of mecleoside wriphosphates.

Keywords: Thymine-mercury complex, Thiopyrimidines, Cyelic volammetry,

Uvd

Elektrochemické metody jsou vhodnym nastrojem pre studivm nukleovych kyselin, pro
Kteryite Oéel mizeme vyugil jak redoxni, tak kapaciini {tensametricke) signaly poskyiované
nukleoyvymi kvselinami. Mezi aspekty, kieré je mozno takio sledovatl patii napiiklad strukiura,
pripadng  struktumi  zmeény  nukleovvch  kyseling  jejich  poskozeni, mutace, detekee
nephirozenych  bhiazi. & modnost sledovat  interakce DNA s profeiny nebo mabimi
maolekulami 2, véeind ionth redox aktivmich kol 4,

Muodmost vorby pard bz prostiedmictvim stomi Gonti) prechednych kovi byla jiz v literature
dobie popsina, Jednd se zejména o tverbu komplexil thyminu ze riuti, kdv atom riuti je vizin
mezi atomy dusikn v poloze 3 obou thyminosych zhyviki (Obe, 1 d) . Daldim popsanym
pikladem je tvorba cvtosinovych parll prostiednictvim iontu stiibra . Podobné jako u
piirozeného pisobu pirowvini bazi, kdy k parovini dochizi prostiednictvim vodikosfch
miistkti ', mii¥e i pirovini prostéednictvim iomti plechodnych kowi vést ke stabilizaci
sekundamich struktur jako jsou intermolekulimi dvougroubovies nebo vlisenky tvofené
prishugnym homenukleotidovim dsekem =7 Téchto viasnosti, tedy zmén kenformace DNA
aligonukleotidi nebo aptameni po navieant prishgneho kovu, vvukiva fada sensor pro deteko
taFkvch kot ¥,

Wotdto prici byla studovina schopnost slodek nukleovyeh kvselin i DMNA oligonukleotidi tvodit
komplexy s ionty riuti generovarimi piimo anodickow oxidaci materiilu visici mutové kapkové
clektrody (HMDE). Fiskané wvysledky byly srovndny stim, jak se wviomto ohledu
chowvaji nékteré modifikované bize, konkrétné thiopyrimidiny. coi jsou bize, kde byl ndkteré
atomy kysliku nabrazeny atomem siry (Obr. 1 a-c). Phrozend se vyskvtugi v nékterich
bakteriich, nicménd v soudasne dobd vwkazupi madny potencial v fadé bastechnologickych a
farmakologickyeh aplikaci, napi. v chemolerapii
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Obr. 1. Chemickes struktury nékterych analyzovanyeh litek: a 2-thiocytosing b 2-thicthymin,
¢ d-thicthymin, d pér thymin-Hg-thymin,

Experimentilni Gist

Pro méteni byly powity nasleduicd jednofetézcove oligodeosynukleotidy (ODN): dT w0, dasm,
dCzo nabo dGio (Sigma Aldrich). Koneentrace ODN byla 10 pg.ml™, veorky, 22 kierveh bady
ODN adsorboving na povich elektrody, obsahovaly (02 M NaCl, Monomermi sloZky DNA
powdte v teto pract byly nasledupict: thymin, thymiding thymadin monofostat, thymidin
trifosfat, puanin, guanosin, guancsin monofosfat, guanosin trifosfat, cvtidin tnfosfat, adencan
trifosfat, 2-thiocyhdin tmfosfat, 2-thiothymidin tnfostat, A-thicthymudin tnfostat; viechny byly
roepuEtEny v delomzovans vods (pouze guaman v 0,1 M NaOH) na koncentrac: 5 mM. Viechna
elektrochemickd méfen byla providing phi labocatomi teplotd v tHelektrodovém zapojend (2
visied rutovon kapkovou elektrodon, HMDE jako pracovnd elektrodou, Ag/AgCIAM KOT ko
referenéni elektrodon a platinovym dritkem jako pomocnow elektrodou) na pfistrofi Autolak
(Eeochemied ve spojeni s WA-Stand 663 (Metrohm), Méfeni oligodeceomukleotidi byla
provedena adsorptivil pfenosovon rozpoustéel voltametrii (AITS). DNA byl akumulovina na
povirchu elektrody 2e 4 ul alikvotl po dobu o 5, poté byla elektroda oplichnuta v detomzovang
vidd g umisténa do elektrochemicks cely obsalpiel disty elakirolyt. Méfeni monomernich
slodak DN A (bded, nukleosidiy, nuklecsid monofos G a nukleesid trfosfing) yla wskutednéna
v nadobes, koncentrace jednotlivieh latek byla vady 40 pM. Cvklicka voltametrie (CV) na
HMDE byla provadéna v Britton- Rebinsonové pufru o pH 7 nebo v elektrolytu obsahugicim 0,3
M mravenéan amonmy a 0,05 M fosforeénan sodny, pH 6.9 nastaven pro cyklickou voltametrii
bvla nasledupic: poéateéni potencial $,15 V, potencaal bodu obratu -1,60 V nebo -1,85 W,
koncovy polencial 0,15V, scan rate 1 Vs’

Vistedky a diskuse

Schopnest tvorby kormplesal s ionty riuti byla studovinag u €ty piirozenyeh mukleosid to foe G
dGTP, dTTE, dCTF a dATPE, aw homooligomikleotidin Ghc, T, Caoa Az, Pro thymin byl navic
tento jev sledovan i u baze, nukleosidu a nuldecsid monotostiat. Die ofekavam dCTP a dATP
netvofily za danyveh podminek voltametricky detekovatelne komplexy se rioti, jak je vidét na
Ohbr. 2. Btegné tak nebyly sledovany redoxmi signaly uw Cip a Agn. K zajimavému zpsténi jsme
ale dedll ph porovnani guaninu a thymanu, Obé tyto baze jsou v nékteryeh svvch formach



schopny tvofit komplexy se ruti ", Jejich spolefnim rvsem je to, Fe jejich plevadujici
tautomery maji ketoskupinu v sousedni poloze (C6, resp. C4) vidi stomu dusiku (N1, resp. N3),
ktery v nepritomnosti fuli nese atom vodiko a ples Kery dochizi k varbe atomu ruti. Zatimes
guanin ve formé nukleosid trifosfin poskyiuje vyraené signdly komplexu se ruti, v
homocligonuklectidu Gio nebo jako jedna 2 Bzi v ODN se zastoupenim viech Sivi bzl takovy
signdl neddava. Maopak thymin v homooligonukleotidu Tso diva vyrazny, analyvticky vyuitelny
signil komplexu se rtuti ®, ale u nukleosid tritosfity mideme pozorovat signil vyrazné nizsi. U
thyminu ve formé voelné bize ani u thymidinu tento signal nepozorujeme viibee.

0.5+

0.0
2
0.5 - - - alektralyt
—dGTR
— TR
e dCTR
1.0 —dATE
s 2P TTP
— - TTP
_1IE -
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Ohe. 2. Vifery cyklickych volamogramid ziskanvch na HMDE pro vybrané nukleosid
trifoskity.

U thiopyrimiding, konkrétngé u 2-thiothyvmidin trifosfaty (2-thio-d TP} a 4-thicthymidin
trifosfin, (d=thio=d TTP), Lee ofekival tvorbu komplexi se et diky pFitomnest siry v jelich
molekulich . Zatimeo u obou prirozenyeh bazi mideme pozorovat signdly komplexu se riuti
pri takika stejném potencidlu {okole +0.08 ¥, u thiopyrimiding je potencidl posunut do mirmé
negativngjiich hodnot, 002 W pro 2-thio-d TTP a 0,1 ¥ pro d-thio-d TTP. QDN s nékolika
inkorporovanymi thiopyrimidiny tyto signdly neposkytuji.

Laver

Porovnali jsme schopnost tvorby komplexd se riuti u pfirceenych i modilikovanych béei DNA,
a 1o jak v jejich monomemich podobich, 1k jako soudisti oligonukleotidn, Potvrdili jsme
vorbu komplexu se riuti pro thymin vyskyiugici se v oligonukleotidech, eho? je dle lieratury
hojng wyvudivino pii konstrukei senzord pro detekei muti. Déle byla schopnost tverhy kamplexi
zjisténa u nukleosid trifosfatd guaninu a obou thiothymind.
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Ahstract

The occurrence of persistent organic micropeallutants such as bisphenols in the enviromment is
a seriows global problem. Bisphenols are endocrine-disrupting chemicals, and their extensive
wse has led to the wide occurrence of bisphenols in various envirommental ecosystems, at levels
that may cause negative effects on the ecosvstem and public health.

The main goal of the present work: is the study of electrochemical advanced oxidation processes
{EAOPs) usmg boron=doped dismond electrodes (BDDE) af different working conditions for
e remaoval of selected bispheols from water, Identification of degradation and transformation
products formed during the electrochemical oxidation process by a combination of HPLC-
HRMS was done.

Keywords: persistent organic  pollutants, BDDE. remowval efficacy, identification  of
degradntion products.

Uvand

Ol zadiathn 200 storofia nastal prodky priemyselny rozmach, whanizdeia a takisto narast
podiu obvvatelov, ktoré vedi ko veniko vidicho mnodstva mikeopolutamtoy, ku ktorym
zaradujeme aj hisfenoly, Bisfenoly i z2name najmé ako plastifikitory a <0 sidaston vidding
plastovych produktov. Hlavné ncherpedenstve bisfenoloy spoiva v tom, 2o make dochadzat’k
ich tmiku ui podas swrobného procesu alebo uvolovanim (vyvlihovanim) = vyhotovenych
plastovych wyrobkov., Vyskyt tychto litok wo vodnom prostredi sa stal celosvetovym
problémom. Ukdzalo =a, Fe maji nepriaznivy vplyy nielen na ludsks zdravie, ale aj na zivotné
prosiredie, Bisfenoly st liky, Klore zarndujeme meda endokrinmé disruptory, Takisto mnohé
zdravolné problémy, ake je obezita, neplodnost, poruchy pozomost, & zvvieny vyskyt
rakoviny pranika alebo rakoviny prostaty s spdjané & expozicion Sloveka bisfenolmi, Bisfenoly
aa mddn uvolfoval” do fiveindho prostredia, & w? do povechowvich vid, pody alebo sedimenmoy
2 viacervch zdrojov, ako s0 rdme vyrobnd procesy ale hlavie @ priemyselnych odpadovich
vad '
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Zistilo za, e bisfenoly sa nachddzagl v odpadovich vodach na koncentralng) drovni niekolko
destatok ok tisiciek ng'l. ¥V procesoch Sistenia odpadovych vod viak nedochadza k ich aplnému
odstrinenin. Beind Sistiarne odpadovych vid boli pavehouté najmid na elimindciu rdznych
suspendovanych a koloidnych Eastic, rozpustenich organickych ldtok, patogénoy a Fivin 2
odpadovyeh wid. Ukdzalo =a, fe terciame procesy dprav dokdiu ddinne climinovat’ rozne
organické mikropolmtanty vritane bisfenolov, R terciirmym procesom opray zaradujeme
pekrodilé oxidacné procesy, Ich podstaton je tvorba reaktiviveh Foriem kyslika, kioré
interaguil so znedistujicimi ikami. Pri elekirochemickych oxidacnych procesoch dochadza
ku degradicn bisfenalov pomeocon hvdroxylovich radikilov, Klord vemkaji oxiddcion vody,
Pri genericii hydroxylovich radikaloy zohrava délefind alohn material anddy. Bérom
dopovamy diamant ako elektrédovy materidl sa v poslednom éase dostiva do popredia, napmib
vd'aka svaje) Fveikilneg a elektrochemicke) stabilite v porovnani s ostatnymi elektradovymi
muterialmi a takisto vesokému potenciile vyvojn kyslika 0,

Deslezitym nastreqom pri identifikacn o kvannfikacii organicksch mikropoluntatoy, kKloré sive
vzorkich pritomné na nizkyveh koncentradnyeh drowvmiach je vwsokorozlifovacia hmotnosing
spekirometria. Vdaka vihodim, ako je citlivost v redime ziznamu hmotnestnych spektier v
plnom rozsalu 'z, spraviosti urdenia m'z a takisto modnostl viywditia pre cieleni aj necielenid
analyzn veristol ziujem o vyuZitie vvsokorozlifovace] hmotnostne] spekirometrie na analyzu
emedistujiicich orgamickych litok v environmentilnveh vzorkach '3,

Cielom tejto prace je wskutocmt’ wemtifikaciu degradacnvch a transformainyeh produkiov
vybranych bisfenolov venikajicich v procese elektrochemicke] oxidicie pomocon BIDDE
vviitim vysokorozlisovace] lmotnosine) spekirometrie.

Prica =a venovala porovnaniu éinnosti anodicke) oxidacie vybramich bisfenoloy s vvuZitim
riznveh typov BDD elektrad a réenyeh soli a ndsledne) identifikden veniknutich degradaénych
a tmmsformadnyech  produkloy s wvyoditim o kombinicie  vvsokotdmna  kvapalineyi
chromatografia - vvsokerozligovacia hmotnestnd spektrometria (HPLC-HRMS),

Experimentilnag st

Na pripravu roztokoyv o mobilnych fiz bol pow#itd chlorid sodny, siran sodny, kyvselina mraviia
(LC-MS gistoty). acetonitnil (LC-ME CGistoty), kysclina octovd (=9988 %0)) analytické
standardy bisfenclov (AL 5, AF) a izotopicky znadené Standardy bisfenolu A n triklosanu
akipene od Sigma-Aldrich (Nemecko), Vietky rozioky boli pripravens 2 dvojstupiove
Cigleng] vody sy=témami Labeoneo a Millipore Simplicity {Lambda Life, Slovensko)

Vopdmci experimentilng Casti prace sme ushutoénili elekirochemicki oxidiacin vybranych
hisfenolov, pricom sme vvwkili bérom dopovam diamantovi elekirddu (BC 312 500 ppm v
plyanej fize, memy odpor 0017 £ cm, koncemiricia nosifov ndboja 29 x 10F) et
zaznamenand Hallovou metddon) rasteni na AlyOy poréene] keramike. Ma Obr. 1 s zobrozend
BDD clekirody s rozdiclnou porezitou (20 a 40 ppi. =25 em) kontakiované s Cu vodidom,
z ktorveh sa nasledne wyrobil BDD elektrochemicky prictokovy modul. Elektrochemicki
oxidicia sa wkutodiovala v4 L onadobach = elebirolviom (NaCl, NmSO0s a NaNOs)
s pridavkom vvbrangho bisfenclu (1 mg/L). Veorky boli odoberané v Ense O, 10, 20, 30, 60,
1200 a 240 mindt elektrochemicke) oxidicie pri dvoch rdzmych pridoch ato 0.2 a 1A, Vaorky
baoli dsledne uskladnend pri teplote -20°C a meskdr vyuwkité na Géely kvantitativisej analyzy. Na
tpravu veorky pred samotnou analyzou bola pouzit filtrdcia s vwuiitim striekackovyveh filtrov
# regencrovane) celuldey s velkostou parov 045 jum.
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Evantitativoa LOC-MS/MS anelyza bola uskuteénena pemocou kembindcie HPLC-ME/MS,
svywrilim  hmotnostnéhe  spektrometra QFxactive s wnovem adrojom APCHAFPL
v negativiom a) pozitiviom  wnrzaénom mode (Therme Fisher Scientific, CA, USA)
Identifikacia degradaénych o transformadénich produktov =a uskutofnila  prostrednictvomm
HPLC-HEMS na pristrojovem vyhaveni LO-MS-IT-TOF™ {Shimadzu, Kvole, Japonsko) a
CEactive { Thenmo Fisher Scientific, CA, USA)

Visledly a diskusia

Cielom predmetnej price bolo sledovanie vplvwve powdite] porézng] BDIY elekirddy a
pracoviy ch elektrolviov na ddinnost elektrochemicke) oxidécie vybrandch bisfenolov (A, S a
AF ) ako aj na vplyv tvpu BODE na tvorbu degradacndeh a transformacnych produkiov, Pre
tento Geel boli na degradacng experimenty syuite dva tvpy elektrad (2008 40 ppd, Obe 1), dva
rozne prody (0,2 a LAY a elekirelvty priprovend pridavkam seli (MaCl, NazSCy a NaNOs )

a) b

I

+

" ....rllu ”~I-T—'+'
8, 9

Obr. 1. BDIY elektridy s rozdiehwn poreziton AlOs Keramiky: a) 20, b 40 ppi =215 ¢}
kentaktovane s Co vodicom zeizolovanym so siikdmovon paston

Ma i¢mnest’ ekekirochemicke oxidacie vvbranyeh bisfencloy zo sledovanych premennych ma
zasadny vplyy sol’ tvoraca reakény elektrolyt. Pn kazde) 2 testovanych elekirad bola po powriti
MaCl clektrolytn dosiahnuta vireene vyEiia 0émnost” elmindcse wwbranyeh  bistenolov.
Prikladom je porowvnanic Qéinnosti elimingeie histenolu A s powfatim réemyeh clektralytov
(C¥br. 2 FZatial £o pri ponditi NaCl bele modné bisfenol A takmer Gplne eliminovat’ u po 20
mintitach oxidicie, pri Na:50a NaNCs bolo medné eliminovat’ okole 50% bisfenolu A po 240
mindtach elekirechemicke) exidicie pri pride 0,24
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—a—MNa250d  —a—Hall  —e—NahNO3
Obr. 2: Pniebeh elektrochemickej oxidicie bsfenolu A s pridavikom NaCl, Na:z504 a NaNO:

Ma idemtifikaciu vedlaggich produktoy exidicie vvbranyeh bisfenoloy boll powsite dva pristupy

analyzs ofakivanvch Litok (na ziklade publikovanyeh dit vwivoreny zommam degradsénych
i tramsformadnyeh produkiov) a necielend analyza, S vyuftim cboch pristupoy bodo moZng
identifikovarl venikajice produbty oxidicie vwhranych projektov na BDDE. ldentifikicia
prebichala na zaklade zasnmamu presng) hodnoty m'z, sledovania 1zotopovich pomerow,
retenémych charaktenstik a MS/MS ziznamoy.

Laver

N oprdel bola porovndvand idinnest elekirochemickey oxidicie swihwanych bisfenolov na BDD
elektride, Sledoval = vplyy powdite] elektridy a pracovneho elektrolyin ma ddéinness a rychlost
odstrinenia  bisfenolov A, Sa AF. Vysledky preukizali, Ze tvp soli powditej pe
elektrochemickej oxidicii vyrazne vplvva na Ofinnost odstrinenia vybramyeh bisfenoloy

Analyzou ofakavamych zli¥enin a necielenou analyeou pomocoun HPLC-HEMSE bole
umoEnens ovent’ hypoteey, 2= pofes dektrochemicke) osadacie dochadza pn poudit
rocdielnyeh clektred a pracovnvch elektrolytov a réene komplexns) matrice ku generovaniu
roedielnyeh degradagnvch a transformacnych produktoy,
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Energy-controlled Spark Discharges for Electrode Activation and Madification
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Abstract

Spark discharge occurs when the diclectric strength of the atmosphere in the clectrode gap is
excecded (3.6 kKVimm for airk The energy released during the spark is enough 1o erode
electrode materials and heat them up 1o plasma, which is rapidly cooled 1o form electrode
material(sJ-derived nanoparticles, Al the same time, heat can alter the electrode surface, by
desorption of impuritics, imrodwction of oxcvgen moieties. ¢te. In this contribution. an Arduino-
based high-voltage power supply is described, allowing to control the number and energy of
discharges. The concept = evaluated for rniboflavin sensing on silver-sparked screen-printed
electrodes.

keywords: Spark discharge, Electrode activation, Metal nanoparticles, Sensor

Uvad

Jiskrow ) v venikd mezi dviéma elebirodami, mezi které je vioZeno vvsoké stejnosmémdého
napéti {stovky volth a2 nékolik kilovelti), pokud jzou priblizeny na destatednou vadilenost, pii
kieré je prekrodena dielekiricka pevnest atmosféry v mezielektrodovém prostore (3,6 kKV/mm
pro veduch), Energie uvolnéna béhem jiskroveho vwhoje stadi k erozi elektrodovych matenili
a jefich zahidti do formy plazmy, Kiera se rychle ochladi a vvivoR nanodisdice odvorend 2
elekirodovyieh materiili. U stejnosmemeho vwsokonapétoviho zdroje je elekiroda plipajend k
zapormiému pdlu erodovina viboji vice ne? kKladni elektroda. To je zdkladem pro modifikaci
Kladné elektrody nanomateridily odvozenymi z elekirody pipojend k zipomému polu. Zarovei
mize posobenim uwvolnéného tepln dochizet ke sménam povrehu elektrody, v pripadé
uhlikovych elektrod desorpei nedistol, vmdgenim kyslikovych skupin atd., oz zpravidla vede
nejprve ke zlepfeni elebirochemickych viasinosti (aktivact) elebirody, posléze az K degradaci
elekirody. U kenvenéniho vwsokenapetowého zdroje se jiskra skladd z vice vwboji, jejichs
frekvence a energie jsou definoviny podle wstupmi kapacity napdjeciho zdroje. Specificke
misto na elekirod? je proto zasakeno jiskrou tvolenon vicendsobiymi wwhoji. 'V tomio
piispéviu konference je popsin vysokonapétovy zdroj fizeny arduinem, ktery umodfiuje fidit
padet vybaojil a jejich energii.

Experimentilni chst

Aparatura pro modilikae elekirod jiskrovim wwhojem se skladi e admje vysokého napi
(WM} a 3D pozicionéru, Klery umoinge distribuovat jiskrové wwhoje na provech elektrody
(obvykle clebiroda wvyivolend sitotiskem, SPE). Namisto obwvyklého oscilitorn tvofendho
diskréinimi souddstkami je u adroje VN pouzit programoyvateliny PWA ssp arduina Mega,
Vykonovy stupeit VN generitom (obr. 1) se sklida ze spinaciho MOSFET tranzistoru {T1), ke
kterému je jako zaték pripojen avyiovaci transformdator (TR2)
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Obr, 1. VM zdroy fizeny PWM vystupem Arduina Mega,

Jako TR2 je misto vhodnéjgibo transformitor s ferfovym jadrem poudt obyéepmy DPS
transfommdlor 5 kovevym jadrem, aby konsirekee nopajeciho zdroje byvla jednoducha a
reprodukovatelnd. Napeti na sekusdirim vineti TR2 je dile zvyiovano v Cockrofi-Waltonowve
kaskade, Kterou tvefi diody 1NA00T D3-DT a whivatelsky valitelné sady kondenzdtori (C35-0C9),
ruiné plepinatelné mex hodnotama 0.1, 1, 2.2, 3.3, 4.7 a 10 nF pomoci vicepdlového otodného
plepinade. DElE napéti (R10-R12ZRY) poskytuje signal amérmy vystupnimu vysokému napét
{HY monitor), ktery se poukivi jako zpétnd vazba pro fizeni procesu Arduinem.

Visledky a diskuse

Aparstura byla testovina na piklsdu stanoveni nbeflavine (vit. BS) na sitotiskovich
elektrodach modifikovanyeh stithendmi nanoéasticemi ' Obe 2 ukazje diferencn pulsni
voltamegramy nboflavinu na tsténdch elekirodich v zavislosti na podtu whojl aplikovanych
na jedno misto [, sparking spot™) ze T0O3.

5.5
5.0+
4.5

11 A

3.6

4

3.0 4

42 10 08 06 -04 0.2 00 0.2
E (vs Ag/AgCl) IV

Ohr, 2. Set diferenénich pulsnich veltamogrami nbetlavinu (e = 100 oM} naméfeny na
sitotiskovveh  elektrodich (3 mm priméry,  meditikovanyeh  stfibmymi  nanodasticemi
generovanymi 705 jiskram obsahujici rieny podet vwhopi (uvedens v legendé@ grati).
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£ dat wvedenyeh na Obr, 2 vyplyvi, #e odeava nboflaving je nejvaisi pro dva vihoge na jiskru,
pricem: odezva pro jeden vybog je srovnatelnd, Pro vvidi polty whojil se odezva snizuje, Ddle
J& Efgjme, i se s poctem vwhol progresivng 2vyiuje poloha DP voltamaogramil na y-ose grafis,
ti. zvydnje se proud pezadi. Proud pozadi je u DPV wrlen kapaciinim proudem, Kery neni
kompenzovan pii odelfteni proudovich signalll pied- a na konei pulsu viodeného na elektrodu,
Daommivime se. ke poloha DP voltamogramu seuvisi s mirou oxidace povechu elekirody.

Lavir

Zhonstruovali jsme aparatury obsahujici vysokonapetovy zdroj pro kontrelovanou produkci
Jiskrowvch vobogl mezi elektrodou slouzici jako senzor a elektrodow, Klesi je zdrojem
nanoddstic, kterymi je senzor modifikovan a 3D pozicionér, slowzici k distribuci jiskrovych
vybojii na povreh modifikevang elektrody, Aparatura byla testovina na sitotiskovych
elektroddch modifikovanych stfibmymi nanoéasticemi phi stanoveni nboflavinu pomoci DPY,
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Determination of Selected Natural Psyvchosctive Substances in Organic Matrices at 3D
Printed Electrodes
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Absiract

Pzilocybin and its derivative psilocin are popular psvehoactive substances both as expenmental
treatments in climeal trials and as illicit dregs. Their potential ability to influence the human
brain emtails the need for a fast. inexpensive, selective, and sensitive method of their
deternunation. The mim of our study was the development of new 3D-printed electrodes which
fulfill these demands and are wseful for medical. toxicological, and forensic purposcs.
Swvecesslul development allows determining in real matrices {human plasma and dned
mushrooms) concentrations of the order of 1 pmol dm™.

Keywaords:
Al-printed electrodes, natural psvehoactive substances, psilocin, psilocybin

Intraduction

Paychoactive substances are widelv used in some subcultures, especially among voung people
who would like to find the possibility 1o relax or change ther consciousness. Many of these
substanees naturally oceur in plants and were used for medical and religious purposes. One
example of this natural alkaloid may be psilocybin which may be found in the mushrooms genus
Psilocybe, These alkaloids were mostly known in Latin America and their potential was
discovered by Albert Hofmann in the late 19505 2. Psilocybin (4-phosphorviony-K -
dimethy liryplamane jis a natural indele alkaload from Psifacybe that does not have psvehoactive
potential, Mushrooms from the genus Psifocybe usually contain 10.5-2 %5 of psilocybin and
pailocin is found i frace amowts ©7 Spontancous change of psilocvbin to psilocin
{n payvehoactive metabolite) causes hallucinogenic effects {both substances are shown in Figure

I
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Fig L. (A) Psilocybin and (1) psilocin structure.

Adter oral admimstration, psilocvban is absorbed in the intestine. [t 15 transported into the liver,
where undergoes the first metabolic pathway to pailocin %,

Palocin after the affection of the brain undergoes phase-I (20} and phase-11 metabolism
{8003 . Phase-1l metabolism is the analog of serotonin metabolism, which creates the
pevehonetive ellects of psilocin, This substance 15 a serleninergie agomsl, which binds 1o 5=
HTzx and ether serslonin receplors. [t blocks sodivm-dependent serotonin transporter and os a
result, higher concentrations of serofonin may be observed. Moreover, psilocin binds alse to
dopamine receplors 11
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Similarities  between  serotonin-dopamine  metabolism  and  psilocin metabolism  cause
psyehoactive effects. People may observe for example the following symptoms: physiological,
visual, cognitive, transpersonal, and some adverse effects ©5%

Adm of the study

Psilocybin and s derivative psilocin are interesting examples of natural psychoactive
substances which may be wed in medicine, They may be eflfective i depression, obsessives
compulsive disorder, anxiety, addictive dizsorders {tobacco, drugs, and alcohol ), psychosomatic
diseazes, and pain relief -1

Priority m clinical trials is the non-expensive, sclective, sensitive, and easy method of the
determination of used compounds. Inthis case, 3D-printed materials and electrochemistry allow
the development of new analvtical technigques which fulfill every of the mentioned demands,
Because of that, we decided o prepare our lab-made 3D-printed electrodes for fast, sensitive,
and simulianeous determination of psibocybim and psilocin in organic matrices

Experimental part

The first step of our research was the preparation of the 3D-printed clectrodes from carbon fiber
PLA and the development of the mitial pretreatment which may be used for increasing the
signals obtwined at the clectrode surface, In this first =tep, we used 1 mmol dm3
hexaammineruthenium(Illy chloride to control the influence of different parameters of
pretreatment. We concluded that the hest approach is electrochemical pretreatment: 10 evelic
voltaimmetry scans in a buffer pH 7, initial potential —1000 m% and final potential + 15060 mV,

After pretreatment, we started our experiments with psilocybin and psilocin. Firstly, we
determine them w=ing adsorptive stripping voltammetry in Britton-Robinson buffer to develop
the optimal parameters for fiture experiments in organic matrices. They are presented in the
fellowing Tahle 1

Table 1

Owptimal parameters for the determination of peilocybin and psilocin.
Parameters of the measurement Psilocybin Psilocin
Measurement solution pH 9 9
Accumulation potential {Fecc) 400 mY 500 mV
Accumulation time {Eax) A= 80 s
Inatial pestential {Eai) 400 mv S0 mY
Final potential {En} 1300 mV 1300 my
Scan rate N mVs! 20 mV s
Pulse height HmV S mV
Fulse width Bls Bl s

We obmerved that in Britton-Robinzon buffer small amount of psilocyvbin was changed into
psilocin under the influence of used potential. In the result, afier the addition of psilocybin
solution 1o the buiter, we observed signals from psilocybin (arownd +900 mV) and 3x lower
signals of psilocin (around 450 mVv). As well. there was some additional signal around +200
mY, probably from some other derivative of psilocvban. The mddition of the psilocin solution
confirms that thi= analvte gives a signal around <450 mV, In human plasma mixed with Bratton-
Robingon buffer 1:1, each zignal was shifted to the lower potential, The Psilocvbin signal
appeared around <730 mV and the peilocin signal around =200 mV. Moreover, we observed
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that in the human plasma psilocybin is almest fotally changed into psilocin during the
electrochemical experiment. It suggests that in the human plasima, we are dealing with liver
enrymes that affect our expenments. However, even in that situation, we will be able to evaluate
signals of psalocyibin and p=ilecin simaltaneously. These results are shown in Fig. 2.

Fig. 2. Adsorptive stnpping voeltummetry at 30pnnted electrods of psilocybin (A) and psilocin
(B}, In the pacture (A} it 1= visible that psalocvbin (signal around +750 mV) was converted into
psilocin (signal around +200 mV), which was confirmed in the analysis (B} of psilocin (signal
around +200 mV),

The last step of our research was the determmnation of psilocybin and palocin in the natural,
dned mushroom genus Prifoeybe. In this parl, we proved that in the dned mushroom we can
find pralocybin with signal shifted 10 +1100 mY. Az we know from the literature, mushrooms
comtain only trace amounts of palocin In that case, the small signal of pslocin {arcund
+200 mVy may be the result of the voltarmmetric meazsurement and electrochemical change of
psilocyhin into psilocin, similarly as in Britton-Robinson buffer in the first part of our research.

Conclusions

AD-pnnted electrodes and electrochemical measurements are usefil for the determination of
psilocybin and peilocin in natral ccganie matrices, In our research, we proved that adsorptive
stripping voltammetry at carbon fiber PLA electrodes may be used for the susccessfil
simmltanecus determination of thesa two compounds. Moreover, it 12 a fast, inexpensive, and
easy approach withowt long sample preparation, which may be used for medical, toxieological,
and forensic purposes.
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Voltammetric Determination of Selected Estrogen Mistures in Waters
(Valtametricke stanoveni smisi vyhranych estrogenu ve vadliach)
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Ahstract

A novel procedure was developed for the voltammetric determination of a mixture of the most
abamdamt estrogens in waters, The analvsis iz carmed oul by electrochemical oxidation ws=ing
differential pulse voltammetry (DPFV) in an alkaline solution containing 0.066 mol 17 NaOH
and B0 *s acetonitrile. Furthermore, o mathematical approach was proposed to evaluate the
comtent of individual estrogens m the mixture,

Keywords: Vollammetry, Boron=doped diamond electrode, Estrogen, 17f-estradiol, estnol,
1 Tu=ethyylestradiol.

Ul

Mezi wvenamne mikropelatanty vod patfi tzv, endokrnni dismugiory, cof jsou Litky narssjici
sprivnon funkel 2liz s endokrinni sekreci | Json vysoce stabilni, 2 prote zivadnim episobem
ohroduji tivotni prostiedi a ndsledna zdravi loveka, RKonkréing se jedna o leCiva, kosmeticke
prepaity, pesticidy, hormendlnd Litky aj. Steroidni hormony lze rozddlit na phirodnd
asyntetické. Plirodnd e tvofl u lidi a u zvifat v nadledvinkich, varlatech, vajednicich
a v placenté. Do této skupiny patfi napfiklad estron (E1 1 7f-estradiol (E2), estriol {E3) nebo
testosteron.  Swntetické  hormomwy  zahrnugi predevéim 1 To-ethvnvlestradiol  (EE2)
dizthylstilbestrol. 1%-norethindron aj., které jsou soucisti hormonalni antikencepee a dalsich
wrivanych fermak, Vg estrogeni je 2 1&la vyludoving modi. Prostednictvim méstskych
splaskovich vod se pak destivaji do vod povrchovich. Vonich pak ovliviugi procesy
spuvisegjicl predeviim = reproduker zivotichil. Dochazi k feminizaci, dale pak ke zhorsent
celkoviho zdravetnilo stavi, popiipads ke karcinogenesi ©.

E voltametrickému stanoveni hormondlnich Litek bylo jid vwpracovime velké mnozstvi praci
vvukivajicich nejrienéjgi indikaéni elektrody. Jednalo se nopfiklad o HMDE * 7, GCE ™%,
pastovou uhlikovou elektrodu CPE 7, BDDE ? popiipadé tisténd elekirody SPE %1, Ve viech
téchio studiich bylo fefene stanoveni vidy jen jedné Luky.

Vteto praci byla zaméfena pozomoest na voltametrické stanoveni ZIvi nejvice se viskytujicich
estrogeml v povrchovych a odpadnich vodich, ato estronu, 1 TR-estradiole a estriolu, kiend patfi
do skupiny plirodnich litek a jednoho symetického 1 Ta-etlivnylestradiolu. Strubiumi veorce
téchto litek jsou uvedeny na Obr, 1.
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Obr. 1. Struknumi vzorce studovamych estrogenn estronu (ELY, 17 [I- estradiolu (E2), estniolu
(E3) & 1 Ta- ethynylestradiolu (EE2).

Experimentilni Gist

Standdardni roztoky piirodnich estrogent byly pfipraveny v ethanolu, a to o koncentracich
4,54=107% mol I™* pro estron, 4,52=10° mol 1™ pro | 7f-estradiol a 4,33=10% mol I* pro
estiol. Synketicky estrogen | To-ethynylestradiol byl rozpudtén pro studii pH v acetomitrilu, pre
Evantitativid analyze pak byl piipraven roztok v ethanolu, Koncentrace byly v obou piipadech
stejné, a to 5,4« 107  mal 1-F,

K voltametnckému stanoven studovanych estrogani byl vyusvin elektrochemicky analysator
EP 10WVA (HEC servis, Bratizslava). Mafici clanek se sklidal 2 pracovn elektrody 2 borem
dopovaného  diamantu (BDDE, BioLogie, Seyssinet-Panset, Francie), argentchlondove
referenind elekirody a pomocnd platinevd elekirody (obe Monckrystaly, Tumev, Ceski
repuhlika), Stanoveni probihalo pomoct elektrochemicke ooddace s vyufitim diferenéni pulzni
voltametrie (DPV). Pracovni elekiroda bwda pied kafdym méfenim ofetfena vioFenim
potencialil +2200 mV, —200 mV a+2200 mV vady po dobu 10 sebund. PR viastm analyze byla
polarizoving v rozsati potencidll +400 my aZ + 1400 mV pii rychlosti polarizace 25 my s,
Tyto podminky byly stanoveny expenmentilng. Linedmi zivislost proude na koncentraci
analytli bylo dosafeno v alkalickém zakladnim elektrolytu ohsahujicim 0.066 mol I~ 'MaOH
a B0 Y- acetonitril,

Visledky a diskuse

Vhodne slofeni zakladnibo elektrobviu k elektrochemicke coadact studevarmych hormoni byle
hledano expenmentalng analyzou latky EE2. Bylo zjisténo, Z2 v kyselém a neutralmm prostiedi
Britonowva- Robinsonova pufro za piitommosti acetomitrilu je zivislostvyiky pakil na koncentraci
analyie nelinedmi, Zaroved docléz s zvyviujicd se koncentract amalviu k posune poloby pikil
k pozitivngiim potencidlim, Maximum piki oxidace EE2 pii pH 1,97 se nachizi v +1 200 mY
v plitomnosti 33 % acetonifrilu a v prostiedi 60 % acetonifrilu pakl w +1400 mV, Obdobng
vysledky byly ziskamy 1 v prostiedi o pH 4.17. Lincarty mez vyskou pikal anodicke coadace
EE2 a komcentraci bylo dosaZeno aZz v alkalickém prostfedi v pittomnestt 80 %e-niho
acctomitnli, maxima pro rostoucd koncentrac: analytu se neposouvala a macharzla se
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u 930 mV, Dalsd experimenty ukiazaly, Fe 1 ostatnl stedované pitrodnl estrogeny poskyviuji
lingami odezvu v omio zakladnim elekirolviu,

Hlgvnim cilem této prace bylo pokusit se rozliit jednotlivé nepéastéji se vyskytujici estrogemy
ve vodich vedle sebe, Vihledem Ktomw, Fe pfitodni estrogeny byly Spaind rozpusing
v acetomitrilu, bylo nutné pigjit pi plipravé standardnich roetokt analyvid do ethanolického
prostivdi, co? ndsledng ovliviiovalo tvar kitvek anodické oxidace. Diky podobnosti struktury
analveovanveh estrogeni se dalo pedpokladat podobné chovani pi anodické oxidaci. To se
luke potvrdilo. Tvar piki je obdobny a jejich poloha je blizka. Litka El ma v navrieném
wikladnim elektrolviu maximum pfi +890 mV, litka E2 rovid# pii +890 mV, estriol E3 pi

B00 mV a syoteticky estrogen EE2 pak pdi +990 mV. Pokwd se amnalvzupe smés téchto litek
o piibliEnd stejné koncentraci, ziska se zhznam, kierv na prvnd pohled neindikuje Zidnou simiés,
juk dokumentuje Obr, 2.
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Obw, 2. Zdznam voltametrické analvzy smési estrogendl E1, E2, E3 a EE2,
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K rozlisend jednodlivich estrogend v téte smes byl navezen postap, Kombingjici expenmentalng
o matematicky piistup. Neydfive se pro jednotlivé samotné latky xméfi proudova oderva pro
avyiujicl se koncentraci. Pro naméfend datn se metodou nejmengich étverch vvpoditagi
parametry regresni piimky, kierd popisuje zavislost proudu na koncentraci. Smémice pfimky
(kb damé slozky predstavige odesvovy faktor, Ktery vwjadivje zivislost prouda na koncentraci a
tostor lze wyhodnotit pro kieroukeliv zvolenou hodnotu potencidlu piko, Po ndsledném zdenanmu
smés studovanyeh latek, kdy k prowdoveé odesve pfispivigi viechny pfilomné slozky je modné
sestavit potiehnon soustave rovnie, kieré vyjadfuji zavislost proudu na koneentracich
Jednotlivich slofek pfi uréitém konkrétnim potencialu. Podet movnic musi odpovidat podtu
analveovanveh sokek. Soustave rovme lze fedit s vyvuzitim maticového poétu, kde matice
soustavy musi byt évercova. & visledki lxe s uréiton pravdépodebnost stanovit koncentraci
Jednotlivich slofek. Tento pRstup byl pro eagatek testovan na dvouslodkové smési estrogeni
El a E3. Obsah estronn byl stanoven s chvbou —7,8 %o, obsah estriolu pak s chyvbou +3.3 %

Pro stanoveni celkové koncentrace Ciyi nejeasté)i se vvskytigicich estrogenil ve vodach bwvly
vybriny ¢vil potencialy, a o 800, +890, +950 o +1000 m¥, pro které byly vyhodnoceny
smérnice &~ fp'e u vieeh slodek. Nisledné tvle ticha nalézt takovy potencidl, phi Kterém se
smémice regresnich plimek jednotlivich slodek veajemné co nejméné hidalyv. Pro kaddy
potencial se vvpoditala primémd hodnota odpovidajicich smérnic regresnich piimek a
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optimalni potencial byl zvolen tak, aby odehylka smémic od daného prinméru byla minimalni,
Pro takto zvoleny optimalni potencidl bvla vypoltena celkovi koncentrace analyzovanych
extrogent. Tento postup byl aplikovin na stanoveni modelové smesi viech S0 studovanych
extrogen(, které byly zastoupeny v piiblizng stejné koncentraci. Nalezend hodnota se lifila od
skuteéné o +4 %o, Navrieny zpisob voltametrického stanoveni smési nejéa=téi se vyskytujicich
estrogen( ve vodich bude dile testovin.

Lavir

W oramei tto price byly navekeny experimentilng podminky k vollametrickému stanoveni simési
nepiasté se vvskytujicich estrogenti ve vodiach, Jako indikadn elektroda slougils BDDE, byla
vyzita anodicki oxidace metodon DPV. Podrobnow studii voltametrické odexvy jednaotlivych
litek byl navrien zpisob stanoveni celkového ohsahu estrogentd ve Styvislozkové smési o také
moEnost uréeni zastoupeni jednotlivych slodek.
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study of Electrochemical Behaviour of Bile Acids on Boron-Doped Dismond Electrode
(Studinm elektrochemickeho chovani Hludmvych kyselin na borem dopovane dinmantove
elelitrmli)

Kristima Jeliikovi. Eva Blihovi, Peter Cambal, and Karolina Schwarzovi-Peckova
Charles University, Faculty of Science, Department of Analytical Chemistry, UNESCO
Laboratory of Environmental Electrochemistry, Albertov 6, 128 43 Prague 2, Czech Republic
E=mail: kristynajelsikovaanatur.cumi.cz

Adbstrmet

The electrochemical behavior of primary bile acids {cholic acid and chenodeoxycholic acid)
and secondary bile acids (lithochelic acid, deoxychelic acid, and vrsodeoxycholic acid) w=ing
eyelic vollammetry on the boron-doped diamond electrode was studied. Specifically. the
behavior of primary and secondary bile acids in the negative petentinl region was compared in
the media of acetonitrile—perchlone acid (water content ca 0,33 %), Unlike secondary hile
acids, primary bile acids provide a signal in the negative potential region at ca =04V
(15 Ag/ApNOa) The development of these signals is time-dependent. This signal could
represent a base for the selective determmation of primary bile acids i the presence of
secondary bale scids i a sample,

Keywords: Boron-doped diamond electrode, Primary bile acids, Secondary hile acids,
Voltamimetry

Ui

Flnéové ky=eliny a jejich konjugity s ghvcinem a taurinem se v organismu primiamé vyskvtuji
ve Fludi, Nislednd gsou wwluoviny do sifeva, kde se podileji na triveni, vstfebivini a
matabolizmu lipidi. Jkou rozlifovany dvé skupiny 2ludovich kyselin — primdmi a sekundirmi
Flucové  kwseliny.,  Primamimi  Zludovvmi kvselinami v lidském  t2le jsou  cholovd
a chenodeoxycholovi kyseling, které venikaji v jatrech svitézou 2 cholesterolu. Tyto primdrni
Fluéové kyseliny mohow byt bud v jatrech dile konjugoviny s glycinem nebo taurinem nebo
jsou transportovany do stieva, kde z nich enzyvmovou Simnosti mikroorganismi venikayi
sekundami Flufové  kyselmy:  deoxycholova, litecholova s ursodeoxycholovd  kvseling
PiestoZe se ma prvmi pohled strubtura, chemicke a Fzikabn viasinosti primarnich
a sebundamich Hudovych kyselin piilis nehis, magi v organismu odhidng lunkee a jejich miené
ladiny v organismu jsou indikitorem riznveh onemocnéni %

Ziikladem strukiory  Zludovyeh  kyselin je  elektrochemicky neaktivel  steroidni  jadro
& hydrosgylowvon skupinou na C3. pfipadné daléiimi hydrosolovimi skupinami.  Alifaticky
uhlikoty feldzee zakonéeny karbosylovou skupinou je wmistén na C17. Elektrochemicka
aktivita Zluéovych ky=elin pro oxidace tak zdvisi na aktivaénich renkeich, kdy jsou do
sleroidntho  jadrn zavadény  dvoiné vazby pomoci  dehyvdrmtace  silnou  anorgamickou
kyvselinou **, Po pousiti debydratacnibo Kok je modnd  detegoval  cholovon a
chenodeoxycholovou  kyselinn  (po extrakei  na  pevnéd Bizid)  vuomélém  sém
(LD = 80 pmal 174 5,

Redukee Zlucovvch kyselin byly zkouminy na tut'sve kapajici elekirodé pomoci diferenéni
pulsni polarografie 7, kdy ziejmé dochizi ke katalvtickému vivedi vodika na karboxylové
skuping, nebo na elektrodd ze skelného ubliku a elekirods ze skelnélo uhliku modifikovand
mnohostennymi ublikovimi nanotrubickami ®, Sametndrn analviickému stanoveni 2ludovich
kyselin za vyvuiti elektrochemickych metod se vénuje jen nékolik milo sudii "™V studiich,
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keke byla jako pracovni elekiroda poufita lati elekiroda, probibala detekoe Eludovich kyselin
peamot propojeni HPLC a pulsnd amperometrické detekee. PouZity byly v obou studiich tfi
pulsy £ =+0,03 V, F1=+0,60 V a Es = =080V (LOD = 0,6 umol 'Y, resp. £ =+0,05 V.,
Ea= 60V a B3 = ~0h60 ¥ (LOD = 10 pmol '), Daléi studie se vénovala staneveni
ursodesxveholové kyselimy ve farmacewtickych preparitech. Stanoveni probihalo propojenim
HELC s UV detekei a elekirochemickym deteblorem (coulometricka celal Klery tvodily dvé
grafitové poréeni elektrody v in=line zapojeni, ty pracovaly pii 0,60 V a +1.40 V ',

Experimentilni chst

Studovany byly  primami  Fudové Kyseliny: cholova a  chenodeoxycholova  kvseling
a sekundirmi Eledove kyseliny:  deoxyeholovid, litocholova o urmsodeosycholovi Kyseling
(viechny od Sigma—Aldrich). Daldimi pouzitymi chemikdliemi byl acetomitril pro HPLC
{Sigma—Aldrich), 70% kvselina chloristi (Lach—Ner, Neratovice, CR) 2 alumina o velikosti
cistic 0.5 pm (Elektochemické detektory, Tumov), Viechny chemikilie byvlv analvtické
Cistoly,

Meteni byvla providéna metodou cyklicke voltametrie (CV) K méfeni byl poudivin
potencicstal Autolab se softwarem Mova 112002 1.3 Pouzivano bylo thiclektrodové zapajeni.
Jako pracovni ¢lektroda byla pougivina borem dopovand diamantovi elektrodn o primém
3 mm (Windsor Sciemtific. Slough, Velki Brtinic). Referenéni elekirodou byla Pleskovova
nevodna  elektroda  (stithmy  dratek v roztoku 000 mol 7 AgNOs v 1 mel 1P NaClOy
vacetenitrilul. Jako pomocni elekiroda byl poukit platinovy dratek. Rychlost polanzace
pracovai elektrody byla v = 0.1 V s~'. Pred kafdvm méenim byl povrch BOD elektrody lettén
suspensi aluminy = destilovanon vodou po dobu 15 s,

Vasledhy a diskuse

MNa zdklade predchozibo studia odezvy chenodeoxycholove kvseliny v oblasti zigomych
potenciald bylo studovino elektrochemické chovani daléich vybranych #luwéovych kyselin
viéte oblasti. Sudovany  byvly  dwl skupiny  Zludowvich  kyseliny:  primdrni  (cholova
a chenodenxycholovi kyselina) a sekundimi {deoxycholovi, litocholova a ursadeoxycholovi
ky=elma). ¥ predchozich studiich bvlo zjisténo, fe chenodeoxycholovi kyselinn poskytuje
redukéni signdl pi potencidlu co 04V pouze za uriitych podminek: po vlokeni vvsoce
Eladného potencidlu = +20 'V, pfi kterém dochdzi na BDD elektrod? k rozkladu vody a tvorb
HO® radikalil, a ziroven v piitommosti kysliku v méfendm rortoku. Samotny vivoj katodické
odezyvy v téchio podminkach trvd ca 45 minut od smizseni roxtoku 2lutové kyseliny = kyselinon
chioristou, Dal&i experimentalni praci byvlo zp#éno, fo vive) katodickeho signilu Lze urvchlit
zohfatim ve vodni lizni po dobu 5 mimut na 50 “C. Stgpné jake v pfipadé elektrochemické
oxidace Je tedy nuiné aktivoval steroidni skelel Flucové kyselmy dehvdratadni reakai, klerd
mize indukovat dalsi zmeny v jejich strubtuie, Studium elektrochemického chovim dalzich
Elucovych kyselin probihalo vidy po zahidti ve vodni ldeni.

Na obr. 1 jsou zaznamendny cyvklické voltamogramy studovanych primdarnich i sekunddrnich
Hludovych kyselin, Byly méfeny od potencidlu 0V anodicky do potencidlu 2.0V, kdy jiz
dochizi k rozkladu elektrolytu {a vvoji hvdroscylovich radikali), nasledoval katodicky scan
do potencialu —0,7 V. V phipadé primamich Zluéovvch kyselin (cholovi a chenodeoxyeholovi
kyselina) dochazi K virazndmu nartstu ancdického signilu pii +1,2 V, klery odpovida oxidaci
produkii dehyvdrtace & ve zpétném skenu v oblast zipomych potencialil K vwvaji signile pii
ca =04V oproti hodnotam zikladniho elektrolyiu, Tyvto kyselmy podléhaji dehydratadni reakei
diky piitommost 7o hydrosylové skupmy na =stersidnim skelete v antipenplanami poloze
k vodiku na CE (ref. ). Naopak pro sekundirni Zlugové kyvseliny (denxyeholovi, litocholovi o
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ursoddeoxycholovi kyselina) nebyv] zaznamendn ani voraeny anodicky, anm katedicky signal
Twto kvseliny maji T hydroxylovou skupinu (ursodeoxycholovd kyselinal, nebo neni
hvdroceylovd skupina na C7 piritomna (litocholovi a deooycholovi kyslina), jejich strukiura se
v piitomnosti - dehydratujici kvseliny  tedy  zfeimé neméni a nejsou  elektrochemicky
oxidovatelng. Vyika prowdové odezvy litocholové kyseliny je prakticky totodnd = lini
ziakludniho  elektrolyin, dochazi zde pouwse K posumu potencialu o ca —005V, Pro
deoxycholovou a ursedesxveholovou kyseling mikzeme pozorovat pokles prowdu, a to 22 pod
linii zakladniho elektrolytu, zhejme v ddsledku jejich adsorpee na povrch elekirody, kterd byla
prokizina napd. pro nutové elektrody ' Dile bylo ovifeno, #e pro Zidnou ze studovanycl
kyselin neni katodicky signal pfitomen, pokud je scan proveden katodicky od politeénito
potencidlu 0V, Na zikladé téchio zténi by bylo mofné vyvinoal vvsoce seleklivii
elekirochemickow metodu pro detekel pnmamich Zuéovyeh kyselm ve smést se sekundamimi

N N =
T upca DCA ZE
-3
& A .
o 1 2
Ev

Obr. 1. Cyvklické  voltamogramy  pnmamich  Zlwéovyeh  kvseling  cholowa  {CA)
a chenodeoxyeholovi kvselina (CDCA) (o= 1-10"mol I'") a sekundamich ludovich
kyselin: litocholova {LCA), deoxycholova (IMCA) a ursodeoxycholovd kyselina (UDCA)
(e =1+ 107" mol 17" v prostiedi kyvseliny chloristé (¢ = 0,1 mol 17" a acetonitrilu {obsah vody
o 0,55 %) na BDD elektrodé, Zaklndni elektrolyt (£E) snizomén plerudovanou &irow, Méfeno
od poldtednihe potencialu OV, anodicky scan do +2,0 'V, zpainy katodicky scan do 0,7V
Méfeno v piitomnosti kysliku, rychlost skenu 0.1 V g!,

Lavir

Predmétem studia bylo elektrochemické choviani primamich (cholovia a chenodeoxycholovd
kyselina) a sckundimich zluéowveh kyselin (deoxycholovi, vrsodeoxycholovi a litocholova
kyselina) v prostiedi acetonitrile 2 kyseliny chlorsté = minimalmim obsahem vody, Byly
shsdovimy poddmimky veniku odezvy Echio Zludovvch kyselin v oblasti zdpormych potencialia
na BDD elekirodd. Bylo zjisdténo, 2e v piipadd primdmich Zludovich kyselin dochizi
k navydeni signalu poskytovaného v oblasti zipomych potenciall pii co —0.4. Oproti tomu
sckundimi Fludovié kyseliny zphsobuji sniZenl proudové odexvy oproti pribéhu kfiviey
zikladniho elektrolyviu v dané oblast. Oba tvto jevy by mohly byt zikladem pro voltametrickou
&1 amperometrickou metodu detekee Hutovvch kvselin v pripadech, kdy je tieba zjistit nejen
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celkovou hladine Elucovych kyselin, ale je dilezig rozhsil, «da se jedna o primami nebo
sekundarmi 2ludove kvseliny,
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Ea=y Detection of Profein-EX A Interactions by Northwestern Blotting
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Achstract

The telomerase RNA provides atemplate for a large number of proteins that together make up
the telomerase ribonucleoprotein complex that maintaing the ends of linear chromosomes in
mast eukarvotes, Much work has been done to characterize mammalian telomerase and
investigate its role in cancer and aging. Much less is known about plant telomerase, although
an mpertant first step was the successiul identification of the telomerase ENA in the model
plant Arabidepsis thaliana, To date, only one in witro plant prodem binding partner for this RNA
has been wentified usmg classical gel-shifl experiments. One reason for this could be the time-
consuming need for optimization in these experiments and a general lack of stability and
solubility amongst many putative RN A-hinding proteins. Northwestern blotting is a relatively
obscure method that has nevertheless been used to identify soveral Arabidopsis thaliana
profeins that bind telomeric ENA. Fragments of BNA and putative binding proteins were also
succeslully used m combination to give some information on the specilicity and locality of
these interactions. The research was supported by the Czech Science Foundation, projest no.
20-01331X.

Kevwords: Telomerase, Telomere, RN A-profein inferactions.

Intreduction

Non-coding RMAs have been known sinee the 1950s and today there is evidence to suggest that
a large part of the non-gene encoding eukaryotic genome can be and s transeribed ' One
example of a biclogical system that features an essential non-coding BENA i the
ribenucleoprotein complex telomeraze, where the human non-coding telomerase RNA (TR)
acts a8 a scaffold for at least seven other proteins and provides a template for the DNA repeats
that make up telomeres *. While the catalytic protein subunit of telomerase is conserved across
apecics, the gene encoding TR evolves and may be the primary reason for telomeric variation
across eukarvolic species . Research imto plant telomerases is some way behind that of systems
in mammals and veast, bat the recent dizcovery of the 268 nt telomernse RNA in the model
plant Arabidapsis thalioma (AUTRY is an important step in making up lor this deficit . The next
slep will be to identily the protein components of telomerase, which would then i tum give
some idea how plant telomeres interact with other biological pathways. A classical in witra
experiment to determing proteinsg that hind to AITR i the electrophoretic mohility assay
{EMEA). This was used to successtully identify imeractions between ATTR the plant homolog
of the multi-role KNA binding protein dvskerin®. However, EMSA experiments require
extensive optimization that can often vary between proteins of interest and putative At BNA-
binding proteins in particular are difficult to keep soluble, a= evidenced by Song e al
emploving a truncated form of the dvskerin sequence in their experiments, The less standard
technigue of Morthwestemn blotting ® allows & fuster and simpler method of screening condidate
AL proteins or protein domains for the presence or absence of AMTR binding activity that might
then be further characterized by more quantitative technigues.
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Methad= 5

Prodein and RMNA samples were prepared as described previously’. Predicted domaims of a
putative RNA binding protein were prepared as glutathione transferaze (GST) fusion proteins,
RMA constructs of the complete MTR sequence, a predicted paeudoknot secondary structural
motif (88}, and the sequence with the predicted prendoknot deleted (ASE) were synthesized s
vitro and end-labeled with a radicactive P containing phosphate group for detection,

Twao parallel sets of samples of cell extracts expressing prolein sequences were loaded onlo
12.5% acrylamide gels comtaining 0.1% sodium dodecy] sulfate (S1X8) and run for 30 minutes
at 180V in SDS-comtaming glycine buffer, The typical heat denaturing step used for denatuning
gel electrophoresis was omitted to avoid irmeversible damage 1o profeins. Various buffer
compositions were used and the experiment 15 resilient 1o a range of conditions that can be
tailored to specific proteins it necessary. Adter initial electrophoresis, gels were then transferred
to an electroblottimg  cassetle, sandwiched by blotting paper (Whatman), and with a
nitrocellulose membrane covering the side towards the anade, Gels were then electroblotied for
90 mimes m glveine buffer withewt S, but with 10% methanol to aid in the iransler to the
nitrocellulose membrane. After blotting, membranes were transiently staimed with 0.1%
Poncean 8 red stain to determing the extent of total protein transfer to the membrane.
Membranes were then separated into those destined for Westemn blotting and those for Northem
blotting.

Western membranes were blocked with 25% low-fat milk in Tris-buffered salime (1138 ) solution
for 1 hour with constant relling at room temperature and then mcubated overmight at 4 °C with
LR dilutions of anti-GET (GST fusion proteina) or anti-poly-His (His-tagged proteins)
monoclonal antibodies razed in mice (Santa Cruz). Following this, membranes were washed
with THS three times for 10 minutes each, then incubated for 1 hour in THS with 1:50d0 anti-
mouse antibodies fused to horseradish peroxidase. The membranes were washed again as before
and then Femtoglow developer solution {Thermo Fisher) was used to visvalize bands using
chemiluminescence, Chemiluminescent mages were recorded wsing an Amersham 300 system,

MNorthern membranes were instead meubated for 1 hour with RNA binding buffer to remaove
RD8 and encourage refolding of membrane-bound proteing, Followed by incubation in fresh
buffer containing 4 nh ¥P-labelled ANTR for 2 hours at rocem temperature. Membranes were
then washed with fresh RNA binding butter for 10 minutes, dried, and then covered in plastic
foil, and exposed to o phosphorimaging desk overnight (or longer depending on isstope
strengih), Phosphorimages were recorded using o Typhoon laser imager,

Resulis and discussion

GST fusion proteins were prepared that each contained partial sequences of a predicted ATTR
hinding protein, including predicted domaing A and B, shorer and longer sections of the N-
terminus, and N- and C- tnmcations of the domain A. These were overexpressed in Kscherichia
coli BL21 cell extract and blotted. both with anti-GET antibodies (Fig. 1. left panel) and
constructs of radiolabelled AtTR including a predicted secondary structural motif and a deletion
of the same (Fig. 1, nght and central panels). Western blotting identified that all fusion proteins
were expressed 1o some extent, although miaet Naerminal fragments were present i lower
ammrounts than the others, and the N-terminal truncation of demain A was present in considerably
higher amounts. Together with these, there is evidence of a ladder of GET-containing
breakdown products that ramge until the mass of free GET (23 kDa). Nonthern blotting Features
a atrong signal consistent with the mass of mtact GET fusion to domain A, as well as a lower-
mi=s signal that could indicate the GET-free sequence (45 kDa) or another breakdown product
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thiat is still competent at binding. These sigmals are strong for the whole ATR sequence and the
AITE construct with the predicted secondary structure deleted (Fig. 1, central panels), but much
fainter for the secondary structural ssquence alone (Fig. 1, nght panel). In many wells for all
Morthemn blots thers are low molscolar weight bands indicating AtTR-binding bands which are
assigned as non-specific £ coli RNA-binding proteins as they are lost or otherwise decrease in
inten=ty when purified proteins are used instead of cell extracts {data not shown).

§i s 33 3 13 s . 83 _
I el
& = 1:!1 5 % @ -'-‘.n.
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Western anti-G5T RMA whole RMA ASS RMA 55 only

Figure 1, Morthwestern blots of E coli cell extracts overexpressing GST fusion proteins of
putative RMA hinding protein sequences with masses as indicated, Molecular weight markers
(bue, red, and green bands) on the left-hand lane of each membrane indicate approximate
masscs as indicated. Left: Westemn blot fior GST, present in both infact fusion proteins and
breakdown products. Centre to Right: Morthem blots, black signals show masses of protein
species that bind ATTE constructs overlaid with pink Poncean S-stained signals indicating the
presence of any profein on the membranss

The Morthwestern blots in combination suggest that the predicted domain A binds ATTR
Trmncation of this sequence at cither M- or C- termam abolishes ths linding, suggesting that
the entire imtally precicted fragment is at least close to the mimmal binding demain. The loss
of signals when the predicted secondary struchral motf is wsed, suggests that ather this
predicted motfis not present in actuality, or that this structure 15 not necessary for the binding
of this protein. This is consistent with the idea that mudtple proteins may be requirad to bind to
AITE at once and that each individual protein component of the overall felomerase
ribomicleoprotein complex has a specific area of ATTR where it binds.

Concluslons

Although there is a elear indication that GST fusion proteins are unstable or fragment either
duning lectrophorsiz or in solution, the qualitative nsture of Morthwestzm bloting means that
as long as seme ntact fusion proten is present, such samples can stll be used 1o investgate
EMA hinding. This 1s even possible without the necessity to purify proteins overexpressed in
bacteria, as long as non-specific background binding is taken into aceount, The technique was
used to indicate that the putative domain A binds AITR in a menner that seems to be
independent of the predicted AITR secondary structural motif. As such, further quantitative
binding or struectural experiments can now disregard non-AtTE binding sequences and focus on
the binding properties of the approximately-identified binding domain sequence.
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Ahstroct

Selectivity is one of the biggest problems in voltammetry, mainky in the caze of substances with
similar redox potentialz, which provide overlapping peaks. However. if one of the analyies
provides an electrochemically active product after oxidation, we can distinguish between these
substances, This is the case of fentanvl and capsaicin, which both fonm oxidation products that
can be [urther reduced and re-oxidized, providing analvtical signals at potentials different from
the anodic oxidation peak. This was wiilized in the developed ex-sity evelic square-wave
voltammetry method based on pre-electrolysiz of the sample Tollowed by cathodie reduction
and anodic oxidation of the original oxidation product.

Keywords: Capsaicin, Femtanyl, Norfemanyl, Voltammetry.

Ui

Voltametricke metody lze powrit ke kvantifikaci velkého mmo¥stvi elektroaktiviich litek
Jejich zasadni nevihodou je viak Spaind selektivita pro litky s blizkymi redox potencidly
Pokud pak matrice vaorku obsahuje Kiky, kieré jaou elektrochemicky aktivni a jejich redosni
potencidl je blizky analviu, je nuiné provést takové kroky, aby voltametrickd metoda wmednila
sclektivni stanoveni analytu.

Jednou z nejéastdgfEich modnosti zvvieni selektivity je preduprava vzorku, kterd je obecné
dileziti pro viechny metody analviieké chenme, Litky lze separoval extrakel kapaling-
kapaling, pomoect SPE apod. Velkou vwhodou elebtrochemickych metad je oviem modmost
madifikace elektrod, Klera mikze vést K selektivi reakei poaze urdité skupiny litek nebo powze
anakviu.

Munodstvi elektrodovyich materiald a pougitelnych modifikitor je divodem. proé jzou
madifikace elektrod velice rozmanité a dostatednoun krentivitow lze selektivitu clektrody omezit
primo na poZadovany analyt, Piikladem mize byt jednoduche powziti bandnu jako pimodnit
edroje emeymu polyfenol oxidiey, Sim? se wietfi na nuinosti kupovat drahy Sstd enevm
Rozemlety bandn se piidd do uhlikové pastové elekirody, Sim2 venikne polyvfencl oxiddzovy
bissenzor napiiklad pro analyzu pyrokatecholu '

Daldi moing modifikace mibfe napfiklad vwudit fosfolipidy, které json schopny  tvofit
dvojvrstvy na povrehu elekirody e skelného whliku (GCE) upraveném ancdickou oxidaci.
Fosfolipidova dvajwrstva napodobuje svou strukturouw i funkei bundénon membranu. Tato
dvopvrstva propusti lipofilni litky a zabrani pristupu hydrofilnich litek k povrchu elekirody.
Modifikace GCE losfolipidy ze sopovych bobi byla ispéing pouzita pro analyeu kapsaicinoidi
v chilli %,

Vtdto prici je selektivita voltametrické analyzy studovana z hlediska elekirochemického

chowvini analveovanych latek — kapsaicinn (CA) a fentanylu (FEN L Spoleénou viastnosti téchito
litek je skutednost, fe produbkty jejich clekirochemické oxidace je moiné reverzibilng redukovat
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a recidoval, SimE jsou pouitim eyklické squareswave voltametrie (CSW V) ziskany proudové
signaly pii nizdich petencialech, ne: ma hlavand anodicky pik. Dalsi zvvieni selektivity pak bylo
umednéno pouitim adsorpéni voltametrie, kdy se amalyt adsorhuje na povich elebirods
# roztoku vzorku a méfend je provedeno po pfenesent do Cistého elekirolyiu.

Experimentilni dhst

Frisiroje

Viechna elekirochemicka méfeni byla provedens na polenciostatn galvanostaty Autolab
PGETATIZEN (Metrolim Autolab, Nizozemsko) fizendm softwarem Mova 1,12, Viechny
experimenty  byly provedeny v ifielektrodovém  zapojeni = pracovmi GOE  (Bicanalytical
Svyatems, USA) referenéni kalomelovou elektrodon  (Monokrvstaly, Ceskd republika)
a pomocnau platinovon elektrodou.

Chemikalie

Femtany] a norfentany] byly pofizeny od firmy Lipomed (Svyearsko), kapsaicin byl zakoupen
od firmy Merck (Mémecko) Pro priprave Britton-Eobmsonova (BR) pulme byly powsily
ky=elina fosforecnd (Penta, Ceskd republika), kvselina boritd (Lachema, Ceska republika),
kyselina octovi a hydroxid sodny (Lach-Ner, Ceska republika).

Cyklickd voltamertrie a ex-sith adsorpéni CSWF
Cyvklicka voltametrie FEN byla provedens v polencidlovém roesahu <004 a2 1,2V s rychlosti
skenu S0mY s,

Adsorpind CEWY metoda je zalodena na adsorpei analyiu z michaného roztoku, do kterdho je
na 5 s ponofena GCE. Ta je poté oplichnuta deionizovanou vodouw a umizténa do voltametrické
cely s elektrolytem tvofenym BR pufrem (pH 2 pro kapsaicin, pH &5 pro fentany]
a norfentanyly. Doléim krokem je pre-elektroliza za konstaniniho potenciilu nasledovani
katodickou a anodickou polarizaci elektrody v rezimu WY,

Metoda pre FEN wyuiivala pétisekundovou pre-elektrolyzu pit 930 mV, nisledovanou
katodickou polarzaci elektrody od 230 mV do =400 mV rychlesti 100 my s g wvikou pulzu
=3 mV a frebvenci 23 He. Misledujicl anodicky sken byl proveden od potencidlu -400 mV do
950 mV rvchlosti 100 mV 5™, & viEkou pulzu 50 mV a frekvenci 25 Hz.

CEWY analiza CA byla provedena s pre-elektrolvzou pii potencidly 850 mY po dobu
5 sekund, po niz nizledovala katodicka polarizace elekirody od 850 mY do <100 mY rychlosti
140 m% 57, 5 amplitudow <50 mV a frekvenci 35 He, Nasledny anodicky sken byl veden od
potencidl - 100 mV do 830 mV rvchlosti 140 mV &', amplitedon 30 mV a frekvenci 33 Hz

Pracowvni elekiroda byla pied kaddou analvzou vyéidténa keitkym ponodendm do hexano
a vylesténa na thaniné (Buchler, TUSA) navihéend roxtokem aluminy (velikost Eistic 0,05 pm)

Vishedky a diskuse
Ma Obr. 1 je vidét evklicky voltamogram FEN (¢ = 0,05 mmol "y zoznamenany pfimou
amalyzou FEN v BR pufiru. Lze vidét proudovy signal A odpovidajics anodicke oxadaci FEN se
dvéma maximy pi petenailech (08 Va2 0,93 V.V katodickém skenu se pak objevuje redukéni
pik B a v nasledndm anodickém skenw pik B2, Piky B1 a B2 jsou zplsobeny reakei produkiu
venikajiciho pli anodické oxidaci FEN, které odpovida dvaojpik A. Oba piky B1 i B2 Lee vyudit
pro analvtickd Géely. (Ohdobnd situace je u CA.
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Litky poskymujici produkty oxidace, kterd jsou elektrochemicky aktivn a potencialy piki
nazledne redukee a re-oxidace téehito produki se nachazeji mimo hlavid oxidaénd pik, nabizeji
vvhodnou megnest selektiviu analyey v piipadech, Ldj."]l: v matrict vzorku latka s pedobmm
redoxmim potencialem, kery by zpisoboval navyiovani proudu piku pii jednoduche oxidact
sledovane latky. Vvuzit elektrochermicks reakes oxideéniho produktu enalytu umediuge
vynechat krok predipravy veorkuy, piipedns 1 krok modifikace elektrody. Celkova doba analvey
s tak mike zkratt o mimity aZ hodiny.

80 4 0% B2

=20

06 -04 02 o 02 04 0.6 08 1 12 14
Potencial (V]

Ohbr. 1. Cyklicky voltamogram fentanylu e = 0,5 mmol 1y v BR pufru pH = 8,5

Pro stanoveni FEN a CA s vyuatim voltametrckyeh signali jepch oxadaénich produkti byla
viwinta CEWWY metoda, v niZ se latka nejprve oxiduje pii konstantnim potencialu, a potd je
vanikly produkt redukovin v katodickém skem a misledng re-oxidovan v anodickém skanu
Zizmam analyzy FEN a CA touto matodou je na Obr. 2. Pro obe Latky byly uréeny nejwhodngjsi
potencialy pre-elekiralyzy (+B50 mV pro CA a +950 mV pro FEN) a doba pre-elekirclyzy (55
pro obe latky).

Prodlepsen selektivity metody byla CEWY metoda rozsifena m ex-sinr adsorpém voltumetrii,
protoce obe amalveovand litky map hydrofobr charakter. Prodo je lze jednoduse akurmulovat
na povrehi GOE. PR ex-sam metod2 je analyt nejprve akumulovian ponofenim do michaného
roztokn, phicemi jako dostateCna doba ponofeni bylo expenmentalng wréeno 5 sekund. Po
keitkém oplachmuti detomzovanon vodou je elekiroda s adsorbovanym analytem plenesena do
cely se zikladnim elekiralytem a je provedena samotnd CSWY analyza, Popsand transferovi
metoda umodpe adsorpel oddélit analyt 1 ze veorki se slodtou mafrict, jako je napi.
homoegenizovamy rostlinny matenal, a climinovat viiv fady nfivych, zejmena polamich
a tontovych latek = matnice.

Ex-sitn CEWV bvla poudita pro sestrojend kalibradnich zivislosti zkoumanyeh Litek za powditi
jak katodickeého, tak anodického piku (Obr, 23 W pfipadé FEN byla zméfena kalibradni
ghvislost v koncentradnim rozsalin 110 pmol 17 v#dy se tfemi opakovinimi, Regresni rovnice
kalibracénich pfimek mély tvar pro katodicky pik:
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Fa[nA] = (1073 £ 1,9 cfumal 1''], koreladni koeficient = 0,000,
pro ancdicky pik
a[nA]= 11021 £ 1,7) efpmol 1] + (30,7 + 10,5 nAl r= 09994,

Kalibraéni zavislost CA bvla méfena v roesahu kencentract 0,05-1 mgl’' sz tfemu
opakovanimi. ¥ pipadé  katodického plku byla dskine regresmi kalibreéni  piimka
Fr[pA] =01,011 + 0,006) efmg 1], & = 09998, Vyvhodnocenim anodickych piki byle ziskina
zivislost La[pA] = (1070 + 0,006) e[mg 1], B = 0,000,
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Obr, 2, Cyklicks square-wave voltamograny fentinylo (o= 10 pmol 17, vleve a kapsaicinn (¢
= 30 mg I, vpravo)

FLawver

Bwla vyvinuta ex-sitw ovklicka square-wave voltametrickd metoda pro analyzu kapsaicing
a fentanyle. Princip metody spodivd v abumuolaci analytu na povich elektrody a plienesend
elektrody do roztoku elektrolyte, kde je analyt nejprve oxidowin za konstantnilo potencidlu a
vemkly produkt je pote katodicky redukovan a anodicky re-oxidovan. Tim se ziskaji dva
analyticke agnaly = potencialem odhifnym od potencialu piku pomarmi oxidace analviu,
Uvedeny postup umegiuje do zmaéng miry oddalit signal analytu od pripadmych interferenti,
kters s mehou cxidovat pit pedobnzm potencialu jako stanovovana latka, ale jepch produkty
nejsou dale elektroakivm, piipadng jejich redukes/oxadace probiha pii jinveh potencialech. Ve
spojent s jednoduchym odd2lenim analyvie 22 veorkn ceston ex-sit adsorpdni akumulace 1ze
efektivng zvisnr selektivitn voltametricke analyzy a zkritit celkovon dobu analvtick<ho
Procesi
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Electrochemical Detection

Jitka Klikarova, Milan Sys, Veronika Santriickova, and Monika Toutkova
Department of Analytical Chemistry, Faculty of Chemical Technology, University
of Pardubice, Studentska 573, 53210 Pardubice, Crech Republic, E-mail:
Jitka Klikarovaigiupee.cz

Ahstruct

Ethy] carbamate is a process contaminant posing & potential hazard to human health. It is formed
in food and beverages mainly during their fermentation and it is primarily contained in stone
fruit spirits. Before analysis, derivatization of ethyl carbamate is required since it lacks a
chromophare, fluorophore, or electrophore in iz structure. making direct detection challenging
or non-selective, Hence, thi= research denls with the possibilities of ethvl carbamate
dervatization for its subsequent spectrophotometric or electrochemical detection. The work
aimed 1o develop a rapid, simple, cheap, and manually undemanding approach for ethyl
carbamate determination, allowing s preliminary screening in food samples of various tvpes,

Keywords: Ethyl Carbamate, Derivatization, Spectrophotometric Detection, Electrochamical
Behavior.

Intreduction

Carbamates are very stable compownds oblained by the substitution of the hvdrogen atoms of
carbamic acid. The conjugation of the free electron pair of the nitrogen atom with the
neighboring acy] residue (so-called tamtomerization, e, the relocation of the hvdrogen atom
within the compound o form a keto-enol tautomeric pair) leads to the loss of the pyramidal
character of the nitrogen atom and thus to the chamctenstic planar grouping of carbamates
(-0-CO-N=), This implies that the C-N bond has a partial double bond character, which,
tegether with strong intermalecular hydrogen bonds, increases the stability of carbamates and
thereby their reluctance to react with other substances 177,

Etliyl carbamate (EC) is the best-known representative of the carbamate family. Due to the
absence of chromophore, fluorophore, and electrophore in the structure of this carcinogenic
compound, a derivatization step must be included before its analysis. For EC derivatization. the
reagent S-xanthydrol (9-XA) 15 exclusively used, resulting in the formation of fleorescent and
thermally stable sathyvlamides (NEC) Y. The derivitization takes place in a strongly acidic
agueons environmenl and the dark, but the kinetics of the reaction depends on many Gctors,
such as pH, the salinity of the sample, or the presence of interferents 18

In this work, we focused on simplifving the traditional EC derivatization with XA, describing
the clectrachemical behavior of the XEC derivative, and comparing the spectrophotometric and
clectrochemical results. Since no other method of EC derivatization has been described so far,
the zecond aim of this work was 1o find a new reagent capable of quantitative reaction with EC
to form a radiation-absorbing or electrochemically active derivative,

Experimental

The derivatization reaction of ethyl carbamate using the 9-XA reagent was based on the
procedure reported in Ref. 7, which was subsequently thoroughly optimized. The modified
derivatization procedure ook place at laborstory temperature and in an acidic enviromment of
HCL The quantitative reaction lasted 20 minmtes and resulted in a yellow product that remained
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stable  Tor  al lenst ome  week,  The  optimized  demvatization  of  EC using
pedimethylaminobenzaldehvde (p-DMABR), known as Ehrlich's reagent, was carried out in an
acidic HCL envirenment and took enly 3 minutes, with the resultmg vellow product being stable
fior at least one week

Voltammetric measurcments of the reagents themselves and the corresponding derivatives were
carmied out in a three-electrode svstem, including a working glassy carbon clectrode (GCE ) with
a dinmeter of 3 mm, a reference silver chlorde electrode with 3 mol L KCI as a salt bridge,
and an auxiliary Pl-sheet electrode. All experiments were performed in ethanolic and agqueous
solutions of HCL containing 1 mmal L 'Ir}-n“ AR or 10 mmel L' XA with the different
concentrations of EC using cyelic voltammetry from —0L4 up to +1.6 V, at a potential step of
5mV and scan rate of 50 mY 5 ' The derivatization reactions were carried out under constant
stirring for 5 or 20 min. Finally. the resulting XEC were also analyzed using square-wave
voltammetry (SWV) with a potential range from 0 1o +1.4 ¥V al o potential step of 5 mV,
pertential amplitude of 25 mV, and frequency of 20 Hz,

Chromatographic separations of XEC derivatives were performed on a Luna CI18 (130
3.0 mm; 3 pm particles) column tempered at 35 “C. The mobile phase (MP) was composed of
a 20 mmol L' aqueous solution of sodium acetate with a pH of 7.2 {A) and 1007 acctonitrile
(B} at a fow rate of 0.8 mL min™". The optimized gradient program was as follows: (0 min
62 % B, 4 min - 70 %3 B, and 5 min — 100 % B, A sample volume of 20 pl, was injected and a
fluorescent detector was set to excitation and emission wavelengths of 233 nm and 600 wm,
respoctively. Regarding p-DMAB  derivatives, their chromatographic separations  were
performed on an Ascentis Expresa CLE (150 < 3.0 mm: 2.7 pm particles) column tempered at
30 °C, The MP consisted of an aqueous solution of HOOOH at a pH 3 (A) and 100% methanol
() al a Now rate of 0.4 mL min~' and the optimized gradient elution program: O min — 20 % 1,
5 min — 61 % B, and 10 min — 62 % B, A sample volume of 2 pl was mjected and the
spectrophaetometric detector was set 1o a wavelength of 420 nm

Hesults and Thscussion

For the EC derivatization, a considerable amownt of derivatization agents, namely phenyl
isothicevanate, dansvl chloride, 2.4-dintrophenylhydrazme, p-nitrophenylhydrazine, or p-
toluidine, 9-XA, and p-DMAB, were tested under different reaction conditions, Sinee EC
contains a reluctantly repcting -O-CONHz functional growp, only reactions with 9-XA and p-
DMAR led to the formation of the corresponding derivatives, Both dervatization procedures
were thoroughly optimized m terms of ratie and amount of reactantz, environment (pH and
tonic strength) and kinetica of the reaction, and the stability of the obtained derivatives.

First, the electrochemical behavior of both derivatization reagents was investigated. In contrast
to XA, which provided electrochemical signals only in the repetitive cveles. the cyvelic
veltammetry of p-DALAB provided numerous oxidation peaks and one redox pair {m the second
evele) in the acidic environment. Moreover, the character of the signals is strongly influenced
by the concentration of HCI present, as shown in Fig. 1. Unfortumately, the addition of EC did
nedt canese any definite change in enther the number of peaks or their positions. Only a low
oxidation peak of NEC could be observed (Fig, 23, Thiz phenomencn should be the subject of
further research.

1%



L=

A Lol
20

£ m
L2

-
z £ a
Ew B
a am
1

0

.|ﬂ

.mM [1s] 04 [al:] 1.2 18 04 op 04 [=1:] 1.2 18
Potential vs. AgiagCl i v Patential vs. AglagCl i V
Bl 4 S0
c % D ,
o
L]
1 Ta
z Za
£ E
o (SR
i0
n
E -1l
424 00 o4 [1F-] 12 18 N4 00 44 1] 1.2 18
Potential vs. Aglagsl | v Potential vs, AglagCl | V

Fig 1. Cyelio voltammoegrams of 1 mmol L pDMAB reagent without the presence of HCL
(A blug), the reagent in the environment of 0.01 mol L HC (B; vellow) and 0.1 mol L™ HCL
(C vad), and with 500 ool L' EC together with 0,01 maol L7 HCL (D, graen)

Motes: Mormal line means the first eycle, while the dashed ine represents the second evele. The
last figure compares the electrochemical behavior of p-DMAR itself in the enviromment of
0.01 mal L' HOL {vellow line) with that of the resulting EC derivative in the same medium
{green line).
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Fig 2. Square-wave voltammograms of 0.01 mmol L7 954 reagent in the emvironment of
1 maol L7 HOD and 40% ethanol (blue lne) and with the addition of 200 pmol L7 EC to the
sama maedim (red line).
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The obtained denvatives were subsequently analyzed wing reversed-phase high-performance
liquad chromatography (RP-HPLC) with fluorescent (FLIY or spectrophotometric (LTVVIE)
detectors. For both denvatives, the separation condibions had to be very carefilly optimzed.
Infferent stationary phases (amide, mitrile, regular C18, or so-called PS and aqua C18) were
tested in combination with vanous combmations of organic-squeous MPs. The organic
mextifier was either acetenitnle or methancl, and aqueous solubions of sedium and ammenium
seetate, phosphate buffer, methylamine, and HOOOH at different concentrations and pH were
wsad as the second MP component, The final chromatograms of both derivatives are depicted
in Fig. 3,
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Fig. Y. Optimized RP-HPLC-FLD chromatogram of XEC dervative (A) and EP-HPLC-
UWVIS chromatogram of EC and wrea after g-DMAR derivatization (B)

Conclusions

A total of seven different reagents were tested for EC derivatization. Howrever, only 9-XA and
DMAR aemally reacted with EC, both vielding vellow products. The optitization of both
denvatization procedures was performed chromatographically using RP-HELC with the
spectrophotometnic or  fluorescent  detector.  Regarding  the p-DMAB  denvatization,
untortunately, it was not possble to electrochemecally distnguish the reagent from the product
of the corresponding reaction with EC. On the confrary, the XEC denvative (reaction product
of EC with 9-XA) can be detected at potentials higher than +1.2 ¥, which could be used for
liguad ehromatography with electrochemical detection in the futre
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Ahbstract

This work presemts the electrochemical characterzation of mixed self-assembled monolayers
{(8AMs) of [Os{terpyi]** and terpyridine connected by tripedal anchoring groups to the
polverystalling gold bead electrode and provides a comparizon with 5AM based on
[ terpy :|3|:' tripaedal molecules without diluting terpyridine tripodal molecules, It is shown
that hoth amangements enable reproducible preparation of well-defined compact films. The
electron ransfer rate constant for mixed SAM was determined from cvelic voltammaograms
according to Laviron’s analvsis and compared with the rate constamt obtained previously for
SAM comtaining only [Osfterpy )] tripod.

Keywords: Transition Metal Complexes, Terpyridine, [Os(lerpy)z]*, Tripodal Anchor, Self-
Assembled Monolayers, Adsorption, Cyvelic Voltammetry, Gold Dead Electrodes.

Introduction

Transition metal complexes based on [Miterpyridinen]*” offer a wide range of use for their
photophysical and photochemical properties ' ' These molecules rank among the promizing
group of compounds Tor molecular electronics, new electrochromic devices, and sensors
These redox-active centers are linked via ethvnylene to the tripodal anchoring groups, which
are  functionalized by thioacetates. These functional groups, specifically  designed
for the formation of Au-5 bond, provide the covalemt interaction between the molecule and gold
electrode **. Tripodal arrangement of the anchoring groups supports the formation of fully
compact  self-assembled  monolavers  (8AMs) of redox-active centers  perpendicular
to the electrade surface ™*. Molecules studied in this work are shown in Fig, 1, where molecule
[Osfterpyiz] tripod is labeled 1 and abbrevisled as Os-tripod, A molecule containing the same
tripod connected wa ethynylene 1o terpyridine i labeled 2 and abbreviated terpy-tripod,

This contribution compares the electrochemical properties of 8AMs of molecule 1 with mixed
SAMs of molecules 1 and 2 on the polverystalline gold bead electrode. Mixes monolayers were
prepared from their respective solutions in one to one v ratio. Such 8AM= should lead to
desired geometry and surface concentration of redox-active centers within the self-pssembled
slruclures,

Esperimental

Transition metal complexes 1 and 2 were synthesized m the laboratory of Dy, Valadek
i Ghermany, They were stored in the form of thivacetates o prevent the oxidation of thiolate
anchoring groups. Ethanol (99 8%, molecular biology grade, AppliChem GmbH)), ferrocens
(98%. Bigma Aldrich). hydrogen peroxide (30%, p. a., unstabilized). nitric acid (65%, p. a..
Lach-Ner), sulfuric acid (9%6%. p. a., Lach-Mer), triethylamine (= 99.5%, Biollltra, Sigma
Aldrichy and argon gas {99.998%, Messer) were used as received. Acetoniirile (99.8%.
anhydrows, Sigma Aldrich) was dried with activated sieves (03 nm, Lachema) and by the
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alumina poweder activated in the oven at 200 “C which was added to the electrochemical cell
before the measurements, Tetrabutylammonium hexafluorophosphate (TBAPF: = 99.9%, p.a
for electrochemical analys=is, Sigma Aldrich) was dried in the oven at 80 °C before use.
All glassware and PTFE chambers for SAM preparation were cleanad by boiling in 25% mtric
acid and repeatedly boiled in ultrapure detomzed water (Milli-0) Infegral 5 water punfication
system, reststivity of 18.2 ML em, maximum TOC of 3 ppb, Merck Millipore) followed by
drying at 110 °C,

Fig. 1. Chemical structure of molecules 1 [Os(lerpyizP tripod (Os<tripod) and 2 (rempy-tripod,

The clectrochermcal measurements were done n the electrochemucal cell wath the three-
clectrode ammangement. The AglAgClIM LiCl electrode separated from the test solution by a
salt bridge wath a double-fatted junction was used as the reference electrode. The platinum net
was used as the muiliary electrode. One of two An bead electrodes (0.215 or 0267 cm® area)
was employed as the working electrode. An bead electrodes were cleaned in freshly prepared
Piranha solwtion, rinsed with ultrapure water, anmealed in a butane flame, and let to cool down
under Ar atmosphere, Self-assembled monolayers of studied compounds were preparad on the
freshly cleaned Au bead electrodes by the deposition from the sohmion of studied compounds
(g =5 = 107" M) in ethanol with triethylamine (10% v} as a daprotecting agent. In the case of
mixed SAM, the ratio of Os-tripod to terpy-tnpod was 101, v'v ratio. Electrodes wers incubatad
in deposition solutions in FTFE chambers for 19 hours at 60 °C. Physisorbed molecules were
re;m.'ed by repeated rinsing with ethanol. SAM-modified electrodes were dried in the stream
of argon.

Ferrocene was emploved as an internal standard. The eyelic voltammetry and electrochemical
impedance spectroscopy measurements were done using potentiostat PGETAT30 (Metrohm,
Switzerland) with FEA2 module for EIS measurements and SCAN250 and ADC10M modules
for evelic voltammetry, Oxvgen was removed from the solution by a stream of argon and the
measurements were done in the argon atmoesphere, Obtained data were amalyzed in program
Cngin 9.1 (OxiginLab Corporation, USA).

Resultx and discussdon

Electrochemical properties of BAM 1 and mixed 3AM of moleculas 1 and 2 formed on the An
polyerystalline bead electrodes were studied by eyvelic voltammetry in acetonitrile at vanous
soam rate values in the range 005V s 1o 1000 ¥ 5% The reversible 008 oxddation
provess wis observed ot E®= 038V against FoFe' couple. The formation of the adsorbad
melecular film was proved by a linear dependence of the peak current values on the scan rate,
Drata analysis showed the fundamental impoertance of meticulous drving processes of all of the
used solution components. Even traces of water in the solution cansed distoction of obfained
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results at a constant temperature. Peak separation at sean rate 0.1 W 87 was 13 mV for Os-tripod
SAM and 28 mV for muxed SAM. The values higher than zero indicate interactions between
the molecules in the adsorbed film *. Peak separation is incrensing with incrensing scan rfes
due te the influence of the helerogencous electron-trmsfer kineties on the vollommetric
respomsg
All of the first curves in evelic voltammograms of SAMs of 1 and mixed SAMSs of 1 and 2
showed more exidation waves than the subsequent curves. Oxidation peak with a maximum
peak current at potential 047 ¥ ve, ferrocene obtained for both SAMs was not observed on the
following scans., Figure 2 shows represenfative first and second evelie voltammogram scans
obtmined for Os-tripod SAM and maxed SAM. The dilferent shape of the first voltmmograms
indicates the SAMs stabilization process.'® Even the carefil electrode rinsing by ethanol
(removal of possibly physisorbed melecules) and repeated evelie vollammetry scans al a
potential range from =01 1o 0.2 Vvs ferrocene did nol suppress the presence of multiple
oxidation waves on the very first voltammetry scan. Scanning pofential to more positive values
leads to the ohservation of only one redox signal in the adsorbed state.

) 3
a b
24
10 1"scan
1" acan
"
11 %
- 2acan -
= = ]
"
0 B
44 42 00 02 @4 06 0B 44 42 &0 0% 04 B8 08
Evws. Fo'V Ewvs. Fol' W

Fig 2. The 1% and 2 CV cveles obtained for (2) Os-tipod SAM at scan mte 0.1 V&'
{b) mixed SAM of Os-tripod and terpy-tripod on gold bead electrode (A = 0.215 cm®) in 0.5 M
TBAPF: in acetomitrile at scan rate 0.02 Vs,

The surface concentration ! of adsorbed molecules 1 (in SAM and mixed SAM) was
determuned from the evelic voltammograms (Fig. 3} after the baseline subtraction according to
the equation

nFAt

- JiEME

where i 15 current, & 15 the applied patential, # 15 the number of electrons, is Farsday constant,
A is the electrode area and v is the scan rate. Values of the swrface concentration I” obtained
fromm the anodic wave for SAM confaining 1 onlyv was 4.7 = 100" mol em? (the cormesponding
arca per molecule 4™ = 35 < 107 em®) and 2.5 < 107" mol em® (4™ = 6.6« 107 em®) for
mixed SAM, respectively. The valve corresponds to o diluted form of [Os(lerpy ™ tripod in
thee mixed SAM.

The length of the molecules was obtained by the Spartan 08 program. Terpy-tripod molecule
has a length of 1.4 nm and Os-tripod molecule 1.9 nm, respectively.
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Fig 3. Cvelie voltammetry of (a) Os-tripod SAM: {b) mixed SAM of Os-tripod and terpy-tnipod
om godd bend electrode (A = 0,267 em®yin 0.5 M THAPF s in aeetonitrile ol sean mte 1 Vs

According to Laviron's analysis® the valve of electron transfer (ET) rate constant &% was
caleulated based on the equatian k" = amdF RT, and the characteristic scan rate v is obiained
from the eross-section of fitted lines having a slope of +1200and —1200mV decade indicating
one-glegtron transfer with o = 0.5 transfer coefMicient. ET mute constant £ for Os-tripod SAM
13 isee Fig. 4o was (1.36 £ 003) « 10F 5 and for mixed SAM (see Fig. 4b) was (0,52 =
0.03) = 10* 57!, respectively
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Fig 4. Graph of Freak - ngainst the logarithm of scan rate v in ¥ 57! for oxidation {empty circle)
and reduction (Alled eireley wave of {a) Os-iripod SAM, (b mixed SAM on gold bead electrode
(A = 267 em’y in 0.5 M TBAPF: in acetonitrile

Controlled electrochemical desorption of SAMs from the Au bead electrode surtace was done
by the application of a negative potential scan in the evelie voltammetry measurement see Fig.
5. From the integration of the curves in the potential range of SAMs desorption afier the
baseling subtraction and under the assumption that two electrons are transferred to ferpyridine
lignds of [Os(terpyh]™ we con conclude that all three thiclate bonds were ruptured,
The oxidation progess involving Os(I1 transiion metal center present inthe electronctive
SAMs requires one electron transfer. The companison between charge transferred in the
cathedic and anodic sides of the cyvelic veltmmmograms in the Ck-tripod SAM and mixed SAMs
confirms that malecules were bound to the gold dectrode surface by all three thicls.
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Fig. 5 Controlled clectrochemical desorption of (a) Os-tripod SAM, (b} mixed SAM on gold
bead electrode in 0.5 M TBAPF: in acetonitnle at sean rate 0.1 ¥ ', The arrows indicate the
sean direction.

Conclusions

Wee have prepared novel mixed SAMs of [Oslterpy 2P tripod molecules that contained alimost
the same mtio of redox-setive molecules and diluting electrochemically salent tripodal
molecules as that which was used for SAM preparation. This obscrvation suggests that the
affinity of redox-active and diluent molecules towards the gold electrode surface are almost
identical. Under these conditions, we have observed that the electron transter process slows
down with decrensing surfice concentration of [Os(lerpy k" triped molecules within the non-
electronctive matrix.

Acknow ledgments
This research has been supported by the Czech Science Foundation (21-134385),

References

1. Zhou X, Ben A-M., Feng J-E.: J. Organomet. Chem. 690, 338 (2003).

2. Sauwvage J-P., Collin J-P. Chambron J-C,, Guillerez 5., Couwdret Ch., Balzani V.,
Barigelletti F., De Cala L., Flamigni L. Chem, Rev, 94, 993 (1994),

3. Koivisto B. D, Robson K. C. 1., Bedinguette C. P.: Inorg. Chem. 45, 9644 {20097,

4, Xiang I, Wang X., lia C., Lee T., Guo X.: Chem, Rev, 176, 4318 (2016).

5. Balvatore P, Hansen A. G, Moth-Poulsen E.. Bjomholm T., Nichols B. 1, Ulstrup J.2 Phys,
Chem. Chem. Phvs, 73, 14394 {2011}

&, Kitagawa T.. Idomoto Y., Matsubara H., Hobara D, Kakivchi T., Okaeaki T., Komatsu K.

I Org. Chem. 71, 1362 {2006),

7. Sebechlebska T, Sebera 1, Kolivodka V., Lindner M., Gasior 1, Mészaros G, Valddek M.,
Mayvor M., Hromadova M. Elehim, Acta 238, 1191 {2017)

B Bakameto K., Ohirabaru Y., Matsuoka R, Maeda H., Katagiri 5., Nishihara H.: Chem
Commumn. 42, TIO8 (2013).

9. Laviron, E: I Electroanal. Chem. [0, 263 (1979).

10. Bard A_ 1., Faulkner L. R.: Elecirochemical Medods: Fundamentals and Applications.
2nd Edition, John Wiley & Sons. New York 2001,

11. Figgemeser E., Merz L., Hermann B, A Zimmermann Y. C., Houseeroft C. E. Glimtherodt
H.-J., Constable E. C.- J. Phys. Chem. B 107, 1157 (2003).

12, Kocabova 1., Vavrek, F., Novikovi Lachmanoyh 5., Sebera 1., Valdgek M., Hromadovi M.
Molecules 27, 8320 {2022),

13, Movikovi Lachmanovd 5., Vaviek F., Schechlebska T, Kolivoika V., Valiick M.,
Hromadova M.: Elchim. Acta 384, 138302 (2021).

113



Electrochemically Investigated pll-dependent Redox Properties of Copper Compleses of
Acamacrecyelic Ligands
{Elektrochemické studinm pH wivislich redoxnich viastnosti komplesn médi
s - makrocy Klickymi Hgandy )
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Ahbstract

Investigated Cuw{ll} complexes are based on plun or cross-bridged  cyelam,  The
electrochemically inactive cvelam was modified by carboxyvlate, phosphonate, or phenclate
pencant arms, Cu(ll) represents the main redox center of the complexes, Modification of the
ligamd cawses a changed pattern of complex redox response in buffered agueous solution,
Ireversible Cu(Il) reduction resulis in complex decomposition to amalgamated copper and
ligand in excess. After Cu(0) electrochemical i sitie re-oxidation, copper and ligand are re-
complexed. Complexes undergo isomenzation, accelerated by increasing the temperature. The
infheence of ph on complex isomerization and the reversibility of its reduction was described,

Kevwords:  Cyclam,  Cuo(ll)  complexes, Pendant  arms,  Electrochemical  reduction,
Polarography, Cvelic voltammetry, Mercury electrodes.

T

Molekulimi elektronika je progresivoi smér modemi materidlové chemie, Zabyva se vyvojem
elektronickych prvko na drovni jedné melekuly. Nejdomysingjsi melekulimi elektroniky
napdeme v piirodd v podebé metaloenzymil. Jednim e smérd vyzkumu jegich modeli jsou
kemplexy rizne substituovanych azamakrocyklib, Prednosti téchio molekul je jejich stabilita a
debde definevana syntéza 14

Derivity azamakrocykl0 nachdzeyi daléi uplainéni napf. v ngjriznédjgich oborech mediciny. ale
také v primvelu a technologiich, Cyklam (1.4.8.1 1-etraazacyklotetradekan) a jeho derivity
Jsou diky termodynamické stabilit? a kineticks mernostt komplext vhodné pro kemplexaci
prechodmych kovin 1. facdy, Komplexy derivind cyklamu jsou vyudiviny pro simulaci akiisnich
cemter enevmit, jake senzory 1 kalalyeatory, Komplexy rlisizotopd madi mohou slou?il pro
nejriiznéjs medicinské aplikece — “'Cu pro terapeutické vwuziti, ®Cu v diagnostickych
zobrazovacich metodich {(pozitronovi emisnd tomografie. jednofotonevi amisni vpodetnd
tomografie), " Cu a “Cu pro diagnostické zobrazovaci metody (pozitronovd  emisni
tomografic). Wate studie se zabivi komplexy stabilnich isotopd “'Cu, *Cu, které sloudi
predeviiim jako modelové moelekuly a systémy.

Cilem nagi price bylo studivm komplexace, zji#téni vztahu mezi substiteci ligandu, strukturon
kemplexu a redosnimi visstnostmi covklamovych Koordinaénich sloudenin pii rienyeh
hesfnotich pl a sowéasné vvhodnoceni imtramolekularmi komunikace mezi centralnim Kovem a
perifernimi skupinami, Proto byla svntetizovina fada ligandd s pendantnimi rameny nesoucimi
riend substitwenty. Soustiedili jsme se na azamakrocykly & nemodifikovanym cvklamem, jehod
derivaty nesly na atomech dusibu pendanind ramena & karboxylitem, fosfondtem a fenolitem, a
na cyklam nesowcim v cyklu ethylenowé _premosténi™, tzv. cross bridged, cbh-cyklam. Redukéni
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viastmesti bvly sledoviny ve vodném prostiedi o miznem pH na rufovych elektrodich
Vyhodnocem redubénich potencial a jejich interpretace umodnily uréend viivu substituc,
teploty 1 pH na celkové redoxmi viastnost molekul.

Experimentalni cist

Viechna méteni byla provedena v thelektrodovém uspofadand v ned2lené elektrochemicks cele
ve vodnem prostedi. Koncentrace studovanych latek byla phiblizng 3-107 M, jako zakladni
elektrolyt byl powdt Britton-Rotinsomiy puft. Pracowni elekfrody byly mutové — kapajici
elektrodda s dobou kapky 1 5 a rychlostt polanizace 10 mV s pro DO polarografin (T30-F)
avisicl rhit'ova kapka (B0 ms) jako staciondrni elektroda (HMDE) s rvchlostmi polarizace
0,051 V&' pro OV Referentnd elektrodou byla standardni kalomelovd eleltroda (8CE)
oddelena solmym mvistkem obsalwjicd Britton-Robirsondy  poft, pomecnou elektrodon
platinovy plitek. Pro DC-P byl poudit amalogovy potenciostat PA4 a XY zapisoval 4106
{Lahosatorni pfistroje Prala, CRy OV na HMDE byla méfena pomeoed SMDE 1 (Laboratorni
piistroje Praha, CR). Méfeni OV byla fizena potenciostatem Autolab PGSTAT101 {Metrohm,
Sviearsko) a softwarem Mova 1.11. Kyslik byl ze vrorki odstranén probublavanim argonem.
Komplaxacs probibula v pemérn méd ligand 1:2 (3107 resp. 6-107 M) ve vodném prostiedi
pH 5 pi laboratorni teplotd pies noc. Studie zivislost elektrochermickeho chovin na pH
probibaly v Britton-Robinsonové pufie v celém rozsahu pH a v celem rozsahu potenciali.
Fahfivanim vzorkil na 90 °C byla indukovana isomerace, pH zavislost redosmibo chovimi
vysokoteplotniho isomern byla sledovana v celém roesabu pH, fasova mawvislost byla
maonitorovina pi pH 6,64,

Wisledky a diskuse
Eedubee molekud byla studovinag ve vodndm prostiedi Batton-Robinsonova pufru v celém
rozsalin pH na mufovveh elektrodich — pomoct DC-P a OV na HMDE.

Studovane latky (Obr. 2) obsahovaly azamakrocyklicky ligand s koordinovanym méadnatym
kationtemn. Jako higand byly powfty nemodifikovany cvidam nebo cb-cyklam s |, pfemostémm®™
cykl, pendantr ramena obsahovala karbosevlat, fosfonat nebo fenolat.

AZAMAKROCYKLUS PENDANTNI RAMENA

h...-—--""""'_'_-_-r;/-—'-\-‘

4 ~5 7 W

U

cyklam TEIF ¥ TEIPROH
L] HOGE \Lﬂ
checyklum ch-TE2A

Obr. 1. Studovans ligandy — denvaty evklanm
Komplexace probihala pfes noc phi laboratorni teplot? ve vodz pfii pH 5 v pomém kov:ligand

1:2, wysladnd koncantrace kemplaxu v roetoku bada 3077 M. Pro studium elekirochemickych
viastnesti byly piipravens komplexy fedény 10= piisluznym pufrem.



Samotnd ligandy json elektrochemicky neaktivnl, dochazi pouze kb posunu potencidlu
reduktivmiho rozkladu elektrolytu k méné zipormym hodnotam. Hlavnim redukénim centrem
studevanych molekul je kov — Cu®™ jont Redukce komplesu je diky jeho stabilizaci silnou
vazbou ligandu virmené posunuta K negativoéigim polencialim voci redosmimu potencidle
volnéhe médnatého kationtu, Ireversibilni dvouelekironova redulce vyilsti v rozpad komplesu
na Cu” a vicheei Lgand, v pribéhu zpéného scano na OV pak dochiei K re-oxidaci
amalgamované Cu’ na Cu™ (patrmy katodicky peak). Vehledem K tomu, Ze komplexace
probihala v nadbvtkn ligandu, umodnije regenerace médi na Cu™ opétovnou tvarbu komplexu,

Komplexy azmmakrocvkli wwivafeli nékolik isomemich forem (Obe. 2 %), Kleré se ligi
vzdjemnou orientaci substiteentt na atomech dusiku cyklamu a vadjemnow orientaci dvou
koordinovamych — pendantnich  ramen  nebe  daliich  dvou  ligandd  koordinowvanych
v necbsazerich pozicich koordinainihe pelyhedronn (cls nebo mams) % 7 W piipade
koordineovand médi se  wyskyhgi i isomery - pentakoordinevany  Giacaer V),
pentakoordinovany cir (isomer 1) a hexakoordinovamy trar (isomer I, které se vedjemné
preménuji v zavislosti na teploté a pH.

Se zvyzujicim =e pH se redukind potencialy pesungi vzouladu = posunem potencidle
reduktiveiho rozkladu elektrobytu amérem k negativnéjdim hodnotim.

A, 4
A Tl N TN
G:.ﬂ:"m:"\-\.ﬂ/ : M.,-:"d:'--..,N/ ) < fr I_.--'.""'h-.,r\'/I

Obr. 2. Schematické nazomeéni izomer komplexi cyklamu =

Cu*-TE2A

& kvselém pH (do pH 3) prevaiuje jedna isomemi forma s negni2sim redukénim potencidlem
(I nebo V), v meéné kyselich a alkalickych oblastech ze k ¢ prvnd isomernid formé pifidd jedte
druhd s potencidly posunutymi vici sobé o ~60 mV. Zahfivinim pfipraveného komplexm ve
voidném roztoku pit pH 5 na 20 °C dochazi k daléi someract. Podil 1someni I a ¥ ve vzorku se
peetupné snifuje a komplex prechizi na stabilni isomermi formu I (hexa trans konformace)
& redukenim potencidlem piiblizng o 200 my zipomeéjim (v zévidesti na pH se potencidl
poiybeval v rozmezi od 0,62 % do =094 V). Po tiech dnech zahiivani bylo detekovine
zanedbatelné mnozetvi pivodnich forem. Naopak, stopy stabilni isomemni formy I byly ve
vzorku v zanedbatelném mnozstvi pritormné ji2 po skondeni komplexace. Redukee viech
isomemich forem probihaji v celém rozzahu pH ireversibilng: dochdzi zde k redukei Cu™ na
kow, ktery se amalgamaje na riuti, a tim i k rozpadue komplexu za avolnéni médi a ligandi.

Cu™ TEZPhOH

Také tento komplex se wyskytuje thned pe komplexaci ve dvou isomemich formich.
W kyselych oblastech pH dominuje 1somer s niZgim redukénim potencidlem (I nebo V). Od
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phl 5,55 pfibude druby signal — ve veorku jsou pritomné oba isomery. V neutrilnim pH jsou na
CV patmé dva oddelend peaky (formy Ta V)= rozdilem potenciall —60 mV, ¥ alkalicks oblasti
pak previida forma se zipomdpEmm redukinim pelencidlem. Phoozahfivani piipraveného
vodnéhe rostoku kemplexu pii pH 5 na teplot 20 °C dochizi ke kompletni pheménd na isomer
1 s redukénim potencidlem posunutym o 100 my k zipomézim hodnotim i po jednom dni.
Stopy 1éLo somemmi formy psou ve veorku v zanedbatelném mmodstvi detekovatelné predeviim
v kyselém prostiedi jiz po skondeni komplexace, Také wtdto ltky vwisti dvouelekironovi
ireversibilni redukce viech isomerit v celém rozsahu pH k rozpadu komplesu,

Cu® - TE2P

WVoeelém rozsahu pH je po komplexaci piitomna pouze jedna isomerni forma (1), Zahfivinim
pripravendho vedného roztoku pii pH 3 na 20 °C komplex postupné prechdzi na isomern formu
I 5 redukénim potencidlem o 130-200 mV zdpoméjéim (v zavislosti na pH v rozmezi od
SRV do 1,06 V). Po tfech dinech byly detekoviny pouze stopy plivodniho isemeru. Stopy
izomerni formy 11T nejzou ve veorku pritomné po skondeni komplexace, Redukce dadného
z momerd nevykazuje v celém rozsahu pH znamby reviersibility: i tady dochdizi k redukénimu
roepadu komplexu na ligand a méd'.

Co b TE2A

Voeekém rozsahu pH byla piitomna jedna isomemi forma. Do pH & probihd redukce zeela
ireversibilsd, dochizi tedy k reduktiviaimu rozpadu komplexu na ligand, Kery je v rozioku
v nadbyik, a na volnou mad. Pi vyiSich hodnotich pH redukee piechizi na semi-reversibiling
aod pH 9 pak na jednoclektronovon reversibilng redukci 8 rozdilem potencidli katodického a
anasdického peaku CV 70 mY, Je ziejme, Ze pii téchio hodnotich pH nedochdzi k rozpadu
komplexy spojenému = uvolnénim o amalgamaci médi, ale ke zméné komplexn Cu®™ na
komplex Cu', Zahfivanim pitpraveného vodného rozioku komplesn pi pH 3 na 90 °C
nedochdz k Fadnym pfeménim forem komplexu, Komplex se tedy vyskyiuje pouze v jedné
stabilni isomerni formé — V stabilizované od zaditku jid sminénym premosténim.

Lavir

WVonagi studii jsme se zabvvall komplexy dvojmoend médi s azamakrocvklickymi Ligandy
evklamem nebo ch-cyklamem, substituovanymi pendantnimi rameny oheahujicimi karbosylal,
fosfondt nebo fenoldt. Samoing ligandy jsou elekirochemicky neaktivi, Madnaty kationt je
hlavnim redukénim centrem viech siudovanych komplext. Redukee komplexn je diky
atabilizaci médnatého kationtu silnou vazbou ligandu wWreaznd posumita K negativodjdim
potencidliim - viidi  redoxnimun  potencidln volnéhe médnatého  kationtu.  Ireversibilng
dvouelektronovi redukee médi vvisti v rozpad komplexw nao Co” a nezménény ligand, Po in-
sitn elektrochemické re-oxidaci amalgomované médi na Cu® dochazi v nadbyiku ligandu k
opétovne vorbd komplesu, Modifikace ligandd zplisobuje rozdilne elekirochemicks chovini
komplexd, Byl prokazin viiv acidobazickd rovnoviby na isomeraci a redukini choving
komplexh, S¢ avviupicim se pll s¢ redukini potencidly v souladu = posunem potenciilu
reduktivnibe roekladu elekirolviu svstematicky posowvagi smérem K negatividjiim hodnaotim
Elektrochemicki redubce také umoznuje detekei riznveh isomerd komplex (forma L T a V)
a monitorovind pribého isemerace. V dalfim vWzkumu se zaméfime pledeviim na identifikaci
isomernich forem 1a V a korelaci strukiumich a elektrochemickych dat.
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Ahstract

The determination of corrosion inhibitess in coolams presents a difficult analytical problem due
i their different physicochemical properties. Currently, several imstrumental techmigues are
required for their determination. The main objective of this work was to develop methods for
the determination of these substances using a single mstrumental technique. Capillary zone
clectrophoresis was selected as a suitable technigue and four methods were developed for the
determination of four different groups of cormosion mhibitors,

Kevwonds: Electrophoresis, Engine coolats, Carhoxylic acids, Ethanolamine

Vvl

Munoho primyslovych a stavebnich Ginnost vwizaduje kvalitnd sy=tém odvodu tepla. B tomuto
iéelu slouiE nemrenouci smési s teplosménnymi viastnostmi. Jednd se o =smési ethylenglykolu
amebo propylenglvkelu s vodou, které obsahuji dalsi nuing kemponenty jako napt. inhibitory
koroze, odpenovadla, shordujici litke batrex®, latky regulupici pll atd, Jejich presné slodeni je
vidy prizplsobend specifickému pouziti nemrenouct smési, V soudasnost poudivand inhibitory
koroze lze rozdelit do nékolika kategosii - anorganické anionty {dusitany, dusiénany,
fosforednany a molybdenany), karboxvlove a dikarboxylové kyseliny = délkon uhlikatél
Fetdmee CH-C 12, arvitriazoly {tolyltriazol, benzotriazol. merkaptobenzotriazol) a aminy {mono-
. dfi-, tnethanolamink Slofeni nemrenouci smési, vietné typh a koncemtroi Jednotlivich
inhibitor) koroee, je zisadni pro jeji spravnos poufitelnost a musi bt kontrolovino,

Jednotlivé tvpy inhibiterdl koroze se od sebe zdsadne lisi svvmi fyzikalng-chemickymi
viastnostmi, a proto bvla dopesud pro jejich stanoveni powrivima celd fada instrumentilnich
matod {plynovi chromatografie, kapalinova chromatografie, iontovE-viménna chromatografie,
atomova absorpéni spekirometric, spekirometric s indukéng vizanym plazmatem) .

Cilem teto prace bvlo stanoveni niznyeh typo inhibitors koroze a pfibuzmich sloucenin jedinou
instrumentilnd technikou, RKapilami elekiroloréza (CE) byla zvolena, protoée poskytuje rychloe
separaci nabitych analyii, je nendroéna na priprave veorks o vvenadéuje se malow spolfebon
veorku i dalzsich proveznich kapalin, CE ji2 byla powita pro analvzo inhibiterd koroze médi na
bizi amind *. Ddle je v literatuie zmindno elektroforetické stanoveni nékleryeh sloudenin
poutivanyeh jako inhibitory koroze, ale v jinveh ne2 glvkolowyich matricich. Jednd se napd. o
analvin etanolamint v plastech a vodé * nebo stanoveni karboxoylovich kyselin powsivanich
ﬂ\'u inhibitory koroze v pokovovacich Lznich, v biologickych matricich a ve veorcich acrosoli

Experimentilni Sist

Veskere experimenty probihaly na kapilami elektroforéze 7100 CE Sys=tem {Agilent
Technologies, Mamecko) s nepokrytoun kfemennou Kapiliu o voitimim pridmém 30 pm
a spektrometrickym detekioram.
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Stanoveni anorganickych inhibitor koroee probihalo v kapilife délky 800(71,5) om, separaéni
napati byle —20 KV, divkowvini probihalo elektrokineticky napétim —3 KV po dobu 10 &,
Zakladm elekirolvt se skladal 2 10 mM chromanu sodného, (.5 mM cetylirimethylamonium
bromidu (CTAR) a SmM kyseliny N-eyclohexyl-2-aminoethansulfonové (CHES). Hodnota pH
byla wpravena 1M hydroxidem sodnym na 9.0, Anorganické inhibitory byly detekoviny
nepiimo piti vinowé délee 450 nm (ref. 375 nm).

Stanoveni organickych inhibitorh probibale v kapilive delky 50 (41,5) cm, separaéni napéti
byle ~25 KV, divkovani probihale elekirokineticky napetim —3 kV po dobu 20 5. Zikladni
elekirolyt =e sklddal z 20mM  kyseliny  2.6-pvridindikarboxylovd  (PDC), 0.5 mM
cetyltrimethylamonium chloridu (CTAC), Hodnota pH bvla upravena 1M hydroxidem sodinym
na 7,2. Organické mhibitory byly detekoviny nepfimo pii vinové délee 350 mm (ref. 254 nm ).

Stanoveni aryinneoli probihalo v kapilafe delky 50 {41,5) cm, separaéni napéti byle 30 KV,
davkovani probihale hyvdrodynamicky tlakem 3 mbar po doba 10 5 Zakladni elekirolyt se
skliadal 2 10mM 1etraboritanu sodnéeho, Hodnota pH byla upravena 1M hydrosidem sodnvm na
9. Aryliriazoly byly detekoviny pii vinové délee 210 i,

Stanovend ethanolamind probihalo v kapilaie délky 50 (41,5) cm. separalng napdti bylo 30 kY,
dévkovini probihale hydrodynamicky tlnkem 50 mbar po dobu 13 5 Zdkladni clekirolvt se
skladal 2 60mM kvseliny octove a 30mM histidime, Hodnesta pll byla upravena 18 hydroxidem
sodmym na 4.6, Ethanalaminy byly detekoviny nepfimo pi vinové délee 225 nm {ref. 375nm).

Vezorky chladicich kapalin byvly pied méfenim 10x resp. 100x nafeddny deionizovanou vodou
v zvislosti na oCekavandm obsahu analyvid, Poté byly piefiltroviny ples stiikatkowy filir
Puradisc FP 30 o velikosti part 0.2 pm. Ke viem veorkim byl pied analyzou piidin jako marker
elektroosmotického toku roztok thiomoéoviny o kencentraci 1 g dm v pomér 9: 1 veorku ku
marker

Vashedky o disknse

Voramei tto price byly vwvijeny a optimalizoviny celkem oy elekiroforetické metody
stamoveni inhibitorl koroze bénd e vvslyvinjicd v nemrznoucich smésich. Vyvinutd metody
Jsou vhodné jak pro stanoveni smési inhibitord koroze, tak pro jejich stanoveni v chladicich
kapalinich béiné dostupndch na trhu.

Vzhledem k rozdilng Dvzikilng-chemicks povaze jednotlivich skupin mhibitori koroze bylo
treha vidy pvolit vhodnou strategii pro dosadeni cinné separace a dostatednd cithivé detekoe
analytil, Vpiipads anorganickych aniontil a aniontd organickych kvselin bylo teba do
sikladniho elektrolyiu piidat litku obracejici elektrooamaticky 1ok (CTAB, CTAC) Pro
dosakeni citlivé a robustnd detekee byvlo tieha provad®t detekci nepiimo. Pro zjednodufend
celého procesu brvla silné absorbujici litka visdy pfidina jiz do zikladniho elekitrolyiu {chroman
sodny. kyseling 2.6-pyridindikarboxyvlovd, histidiny

Viechny &ty vyvinuté metody poskytuji spolehlive vsledky, Limit detekee se pro viech
osmnact destovanych  imhibitor Koroze  pohvbuje kolem 1 ppm, tedy pod  bénymi
kencentracemi inhibitomh v komerénich chladicich kapalinach, Belativni smérodatng odchyvlky
elekiroforetickych mobilit jednotlivich analytih se pohybovaly od 0.4 % do 10 %, relativai
smérodatnid odclylka plochy piku pak od 2.0 %6 do 3.0 %0, Linedrnd dynamicky rozsah stanovend
Je 5,00 ax 300 ppom pro viechny analyzovans inhibitory koroze,
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Witeznost metod byl urdena pomesi komercnd dostupnych chladicich kapalin { Fridex Stabil,
Fridex Eko a C8 Antifreeze (124), do ktervch bvlo pivding znimé mnozsivi analyti (viz
ukizkovy elekiroferogram je na Obr, 1) Jeji hodnota se pohybovala mezi 90 a 110 % Pomoci
téchto veorkd byl navic otestovin vliv matrice na separaci anabytd. Bylo prokizino, e
plitomnost matrice ma na separaci jen minimalng viiv.
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Obr. 1. Elektroferogram  nemrznouci  smdsi Fridex  Stabil = piidavkem 123 ppm
merkaptobenzothiazelw Popis piki: 1 - tolyliriazol, 2 - benzotriazol, 3 — merkaptobenzotriazol.

Lavir

Rapilirni elektroforésn je idedlni instrumentilng technibow, Klera umeozni stanovit Sirokou Skaile
inhibitor keroze piitomnych v nemrznouwcich smesich, Byly vyvinuty Svii metody stanoveni
jednetlivich skupin inhibitorh koreze. Vyvinuté metody byly validovamy a nasledind byla
ovifena vhodnost metod pro stanovend inhibitord koroze i v realnich vzorcich chladicich
kapalin. Limity detekee viech 18 stanovovanych litek se pohybovaly kolem 1 ppm = chybou
stanoveni do 3% (vyjadfens jako relativii smérodatng odchvika plochy piki,
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Ahstract

The possibality of electroanalytical detection of important neurotransmitiers — dopamine and
serolonin — in a newron cultivation medium on boron-doped diamond electrodes was studied
and confirmed. The presence of both analvtes manifested as a peak on a differential pulse
voltammogram within +300 — +450 mV vs. Ag/AgCl reference electrode. Limits of detection
as low as 0.2 and 2.0 pM for serotonin and dopamine, respectively, were achieved. The
performance of axidized and polished electrode surfaces was compared, Mechanical polishing
resulied in oo, twolold lower himits of detection, bat lower reprodducibility of measurements ol
higher concentrations.

Kevwords: Electroanalyais, Boron-doped diamond, Meurotransmitiers, Dopamine, Serotonin,
MNeuron cultivation medium, Surface state, Fouling,

Introduction

Dopamine and serotonin (S=hydroxriptamine), hereinafter referred as DA and 5-HT,
respactively, belong to a family of fimportant neurotransmitters necessary for the functioning of
the nerve system of humans and animals, lssues in their metabolism are associated with several
serious illnesses like schizophrenia, depression, Parkinson’s disease. efc.. which significantly
impair human life !, Therefore, the development of methods 1o determing the concentration of
these neurotransmitters in biclogical media, preferably in sifu. could potentially assist in the
dingnosis, wnderstanding, and treamtment of the disorders associled with their improper
functioing,

Electrochemistry is promising for the elaboration of cheap and simple analytical procedures
and the corresponding devices for the determination of various redox-petive analvtes, especially
point-of-care and wearahle devices a= well as the ones operating /a1 st and 1 wee, Inturn, the
analytical performance of the procedure 1s tvpically primanly dependent on the charactenstics
of the working electrode.  Boronedoped  dumond (BDD) 15 especially  attractive for
electroanaly=is for ils combination of specilic properties: wide electrochemical window, low
capacitive currents, and high fouling resistance . The latter is especially crucial for the
determination of organic analytes, which often undergo irreversible redox transformations {thus
Fouling the surface with their products), as well as for use in biological media (able 1o foul the
surface with its components, especially macromolecular ones). Nevertheless, even the
electrodes with high fouling resistance require the development of procedures for the
regeneration of the surface state 1o ensure reproducible results.

Each carbon atom within BDD 15 connected 1o Tour other ones, forming & diamond ervstal
strscture. For superficial atoms, one or more surrounding ones are missing; therefore, the
comesponding vacancies are filled with other atoms or functional groups completing the total
valence of carbon. The nature of these terminal groups is dependent on the history of the surface
and imposes a severe impact on its electrochemical properties *°. While the as-synthesized
surface = terminated by hydrogen atoms, acrial and electrochemical oxidation (both
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spontaneos and intentional) leads 1o the infroduction of various oxygen-contaiining groups
OH, =C=0, ~COOH, -0, ez ). On polished surfaces, the presence of oxygen-contaiming
functionalities was found as well, but in lower quantities and predommantly in the form of
OH groups (therefore corresponding to a “less oxidized” surface) 5. “More oxidized” surfaces
are associated with higher hvdrophilicity and more sluggish electron transfer kinetics. Except
for possible differences in the affinity of the surface to varions analvies, hydrophilicity
comtributes to the mimprovement of biocompatibility of BDD electrodes, facilitating their
potential employment i vive, Intentional electrochemical oxpdation and polishing constitule
two relatively convenient wavs to remove fouling lavers from the BDD electrodes after
measurements and retum the surface 1o some predefmed state,

This work aimed at the development of an electroanalytical procedure for the detection of DA
and 3-HT in Newrobasal. a medium for the cultivation of neural cells. employing BDID
clectrodes, as well as elucidation of the mfluence of the BDD surlace state on ils
electroanalvtical performance in such procedure,

Experimental

All reagents and materials were commercially available (Sigma-Aldrich. Lach-Mer) and vsed
without further purification. Meurohasal™ peuron cultivation medium was purchased from
ThermoFischer Scientific. Millipore Milli-0) water (18,2 ML2 em) was used for the preparation
of all agueous solutions, Solutions of DDA and 5-HT were stored in dark asks i o frdge and
dizcarded no later than alter 3 days of storage, Dy powders of dopamine lvdrochlonde and
seratonin hvdrochlonde, as well as Newrobasal, were stored in a fridge as well,

Autolab PGSTATIOIN instrument (Metrohm, Switzerland) was emploved for electrochemical
experiments (cyclic voltammetry, CV; differential pulse voltammetry. DPV) together with 3-
clectrode cell (PLwire as the counter electrode, Ag/AgClin 3 M KC1 as the reference electrode)
A 3 mm BDIY disk electrode {BioLogic A8, France) with a 500-1000 ppm doping level was
taken as the working electrode,

Twwer surface states of the BDD electrodes were considerad: “oxidized” (o-BDY) and polished
{p-BID). For o-BIDIY, the electrode surface was initially conditioned by applving +2400 mV
for 3mim in I M Hz800, the procedure was repented umtil constamt AR, (285 mV) of the
[Fe{CNu]*™ redex reaction (a redo-marker, which i= surface-sensitive for BDI) on cvelic
voltimmograms had been reached. Before eoch measurement, the o-BDD surface was re-
activated in sitw by applying <2400 mV for 30 s (followed by stirming the solution for 1 mim}
For p-BDI, Afty 8 -=shaped movements of an electrode shightly pressed mto a polishing pad
wet with alumina slurry were performed as a basic activation procedure (followed by stirring
the solution for 1 min after re-immersion of the electrode); for initial conditioning, it was
repeated a few times until constant AR, (75 mV) of the [Fe(CWu]*™ redox reaction had been
reached.

The measurements were conducted in series. First, for cach concentration, a neat Neurohasal
was measured twice to condition the clectrode and check the reproducibility of its performance
After that, the analyte was added 1o the desired concentration as an aqueous 201077 M solution
{eventually more dilinted 1o reach the lowest concentrations ) and measured a few (3-7) times
(ke fmfra). The limit of detection (Lol and limit of quantification (Lo were calculated from
the slope (@) and the standard deviation of intercept (S0%) of the linear regresaion of the
calibration curve (fw = ac + b) s LalD = 350w'a and Lo} = 1080w/, respectively.
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Hesults and discussion

MNeurobasal 15 o complex, commercially available medium (existing in a few slightly differing
formulations) with pH = 7.3 consisting of dozens of components {amine-acids, inorganic salts,
vitamins, buffer compounds, evc. ), while at least & of them are redox-active within the potential
range available on BDD electrodes (5 amino-aeids, 2 vitamins, and HEPES). Nevertheless,
within the potential range 200450 mY, where the peaks corresponding to the oxidation of DA
and 3-HT in Meurobasal appear, no notable redox processes associated with Meurobazal itself
are observed (Fig. 1} This enables the detection of both analvtes on both types of the pretreated
B surfaces.

The DPV curves were measured for DA and 5-HT in concentrations 1.0-100.0 and
L l=T0000 pM. respectively (Table ) At the lowest measured concentrations, the peaks
(shoulders) on the curves which could be assigned to the presence of the analytes were either
ned recognizable (for o-BODY or barely visible (for p-BDD),
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Fig. 1. Differential pulse voltammogroms of 6 10°° % DA and 5-HT in Meurobasal as o
supporting electrolyte as well as neat Neurobasal on {A) p-BDD and (B) o-BDLY.

Tahle 1,

Parameters of electroanalyvtical evaluation of DA and 5-H1 on BDLY electrode surfaces.
Parameter A, A, 3-HT. 5-HT,

o-BDD p-BDO o-BDD p-BOD

The lowest measured 1.0 1.0 o1 0.1
concentration, pid
RELNip) range, Ya 030144 1.53-5.46 0.60-3. 18 0.73-13.67
Lof}, uh 4.0 1.9 0.4 0.2
Lok uM 13.3 6.3 1.3 0.6
Upgper limit of LDR, pi G0 B0 1.0 L]

Repeatability of the peak currents values (ip) ebtained from a few (3-7) consequent
measurements of the same analvie solutions was evaluated throughout the considered
concentration ranges, Mo systematic changes in the DY curves are ohserved in any svstem
except DA on p-BDD, where an additional peak at ca, 30 mY emerges and rises upon
consequent scanning {accompanied by some decay of the “main”™ DA oxidation peak ). [t should
be noted that ne such effect is observed if phosphate buffer (pH 7.0 instead of Meurahasal is
used as the medium, Therefore, the emergence of such a peak could be caused hy some specific
interactions of Newrobasal components, DA, and the polished surface or the remnants of the
pelishing medium (alumina), Technically, this Timits the number of uwseful repetitive
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measurements in this svstem to three, The values of the relmtive standard deviations (RS0 of i
are listed in Table I. Poorer repeatability in the case of 3-HT could mdicate its stronger ability
1o foul the surface | In the case of the o-BDD, the highest standard deviations are observed at
low concentrations, where the values of fp are the lowest (therefore, small current deviations
caused by noise and by processes result in higher RED values). In the case of p-BIDI, the
standard deviations are gencrally higher than on o-BDIL and the highest ones are observed at
high concentrations, This could be consed by the lower surface restortion efficiency of the
manuel polishing compared (o the exidative trestment (as i1z more complicated 1o ensure even
treatment of the entire surface) leading to less reproducible results imore pronounced at higher
comcentrations, where fouling s more severe) Lower jp values at the same analyie
concentration are typically associated with more positive peak potentials, which evidences in
favor of differences in the charge transfer rate a5 the origin of the deviations,

O p=BDLY, iz values at the same concentrations of the analytes are on average ca. 2 times higher
than on o=BDI, and simultanesusly sharper (have a smaller width at a given percent of i), This
can be caused by more sluggish kmetics of interfacial electron transfer on o-BDID surfaces,
simmilarly to the previously reported resulis ' Similarly, LoD values on p-BDID are ca. 2 times
lower than on o-BIDI (Table I). Moreover, on the p-BIDD all potentials are slightly shifted (by
dozens of millivolis) toward less positive potentials. The values of i of 5-HT are on average
ca. 2 times higher than for DA at the same concentrations. However, the Lol values for 5-HT
are ca. 10 times lower than the corresponding omes for DAL such discrepancy could be caused
by better-shaped 5-HT peaks facilitating their recognition and precise ip evaluation. On the
contrary, the upper imit of the near dynamic range (LDR) for $-HT is a1 least 6 fimes lower
than for DA (which, again, could be caused by more severe fouling of the surface by oxidation
products of 5-HT) and, quite surprisingly, is almost umaffected by the activation method
{Table I).

Conclusions

The possibility of electrochemical detection of IA and 5-HT in a neuron cultivation mediem
employing BDD electrodes and differential pulse voltammetry iz shown, The systerm is an order
of magnitude meore sensitive 1o serotonin (e lowest achieved Lol» is 0.2 vs 20 uM for
dopamine, both valwes were obtained on p-BDIX. However, serodoqin causes more severs
clectrode fouling at higher concentrations, Mechanical polishing as the method of the electrode
surface re-activation allows for achieving 2 times lower Lold values compared to
clectrochemical exidation. which could be explained by faster electron transfer on the polished
surface and, therefore, sharper peaks with higher peak curremts. On the contrary, oxidative
treatment results m higher repeatability of the voltimmetric curves (especially m higher
comcentrations ), which could be caused by poorer reproducibility of the manual polishing,
Wewvertheless, the choice of the re-activation method did not netably change the upper limit of
the linear dynamic range.
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Ahstract

Mew comeepl of a reference electrode lor electrochemical systems resolves a problem of o poor
potential stability of refence electrodes based on the distribution of a strongly hvdrophobic
commean cation betwean two immiscible electrolvie solutions (ITIES ). The use of a polarizable
metal clectrode nstead of a classical reference electrode is demonstrated in a modified
conventional four-electrode cell with [TIES. A simple battery operated polentiostat controls the
wirking electrode potential in a threg-clectrode configuration. The working metal electrode
then serves ns o polarizable reference organic solvent clectrode m a four-clectrode system for
the polanzation of the water/organic selvent interface,

Kevwonds: Reference electrode, Liguid liguid interface, Chlonide extraction, Common ion
diztribution.

Intreduction

Reference electrades i the organic phase are often based on the distnibution of a commoen ion
between the aqueous and the organic phase. Stability of the reference electrode potential in this
case depends on an unalterable concentration of o common ion i both phases in contact. In
st cazes The agqueos phase electrolyte consists of & solution of chloride wons in combination
with a livdrophobic cation serving as a commaod ion.

Recenily. it has been demonstrated that in the case of a strongly hydrophobic cation serving as
A commeon ion a spontaneous extraction of an aquenus electrolyle occurs . The driving foree of
this extraction i= a formation of won-pairs of the aqueous electrolvie jons inthe organic phase.
The wn-pairs formation decreases the equilibrium concentration of the sgueous electrolyie
anion in the organic phase and facilitates it= transfer from the agueous phase, The transfer of
anion from the agquecus phase is accompanied by the tranzfer of cation and proceeds as an
electroneral reaction. The ion-pairs in the organic phase can agglomerate into large clusters
and form stable waler-in-oil nanoemulsions *%. This process results in a decrease of the aqueous
clectrolyvie concentration which affects the interfacial liquid liquid potential and potential of
A/ ApCl electrode,

In this paper a novel concept of a relerence electrode 1= introduced. The use of a simple three-
electrode battery operated potentiostat is proposed where a polarizable metal electrode serves
as a new reference electrode © in a modified conventional four-electrode electrolytic cell.

Experimental

Reagent grade tetrapentylammonium  chloride {TPeACH, tetracthylammonium  chlomide
{TEACI. sodiwm tetraphenylborate (WaTPB). bis{triphenyiphosphoranylidene jnmmonium
chloride (BACI, lithium tetrakis(pemtafluoropheny] Jborate {LiTB) ethyl etherate and LaCl were
supplied by Sigma Aldrich, and wsed as received, TPeATPE and BATB were prepared by
metathesis of the comesponding salts TPe ACH and NaTPR, and BACH and LiTB, respectively
Tetraethylammonium  dicarbollvlcobaltate (TEADCC) was prepared at the Institute of
Inorganic Lha.mulstr'. ARCR, v.v.i. Electrolyte solutions were prepared using deionized water
(= 01 u8 em™, GORO svstem, Crech Republicy, and 1,2-dichloroethane (1,2-DCE, 99,
Penta).

129



The all-glass electralytic cell, shown in panel A of Fig. 1, consists of two eleotrochemical
syaterms with a commen metal electrode serving as o working electrode ¥ for the first and az a
reference electrode RE2 for the secomd svstem The first three-electrode electrocheniical
syatem, controlled by a battery operated potentiostat, comprises also a reference electrode B
and a counter electrode O The scherme of a battery operated potantiostat is shown in panel B of
Fig. 1. The second electrochemical system is a traditional four-electrode cell with two reference
electrodes REI, RE2 and two counter elactrodes CEL and CE2. This svatem is controlled by a
four-slectrode potentiostat 1287 Electrochemcal Interface Solartron {Solartron, England). Both
potentiostats are galvameally separated.

syl

Fig. 1. (A) Schematic diagram of the electralytic cell. C, W, CEl and CE? are tungsten wire
clectrodes. (B) Scheme of a battery operated three-clectrode (O, B and W) potentiostat.

The composition of the phases of the electrodytic cell can be described by the Scheme 1

A | AET | 10 s LiCIw) | 5 mM TReATFE(S) | 5 mM TEADCC) | S s TEACHwW) | AgCl | Ag Scheme 1

gk

RE1, CEI CE2 RE = & R
The interfacial area of a flat interface between the phases (w) and (o), placed in the round hole
of the glass barmer, 1= 29.2 mm®. The working and coumter electrodes, B, C, CEl and CE2 are
made from wolfram wires sealed in the glass cell. The battery operated potentiostat is
constructed using [C TLO27L2 (CMOS dual OA) and LM2852-1.2 (voltage reference), Texas
Instruments. The inpat veltage of the three-clectrode potentiostat U can be adjusted from
-2 mV to 330 mY. Supply current from 9V battery s less than 50 A,

Results and discussion
The veltarmmogram recorded in the electrolytic cell shown in Fig | and Scheme | 15 shown in
panel A of Fig. 2. Curve 1 is the base electrolyte voltanmmogtam, curve 2 was recondad after
addition of 0.5 mM TEAC] to the aqueous phase. The half-wave potantial of the TEA® transfer
is .294 V. Using the standard ion transfer potential difference for TEA* jon A¥plp,. =
0,019 ¥ 5, we get for E”= 0,275 V. The input voltage U of a battery operated potentiostat was
Uy = 0,305 W, Although the working electrode B can be polarized to any accessible potential,
it is desirable to polanzed it in the range of potentials where the eurrent flowing through the
three-electrode cell is closa fo zero, This will avoid a contamination of the organic phase by
electrolvas products. The suitable polanzaion range can be inferred from a cyelic
voltammogram recorded i thas cell. For the cell composition presented in the Scheme 1 the
recorded voltarmmogram i1s shown in panel B of Fig. 2. When a constant potential U is applisd
i the displayed potential range the steady-state current is droppang down to a few
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Fig, 2. (A) Cvelic voltammograms recerded in the galvamic cell shown in Fig. 1 and Scheme 1.
Curve 1 is the base electirolyte voltammogram, curve 2 was recorded in the presence of 0,3 mM
TEACI in the agquecus phase, The voltage applied to the working electrode # was Uy = 0,305
WV ovs, the reference electrode R, Polanzation rate v = 0,01 Vs (B) Cvclic voltammogram
recorded in the three-clectrode cell O, K and W, see Fig. 1 and Scheme 1. Polanzation rate 10
mV/s.

The Galvami potential difference between the agqueows (w) amd the organic phass (o), <f, Scheme
1, cam be wntten, neglecting the eleciralyte IR drop, as
g = —E+ Puez — wem (L}
where E is the applied voltage to the four-electrode cell CEL, RE] and CE2, RE2, The potential
e o the reference electrode RE2 is controlled by o battery operaled potentiostal with an
imput voltage U and 15 related 1o the potential g of the reference electrode R by
& i - & e

e = U — o = Uy + 807 000 - Inaf_ - AYete. —FIn :;-rﬁ (2
Thus, for A p we get
Bfp = Uy~ E+TinCe - 8l (3)

o
For the electrolyie concentrtions shown in Scheme 1, the valee of E* = 0,275 V derived from
the voltammagram in Fig. | and the value of T = 0,303 V, we pet for A% p?
Al = 0305 — 0,275 — 0018 — 0.01% = —0.007 ¥ (4}
The small deviation from the zero value 1s probably caused by a liquid junction potential A5 ¢ at
the organic phase boundary o'/o.

The effect of the change of the input valtage U on the recorded voltmmmograms is shown in
Fig. 3. The TPeATPE electrolyte in Scheme 1 s replaced by BATE of the same concentration.
The squeous phasz (w) contains ¢a 0.5 mM TEACI U s changing from 0003 1o 0.23 ¥ in 0,03
WV osteps, According to Eq, 2 the reference electrode RE2 potential qges i5 changing from -0.327
10 =0,077 W, The shift of the voltammograms corresponds 1o the change of U, The steady-state
current fowing through the working electrode I was less than 10 nd in all cases. This makes
the electrolyte TR drop between the reference clectrode B and the working electrode 1P
negligible. For U = 0,05 V is the half-wave potential of the TEA" transfer E75Y = 0.051 V.
I]aingﬂ.n'”qo@.“_; = 0019 ¥, we get for E* = 0032 V. The liquid junction patential reaches the
valwe 0,019 V which is somewhat larger value than in the previous case, The stability of the
polanizable reference electrode is very good, o change of the voltammogram was detected alier
an hour delay.
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Fig. 3. Cyelic voltammograms recorded in the cell shownin Fig. 1 and Scheme 1. U was vared
froen 0,05 (eurve 1) 1o 0.25 V icurve 53in 0005 W steps. The organic base electrolyte in Scheme
1 is replaced by 5 mM BATE. The aquecus phase (w) contains ca 0.5 mM TEAC, Polanization
rate v =001 Vis, IR drop compensation 2,9 kL

Conclusions

Hovel comcept of a polanzable reference electrode has been introduced. 1t can be utilized
whenever a current reference electrode potential is not sufficiently stable and a composition of
anether stable one could interfere with the electrochemical svstem under stedy. This concept
cin be utilized also in the cases where the reference electrode sarves as a souree of a current,
eg. in a two-glectrode electralytic cells. In principle, the polarizable reference electrode
exhibits a low impedance which improves stability of the electrochemacal system. This can play
an impartant role ina high frequency and pulse measurements.
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Ahstract

The subpect of this work was the twdy of the effect of the ratie of the arcas of the working to
the ausihary electrodes of screen-printed zensors with a chemically deposited boron diamaond
electrode (BDDE) on their electrochemical properties and apphicability, Three different ratios
of 0.2, 04, and 0.1 were studied, Using conventional redox markers ([Fe(CN""™,
[Rul®H: k], and dopamine), the electrochemical propertics of these sensors were compared
based on the evaluation of the parameters of the obtained cyvelic voltamumograms. The influcnce
of the aren ratio of working to auxiliary clectrodes on the analysis of 2.6-dichlorophenol was
also investigated,

Kevwonds: Screen-printed sensors, Boron-doped diamond electrode, Electrode area, Redox
marker, Cyvelic vollammetry, Electrochemical impedance apectroscopy.

Intreduction

One of the trends of development in the field of modern analvtical chemistry as well as
clectroanalytical chemistry is the process of miniaturization. Regquirements related to, e.g.
diagnestics, various medical apphcations, or meniloning of harmiul substanees in the
environment lead to the development of miniaturized, fast, and cheap portable electrochemical
devices and sensors made of alternative matenials that allow fast and cheap on-site analysis (5.,
point-of-care testing). Screen-printing teclmology is a proven method for making simple
sereen-printed sensors (SPE) that can be used in practice. Their main advamage i= a low price
and the possibility of ensy serial production, which lends (o their use ns disposable sensors '
However, it should be emphasized that the electrochemical properties and, therefore, the
application possibilities of SPE depend mainly on the material of the working electrode,

Baron-doped diamond electrode ( BDDE) exhibits exceptional electrochemical properties such
as a wide available potential window, low background current. good chemical resistance. low
current noise, resistange to passivation, and high hardness ** BDOE wos used until now in the
analvsis of various biologically sctive substances important for envirommental protection and
hurman heahth'™'" In our previous work, new SPEs with chemically deposited BRDE as a
working electrode were put into practice’®. In addition to the material of the working electrode,
the arrangeiment of the electrochemical cell, the size of the electrodes, their distance, eic., also
play an important role in the construction of sensors. In this work. we investigated the effect of
the ratic of the arens of the working (WE) and auxiliary (CE) electrodes on the electrachemical
properties, the detection charactenistics, and the repeatability reproductbility of the obtained
re=ults in the analysis of biologically sctive subslances
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Experimental

Britton-Eobinsen buffer (BRE, pH 2-12) was prepared by mixing the acidic and alkaline
components under @ pH meter. The acidic component was composed of 0.04 M solution of
HsPOy, HiBOs, and CH3COOH. The alkaline component was created by 0.2 M NaOH. 0.1 M
H:S04 and 1 M Ha504 were diluted from concentrated 96 %5 HaS04 (all from Ing. Petr Svec-
PENT A s1.0., Czech Republic). 1<107% M solution of 2,6-DCF {Sigma- Aldrich) was preparad
by dissolving the appropriate batch in acetomitrile (Ing. Pelr Svec-PENTA sro, Crech
Republic) and stored in a refrigerator, Solutions with lower concentrations were preparad frash
daily by diluting the stock solution with electrolytes. The stock solwtion of 0.1 maol L7 KOl was
preparad by dissclution of the appropriate amount of poweder (Penta-Svee, Czech Republic) in
the distilled witer and the standard selutions of 2.5 mmeol L™ Ks[FelCW] and [RuihHz)]Cls
wned dogaoming (DAY (all of the purity < 949 %, Sigma-Aldrich) were prepared in the selution of
0.1 mol L ECL

Voltammetne measuraments were perfocmed using Autolab PGSTAT204 (Metrohm Autelab,
Netherdands) equipped with software Mova 2.1.5. Measurements were performed in a three-
clectrode set up with bulk BDDE (BioLogic, surface arca (4) of 7.07 mm?, imner diameter of 3
mm, B'C ration during depositton 1000 ppm) as WE, saturated argentchlonde electrode
(Ag/AgCl (KCL, sat.)} as a reference (RE) and platinum wire as CE (both Monokrystaly, CZ).
The lab-made SPBDDE (SlovakDiamondGroup, FEI STU, Slovakiay was the second one
consisting of chemically deposited BDDE {inner diameter and surface area of 3 mm and
T.07 mam®, 2 v and 3,14 mim?, 1 mmeand 0,785 mm®, BAC 312,500 ppood as WE as well as CE
and Ag/AgCl RE. The CE area was kept constant (7,925 mm?). Thus, thres different sensors
were obtained with WE and CE area ratios of 009, 0.4, and 0.1, as shown in Figure 1.

Fig 1. Applied sensors,

In all casas, WEs were activated at the beginming of the working day by performing 20 (for
BDDE) or 104 for SF/BODE) eyclic voltammograms in the potential range from initial potential
(Ew) of ~1500 mV to switching potential (Fsien) of #2200 mV directly in the supporting
electrodyte, The activation procedure wis terminated at the positive potential valwe, fe., at the
fimal potential (Feq) +2200 mV, It was found that there was no need to reactivate of regenerate
the clectrode surfaces in any way betwesn particular measurements. The measurement tock
place on the O-termanated electrode surface.

Parameters of calibration curves and confidence intervals were caleulated on the level of
significance 005, The limit of detection (LOE) and the limit of quantification (LOGY) were
calculated from the calibration dependences as three times the standard deviation and ten times
the standard deviation of an intercept dividead by a slope,
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Results and dizscussion

Electrochemical properties of SPEs with different area ratios of WE to CE were studied by
eyclic voltammetry (CV) of the following redox systemns: [FeiCR]*%", [RuiNHz))™*, and
DAL Fig. 2 shows the obtmned veltammetnie curves for all redox markers. Considenng the
different working areas of the electrodes, the current was recalculated to the current density.
Table | summanzes the parameters of these curves [or all sensors. [n the case of the "ower
sphere” tedox marker [Ra(MHz ™, the current density and reversibility of the observed
reaction decrease with a reduced ratio area, A similar dependence was obtainad also for the
"irrseer spfvere” markers of the [Fe(CM3:]*™" and DA, The reduction of the area of the WE with
e same area of the CE leads to the deterioration of the reverability of the ongoing reactions
and the decreasing of current density. These changes are much more pronounced in the case of
DAL Such a course of dependence can be caused by two factors, the influsnce of the ratio of the
arzas of the WE to the CE (ie, the electrochernical effect) or the increase in the distance
between the WE and CE (i.e., the geometric effect),

A o
FeiH

e

Fled ]

i

)
Fig 2. Cvalic voltarmmiograms of [FefCN ] (A, [RufNH:)e ™ (B), and DA () recorded
on the tested sensors (electrolyte — 0.1 mal L' KCL, v = 100 mV 57!, &f[Fe{CM)el*") =
e(RuMNH % = e{ DAY = 2.5 mmol L),

Electrochemical impedance spectroscopy was also conducted to investigate this phenomenon.
This study was performed vsng redox markers, which were already mentioned above, the
frequency ranged from 10K to 0.1 Hz with an amplitode of 10 mV, The elementary scheme
RAHTEWT) for the "faner spleve” and RW for the "outer sphiere” systems were used tosimulate
and fit the measured spectra, The results of the electrochemical impedance spectroscopy
simulation are shown in Table 11

The value of the resistance of the electrolyte between the WE and CE (R:) increases with a
decrease in the area ratio, which indicates that the geometnic effect has aninfluence and worsens
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the electrochemical propertics. The second important parameter is the resistance of electron
transfer (Ra), which increases when the surface area decreases, which indicates that the
electrochemical effect also has an impact and deteriorates the properties of the sensors,
Therefore, wa can sumimarize that the deterioration of the electrochemical properties of senmors
with a decrease in the ratio of the arcas of the working and auxiliary clectrodes is due to a
combination of electrochemical and geometric effects.

Tahle T

Parameters of cvelic voltammograms of redox markers [Fe(CN k] ™, [Ruf™NHsg]™™ and DA

(electrolyte — 0.1 mol L™ KCL v = 100 mV &7, o[Fe(CN&[*3) = e(Ru{NHD ) = o(DA)
2.5 mmol L")

e X Jmn Jp ool Eps En AEp
AwelAcx [nA mm®  [nA mm? [mV]  [mV]  |mV]
[Fe(CNp"
0 4574 4454 1.03 1743 735 1007
0.4 2912 2791 1,04 I24% 333 1915
0.1 238 -1913 1.07 246 433 1813
DA
09 Gl 498 1.33 6279 639 5640
0.4 3057 -2151 1.42 770 26T B0ST
0.1 2359 -1059 123 7488 136 7352
[N EH e
0y 4397 4192 105 1927 2733 B0
0.4 3208 -3147 1.02 1625 <3136 1511
0.1 2476 2452 101 -1827 2733 W6
Table 11

Values of individual elements of electrical equivalent cirewits (EEC) (R [RW /00 for Fe and DA

redox markers and E{W) __t‘-:-r Ru redox marker caleulated using FRA software simulation

(2.5 mmol L7 [FeiCNa)" ™, DA and [RofMNHz ) in 0.1 mol L7 KCIL = 1-10,000 Hz, A
10 mW L

Awpldce R[]  Rer$2]  Fo[uMhs®] s FojuMhs'?] 7
[Ee(CN )]

09 113 289 W6 0657 429 0.01
04 3570 GEI 1.51 0,762 150 0.01
i1 3070 45300 0,228 0.84] 271 0,01
24
09 238 16700 468 0942 323 0.01
0.4 3660 63400 2.04 0.878 138 0.04
i1 3160 3340040 0244 0.849 8.2 0.04
[RuaNH
00 103 B ; . 456 0.01
0.4 3500 g ; : 152 0.05
i1 3200 . ; . 281 0.04

Fimally, the influsnce of the mtie of the areas of WE 1o CE during the analysis of
2 b-dichlorophenol in a model solution and real river water was investigated. For this purpose,
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a method of voltimmetric analysis of 2,6-dichlorophenol was developed usimg BDDE n a
classic three-electrode arrangement. In general, the obtained results of the analyzes as well as
their  reproducibility  comelated  with  the  above-described  resulis  dealing  with  the
electrochemical properties of texted sensors, a decrease in the ratio of the areas of the WE to
the CE leads to the deterioration of the recovery, sensitivity, and RED.

Conclusions

In thiz work, the elfect of the ratio of the areas of the working 1o the auxiliary electrodes during
the production of lab-made screen-primed sensors with the chemically deposited boron-doped
diamante electrode on their electrochemical properties was investigated. Based on research
conducted on three redox svstems: two “inner sphere” ([Fe(CNR]" ™ and dopamine) and one
“outer sphere” {[RudNHyw|* ), and the selected analyte 2.6-dichlorophenal, it can be snid that
a decrease in the ratio of the areas of the working to the auxiliary electrode leads to the
deterioration of the electrochemical properties, sensitivity, recovery, and ESD,
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Abstract

Thiz contribution summarizes the practical expenence gamed during the experiments with
planar sensors manulactured by sereen-printing and other technologies for the preparation of
waorking electrodes, The electrochemical properties of sensors with working electrodes made
of screen-printed graphite modified with multrwalled carbon nanotebes and boron-dogped
dimmond, prepared by chemical vapor deposition, were examined and compared in the
electroanalysis of nicotine, uric acid, guanine, and adenine. The differences in intensities of the
analytical signals, their repeatability, and the shifi of peak potentials are discussed with respect
to the material and composition of the working and reference part of the sensors,

Keyvwords: Screen-printed corbon electrode, Boron-doped dismond electrode, Nicotine, Urnc
weid, Guanme, Adenine, Electroanalvsis,

Introduction

Nowadays, a great variety of electrochemical sensors is manufaciured for the electroanalysis of
various compounds, Ameng different types of bulky disc electrodes of classical design, there
are also numerous types of miniaturized sensors, including three-clectrode setups. Several
mamufacturing lechnologies are generally used to prepare these sensors, which aim to be low-
cost, mass-producible, and easy 1o operate but sl have sufficient electroanalytical
performance U Buch devices are mainly targeted az disposable, one-shot sensors allowing
measurements in the field or enabling undemanding point-of-care testing. A typical example is
glucose strips for everyday monitoring of blood glicose.

In the case of screen-printed sensors, the wsed materials, conditions, and technological
operations during each laver-formimg step must not influence the resulling electroanalytical
performance of the prepared working electrode, Most screen-printed sensors wlilize low-cost
graphite inks with various compositions for printing the electrodes, The composition of the ink
greatly influences the electrochemical behavior of the working clectrode . It i= usually a
tradeofT hetween the properties important for printing {such as proper viscosity, thixotropy, and
printing line definition afier curing) and good clectrochemical charncteristics (low resistance
and background curents. fast electron transfer, and small peak potential separation for
reversible systems). Various bulk or surface modification of working clectrodes by carbon
nanomaterials, metal, or metal oxide nanoparticles 1= regularly emploved to improve the
ahovementioned sensor capahilities

Meoreover, proper care must be given 1o forming the reference part of the sensor. Generally, a
preudoreference system made of silver/silver chloride ink is used in screen-printed sensors,
However, a silver layer only iz wverv often deposited as a simple and easy-to-prepare
pseudoreterence part. Such configurations are greatly influenced by the presence of chloride
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ions in the measuring solution leading to the potential change of the reference and subsequent
shift of voltammetric signals along the potential axis. Furthermare, some analyvzed species may
react or bind with silver, causing the petential change at the reference part of the senzor. The
presented comribution directly compares the behavior of two planar sensors with various
wirking electrodes and pinpoints the subtle differences in the electrochemical detection of
several organic compounds.

Experimental

Electrochemical detection was carried oul using two planar sensors. The first one was a screen-
printed three-electrode sensor DREP-110 CNT (Metrolm Czech Republic, Prague, Czech
Republic)y containing a carbon working electrode. modified with multi-walled carbon nanotubes
functionalized with corboxy groups (MWOCNT=-COOH), carbon auxiliary, and  silver
peendoreference electrodes (SPCE). The second device was a planar sensor with working and
auxilinry electrodes made of boron-doped diamond electrodes prepared by chemical vapor
deposition, The reference part wasz a screensprinted  silver laver, which was further
electrochemically anadized m 0,1 M KC1 solution (BDD, Slovak University of Technology in
Bratislava, Bratislava, Slovakia) Deetails about the preparation of this sensor can be Found
clsewhere ®. Experiments were performed wsing clectrochemical analyzers PGSTATI0
operated by Nova 111 software (Metrohm Czech Republic, Prague, Czech Republic) and
Palm&ens 2 controlled by P8Trace 5.9 software (PalmSens BY, Houten, The Netherlands).
Multimeter inoLab™ pll 720 with SenTix® 21 pll electrode (both WTW, méfici a analyticka
technika, 5.r.0., Prague, Crech Republic) was used to mensure the pll of supporting electrolvies,
Samples were analyvzed by differential pulse voltammetry (DPV ) and sguare wave voltammeiry
(SWN) in mon-deaerated supporting electrolvies. All chemicals used for the preparation of
Britton-Robinson and acetate buffers, sodium hydroxide, nicatine, guanine, adenine, and uric
acid were bought from Merck KGaA (Damstadi, Genmanyy

Results and discnssion

The electrochemical properties of both planar sensors were it tested and compared in the
detection of nicotine in 0.1 M BRE. Thiz compound can be readily oxidized at both electrodes
leading to an imtensive current signal influenced by the pH of the supparting electrolyte
However, electrochemical oxidation of nicotine at graphite modified with MWCNTz-COOH
appeared at more negative potentials compared to boron-doped diamond. The single oxidation
peak at lower pH changed 1o two joined signals in basic solutions starting from pH 7. Contrary,
only a smgle brond response 15 observed m the case of the BDD electrode, Further study
revealed that the oxidation of nicotine is governed predominanily by the diffusion to the
electrode surlace, There is only a slight miuence of the adsorplion, manifesting in the peak
current increaze up 1o 15 = of accumulation. Longer accumulation times did not further enhance
the signal and rather caused a drog in the current response at both tested types of working
electrodes.

Maorgover, the optimum for the highest oxidation cwrrents was pH 8 for SPCE but pH 11 for
boron-doped diamaond. The repetitive experiments showed a gradual decrease in the analytical
performance of SPCE, whereas it was possible to use the BDD for a prolonged period with only
minor changes in peak currents and sensitivity of the detection, Afler several mensurements,
the peaks retamesd the same peak potential, which changed with the addition of 0.1 M KCI by
approx. M mV to more positive potentials (Fig. 1) This demonstrates the major effect of
chloride ions activity in the supporting electrolyvte on the position of vollammetric signals,
which must abwvavs be considered and mainmained constantly for proper evaluation of
voltammograms recorded at sensors with a pseudoreference clectrode.
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Fig. 1. Volammograms of 15-300 pmol L7 nicotine in 0.1 M BRB (s0lid Ting) and with
the addition of 0.1 M KCI (dashed lined at A) SPCE-MWONTs-COO0H, pH 8, and B) RDIY
sensor, pH 1L DPV, £, =125 mV, v=130mV s,

Simultancous analvsis of uric acid, guanine, and adenine revealed different characteristics of
both sensors in the electrochemical oxidution of these compounds, The SPCE-MWCNKTs-
COOH again exhibited lower overpotential needed for the oxidation of all analytes compared
1o the BDDY, Peak maxima were shifted by wp o 200 mV w0 more negative petentials than in the
caze of the BDD, All signals are pH-dependent; therefore, finding the eptimum value enabling
sensitive detection for all compounds was necessary. Relatively intensive peak currents were
ohtained in weak acidic electrolytes: electrochemical oxidation of wric acid in basic solutions
wias almost negligible. Thus, an acetate buffer of pH 5.5 was selected as a compromise
providing sufficient sensitivity and peak potential separations of all oxidation signals.

The complications arose during repetitive measurements of the mixture of erganic compounds
al the mime electrade surface, Contrary 1o nicotine detection, an apparent shifl of peak potentials
o more positive values, higher for guanine and adenine up 1o 130 mV and 120 mV,
reapectively, was observed in the sccond and third WV scans for SPCE-MWONTs-C00H
(Fig. 2). Such a substantial potential shifi was not recorded at the B sensor. This behavior
might be explained by the hinding of purine bases on the silver laver * of the pseudoreference
part in the SPCE-MWONTs-COOH sensor, changing its interfacial structure and hence the
petentinl, The addition of 0.1 M KCI e the solutions lowers the shifl in peak potentials, but
resulting peaks are moved closer (o the anodic limit with elevated background currents,

L
™A

Fig. 2. SWV voltammograms of 50 pmol 1" wric acid, guanine, and adenine in 0.1 M acetate
buffer pH 5.5 (black color) and with the addition of 0.1 M KCI (grev color) at Ay SPCE-
MWONTs-COO0H, and By BDD sensor: first scan (solid line), second scan (dashed line), and
third scan (dotted line).
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The situstion s similar in the case of the BDID sensor. Afler adding chlomides, the oxidation
signals are moved again to maore positive potentials; however, this time, it iz impossible to
quantify the peak of ademine properly,

Conclusions

Although printed planar sensors are meant to be used as disposable, one-shot sensors, care must
be taken if repetitive measurements required for the necessary statistical evaluation of results
are performed al the same electrode surface. Apart from the slow degradation of the analvtical
performance of modified graphite electrodes with numerous measurements (where the BBD
electrode excels), the usual peendoreference part of these primted sensors made of silver might
alao not be sufficiently stable in the prolonged detection of some organic compounds. This can
introduce obstacles m the evaluation of voltammetric signals, which can be shifted along the
potential axis to such an extent that they even diminish m the working potential window.
Ancdization of the silver laver to produce silver chlonide seems to be an elegant way to stabilize
the voltammetnie response, It would he preferred over printing mixed Ag/AgClinks due o a
better chance of whole covering of the potentially sensitive silver layver,
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Valtammetric Determination of Arecoline
(Voltametrickeé stanoveni arekolinu)
Tomaé Mikvsek and Barbora Indrschova
Umniversity of Pardubice, Faculty of Chemical Technology, Department of Analytical
Chermistry, Smdentska 573, 53210 Pardubice, Czech Republic,
E-miail: tomas. mkysek@ wpee.cz

Abstract

This study descnbes the electrochenucal behavior of arecoline and offers a methed for its
determination. Arecoline undergoes oxidation showing one irreversible process at about
+0.95 Vinvolving two electrons. The influence of vanous electrolvies as well as pH
dependence is describad herein. The methed wang square-wave voltummetry as a tood for the
arecoline determination was verified by the determination of arecaline in areca mat,

Keywords: Carhon paste electrode, Arecoline, Bquare-wave voltammetry,

Tiwvod

Arekolin, svstematickym ndevem metyl ester kyvseliny  1-metd-3 0-dibydro-2 Hepynidin-5-
karbosylove (Obe, 1), patii mezi alkaloidy vskytugicl se piedeviim v ofesich palmy arekové
(dreca carechu). Tento alkalodd = pymdinevym jadrem je odvozen od kyseling mikotinové,
W jiimi Asii, Ciné a v nékterich africkych zemich je avykem u#vani arekolinu ve formé
Fevkani tev. | Betelového sousta™. Jedna se o jefté zeela nedorralé rozdreené ofechy areky
oheené zabalend v histech pepfovniku betelového potfendho vapnem. Mékdy se mohou pfidat
listy tabaku, hichiéek nebo dalfl aromaticke kofeni. Betelove sonsto tedy obsahije vEechny
alkaloidy palmmy arekowé, ale hlavni aktivii slodkon je zde pfedeviim arekolin '

o

o

|
CHa
Obr, 1. Struktura arekolin.

Pravidelng ufivatele teto drogy midems poznat podle ztemalyeh zubl a disni, Vyzkumy
arekolinu ukazaly, ¥e ma mmohé pozitivi i negativii wéinky na lidsky organismus. To zahrmje
vliv na nervovony, kardiovaskulami, endokrinni a zaFivact soustavu a take wdinky na dalii
télesne pochody. Aviak nedavné studie naznaduii, #e s ufivanim arekolimi jsou spojena éasti
cnemocnén st dutiny .

Ke Klasickym metodém, powfveniym ke stnoveni arskolin palfi nedustdji separsind
techmiloy * (napf. ve spojeni s hmetmoestni spektrometrii), jake jsou: HPLO-MES, GO-MS, nebo
kapilarmi elektroforéza, Altemativou k temte metodam mohou byt elektrochemicks metody.

Viomie piispivku je prezemtoviana zikladni elektrochemickd charakterizace a stanovend
plirodnd latky arekolin pomect eyklicke voltametrie a square-wave voltametrie s uhlikové
pastoveé elektrods, Vislediy popisuji chovani vyie uwvadené litky v nienyeh typech zikladnich
clektrolvti a zaroven zakladni opfimalizaci expenmentilnich podminck pro stanoven
arckolinu.
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Experimentalni &ist

Chemilailie. Arekolin — Metlvl 1-methyl-3,6-diliydro-2H-pyridin-3-karboxylat (Santa Cruz
Bistechnology ), jelw standardni reztok byl piipraven rozpudiénim 23,61 mg arekoline v 10-ml
wvody. Pro piiprave zikladnich elektrolytl v podobd @,1 mold roxtokd (HCL HaS0u, KCI) a
k pfiprave séric Britton-Robinsonovych pufit bylo poufito béEndch laboratomich chemikalii.
Viechny potichné roxoky byly plipraveny z deionizované vody systémun Milli-Cr od firmy
Millipeore,

Tstrumentace. Viechna elektrochemickd méteni byla provadéna na piistrogi AUTOLAB
(model "PGSTAT-1287%, Metrohm - Autolab BV, Utrecht, MNizozemi), ke kierému byla
plipajena méfici cela s tii-elektrodovim systémem obsahujicim uhlikovou pastovon elektrodu
z uhlikového prigke CR-57 (Maziva Tvn. C2) a parafinového oleje (Merck: CZ) a pro
srovidivaci méfeni elektrodu ze skelného uhliku dile pak referentni elektrodu Ag | AgCl| 3 M
ROl a pomoenow elektrod (1),

Postupy

Sguare-wive Folmmetrie (ST, Tyto experimenty byly providény v roztoko viie uvedenych
clektrolyil obsahujicich mzné koncentrace arckolinu. U vitdiny experimenti byly pouwtity
nisledujici podminky: poditeéni potencial 0.0V, koncovy potencial 1.2 'V frekvence 25 He,
amplituda 20 mV, potencialovy krok 10 mV, doba kendicionace 10 s pit potencialu -0.2 W,

Priprava realngko vzorkn, Obech arckové palmy, zakoupeny od firmy Herbal-store sr.o
Jablonec nad Nisou, byl nastrouhin a nasledné jeho navidka (0,3238 g byla prevedena do
kidinky s 10 ml deionizované vody. Venikld suspenze byla ponechina v ultrazvuko po dobu
10 minut a nasledng piefiltrovina, filril byl pouzivia bez dalSich dprav piimo k méfeni,

Visledky a diskuse

Elektrochemické chovini arckolinu bylo studovino v rizmyeh elektrolytech na vybranich
Iypech elekirod. 2 evklicke vollametrie {Obr. 2) vwplyva, ze k oxidaet arekoling, na uhlikové
pastove elektrods, dochidzd pii potencidlu cea 0,93 V. Tato oxidace je ireverzibilni a s nejvatsi
pravdépodobnest dvonelekironova, PR pouziti elebirody ze skelndho ubliku bylo pozorevin
podobnd chovinl, aviak signdl zahrnoval dva oxidadni procesy jejich potencialy bvly od sebe
vadileny cea. 100 mV. Daldim krokem bylo testovini nékolika zikladnich elektrolyti. kde bylo
Zjisténo, #e arckolin je clektroaktivini v neutralnim a bazickém prostfedic Jako optimalni byl
zvelen Britton-Robmsonivy pufr o pHl 9,15, Mezi nasledujici kroky optimalizace metody
slanoveni arekoling patfilo sledoviani vlivae doby michani, a kendicionaénibo petencialu pred
vlasinim skenem. Z tohoto méfeni vyplynulo, ¥e =2 mvydujici se dobou michini odezva klesa, a
takié e zhorfuje opakovatelnost mérend, jako optimalad byla tedy vybrina doba michiand 10 5. PR
optimalizaci kendicionaéniho potencidly bylo zjidténe, ko odezva viraend klesd pii potenciilu
negativndjiim ned -0.2 V, naopak v oblasti pozitivngjsich potencidldl se odezva neméni. Tyvto dva
kroky jsou nedilnou souddsti zajisténd stability signalu, a tedy opakovatelného méteni. Vzhledem
k tomu, e jako pracovni elekirods byla poukita uhlikovi pastovi elektroda, nabizi s otizka, oda
méfeni realizoval na stejném povrehw, sebo povich obaovovat pied kaddym méfenim. Proto byla
provedena sncla desets méFeni na stginém povrchu a nasledné sada daliich deset, kdy byl povrah
clektrody pied kaddym méfenim obnoven. £ dosadenteh vysledil je sfejmé. 2o méfeni na stejném
povrchu vychazi vyrnend pe. Memusi lo viak byt pravidlem. Pobud je stanovovand latka
lipafilnihe charnktery, miée dochdzet k extrakan do uhlikove pasty, cof je na jednu stranu vyhodng
z pohledu akumulace. ale pondkud problematickd pii zajifténi opakovatelnosti méfeni,
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Obe. 2. Cyvklicky voltamogram arckolinn o koneentraci 001 mmoll na CPE v Britton-
Kobinsonové putru o pH %135, rechlost skenu 100 my/s.

Dalzim Krokem bylo sestaveni kalibragni fady (Obr. 33 kiera byla nasledné powsit, spolu
5 vicemksobnym standardnim pridavkem, jako metoda vwhodnoeceni analvzy redlnéhe vzorku
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Obr. 3. Kalibrace arekolinu v Brittonové-Robinsonov pufruo pH 9,15,

Optimalizace navrzens metody byla ovéfena analvzou reilnéhe veorku ofechu arekove palmy.
Touto analvzou byl @usién obsah 1,32 mg/e, cok odpovida 0,13 hm s arekolinu v uvedeném
ofechu. Literatura uvadi, ¥ obsah arekolinu se pohybupe kolem 0.3 hm *s, aviak mike vwrazné
keslisat, a v nékterveh piipadech mize byt minimilni,



Laver

Tate prace se zabywvi stanovenim arekolinu a ziroven popisem jeho elekirochemickély
chowvani. Arekolin je oxidovin dvéma elekirony, a poskytuje ireverzibilni elekirodoveu reakel
pii potenciilu cca 0,95 V. Pro viasind stanovend se jevi jako nevhodndjdi elekirolvt Brifton-
Robinsoniy putr o pH 9,15, Ve uvedeni analyza ukizala. ke navriend metoda je vhodnd ke
stanoveni arckolinn v realném veorku ofechu arckové palmy. Tato metoda nabizi vhodnou
altermative k jiz zavedenym vesmés chromatograticksm metodsm,
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Ahstract

Eliminstion voltammetry  with  linear scan (EVLS) represents  an almost  traditional
mathematical method that helps to obtain additional and detailed information about the recorded
electrochemical signals and therefore, 1o better understand the analyzed systems. Although it
has been substantially developed and expanded during its existence of more than a quarter of a
cemtury and hos lfound many arens of application, ke any other mathematical and experimental
method, it exhibits several advaniages and disadvantages. In this contnbution, we summarize
its strengths, weaknesses, opporiunities, az well as threats,

Kevwords: Elimination  wvoltammetry  with  linear scan,  Advantages. Disadvantages,
Adsorption, Charge transfer coefficient.

Introduction

Elimimnation voltammetry with linear scan (EVLS) 15 an electrochemical techmgue vsed 1o
investigate the behavior of redox-active compounds in a solution, The first paper on EVLS was
published more than a quarter of a century ago ' This mathematical-phy=zical-chemical method
was initialized by so-called Elimination Polarography (EP), which Prof. Dracka and colleagues
had already published almost ten years carlier *°. The initial idea to climinate sub-current
components such o= diffusion, copacitance, or kinetics arose when trying 1o uncover minor
current responses hidden m majority  responses, eg. reduction of purine denvatives
sccompanied by a huge cerent of hyvdrogen evolution. EP allows using certain mathematical
operations with i-f curves 1o eliminate a selected polarographic current which is charactenized
by differemt dependence on time. To obam elimination polarograms, iU is necessary 1o
determine the values of the total polarographic current. its integral and derivative or double
mtegral, and caleulate their linear combinations with appropriate coefficients. While the
climination procedurs in EF works based on different dependencics of the current components
over time (), the EVLS method uses the dependencies of partial currents on the scan rate (v,
Shortly after the publication of EVLS theory, this elimination procedure was verified
experimentally for the case of reversible amd mreversible processes and the patential range
expamsion °, Owver twenty years, several publications were created in which EVLS helped 1w
solve controversial questions about the mechanisma of electrode processes, including processes
with a totally adsorbed electroactive particle. Like every method, EVLS has its advamages and
disadvantages; it also has fs limitations, but also a lot of other possibilitics m its development
and application.

Experimental

Esperimental data for the EVLS procedure were oblained using potentiostals (Eco-Trbo
pelarograph, Awtolab, Metrohm Czech Republic, Palmsens B.V,, The Netherlands, or hand-
mizde potentiostat ) working in the linear sweep or cvelic voltammetnic maodes with a usual three-
electrode arrangement. According to the requirements of the selected elimination function
(which current component to conserve and which to eliminate), scan rates were chaosen. To
maintain the same number of potential-current pairs for different scan rates voltammograms
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haed 1o be taken with the same step value, most often 2 mY, In addition 1o this condition, thens
wis a requirement for the best possible performance of the potentiostal consisting of (1) proper
resislance compensation, (i) constant current line withowt offset, and (1903 minimal current drft
The most accurate and reproducible EVLE results were registered on the surface of mercury
clectrodes ", where the initial conditions for all scan rates were the same. I is a different
situation with solid electrodes (solid amalgam electrodes ' "%, graphite composite electrodes
17, paraffin-impregnated graphite electrodes '),

The very important condition to realize the EVLS calculation i the appropriate software, Cnly
a few electrochemical software have included the corresponding built-in module, g,
Multielechem (J. Heyrovsky Institute of Physical Chemistry, Czech Republich In addition to
the commonly known mteractive programming environment MATLAB, the software package
*el.Chem Viewer', which exploits the graphical programming language LabView. can find
practical use in caleulating the elimination coefficients for diverse scon rates %,

However, even an inexperienced wser can perform the necessary calculations using Matlab
software (MathWorks, USA) or any spreadsheet caleulator, ¢.g., Excel (Microsoft, I'SA). The
only entry condition is that the recording electrochemical software can expont the recorded data
in ASCII format.

Hesults and discnssion

Fased on more than 25 vears of EVLS development ™% 7 and practical applications '* %
5 we would like 1o summarize some of the advantages, dissdvantages, opportunities, and
threats of this very handy and useful method ' % 33 2 By combining two hasic conditions
for the application of the EVLE procedure. mamely {a) when the total current is recognized as
the sum of the current components {charging, diffusion, kinetics, ete.) and (b when cach current
compenent is expressed by the product of the potential function 15 /&) and the scan rate function
I fuel, we can describe the total voltammetric current as;

Fal el e b =FAEW 4 F A & F () + FEr ™+ (0 4 (1L
Generally, this equation can be extended to other current components. For n oregistered
voltammetric currents, up to g-0 partial currents are eliminable; in other words, if the exponent
x i= known, further eliminations can be performed. The EVLS procedure s bosed on the
prnciple of nomalization, with one scan rate selected as the reference rate and the
corresponding total current measured a1 this being the reference current for Ome scan rale 15
wsually smaller than the reference scan (e.g. 1/2 vy, and one iz greater (2.8, 2vn7. According
1o the precondition of which current component we intend to elimimate and which 1o conserve,
the coefficients of the EVLS function are calculated. The normalization simplifies n equations
because we calculate values relative to the reference scan (reference current). Due 1o the zero
exponent for the kinetic current component, fx has the simplest expression; the capacity
{charging) current J- and the diffuse current f2 are dependent on v, with the exponents 1 and 1/2,
respectively:

. (2.

Although other current ratios (integers) were token into account, includng their sophisticated
wse, the integer ratio of 2 has been mostly emploved, de. 172 vag v, and 2 For this integer,
the elimimation function 7, which eliminates the charging and kinetic current components and
COMEerves the diffusion compatent, corresponds 0 the
equation: f{/)==11657 1, +17,485] - 582841, {3

Although the BWOT {Strengths. Weaknesses, Opportunitics, and Threats) analvsis began to be
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used primarily to evaluate for-profit organizations, today SWOT analysis appears in many
fields st a variety of levels and for a variety of purposes, SWOT analvsis can be used as a means
of evaluating the sirastegic position of the presented method i the given Geld of research, One
such method is EVLS in the field of modem electrochemical methods.

Strengths af ETLY

Elimination voltammetry with linear scan:
= 15 hased not on empirical, bul on strictly theoretical foundations;

= enables 1o eliminate, conserve, or combine particular contributions (the charging, diffusion,
kinetic, irreversible currents Jt, Ja Ji, and fi) of DC veltammetnic signals S0 e the total
number of current components considered is not limited:
helps to clarify the mechanism of some electrode processes & 1% 2,

enables to extend of the potential window and increases the resolution of overlapped
voltammetnic signals;

provides the charge trasfer coefficient @ when the number of electrons # is known 1,26

can help by revealing the varioaus morphology of the electrode surface {roughness, polymers,
or nanoparticles) and possible analyte-electrode interactions "

can distinguish between linear and spherical diffusion;

can confirm that the electron transfer takes place in the adsorbed state ™ * wia EVLS E4;
revedls the fact that the adsorption process is relatively slow;

sels new baseling corrections for adsorbed electroactive species (peak-counterpeak signals);
revenls a preceded chemical renction before the electron transfer,

enables to determime the pRla value of the analvie I

can be applied i inorganic =, organic ' *% molecular
chemistry ***, toxicology ' ¥, agrochemistry 154548

10

1335 pharmaceatical
. as well as biochemistry ' *54%

Weaknesses af VLS

- the principal postulate {i.e., that the registered current is o mathematical sum of particular
contributions which can be elimimated or conserved ) is ned always valid;

= the starting experimental conditions for all chesen scan rates should be the same (the problem
of adzorption and fouling of the electrode surface Tor the subsequent scan);

- evaluation of the elimination signals is complex and it is necessary to take imo account more
registered signals and more EVLS functions;

- o caleulate the elimination signals, it is necessary to register the voltammetric signals at a
relatively wide range of scan rates (e.g., from 10 to 320 mV/s) and therefore, the time run-
wp o the given potential from the startimg potential is differem

pportunities of EVLS

- the elimination procedures can be very casily built inte any software *",

- there are many promizing directions for the development of EVLS theory (e g . description
of elimination signals in the case of a chemical reaction that precedes an electron transter).

- EVLS is also being developed successfully and wig reversible electrode reactions can be
emploved as a testing electrochemical tool for a perfect setting of electrode systems ** 2,

Threars of EVLY

= the producers of the most requently wsed electrochemical software are ned melined 1o baild
the EVLS calculation procedures into their products,

- the theory of EVLS is insufficiently wideapread among electrochemists and EVLS theory is
nail the content of teaching at universities,
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Camelusions

Elimination voltammetry with linear scan (EVLE) i one of the electrochemical (and
mathematical) techniques developed in the Czech Republic. In almost 3 vears smce its
theoretical derivation, it has undergone significamt development, which has proven its
meaningfulness and the important place it undoubtedly belongs to. It has been shown in a huge
number of experiments that its theoretically derived Toundations comespond with cxperimental
results (and wice versa) 2" ', This contribiution aims 1o summarize in great brevity the
advanlages, dizadvantages, opportunities, amnd threats associated with the development and
practical we of this technigue, OF course, like other methods, this e i not self-saving and the
results provided by it must be combined with the results obtained by other techmgues, fts
application is associated with numerous disadvantages. On the other hand, the authors of this
manuseript are convineed that many of the EVLS disadvantages and threats could be averted
and tumed into advantages. They firmly believe in the bright fisture of this purely Czech (Cxech-
Moravian} method,
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Electrochemical Osidation of Phenolic Compeunds on Boron-Daeped Dimmaond
Electrmles
(Elektrochemicka oxidoce fenolickych Litek na borem dopevantch diamantovich
elektrodic)
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Laboratory of Envirommemtal Electrochemistry, Albertov 6, 128 43, Prague 2, Ceech
Republic, E-mail: karolina schwarzovadnatur. cuni,cz

Ahbstract

In this work. the mfluence of mesomeric and mductive effects of mets- and pora-positioned
substituents on the electrochemical behavior of phenolic compounds on boron-doped diamond
{BDI) electrode was mvestignted using cyehic voltammetry. The obtained B surface was
mechamically pelished (p-BIDIY or in-sim pretreated by anodic or cathodic activation 1o obiain
O amd Heterminated surface. The pe and H-BDD surfaces exhibated Tter electron transfer
kinetics for tested phenolic compounds and for the redox couple [Fe(CNg]*™" in comparizon
with O-BDID. Further. for these surfaces, the highest correlation coefficient of Hammet
correlation was obtained in a pH 11 medium, e, for the dissociated forms of phenolic
compounds.

Keywords: Boron-doped diamond, Electrode pretremtment, Hamumet correlation, Phenalic
compounds, Voltammetry,

Vvl

Borem dopovany diamant {BIMI) je v poslednich 30t ketech Sasto vyhledivanym clekirodovym
materiilem diky svym specifickym elektrochemickym a fvzikilnim viastnostem, jako je
napfiklad Ziroké potencidlové okne, nizky proud pozadi, Mokempatibilita o pfedeviim fyzikalni
i chemicka odolnest tohoto materialuy v Erokém rogsahu reepoustédal o pll prosifedi 2, Je
pouiivan  pro stanoveni  organickych  Bitek v bielogickych,  envirommentalnich  a
farmaceutickych matricich diky své malé ndehvinosti K pasivact elekiredového povrchu,
popiipads snadnému elektrochemickému Sidtdénl pomoci viklidini kladného & zdporného
potencidlu v oblasti dniku zdkladnibe elektrolytuw, kterymi lze docilit zmény hydrofilnich
vlastnosti a vodivosti horem dopované diamantové elektrody ™. BDD filmy plipravované ve
vodikové stmosfefe na konei procesu chemicke depozice par {CV D) jsou terminevany vosdiky
(tzv, Heterminowvany povichl obdobného efekbin e desihnout Batodickou predpiipravou
elekirody viokenim vysoce capomého proudu & potenciile v oblusti vevinu vodiko **, Takova
elektroda ma hydrofobmi charakter, naopak hyvdrofilni je BDID elekiroda s navazanymm
skupinami obsahujicimi  kyslik (O-terminace), kerd se pfipravaje  vilokenim  kladného
potenciilu v oblasti tniku zdkladniho elektrolyin, kdy se anodickym rozkladem vody vwivaieyi
O radikaly oxidujici povrch elektrody (rovnice 1)

H,O{BD0N = HOYBDD)+H +e7(1)
Posledni poudivanou dpravou BDT povrchu je mechanicks leftdni suspenzi aluminy, obdohng
jako u dalfich tuhyeh elektrod. Dosledkem této Opravy je snifeni obsahu kyslikatych shupin

viizanych na sp° hybridizované whliky a zrychleni kinetiky elektronového piencsu pro mmnohé
redoxné aktivai slouéeniny *57,
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Takio upravene BRI povrehy jsou relativeg odolné vici pasivaci meziprodukiy elekirodovych
reaked, u neklerveh tvpd sloudenin K i viak dochizi. Mezi ng patii napi, fenoly, kdy prvnim
krokem jejich oxidace je jednoelektronova oxidace za veniku fenoxy radikalu, Kiery je
stabilizovdn pfes avé mezomerni strubiury. Tyio radikily bud’ reaguji dile za veniku dimer,
oligomert a polymeni pasivujicich elektrodovy povreh, nebo dochizi k dalii jednoclekironove
oxidaci, adici vody [ phednostnd do polohy crthe a para) a veniku dilvdroxyderivito, Ty snadno
poddiéhaji 2 2H" oxidaci na odpovidajici chinony . Mirn pasivace zivisi na strukiuie fenolu
u prostiedi, juk bylo prokazine napi. pro chlorovand fenaly 5, Na Klasickych elekirodovyich
materidlech (Pt Aw, ublikové elekirody (skelny uwhlik, ublikové pasivi) se regenerace
pasivované elektrody zpravidia fesi mechanicky, 1, ledténim povrchu, Naproti tomu na BDID
povrdich se¢ v mnoha pfipadech osvidéila anodicka aktivace, kdy O radikaly gencrované in-
sit rozkladem vody oxidwji venikly polymerni film a pi jejim opakovinim pred kazdym
valtametrickym zaznamem je zaruéena jeho reprodukovatelnoest. BDD elektrody tak wmodiingi
rvehlow a ctliveu vollametrickow detekei fenolickych ek, jak bvlo prokisine napi. pro
chlarfenoly 1213 nitrofenoly LU kresaly 1 Reaktni cesta pii oxidact fenolickych latek je
ovliviéna pH prostiedi, koncentraci fenolickych litek v méfici cele, proudoveu hustoloa a
samorfejime  materidlerm  méficd elektrody. Vyenamnym fakiorem je vlasini reakiivita
hydroxylové skupiny na aromatickém jaédie. kteri je pochopitelnd ovlivnéna piitomnosti
substituentt, tj. jejich mezomernimi a indubénimi efekty a strukturow véetnd objemové
velikosti.

Cilem této price bvlo studium vetahu mezi pll méfeného rovtoku a gpravow povrehu B na
Jedné stramé a elekirochemickou oxidac fenolu a jehoe meta a para substituovanych derivad na
strand  drubé. Ke studiv byly wwbriny  derivity & jednoduchymi  funkénimi  skupinami
vwkazujicimi odlizné indukém a mezomernd efekty, konkrétme -H, -CHs, -0OCHs, -COCH,
-(CH2pCOOH, -CLL -CFa a -MNOs. Ma ziklade pougitého postupu predupravy byl povreh BDD
busf mechanicky leitén (p-BOLY, ancdicky oxadovin (0-BDL0Y) nebo katodicky redukoyin (11-
B Pro tyte povrchy byla vwhodnocovinn Hammetova korelace ' pro wvhodnoceni viivy
funkiéni skupiny na polencial elektrochemicks oxidace phizheendho fenolu a sledovina
pasivace povrchu,

Experimentdlng dhst

Fasobni roztoky o kencentraci 1 mmol. 1™ v deionizované vodé byly pfipraveny rozpuiténim
stamdard(  studovanych  litek:  fenol, 3- a  4-chlorfenol.  3-  a  4-methylfenol,
3 ad-(rifluoremethylifencl, 3- o d-hvdroxybenzoova kyselina, 3- a d-methoxyfenol,
3= a denitrofenol, 3-3-hydroxvlenylpropionova kyselina a 3-(d-hydrosylenyDpropionaova
ky=elima (vEe fstoly = 98%, Sigma-Aldnch, USA). Pro vollametnickou analizu byly tvio
zasobmi roztoky 10% sfedény na koncentraci 1-107 maol I Brittonovim — Robinsonovim (BR)
pufrem o pH 2.0a 11,0

Voltametric hyla méfena na pristrodi Eco—Tribo Polarograf (Eco—Trend Plus, Ceski republika)
s vwuitim veidkového thiclektrodoviho zapojeni = pracovni BDD elektrodou o plofe 7,07 mm?
(BioLogic, Seyssinet-Pariset, Francie, pomér B/C pii depozici par 1000 ppm), referentni
argentochloridovon elektrodon (Ag | ApCl| 3mall™ KCL) a pomoenou platinevon elektrodou
{Elektrochemické detektory, Tumov, Ceska republika), K pfipravé puliue o presném pH byl
penzzil pH metr ADTO20 { Adwa Instruments, Madarsko), PR méteni na O-BDD povrchu byla
elekiroda aktivevand viezenim kladnébo potencialu B < 424 Vv prostiedi 0,3 mol | T Hz80
po dobu 30s mexi jednotlivimi skeny. Pro mébeni roxtoku obsahujiciho 4-nitrofenol byla doba
aktivace prodlouzena na 2 min. Katodicka aktivace, tj. hydrogenace povrchu (H-BDIY) byla
provedena viodenim zipemého aktivaénihe potencidlu S = 2.5 V v 2 mol. 1! H2804 po dobu
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15 min en stilého michdni, Samoind hyvdrogenace nebyvln dostadujici K oplnému vyEiséni
pasivovand elekirody, proto byle nuing elektrodu pred kakdvm skenem nejprve 30 s ledtit
vodnow sispenzi oxidu hlinitého = velikosti Sistic 0,3 pm na polyvaretanem Gxované podloice
{Elektrochemicks detektory, Ceska republika) a poté elekirochemicky aktivoval zipormym
aktivaénim potenciilem Fuq 2.5V ve 2 moll”' H:80y po dobu 60 = za stilého michdini.
Miéfeni na p-BDD povrchu probihalo vidy po 302 lefiténi aluminon pred kaddym skenem.

Visledky a diskuze

Vi pH (kyselé pH 2,0 vs, zésaditd pH 11,0} na elekirooxidaci substituovanych fenolil na
p-BD0, -BDD a H-BRD byl studovan pomoct evklicke voltametne, Uvedend hodnoty pH
bvly zvoleny s ohledem na pla hyvdrecovlowvé skupiny studovanych Fenolickych sloufenin
(pohvbugi se v rozmezi 1026 (4-methylfenol ) a2 7,15 (4-nitrofencl §) tak, aby v roztocich byla
zastoupena pievidnd jeji disociovani forma (pH 11.0% nebo protonizovand newralni fonma (pH
20, Prklsd zaznamenanyeh ovklicksch vollamogramd je uveden na obr. 1. Oxidace
femalickych sloucenin je iniciovana 1™ oxidaci za veniku fenoxy radikalu (signal pa), ktery je
dile oxidovin v 3¢ procesu za adice vody za vemko chinowdnich  sirekiur. Jejich
redukce/oxidace v dalfich skenech vede ke vaniku redoxnilo pdru pe/paz. Tato reakénd cesta je
komplikovina mnedstvim mezomerrnich struktur fenoxy radikalu a daliich meziproduki,
Keréd mezi sebou mohou reagovat. Tvie procesy vedou ke veniku dimert ai polymernich filimi
pasivujicich povreh elektrody ' Oxidaéni potencidly, venik chinoidnich struktur a pasivace
elekirody je dina strukiurow vychozi Litky, prostedim a typem elekirody. Na obr. 1 je 1ol
demonstrovano pro 11-BDD a O-BDD elektrodu, kdy v plipadé oxidace fenolu na 1H-BDD
nedochazi K vivoji po/pa signdlu pird chinonhydrochinom, ziroven je evidening nizfi mira
pasivace v pribéhn néslednych deseti cvkld v porowvnand s 4-chlorfenolem, u kerého jzou
signdly po/par vyvinuly a rostou s podtem vkl NS mira pasivace je v zouladu
& hydrofobnim charakierem H-BDD povrchu, Obeend k oxidaci studovanych fenoli na viech
povrzich BDD dochizelo pii nizéich potencialech v zasaditém prostfedi ve srovnini s kyselim
Voltametrické signily fenolickych kyselin nebyly vyvinuty na elektrodé O-BDD v prostiedi o
pH 110, sfepme vhivem elebirostatického odpuzovini mezi Sisleénd zapomné  nabitvm
povrchermn O-BDD a dianiontem studovanyech kyselin (pka karboxylove skupiny studovanych
kyselin je ca 4.5) Ddle byla pro testovdm vlive substituentu v poloze mefa nebo para na
oxidaini potencidl Fenolil pouzita Hammettova korelace V. Nejvviii korelacni koeficient byl
Zjistén pro povrchy p-BDD o H-BDID a prostiedi o pH 110 4. pro disociované Formy
fenolickych sloutenin. £da se, Xe heterogenni kinetika plenosu elektrond neni na p-H-BDD
inhiboving, cof ukazuje na zanedbatelne mterakee mezi relatrné hydrofobnim povrchem a
lenolitovimi amionty, Potencial jejich oxidace je tedy ovhivndn prevaing elekironickym elekny
specifického substituente, Naproti lomu silng interakee studovanych substiteovanych lenoli (1
mali mira Hammetovy korelace) byly rozpozndny pro O-BDD povrehy, Kery nese parciilng
zdporny naboj diky  piitomnym kyslikovym funkénim  skupindam.  Oxidaéni  potencidly
stwdovanych  methoxyfenold  neodpovidaly  pledpokladanym  hodnotim dle hodnoty
Hammeettovy substitudni konstanty o zfejmé v disledku odlisného mechanismu oxidace.

Lavir

Predklidana studic ukazwje vvrazmy viiv stavu povrchu BDD, prostiedi a substituent na
parametry oxidace derivan lfenolu, stepné jako na mire pasivace povrche, Fredpoved ochoty
dertviti fenolu k oxidact na zakladd Hammelovich substituénich konstam op jednotlivich
substituentil je vihodnd pro p- a H-BDID povechy, na kterdch neni prenos elebironu Komplikovin
plitomnosti polirnich funkénich skupin vizamych na povrch BDDC Vysledky studie mohou b
wyiRity pii wwwvaji elektroanalytickych metod pro detekei fenolickych slowtenin, kdv tvio jaou
zndamy jako problematické analyty pravé kvili pasivaci elekarodovych powvrchil. Vhodni tprava
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povrchn elektrody mide byt vyudita k posum potencidlu jednotlivich fenoll af pro deteke
v jejich smésich, & pii detekel v piitommosti ostatnich infereferenti v redlnyveh matricich

1030

ik

A mo
E. mV

Obr. 1. Cvklicke voltamegramy (A3 0,1 mmol.17 fenclu méfenz na H-BDD v BR pufru o pH
11,0 a{B) &1 mmol1™ 4—chlorfenolu mafens na O-BDD v BR pufru o pH 11,0, Zobrazeno je

10 eykli méfenych rychlosti skenu 100 mV.s ™',
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Poeible Use of the Special Interface for Effective Pofentiometric Measurements
(Mozné vyuziti specialnibio rocheani pro efcktivni pofenciometvicka méreni)

Ladislay Nowvotny, Simona Uehntilovi, Gabriela Kuchtovi, Lenka Svatkovi, and Libor
Dudek
University of Pardubice, Faculty of Chemical Technology, Institute of Environmental and
Chemical Engineering, Studentska 95, 532 10 Pardubice, Crech Bepublic,
E-mail: nvi.lid@seenam. ¢z

Achstrmet

The possible use of the special interface for effective potentiometric measurcments was
verified. Monitoring potential E of the glass pH-clectrode vs. Ag/AgCl (sat. KCI}y as the
reference using a multimeter for a period of 120 sec. {by the step 1 sec. ) afier inserting the pH-
clectrode mto the bulTered solutions of pH from 168 to 11,88 was performed. The standard
deviation of the obtained values of E-medians (Fmed) was less than £1.3 mV, Az 1o the
menotonaesly changing experimental data E vs, time 1, their fitling using Novolny s izotherm
{or related equations) provided reasonably high correlation coefficients R

Keywords: Potemiometry, Interface, Glass pH-clectrode.

Uil

Je znimao, Fe potenciometrie | je rejména diky své dostupnesti a velkému rozsabu aplikaei
zreimé nejroziitendiii elekirochemickow metodou 13 W oblasti ochrany prostiedi a zdravi L3
toanu nend jinak. Historicky navizala na prond vin potenciometrie & vyuditim redox reakef vina
druhd, zalodend na principech spojenyeh s membrdnovymi procesy, tedy 2vIaste s lontove
selektivnimi elektrodami (ISE) * Nicménd oba zminéné principy si vyradovaly vywriti
méficich systémi obvvkle v podobé wonometri s vvsokym impedanénim vstupem, Uziti
béEnych veltmetn), resp. multimetri pro damyd 0éel nestadi, nebot’ 1 pfi jejich megachmosych
odporech mohou pies mérmé elekirody prochazet elekincke proudy fadevd napf, desetin
mikroampér, oo? jsou 2 hlediska funkénosti a divetnesti 1SE hednoty stdle piilis vwsoke, Pittom
by byla piingjmengim v mnoha provezech vitdna i moZnost vwuzit voltmetr nebo multimetr
podle potfeby &2 napl. pro potenciometrii = ISE. PR soudasné dostupnosti eleltronickych
zapojeni je jednou z pomémé snadno proveditelnyvch varant moinost vindit mezi IBE a
multimetr elektronické rozhrani {interface, INTER)L nejlépe v pfiméfend miniaturizované
podobé, Nekolik variomt takovyeh rozhrani “, které by vwhovovaly pondaviim provoeni sfery
(i promérensu presnost, reprodukovatelnost, spolehlivost a jednoduchost veuging) bylo sice jiz
nedivne navrzens 1 vvekoufeno, nieméné se stale potfebnym o wziteénym ovéril Nnkénost
alespon wybraného vzorku INTER (napi. v ramei diplomovd price) provedenim velkélo
aouboru méfeni. Predmétem tohoto sdélend jsou informace o podminkich zmindénych mdéfeni,
piikladech wsledkii a o ziskanych poznatcich.

Experimentilni Shst

Méteni bvla provedena se zakizkové zhotovenym zkufebnim rozhranim (= asistenci Eco-Trend
Pluz s.r.o., Praha) bud' s pamétiovou kartou micre 51 nebo samostatné, bez pamétiové karty
a po zabudevini do malého napétového mapajece, Elekirické napéti byle snimano pomosi
multimetru (Uni-Trend Technology Co., Cina), Elekirody byly spolu se siswvnim michadlem
zavedeny do nadoblky s roztokem, upevnénd ve stojane Eco-Tribo Polarogratu (Eco-Trend Plus
aro., Praha). Ordcky zdsuvndého michadla bylo modno wpravoval regulitorem napdti na
michadle. V piipade potieby bylo powkito michinl magnetickym michadlem (typ TKA Werke
GmbH and Co.. KG. Némecko) pod nddobkou a s primérem topné desky 135 mm. Vysledky
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hyly shromazdoviny, vimiseny a vyhodnocoviny pomoci notebooku Dell YVostro 15 (Dell
Technology, USA), Mezi dalzi materialy patfily: sklengnd kombinovand pH-elebiroda tvp
24 MV (Elektrochemické deteklory s.ro, Tumev), merkurosulfitovd referentni elektroda tvp
19-35+ (Elekirochemické detektory s.r.o., Tumov), stiibend [SE typ 47-37 (Monokeystaly s.e.o.,
Tuwrnov), sada pufm pH LG8 a 11,88 (Elektrochemické detektory s.ro., Tumov), roztok 3 M
KC1{Elektrochemické detektory s.r.o., Tumov): pevny dusiénan stiibmy bl Cistoty poa. (Penta
5.r.0., Praha) a pouzivand demineralizovand voda pfipravevana na Univerzité Pardubice méla
verfivest lepsi ne? 1| mSm. Méfeni probihala pii laborstomi teplolé 295 K,

Visledhy a diskuse

Vyie zminéné rozhrani, resp. interface INTER byl powrit ve dvou uspofidinich™®: W pfipadé
INTER 1 tvafil = nim multimetr spelu s paméti jeden blok, v piipadé uspotidini INTER 2 ilo
o oddélend zapojeni elekirod o mulimetru. Po celou dobu price bylo procovino s objemem 10
ml jednothivych pufri, Béhem 2 minit pe zanofeni ¢lekirod byla sniménn data savislosti
pertencialy Eona case 1 a ukladina na pamétovou karmu, Nasledovalo stakeni dat, oplichnuti
detekini elektrody demmeralizovanou vodow a opakovin méfeni ve steiném pufire za stejnych
podminek jako pii predchozim méfend. Celkem bylo méfeni s kaXdym drubem pufiu opakovano
vidy desethrit. Experimenty zaéinaly vidy od putmu = nejnidim pH. tedy 168 a pokratovaly
ad k pH 1188, Na zaditku a na konci méfeni byla vidy kontrolovana teplota, kiera byvla po
celow dobu price wdriovana v rosmesi 294,15 + 0.5 K. Postup méfeni = vyuziim iomtové
selektivii stfibme elekirody Ag-ISE byl obdobny juko v pripadé sklenéné pH-clekirody. Ag-
18E nebvln konstreovana virehbeem v kombinované  (kompakini) podobé s referentni
elekirodou, a prote byla do méfenych roziokit zasunma vedle Ag-ISE i referenini
merkurosulfitova elekiroda Hg He500 (1 M K2800) e solnym mbstkem 1 M K280,

W souladu = predpoklody byly vidy bezprostfedné po zasunuti pracovni (detekiéni) elekirody do
roztoku pozorovany bud' fluktuace nebo piblizng monstonni zmény potencidle E s Gasem 1
{Rowvniee 1) To. kierd vanantn nastane, ziviselo mj. na histoni vvuFivini dané procovni
kembinovane pH-elekirody,

E=E({f {n

Jako pfiklad castél prihéhu E va. t lze wedst zévislost na Obr. 1, zaznamenanou pro pH 2,18
(za pedminek uplatnéni spodniho magnetického michadla pi con 6 otidek za 1 5).

K dosageni stavu, 2 ného bvlo pak moino snadne wréit ustilenow hodnotu medidnu Emea staéile
poikal coa 200 5 a Emed pak uréil 2 hodnet mezi @ = 20 s a1 = 120 s, V fadé pripadi byl viak
héhem prvmich 20 = patmy vliv monstonnéjgich zmén hodnot E bEhem jejich ustalovini
{Obe. 2}

W opiipads vyrazndjiiho monotdnniho pribéhoa E-1 béhem pronich 10220 & bylo modné valedky
prologit napf. rjednodugenon formon izetermy * die rovnice (2, nebo pibaznym® vetahem
dle rownice (30 Tak tormu bylo napit. ph pH 10001 za powiti michadla zasunutého shora,
Vtomto pripadt byly wvysledky prolodeni wvyhovujici jak rovnici (2), tak rovmici (3).
Dekumentupe to 1 Chr, 3.
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Obr. 3. ProloZeni dat za prmich 10 sekbund pomoci Rovnice 2,
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kde Y ={E -~ Ei)/{Em—E}), Et bpdo E piit = 1 5, Em byl nastaveny parametr (. lirmtm roimmeélng

nebo masamalni hodnota E v Gase t

37

= ) @ An, Ag, Az bydy optimalizovane konstanty, W daném
phipadé inily hodnoty E1 =-1537,3 mV a En = -168,5 mV.



In¥ = In == By + By -Int + By - (Inr)? (3

kde vyznam ys a ¥ = Ei {od Ex pﬁ t|‘,| vs, 1 byl stejny jako v rovidee (2) a Bo, Bi, B2 ly rovng2
vypodtend optimalizovans parametry.

Spravnou funkénost celéhe uspofadani dokladovaly pak zejmena linearm savislost Emed na pH
s absolutni hoednoton strmost blidko 58 mVpH (viz. Obr. 4), Podobng vwsledky oviEfujicl
potiebnou funkéncst testovancho rozhram byly Askiny i =2 stiibmou [SE,

400 -

i r 4 & 1 12 14

Napéti {mv)

E8Es.88¢8

y= 57,880k + 4139
R = 0,9999

pH

Obr, 4. Zivislost Eves na pH s wvedenim koreladni rovidee a korelagniho koeficienne

Laver

Ziskane poenatky potvrdily provoemd vyafitelnest rozhrant INTER., Sndmsani hodnot potencialii
E po dobu 120 sekund od poemofeni pracovni elektrody (pH nebo Ag-ISE) umo#iovalo velmi
ryehlé vwhodneceni ustilemych mediand potenciall Exe 5 velmi dobrou opakovatelnesti do cea
4 1,5mVY, 1 pi zahrmuti neustdlenyeh hadnot E Béhem prvnich 20 5. Pi vwhodnocovin v ebom
e (20,1200 byla tate opakovatelnost jests vvrazne lepsi. Absolutni hodnoty strmosti Eme vs,
pH by nejéasteii mezi 57 a 58 mV pH. Piipadng registrovang monotonm zmany E vs, t béhem
prenich deseti af dvaceti selund bylo modné prolodit zjiednodigenow izotermou nebo
ohdobngm zivislostmi, pii syaokyeh hodnotich koreladnich koeficienm B2,
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A Voltammetric Study of an Aze Dyve Sudan | and its Metabolites in the Presence
of NADFH
(Voltametricka studie aze barviva Sudan 1 a jeho metabolitg v pritomnosti NADPH)

Anna Ondraékoya *, Marie Stiborova ™, Helena Draginska ¥, Ludék Havran ®,
Karolina Schwarzovi-Peckova ©, Mircslay Fojta ®
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Alvstract

Sudan 1 imetabolizmed wia cytochrome PA450-catalyzed hydroxylation in the presence of
MADPH. In this work, we show that we can differentiate Sudan [ from its hydroxylation
metabolites (6-0H-81, '0OH-5I and 4°,6-difOH)-81) 1n the presence of NADPH using cyclic
voltammetry on a basal plane pyrolytic graphite electrode.

Kevwords: Sudan 1, electrochemistry, voltammetry, pyrolytic graphite electrode, MADPH,
Tsdroylation, evtochome PAS(0

Uvanl

Sudan [ (5[, 1-phenylazo-2-naphthol, Obr. 1A) je azobarave, které je v primysly powfivanc
jako oranfovd barva pro vosky, plasty, oleje a lestidle . U savei se 81 metabolizuje v jatrech
poemect mikresomilnihe detosa lkacnihe systému, béhem éched je hydroxvlovan evtochroamem
P450 (CYF) & evtochrom reduktizon za plitomnesti MADPH *, BEhem tohoto procasn vanikaii
rizné hydroxylovang metabolity, jako napiiklad 6-OH-Swdan [ {6-0H-81, 4°-0H-Sudan 1
(4" OH-51, & 47, 6-diH-Sudan T {47, 6-di{ OHRST; Obr, 1B-D.

LV E- i {B) 6-0H-31
& G LA
HOY

() 4'-0H-51 D) 4" E-difOH 31

MQN “OF:I?Q,

Obr. 1. Chemicke struktury Sudanu [ a jeho hydroxydovanych metabolitic {A) Sudan 1, {B) 6-
CH-Sudan I, (T} 4*-OH-Sudan 1, {13 47, 6-i{0H)-Sudan 1

-

Exprerimentilng cist
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Sucan 1({Merck, analytical standard grade) byl roepudtén a prechovivin v ethanolu a uchovivin
v pokojové teplote. Metabolity 51 ndm byly poskvtnury Katedrou biochemie, Prirodovedecka
fakulta, Univerzita Karlova: 1-{4-hvdroxyvfenylazolnaftalen-2-0l (4°-0H-5I), 1-{fenvlazo)-
naftalen-2,6-diol  (6-0H-81) a  1-(4-hydrosyfenylazo-naltalen-2 6-diol {47, 6-di{O0H)-51).
Liasobni roztoky byly pfechovivimy v methanolu pi 3 °C.

Pro clektrochemicka méteni byl pouzit Autolab analvzer PGSTAT 20 (Ecochemie,
Mizogemsko) v propojeni s VA-Stmd 663 (Metrohm, Swearsko) GPES 4.9 (Metrohm,
Suvcarsko), Mefili jsme cyklickou vohametsi (CV) v tihelekirodovém systému, kde jako
pracovii elekiroda sloukila na pracovistl vvrobeni elebiroda 2 pyrolviického grafitu v bazilni
orientaci (4 = 4.00 mm’, jako referenéni elektroda Ag/AgCL3 moll ' KCI a jako pomocni
elektroda platineyy dritek. Celkovy objem méteného roztoku byl 1.5 ml a pro ka#dé méfeni
bylo provedens 5 sken pii rvchlosti skenu 1 Ve,

51 a jeho metabolity byly zméfeny aviast v BR pufru (pH 7) pii findlni koncentract 5 pmol, | 1
Pak bylo pridine do roztokn NADPH v kenedné kencentraci 100 pmol. 1! a byla provedena
daléi sada méfeni,

Vishedky a disknse

51 je vmikrozomech pod pasobenim CYVP/ovtochrom reduktizy v pritomnosti. NADPH
preménén na 4°-0F-51, =051 (hlavni metabolity, 65% a 35%), a 4 6-dif0I =81 (vedlejsi
metabalit, 5%} NADPI je nn uhlikovich elekirodich oxidovatelny ¥, bylo tedy znpotfebi
ofestoval, zda by v pripadé analvey produknd hyvdresyvlainich procest v reakénich smésich
signdl NADPH nezakryval jejich specifické signdly.

CW méteni bylo zapodato anodickym skenem 81 a‘nebo jeho metabolith bex a v pritomnosti
100 pmol ™' NADPH (Obr.2). Anodicky signil NADPH zaéinajici pfibliing pii potenciily
H1.5 W riznow mérow prekryval hlovni oxidaéni signdly stedovanvch litek, Nejvirazndjsi
interference byla pozorovina mezi NADPH a 81, kiery je charaklenzovin oxidainim signalem
vobr, 24 oznadenym jako pacer. Ten byl, jakoZio signdl s nejvice pozitiveim potencidlem,
v podstate aplné piekryt oxidacnim pikem NADPH,

Nieméné vEechny th hydroxyvlované metabolity 51 lze identifikovat i v pfitommosts WADPH,
protofe potencidl jejich hlavniho oxidadniho signdla paon (6-0OH-81)a padion (ostatni dva) jaou
pozorovatelné uF okelo +0.4 V. Ostaini signaly charakteristicke pro tyvto metabolity s také daji
snadne identifikoval, protoge NADPH za danyeh podminek neposkyiuge 2adny dalsi signal
v méfenem polencidlovém okné BPGE, klery by se signdly stedovanych metabolitn 51
interferoval.
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Ohbr. 2. Vaoltametrické méfeni 51 a jeho metabolith baza v pitomnost MADPH (100 pmal 171
() Sudan |, (B) 6-OH-Sudan 1, () 4°-0H-5udan 1, (1) 47 6-d00H)-Sudan |

Ziwvar

Vodisledkn vzijermé interference (piekryvu csadadnich potencidll 81 a NADPH) jsme
v anodickém skenu nebyll schopm pozorovat signaly 81 a NADPH souéasné. Byli jsme viak
schopni detekovat hvdrosylovane produkty 81 (ktere davaji oxadaém piky v pozitivngjgich
potencialech ve srovnand se 51a MADPH) v roztoku obsalujicim NADFH.
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Electramembrans Mini-extraction On-line Connected to Capillary Electrophoresis
(Elektramembranoyi mini-extrakee prima spojena s kapilami elektroforézon)
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Ahstract

A flow-through probe with a small internal volume of 1.1 ul for electromembrane extraction
aeross a supported lguid membrane s described, allowing direct coupling 1o capillary
electrophoresi= with a short separation capillary. Basic metabolites such a= creatmine, lvsine,
arginine, and the anesthetic ketamine are extracted from laboratory samples at different pHs of
the donor and from human wrine, The calibration dependencies for all substances are linear,
Achieved enrichment factors, at an extraction voltage of 130V and an extraction time of 300 =,
wre b, 4, and 16 for creatinine, arginine, and ketamine, respectively. The extraction efficiency
for ketamine does not depend on the pH of the sample solution, which allows direct extraction
of the anesthetic from wireated urine. Inorganic fons from the urine matrix are effectively
eliminated. The probe is reusable.

Kevwaords: Electromembrane extraction, Electrophoresis, Short capillary, Creatinine, Lysine,
Arginine, Ketamine, Human urea.

Uwod
Vzorky., piedeviim z oblasti biochemické. klinické, potravindfské a envirommentalni oblasti
maji spravidla slofitou matrict. Jejich instrumentilni analvze je proto obsvkle predineena
uémnd extrakéni technika, ktera odseparupe nezadouct slozky matnce. 8 vihodou jsou
dny techniky, Klerd soutasnd wmozni nakoncentrovini analyin, Jednou z takovych
ik je Electro-Membrane Extraction (EME) ", spravidla provadéna v uspofadani, kde uvniti
dutéhe vlikna z poréznibo polvmemiho materialu s pory vyplnénvmi ve vodd nerozpustnou
extrakéni kapalinow, tzv. Supported Liguid Membrane (8LM). je akceptorovy roxtok. Trubitka
Je ponoiena do roztoku veorku (donorovy reztok). V donom a akeeptoru jsou elektrody na néz
Je viodeno extrakéni napéti a litky podle svého charakteru (hydrofabnost. rozpustnost ve vodé
v membrinové kapaling, struktura, molekulovi hmotnost) a podle pl donom a akeeplon jsou
vice & méné transportoviny pres SLM 2 demore do akeeptorn, V klasickém provedeni, je ve
vitsing aplikaci EME ve formdatu off-ling, 1), po wkondeni extrakee je akceplorovy roelok
manulne pieveden do analvtické aparatury — viz piehledové clanky 2 posledni doby ' a citace
tam uvedené. Pii extrakei za viodné zvolenych exrakénich podminck dochizi nejen k Géinné
separact analyiw, ale pii extrakei do malého objemu akeeptom i k jeho nakoncentroving.

V predkladané prici je navréena a testovana pritokova extrakéni sonda, kteri umodiuje
provedeni EME ve formaitu on-line, tj. extrakee je pfimo spojenn s kapilami elektroforézon
(CE} a vmoziuje | nakoneentrovani analviu v akeepton. Testovany byly vzorky obsahujici a)
kreatinim (Crea) a bazicke aminokyseliny, Ivsin (Lys) a arginm (Arg), b) obsabugici Ketamin,
Twto litky byly extrahovany jak 2 vodnych moztoki, tak i 2 hdskeé modi,

Experimentalni s

Furrakdnl 2onda Design sondy byl inspirovan pasivil mikrodialyzaéni sondow powdivanon pii
klinickvch experimentech pro in vive dinlzy **. Postup na jeji zhotoveni je na obr. 1A,
Membranouw je porézni polypropylénova trubicka ( Accurel, Membrana GmbEH, Mémecks), [13
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SO pm, oStk stémy 200 pum, promér pom 0.2 pm, délka 8 mm). Jeden jeji konee je ueavien
tavnym lepidlem. Do drubého konee jsou vsunuty do hloubky asi 2 mm vstupmi o v¥stupni
kapilira {Composite Metal Services, UKD, T1 220 pm, 00 330 pm tak, Fe vstupni kapilira je
ot del3i ne? Kapilica vistupnd, Kapiliny jsou v trubidee utésnény rovndz taviym lepidlem
Viutini objem sondy uréeny # geometrickyeh rozméri je 1.1 pl.. SLM je vytvofena ponofenim
takio zhotovené sondy do membrinové kapaliny na dobu 10 s, nadbyviek roetoku byl otfen
netkancw tkaninou. Pro vzorky a) byvla membrinovou kapalinow smés 85 % nitrofeny] oktyl
etheru (NPOE A 15 % is{2-ethylhexyl) fosfoniovd kyselina (DEHP), a pro vaorky b disty NPOE

Obdobiym zphsobem byla plipravena testovaci sonda, obr. 1H, v nik je pled uzavienim toho
konee poréani trubicky, do nédjZ nejsou veumety vaiupni a vystupni kapilary, viedena kapilira
priv pfivod veorku, Touto kapilirou lze plnit vioitfnl prostor sondy (o stejném objemu jako ma
exirakéni sonda) piimo rortokem vzorku napf. pomect injekéni mikrostiikadky. Ma poréeni
trubacku v et pfipadé nend aplikovina membrimova kapalina

w Bmm » a3 4
@“ T _J’ 5.
_.l 1 X e - A
™ - =
2/ h | W J
: )
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Obr, 1. Schéma prifekove extrakéni seady (A) 2 testovaei sondy s piimym vsiupem (B}
I~ exteakeni membrina, 2 - taveé lepdlo, 3 - fixace kapilir, kapka UV tvrditelnéhe
lepidla, 4 — piivodni kapilira, 5 —vistupni kapilira, 6 — piimy vstup do testovaed sondy.

Aparatira o procovd poestup: Schéma aparatury je na Obr. 2. Extrakéni sonda je vstupni
kapilirou je spojena = linearni pumpou a naplnéna akeeplorovym roztokem, kterd je ziroved
zakludnim elektrolviem (BGE) pro CE scparace. Poté je viokena do nadobky s 1.5 ml roztoku
veorke, EME je zahijena zapnutim zdraje pro EME. Po dobu extrakee je nadobkou vibradné
michdne. Po uplvnuti nastavend doby extrakee je extrakéni napéti vypnuio a zapnuta linedmi
pumpa, kicra prowdem BGE D wytladuje vistupni kapilirou akceplorowy roziok 2 extrakini
sondv do Flow Gating Interface (FGL, je powfito v, air-assisted” interface *. Po definovand
dobé (uréeno experimentilngh, kdy ze vatupni FGT kapiliny vwiékd kolem vstupu separadni CE
kapilary akeeptorovy roetok obsahujici vwextrahovany analvi, je x divkovaciho prostoru FGG1
wytladen proudem vaduchu roetok do edpadu. ¥ prazdném prostoru se mezl vvstupem vstupni
a vslupem separaéni Kapaliry wwivodi Kapka akeeplorovéhe rostoku, 2 niZ je podilakovym
pulzem generovanym v koneové nddebee veorek naddvkevin, Linchmi pumpa je poté
zastavena, davkovact prostor naplnén BGE2) a zahijena CE separsce zapnutim zdroge pro CE.
Extrakee byvly provadény nopétim 130 Va po dobu 300 s Stejnym zpisobem byl veorek
dvkowin do separscni Kapiliry | pii pouan festovact sorly plnéné injekénd stitkackouw, 1, bez EME

Elektroforcticke separace byly provadény v laboratofi - zhotovend  aparatufe v kfemenné
kapilife, O 380 um, 113 25 pm, délka celkovidk detektom 227115 em, pii napéti/proudu 10
kW22 pA. Koneowi nidobka je spojena bud' s atmostéron pii separaci nebo 2 vakuovou
pumpou pi divkovani nebo promivini kapilare. BGE byl vodny roetok 500 mM kvseliny
ovlove {AcOH), pH 2,58,
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Obw. 2. Schéma on-line EME-CE aparatury s air-assisted” FGL 1 — ddvkovacl prostor, 2
vitupni Kapilira, 3 — separadni kapilira, 4 — nerezova odpadni kapildra a soutasnd spoletnd
(zemnici) elekiroda EME 1| CE systému. MP jsou membranové pumpy, BGE{1) a BGE(2) je
stejmy roetek, jeho? pritok aparaturou je fizen dvEma pumpami. Popis Sinnosti viz lext

Chemikalie o roztody: Kalibraém rozteky standard 0 Crea, Lys a Arg v Koneeniracnim rozsahu
5 a2 100 uM byly piipraveny v BGE, roxtoky ketaminu byly piipraveny v koncentradodm
rog=ahy 580 pM v matnicich obsahujicich nadbyiek sodnveh jontd, jak tomuo byvi Easto
v biologickych & fvziologickyeh vzorcich — kyseld matnee 100 mbd AcOH + 100 mM MaCl
(pH 2,77, newtrilni motnee 200 mbd AcORL -+ 100 mbd MO (pEH 7.52) o bazicka matrice 50
mM tetrbortan sodny (pH 9.18). Lidska moé ziskania od dobrovolnika byln ihned po odbére
#hltrovand PVIXE filtrem o porezité 0,45 um a pled EME analVzou ziedéna BGE 130 pro
extrakei Crea a aminokyselin: pro EME ketaminu byla powfita nefedénd mod. Veikerd méfeni
probihala pfi laboratorni teploté. Statisticka hodneceni byvla zpravidla ze tfi opakovamich
méfeni nea hlading vwenamnosti 0,95

Vysledky o diskuse

Frrakee latek z loboratornich veorkn: Zdvislost ploch pikio me koncentraci pfi pfimém
dévkovani s powfitim festovael cely a po EME bvly pro viechay analvty lincirnd v celém
testovandém koncentradnim oboru. Parametry kalibradnich rovmie pro kreatinin a aminokyseliny
jsou shruty v Tabulee 1. Faktor obohaceni je podilem konedné koneentrace v akceptoru po
provedend EME, o5, a poatedni koncentrace v donom, ca.

Tabulka 1,

Parametry  kalibradnich zivislosti Kreafininw, arginion a lysinn pii piimém davkovin
5 pougitim testovact sondy a po EME 3005, 130 W, Roetoky v Kencemtradnim rozsalu 5 a2 100
ubd bvly pipraveny v BGE, akeeptorovy roztok 500 mbd AcOH.

Parameir Craa ATg Ly
Primeé WP = smamice, m¥s  218=0,14 12594+ 041 1295 041
divkovini  10° = dsek, mV 28512170 * *
s 0,555 05T 050G
LO, uhd 5.2 T.4 B4
EME WP = smamice, mVs 4449+ 205 3367006 11,66+ 0,36
1 3 ek, mV . 1463 L0892 *
7 01,55 0551 0,991
LO, phd 1.7 126 12.5
Faktor ohchaceni, ay'ca 6,4 =07 1709 w |

*) Nubovi hadnota dseku pe uvniff intervalu spolehlivost
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Ketamin byl extrahovin z kvselého, neutrdlniho a alkalického roztoku. Bylo zjisténe, ke bez
ohledu na te, 2da je v donorovem roztoku ketamin prodonizovan nebo jako newtrilni molekula,
wysledky EME jaou v rimei imervalu spolehlivosti stejné, jak je patrné x Tabulky IL To je
vyenamné phedeviim pii extrakeich litek = klinickyeh & farmaceutickych vzorkil, protode
veorek nemusi byt jakkoli wpravovin a riziko jeho pripadné modifikace pridanymi Sinidly je
vvloudeno, Parametry kalibrognich zivislosti ketammu jsou v Tabulee 111

Tabulka 11
Plochy pikit a RED (%) v zavorce pro extrakol ketaminu 2 rienvch matric. Koncentrace
ketaminu v donoru 20 phd. akceptorovy roztok 500 mM AcOH.

Mlatrice veorku Frimé dinkovani, EME (30 5, 150 V),
mV.5 mVs
100 mdd AcOH + 100 mM NaCL pH 2,77 0,34 + 007 (8T 552+ 0,83 (6,9
200 mhd AcCOH + 100 mh NaCHH, pH 7,52 0,26+ 0,09 (16,46) 6,57+ 1,03 (7,1)
S0 mAd Maglelds,, pH 9,18 0,25 & (T (12,3} 5,58 4 1,1 (9,0)
Tabulka 111

Parametry kalibratnich zavislosti ketaminu piti primém déavkowvini s powfitim testovaci sondy a
po EME 300 5, 150 V. Rowtoky v koncentracnim rozsahu 2 a2 80 pd byly piipraveny ve 100
mhd AcOH + 10 mM NaCl,

Paramsetr Eetamin
Frimd 107 % smémice, mys 17,00 = 0,10
divkevini 107 % dsek, mV -

o LIRS

LoD, pd 3.7
EME 1P x smérmics, mVs 245+7

10F x isek, mV 194 = 163

i 97

LOD, pd 1,08
Faktor abshaceni, cca 163+ 33

* ) Mulovh hodnota dsebu je uvnit imtervalu spolehlivosti.

FExtrabee ldatek = Udedd modl Eldktroferogramy zieddné modi bez extrakee, tj. po plimém
divkovini s pouditim testovaci sondy a po EME jsou na obr. 3, Evidenini je podstatné sniZeni
koncentrace matriénich anorganickych kationtd a zvydeni koncentrace kreatininu o arginin.
Metodou standardniho pridavku byl stanoven kreatinin 1243 = 134 mg L' o arginin 129 = 4.4
myg L Obe nalezend hodnody json v rozsahu koneentraci béng se vyskyvinjicich v lidské
madi ®, kreatinin 6701250 a arginin 7-40 mg L™, Za pouzivanych experimentilnich podminek
nedochazelo k ebohaceni akeeptorovihe roztoku o ysim,

Elektroferogramy akeeptorového roztoku po EME neupravend modi s pridavkem ketaminu - a
pro ilustraci se dvéma daliimi bazickymi drogami, které se pii testoviini EME v biologickych
tebutindch Easto powkivaji, jsou na obr. 4. Ve srovndni s vysledkem extrakei na obr. 3 je ziejme,
e matriéni anorganické ionty jron zeela elimimoviny. To je dino tim, #e membrinovi kapalina
Je v tomio pripadé &=ty NPOE, kiery umoiuge transport hydrofobnich drog (v zavorkich jsou
hodnety bog &) ketaminu (3,123, metadonu {3,933 a haloperidele (4,3 ) 2 brani transporiu jonid
Pii EME vyramé hydrolilngjsiho kreatmimu (<1,76) o arginine {<4,2) musi byt v membrianové
kapaling pitomno jonteve parové Simidlo (DEHP), klerd Cistelnd zviiuje propustiost
mambrinové kapaliny pro anorganicks ionty.
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Obe. 3. Clekiroterogram zfedend hidské moé po pfimém divkovani (A), po EME 30 5, 150
Wi a po standardmim |1nda'-l;n 1000 mg L' kreatininu a 100 mg L' argininw, Tdentifikace
piki: 1 - K+ NH*, 2 - Co®, 3 - Na* + Mg™, 4 - Crea, 5 - Arg.

Obw. 4. Elektroferogram akeeptorového roztoku po EME 300 5. 150V neupravené lidské modi
(A0, a po phidani bazickych drog o koncentrae: 2.5 pb (B, 5 pb (C) a 10 M (1) Identifikace
pikie: 1 — ketamin, 2 — metadon, 3 — holopendol.

Lavir

2 provedenyeh méfeni je zigjmé, 2o popsand sonda je poaitelnd pro EME litek se sloditou
matrici. Je pouZitelnd opakovand, napd, pro celodenni mifeni. Pamétovy clfekt zplsobeny
latkamd  zachycenymi v membrinové  kapaling lze spolehliveé eliminovat  jednordzovou
nékolikaminutovou EME v éistém donorovém roetoku pred naslednou extrakel. Pritokove
uspotadini eliminue mozné problémy ph manualnim prenadeni akeeploroveho rostoku 2 EME
aparatury do aparatury analvticke.  Vzhledem K maléme  objemu  sondy  dochiz
K nakoncentrovani analvie, piicem? Obviek analviu 2 reztoke vezorku je kelem 1 % Je tak
splnéna podminka pro tzv, selt EME, Roztok veorkue tak mite byt analvzovin opakovand &
podid pro dalsi experimenty,
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Adbstruet

Screen-printed electrodes modified with an oligomeric filim derived from 3-aminobenzoic
acid (o-3ABA/SPEs) were characterized by imaging amnd spectroscopy  techniques  and
applied for new pevchoactive substances (NPSs) detection. Studies of 0-3ABASPEs were
carried  owl  in comparisen to pelyaniline-modified  ones (PANDISPEs)
It was found that ) the polymenzation occurs  through  amine  maiety,
i) the carboxvlic group determines the selectivity of o-3ABA toward NPSs, i) the highest
affinity was obtained for o-3ABA - secondary cathinone (Kus{butvlone)=6 12-10°) amd
PANI - aminoindane {Kee 2-aminoinadane)=1.07- 10", This work presents the determination
of butvlone in oral fluid and demonstrates the advantages of the medified SPEs.

Keywords:  Screen-printed  clectrodes,  3-Aminchenzowe  aeid,  Charscterization,
Electrochemical impedance spectroscopy, New psvchoactive substances.

Intreduction

Screen-primted electrodes (SPEs) plav a major role i electroanalvtical chemisiry, as their
production is inexpensive and offers a sensor design that i applicable outside the laboratory.
Although SPE fabrication allows altering the composition of printing inks for improved
detection of specific analvies, more frequently, the modification of the manulactured electrode
i= made in o labormtory . The modified SPEs have heen wtilized in various fields *, including
lorensic ones for synthetic cathinone detection 3, Symthetic cathinones are wsed as a “legal”
altermnastive 1o ecstasy and thas pose a significant threal 1o their users. For their detection,
chromatography coupled with mass spectrometry is commonly deploved, but these methods are
expensive, time-consuming, and difficult to apply owtside the laboratory *. Electrochemical
aenaors based on SPEs might provide a fast and reliable alternative for their on-site detection.
The successful development of a new sensor requires the choice of a suitable receptor that will
provide selective responses to the analyte. Recemtly, the carboxylic groups of the
clectrochemically oxidized 3-aminobenzicic acid (3ABA) have been used for the detection
of nitrogen compouds 7 and covalent binding of selective receptors *°. Herein, we used the
carboxylic groups of IABA oligomers (0-3ABA) deposited on the graphite SPE (GSPE) as
a binding scaflold for imeraction with protonated amine derivatives of new psvehosctive
substances (NP8, Fig. 1) First, the repeatahility of electrochemical deposition of o-3ABA
on the surface of GSPEs was investigated. Then scanning electron microscopy (8EM), energy
digpersive spectroscopy (EDS), and dispersive Raman spectroscopy  were applied to
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charpeterize the modifed GF and AwSPE surface, Electrochemical impedance spectroscopy
(EIS) was used o detect two chosen NPSs in both model andior oral Mluid samples.

Butylans MDPy 7 T Naphyrone © 2-aminaindane
- |-|:| -\""‘/
CORRS @*2 rit)”*
T

Fig. 1. Structure of the new psychoactive substances tested in this htud].-.

Experimental

Butylone, methylenesdioxyvpyrovalerone (MDPV),  and  nephyrone, all in the forms
of hydrochlorides, were acquired by Forensic Laboratory of Biologically Active Substances
(University of Chemistry and Technology, Prague) from Alfarma sro. 3-Amincbenzoic
acid (98 %, 3ABA), aniline hvdrochleride (97 %) and Z-aminoindane hydrochloride (98 %,
2-Al) were obtained  from Sigma-Aldrich  (USA) Inorganic  compounds  wsed  for
electrochemical measurements were from Lach-Ner, Crech Republic. The solutions were
prepared using distilled water.

The vollammetnic and impedance measurements were camied out wsing Palmsens 3 {PalmSens
BY, Metherland=) with the PSTrace 5.4 program, Twe Kinds of SPEs were used, namely
graphite {G/SPE) and gold (AwSPE) for the electrochemical and spectroscopic studies (BVT
Technologies, Cmech  Republic),  respectively.  Both SPEs  used  are  composed
of working (0.7% mm®) and auxiliary graphite/zold electrodes and Ag/AgCl pseudoreference
electrode. Before use, the SPE electrodes were activated in phosphate buffer {pH 8) containing
0 M KCT by cyelic vollummetry (CV): potential window 0.0-1.5 ¥, scan rate 100 mV/s,
A eyeles, For the electrochemical  modification, the SPEs were submerged in the
polymerization mixture (50 mM Ha502and 10 mb 3ABA for aniline hydrochloride) and the
petential was scanned in the range from —0L1 WV 1o 1.2V with 30 m%/s scan rate for 5 scans.
The SEM images were recorded on a TESCAM Vega IXNMLU InduSem (Tescan Orsay, Czech
Republic) scanning electron microscope operating at the accelerating voltage of 30 KV with
a tungsten electron gun ot a chamber pressure of 71077 Pa. The SPEs were coated with a thin
chromium film before the SEM messurements. The EDS measurements carmied out with
TESCAMN Wega 3 LMU {Tescan Orsay, Ceech Republic) were uzed 1o obtaim micro-X-ray
elemental map of un- and o-3ABA modified G/SPE (accelerating voltage of 10 KV, working
distance 15 mm),

Raman spectra were collected using a Thermo Scientific DXRE Raman microscope equipped
with a T80 nm line. The spot size of the lasers was focused by 30« objective. The scattered light
was analyzed by a spectrograph with holographic grating 1200 lines per mm and a pinhole
wighth of 50 pm. The sequizition time was 105 with 10 repetitions,

The EIS specira of the modified GUSPEs were collected in 0.1 M KO containing
S mM[Fe(CMa] " (redox couplel, with'or without analytes of interest at 0.0 W in the
freguency range of 100 kHz to 100 mHz, with the amplitwde of the applied sinc-wave potential
being 10 mV. For the fitting of the EIS spectra, the EIS Analyzer was used with the equivalent
circuits consisting of the electrolyte resistance (A} in series with the constant phase
element (CPLE) and the charge-transfer resistance (Ra) i parallel for pelyamline (PANI)
maodified GASPE. In the case of o-3ABMNGSPE, Warburg impedance (W) descnbing the
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dilfusional resistance element was added in parallel. The adsorplion constant {Kas) values were
caleulated using the Langmuir adsorption model.

Results and discussion

The selectivity of the unmodified G/SPE is restricted due to the overlap of the NPS signal that
belongs to the same category ' To improve the G/SPE selectivity, their surface was modified
with 0-3ABA In parallel, the surface of (V5PEs was modified with a polvmene film derived
from aniline (PANI) for companison. The CVevollammograms of the polvmerization are
described in detail elsewhere "', To estimate the repeatability of the oxidation process on the
electrode surface, the current densities of the individual peaks were calculated at the chosen
potentials on the CV-voltamumograms (Table 1)

Tahle 1.
Comparson of parnmeters obtamed from evelic vollammeograms recorded at electrachemical
oxidation of J-aminobenzoic acid and aniling on the GYSPE in = 9)

Anodic peaks Cathedic peak
FABA E [ E
Sean | Sean § Seam | Scam § Scam | Scan §
@ s e 08RO 0%, | 100000 0478002, | 0390000, [ 038002
B RS (%) 358 1.37 399 226 5,49
Current densaty Tdax] 34, | 1448042, o o W
(A mmYy RSD % 1798 2888 )
Anlic peiks Cathodlic peak
Amiline E [ Ea
Scan 1 Scan 5 Scan 1 Scan 5 Scan 1 Scan 5
ey o ik 0544002, | 096002, 0350000, | 0.2940.00, [ 0.2940.00,
B (VRO G 241" 1.65 2.37 4.53 3.850
Carresit dessity 18.4R+4 50, M M 1874152, | 26840162,
(wh'mm*| B30 %a) 24.36 - - 2197 2329
Lol t M) Pon ==t

" =%, one value was excluded after the application of the Dean-Dixon outlier test
" the obtxined data were nol repentable

In the first scam, the peaks at Er=+0.88Y and 0,94V comresponded 1o oxidation of the amino
maiety of JARA and aniline, respectively. In the following scans, one anodic peak (Ez=+0L4TV
for 3ABA and +0.35V for aniling) and one cathodic peak (Ea=0.39 for IABA and +0. 290V for
aniline) were observed. Obwviously, the characteristic potentials for oxidation of both 3-ABA
and aniline were repeatable, the current density values varied from electrode to electrode

Nexl, the surface of o-3ABA and PAN] modified G/SPEs was characterized using SEM and
EDS technigues (Fig. 2). Both o-3ABA and PANI showed clustered grainy structure which has
been noted in litermure "%, Measurements by EDS revealed a shight incrense of oxygen content
for 0-3ABAGSPEs in comparizen to unmodified GYSPE (Fig 3C, 1D which miglht be pointing
at the presence of carhoxylic groups on the modified electrode surface. The dispersive Raman
spectroscopy revealed that /) the polymerization of 3IABA and aniline occurred through the
amino group, 1) the band at 1386 ¢m™ belongs te the COOC symmetric stretching vibrations
characteristic for undamaged carboxylic groups of 2ABA, @) the result of clectrachemical
oxidation is the formation of a thin polymeric film of PANI and an oligomeric film of o-3ABA.
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Fig. 2. The SEM micrographs of graphite screemeprinfed electrodes after deposition
of=3ABA (A)and PANI (B), Micro-X-ray elemental map of graphite screen-printed electrode
before (C) and after deposition of o-3ABA (DN

Then the EIS technique was used to investigate the affinity between o-3ABA and variows amino
denivatives of chosen NP8 using Kae (Fig. 3). umike PaNL the 03838 layer was able
8 diserimicete Between all the chades MNPS and dhawed 1he Bahedt allinty for decondary arrine [Sutylons), The
determination of both 2-AT and butdone was carried out in the spiked model and oral uad
satnples (Table 1T). The determined concentration (¢ = 1.0-107° M) comespondad o the real
concentration of secondary synthetic cathinene {mephedrone) in oral fluid after consumption
Tt was foumd that the determination of both butylene and 2-Al was possible with both o-
JABA and PANI-modified SPEs

Fig. 3. Companson of affimty lk‘!‘-‘wl.,rl o=3ABA IJ A1 films deposited on graphate sereen-
printed electrode and the chosen NES using adsorption constant values

Table IT.
The results of determination of the chosen psychoactive substances (¢ = 1.0-107 M) using the
EIS techmgue with the experimental moified SPEs (n=5)

Sample Flectrade NP5 Dretermined (%) 'fl,: Recovery (%a)
%
Z-armnianlme (D050 A0) 1O 4.1 o5
3
epraary R AR Butylone (L0240.07) 1078 6.4 1020
: S i AN Zaminpnidme {102005) 10 3 ek}
- Bty loie (L1001 8) 1077 lix LLiL3
\ 3 ARA Bty b {LO3HL05) 147 4.9 1030
Ciral fhaid -
i PANL Burybme (lEols 100 | 30 EEN]

Table I compares the proposed method and ones known from the literahwe for the
determination of butvlone in real samples, Undoubtedly, the UHPLC-MSMS technique iz
capable to provide the lowest detection limits but is only applicable ina laboratory, The wse of
mextified SPEs connected to portable instnomentation 15 a way for an on-site application
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Table 111
Comparson of the proposed sensors with the other electrochemical methods used for the
detection of batylone

Mo Dietection methed, sensor Sample Ikh'.m“_ml'l‘ Reference
comeentration (Ui
1 UTHPLC-MS S Coral fluid [IREIE] 13
2 SWY, GEPE Websile memphs 10 16
3 ELS. o-3ABA or PANL'GISPE Cral fluid L0 This woek

Comclusions

The 8PEs were modified with o-3ABA and PANI films. The deposition of oligomers polyviner
il on the G0/SPE surface was confirmed by imaging and spectroscopy techmigques. With the
repetition of the polymerization process, characteristic potentials remained unchanged. while
the current densities of these peaks vaned. Thi= might be atinbuted 1o the different propertics
of the formed loyers (thickness, bond formation, and distnibution on the electrode surface). The
guality of the oligomerspolymer deposited might a play significant role al the NPSs datection
Mevertheless, the quantification of butylone at L0 107° M in oral Auids was demonstrated with
both o-3ABA and PAN-modified G'SPEs,
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Abstract

Degradation studies are an essential pan of the preformulations process of phammaceuticals.
These studies include oxidation stress, which is traditionally performed by hydrogen peroxide.
Electrochemical degradation represents a novel and more effective tool with the possibility of
using various electrode materials, In this stedy, the effect of oxidation on the model active
pharmaceutical ingredient was investigated on two electrode matenals and compared with the
oxidation by hydrogen peroxide. Electrocherical degradation was much Taster and more
efficiem and provided the same degradation products as chemical oxidation. The efficiency of
electrochemical oxidation can be adjusted by selecting the appropriate potential and clectrode
material.

Kevwords:  Electrochemical  degradation,  Degradation  of  pharmacewnticals,  Oxidation,
Abacavir, Btress studies, Boron-dopped dismond electrode, Platinum electrode,

Uvod

Stabilitnd testovani &6y je soudist procesu vivoje lediv, Létiva litka je vystavena extrémnim
podminkam.  které  zahmugi  pOsobeni UV zdfeni,  oxidaénich  &Ginidel. tepla  nebo
vysokého/nizkého pH. Uselem degradatnich studii je zrvehlit cely proces stabilitnibo testovini
na <o nejkrti &as. Pro toto zrvchlené stabilitni testovini je mira degradace 0éinné Latky
doporucena do 15 %, Vemklé degradaéni produbkity se dale sepangi o charaklerizu)i nejéastéi
pomosi HPLC-MS analyzy, K oxidaéni degradact se standardng pouZiva (,1-3,0 % peroxid
veutiku, Degradace trvd fadove hedimy az dny v zdwishosti na struktufe a viastnostech Gcinmé
Litky .

Elektrochemicki degradace se zdd bwt vhodny prostfedkem k urychleni degradaci a zamezeni
vneseni extemnihe émudla do roztoky, ¥ literatuie bylo jiz popsdno nékolik studii popisugici
elektrochemickou oxidaci @éinnvch litek l1ééiv 7. Elektrochemicka degradace by méln
poskytoval stené degradaini prodfukiy jako ph oxidact pomoct peroxidu vodikan, oviem
v mnoham kratiim Case,

Dhlleitym aspektem elektrochemické oxidace je vwbér vhodiného clektrodového materidlu
a uwspoiadini degradadni cely. Mezi elektrodové materidly pogtivané pro oxidaci patfi platina.
skaliny uhlik, Ph/Fhk nebo borem dopovani diamantovi elekiroda (B, Prave smifovani
BDD elektroda se v posledni dobd velmi Easto powdiva pro oxidace organickych litek diky
Jejimu ftrokemu potencidlovému oknu a moinost generovini “OH radikali *,

Voreto studin byla jake modelovi latka pouzita antiretroviroticks 0cimma litka evana abacavir,
Oridacni degradacni studie abacaviru popsané v literatue prevaing probihali pomoct peroxidu
virtiku ' a pesize jedna studie zmituje totilni elektrochemickon degradact pomoei TiSn(h-
&h anody ¥,
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Experimentalni &ist

Chemicka oxidace probilala za pouziti 3,0 % peroxidu vediku (Lach-Mer, CR). Rostok
abacavir sulfii (Sigma-Aldrch, Nizozemsko) o koncentraci | mmeol L7 bl vystaven oxidaci
pli teploté 30 °C pro dobu 1, 2, 3.5, a 24 h,

Cyklicka voltametrie bvla proviadiéna na potenciostatu Eco-Tribo Polarograph {Polaro-Sensors,
CR) s Multiclchem softwarem (verze 3.2.1) v octanu amonném (¢ = 0,20 mol L. pH = 7.0).
Elektrochemicka oxidace probihala na obou elekirodovych materialech v roztoku abacavir
sulfite o koncentraci 030 mmol L' a octanu amonném (Sigma-Aldrich, Nizozemsko) o
koncentraci 0,20 mol L' o optimdlnim pH = 7,0,

Oxadace za pouFiti platinové elekirody probihala ve tiiclektrodovém vsidkovém usporiddani
5 addélenymi elektrodoyvimi prostory solnim mdstkem a michanim magnetickym michadlem.
Jako pracovni elekiroda byla pouzitn platinovi =1%o o velikosti 53 em?, joko pomoeni elekiroda
také platmovad a jake referenéni elektroda stitbrd v roztoku 0,1 mol Lt AgNOs (Lach-Mer,
CR), Ohjem pouzitého rogioku byl 25 mL, Oxidadni potencial byl wkladan pomoc
potenciostatw/ galvanosiatu moedel 273 EG&G (Princeton applied research, TISA) maximalni
ato+115V.

Onadace za pouditi BDD elekirody prohihala ve tiielektrodovém wspotadini do potencidlu
=2,50'% a ve dvouelekirodovém veadkovem nad hodnotu vkladaného potencialy +2,50 V. Obé
wsporidiani bvly ber oddélenyeh elektrodovych prostor a roztoky michany  sklenémim
michadlem. Jako pracovni elekiroda byla pougita BDD elekiroda (Fyzikalni dstav Akademie
vid Ceské republiky, CRY o velikosti 0,20 cm’ & B'C pomérem 4000 ppm, pomocnd elekiroda
byla platinovid (Elektrochemickd detekiory, CRy a referedni AglagCl300 mol L7 KCI
{Elektrochemicksé detektory, CR). Objem pougitého roztoku byl 1 mL. Oxidaéni potencial byl
vkladin od +0,40 V do potencilu +2,50 V pomeci potenciostaty Eco-Tribo Polarograph a od
+2,500 ¥ do +4,50 V pomoci stabilizovaného zdroje napéti P4603 (Owon, Cina)

Analyza a charakterizace degradatnich produkit probibala pomoct Waters Acquity UPLC H
Class (Waters, USA) s kolonou Kinetex C18 (100 % 2,1 man, 1,7 pm, Phenomenex, Torrance,
CA, USA) & mobilnd fixl slokenou z acetomitrilu (LC-MS Cistota, Honeywell, Némeckao) a
octanu amonnéha (¢ = 20 mmol L, pH = 7.0; &Gistota p.a.. Sigma-Aldrich, Nizozemsko) s PIMA
detektorem a monokvadrupalovim himotnostnim detektorem QDa (Waters, USA). Viechny
pouFivang chemikalie byly v &istoté poa.

Visledky o diskuse

Chemicki oxidace abacaviru probihala za zvvsend teploty (30 °C) Abacavir zdegradoval
z 15 %% za cea 2 hodiny. Pomoci UHPLC-MS analvey byl zjigtén jen jeden hlavni degradatni
produkt OFL & mz 319,20

Elektrochemickd oxidace byla provedena na dvou elektrodovich materidlech. Flatinova
clektroda byla vybrina jako zistupee klasického elektrodového materialu, zatimes BDD
clektroda jako modemi materil poskytugici Gsinnéjéi oxidact za hranouw potenciilového okna.
Patencialové okno abacavire byl shoumine pomoci evklicke voltamerrie, Na platmové
elekirod? abacavir poskytwje jednu voltametrickou vine v roemezi 0,80 Y az +1,00 V. Na
ziklade techto vysledki byl jako oxidacni potenciil pro platinovou elekirodu vwhein potencidl

~1,15 V. Ma BDD elektrodé abacavir poskyiuje th voltametrické viny phi pulu.l:u.lalu:»_h H1 B3,

=103 a +1.25 V. Na obou elektrodovich materiilech s kaddym daliim cvklem dochdzelo
k pasivaci elektrody a bylo tedy nuiné povrch pracovnich clektrod pred kakdim novym
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experimentem oboovit. 17 platmové elektrody se svédiilo tlshm a pro BDD elekiradu byla
poudita anodicka aktivace *

Abacavir ph csidact na platinoyé elektrod? adegradoval 2 15 % za 7 mmut. Venikly dva hlavni
degradatni produkty OF1 & mda 31920 a OFP2 2 st 246590, Vi potenciilu na degradact
abacaviu byl zkoumdm  pf restoucim o potenciln od 4030V do
+1,15 Va bylo potvrzeno, #e abacevir nejrvchlep degraduje pii maximalnim potencilu
+1,15 V. Ma BDD elektrodk byl shoumnan vliv rostoactho potencialy po dobu 10 mimes od
HA0Y aZ m hranu potencialového ok do +4,.50W, Vaankly stejne degradeéni produkty OF1
a P2 jake na platinevé elebktrodé. PRI potencidlu vyviiim ne? +2,00 V dochazelo k podstatng
rychlejsi degradaci abacaviru ne? pii miim potencialu. Nejrychleji dochazele k degradaci
abacavinu ph potencialy +4,00 W, kdy abacavir zdegradoval béhem 10 mumt ze 43 %%,
Degradace ma BDD elektrodé pii vwiSich potencialech probiha rychlejl nez na platinove

clektrods.
0 I I I

*M.,Q.;_'

=1}
L=
T
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Obr. 1. Porovoani eémnesti degradace abacavine po dobu 10 mmut oxidaci pomoeci 3086
peroxidn vediku pfi 530 °C a elektrochemickow cadaci ma platinové elektrodd pii +1,15V
a BIDD elekirodd pii +1,15 V a +1,00 V (Plevzato a upraveno z autorské prace ¥),

Elektrochemicka degradece na rozdil od chemicke trvala podstamé kratii éas (Obr. 1.0, Pi
chemicke oxidaca peroxidem vodiku byl poserovan pouze jeden hlevni degradadm produkt OF1
na rozdil od oxidace na elektrodach. Tvorba vétitho mnodstel CF2 miize byt ovlividna rienymi
mechanismy nislednd degradace vniklyeh produkt. Na elektrodich probibs reakoe pouze v
okoli pracovnd elekirody, zatimeo pin chemickeé degradaci probileh reakice v celédm objerme Cha
degradatni produkty jsou shodné s produkty zminénych v literata **

Ma zakladé vysledk lze tvrdit, 2o nejvétsi wvhodou elektrochemicks oxidace je vyrazné
urychlen stabilitnibo testoviai légiv, Kromé tohe elekirochemicka oxidace produbage vice
degradadnich produke ne cxidace pomoet perosidu vodiba a lze tedy plesndji pradpoy &ds
a masledng charakten zovat degradacni cesty ddmnyeh ek léév, % tudoven by tate metoda
mohla nahradit béEné  poufivanou chemickou oxidact v dokumentact  predkladane
farmaceutickym speleénostmi pil Zadost o registracs.
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Laver

Elektrochemickd oxidace na platinové a BDD elekirode je vhodnd jako novd efektivngjsi
metoda pro studiom oxidainich  degradact lediv, Negpwitsi benefit spociva v uryehleni
stabilitnich testl. V porovndnd & chemickou oxidact, kterd trvala v fadech hodin, degradoval
abacavir elektrochemicky vyrazné rychleji (degradace 2 15 %o do 10 minut). # vysledkii plyne,
e stéEeind jo vybeat vhodny petencial pro oxidaci. Optimalni potencidl pro oxidaci abacavirn
na platinove elektrodé je <1,15 V a no BDD clektrod? je oxidace abacaviru nejefektinmaEi ph
potencizlu 400 V. Na obou elekirodovich materialech venikly dva hlasmi degradacni
produkty OFT 5wz 319,20 a OP2 & sz 246,90, Klerd jzou shodné s produkty chemické oxidace
popsanyvmi v literatufe,
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Abstract

A novel molecularly imprinted polymer (MIP)-based clectrochemical sensor was assessed o
detect Moxilloxacin {MFLX). MIP was prepared by the clectropolymerization of DL-threonine
as  functional monomers in the presence of MFLX s the template molecule. The
electrochemical properties of the MIF and non-molecularly imprimed polymer (NIP) sensors
were investigated via evelic voltammetry (CV) in [Fe{CN.)™™ as an electrochemical active
probe, The imprinted sensor had good lnear current responzes 1o moxilloxacin conceniralions
in a range of [uhd to 10 phd, with a detection limit of 0093 phd.

Kevwords:  Moxifloxacin, DL-threonine,  Molecularly  imprinted  polvimer.  Sensor,
Electrochemical detection.

Introduction

M floxacin (MFLX) 5 a fourth-generation uoroguinolone antibacterial drog that is effective
against a variety of common microorganisins, anagrobes, and Grame-positive and Giram-
negative eve infections I functions primarily by inhibiting two crucial  enzyvmes:
topaisomerase 11 which is required to unwind the DNA double helix, and wopoisomerase 1V,
which iz required to separate the davghter chromosomes, Moxifloxacin is primariby used to trest
skin and =oft tissue infections without problems, mild to moderate community intravenous
pm.'l.u'n:bnia. acate bacterial chronic bronchitis, and acute bacterial smusitis caused by sensilive
germs 1.

D to MFLX's therapeutic significance, there has been a lot of interest in creating novel, easy-
to-use techmigues for analyzimg it in pharmaceutical and hiological materials. High-
performance liguid chromatography (HPLC) ®, high-performance thin laver chromatography
(HIFTLC) #, liguid chromatography/mass spectrometry {LC/ME) *, spectrophotometry #, and
electrochemical methods are just a few of the technigques that have been reported in the Iiterature
for the analysis of MFLX 7 In comparison o other conventional analytical techniques,
electrochemical sensors, ome of the electrochemical approaches, have been found o be
environmentally safe and to be exremely sensitive, selective, and practical tools with guick
reaction time. The measurement of moxifloxacin has been carried out using a variety of
clectrochemical sensors. Despite this, the recognition laver by which the clectrode is modified
has a ﬁigamiﬁ:ant mpact on the sensitivity and. in reality, the selectivity of such manutactured
BCTIEONE ©,

Malecularly mmprinted polymers (MIPs) have received a lot of anention recemly and have been
discovered 1o be particularly promising in the feld of electrochemical sensors a= a tvpical
method for high affinity and specific identification A MIPs, also kiown as plastic antibodies,
identify cenain molecules via steric and binding interactions. MIPs are created using a
straightforward three-step procedura: first, target analyies are mixed with monomers, followed
by the stant of polvmerization and, finally, analytes are removed from polymeric matrices using
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the proper washing techmgues, lkeaving complemeniary cavities insice the polvmer that can be
wsed to rebind the analvte selectively. MIPs are a viable substitute for natural antibodies due to
their affordability, adaptability, and high stability. Therefore, they are finding use in all
procedures that call For affinity interactions, such a solid phase extraction and’or sensing '™
MIPs serve as recognition elemems when integrated into sensors and must be situated on the
surface of the transducer to achicve adequate sensor performance . Most MIPs made using
methods meluding bulk polvmernization. precipitation polvmertzation, and sol-gels frequently
have drawhbacks such s delaved mass transfer,  insulficient femplate removal,  amd
heterogeneous binding site distribution . Therefore, using electropolvmerization 1o create a
=1l homogenous, and compact moleculardy imprinted Glm with controlled thickness is an
eflective technique o overcome these restrictions in the right design of MIP-modified
clectrodes, For the construction of a melecularly imprinted polymer (MIP+based sensor by an
clectropolymerzation technigque, the choice of functional monomer is important.

Here we presented a selective and sensitive MIP-based swvstem for the determination of
moxifloxacin, For this purpose, DL-hreonime was wsed as o functional monomer, and
maoxifloxacin as a template molecule 1o make a MIP film on the swrface of a glassy carbon
clectrode {GCE) through electropolymerization. Then moxifloxacin was removed using 70%
ethanol solution extraction and the polyvmer sensor was obtained. The detection of moxifloxacin
absorbed by the fabricated sensor was performed by the electrochemical signal of
[Fe(CMR)*™, The intensity of the signal i= related 1o the concentration of moxilloxacin

Experimental

Reagenss and appraraius

Moxifloxacin, gemifloxacin, ofloxacin, DE-Ahreonine were purchased from Sigma-Aldsich. To
create the phoaphate buffer solution, stock solutions of MaH:POw and Ma:HPOw were combined.
ultrapure water {p = 18,2 M{kem) was employed throughout the experiments and all chemicals
utilized were of anabvtical grade purchased from Sigma Abdrich (St Lowis, MO, USA)
Electrochemical experiments, including evelic vollammetry (CV) and differential pulse
voltammetry (DPV), were carried out by potentiostat/galvanostat AUTOLAE PGSTATIZ
comtrolled by the comesponding Mova 2,1 software (EcoChemie, Utrecht, Netherlands), The
conventional three-electrode cell was used that consisted of an Ag/AgCl (3moll. KCI)
clectrode ns a reference electrode. a platinum wire as an auxiliary electrode, and GCE as the
working electrode.

Chaice af electropolymerized monamer for MIPAGOE

A magor Factor that contributes to the optimal performance of a molecularly imprinted polymer
i« the selection of an appropriate fiunctional monemer . This s mnportant since MIP
performance is mainly based on the specific imeraction between the template molecule and
functional monomer that helps to ascribe molecular memory into the imprinted matrix by a
combination of both shape and arrangement of functional groups. In this work, several
clectropolymernizable monomers containing  complementary functional groups  (dopamine,
tyrosineg, histamine, and threonine) to that of MFLX were evaluated as potential monomers for
MFLN-MIP synthesis.

Constraction of MIPGUE and NIPGUE

The bare (GCE {3 mm in diameter) was polished with 0.3 pm ALOs slurry and was rinsed
ulirasonically with ethanol and was polished again with alwmina until & mirror-like surface was
obtained. After the treatment, the electrode was immersed in a 0.1 M solution of Ha50w and
was cvcled from —0.2 1o <2 V at a scan rate of 100 mV. s 'until a steady stale current was
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reached. Finally, the electrode was rinsed ulmsomenlly with ulirapure water and was dried a
room temperature, For the construction of MIP, GCE was immersed in phosphate buffer
solution (pH=5%) comtaining 1.0 mM DL-threonime and 0,10 mM of template MFLX, and
electrochemical polvinerization was carmied out via CV in a potential range of 0.3 o +1.4 YV
at scan rate 100 mV s for 10 eycles. Then, the polymer-maodified clectrode was incubated in
TiFte cthanol solution for 1 1 to cxaract the template MFLX to obtain MIP/GCE. Non-imprinted
pelymer sensor (MNIF/GCE) was also constructed as a control with the same procedure with
MIP/GCE but withoul the addition of MFLX.

Electrochemicnl characterization and measurements

Ditferent modified electrodes were characterized by CV in 5.0 mM Ks[Fe{ CNja] Ba|FelCN k]
containing 0.10 M KCl m a potential window between (L0 to +(.6 V with a scan rate of
1 mV/s. The recognition propertics of prepared MFELX-MIP towards MFLX were
investigated by DPY m the potential of —(0.2 to +(06 V. For that, the fabricated polymer sensor
was incubated for 1 h m PBS solution (pH=7.0) containing MFLX. Then the electrochemically
activee probe of Ka[Fe(CNjs] RalFe(CN)e] was used to siudy its performmance,

Resulis and discussion

Characrerization af varions modified slectrodes

Electrochemical  performance of  different  electrodes was  characterzed by
K| FelCNJe) K| Fe{CN] electrochemical active probe by CV dug to poor electrochemical
setivity of MFLX., As can be seen im Fig. 1, the cumrent respomse of OV of
K| FelCN e KeFe{CN k] at polymer-modified electrode s greater than bare electrode which
can be attributed to the high conductivity of DL-threonine polymer generated on the elecirode
surface. The current response of MIP/GCE increases after ehation of the template molecule,
which approved the formation of cavities in the MIP membrane. The extraction of MFLX from
the MIF layer on the surface of the electrode has resulted in the formation of imprinted cavities
in MIP/GCE. Imprinted cavities formed in MIP can provide pathways for the diffusion of o
probe mto and out of the MIP matnix; the probe is then oxidized or reduced at the electrode and
produces an electrochemical signal,

= Bare GCE
. 1| P G E

= MIFGLE

Current, LA
(=]

500
0.2 01 o 01 [P 03 o] [+ 06
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Fig. 1. CV measurements of bare GCE. MIP/GCE before and after elution, NIP/GCE befiore
and after elution, MIP/GCE and NIP/GCE after incubation in {write the concentration) MFLX
n 5.0 mM Ka[Fe{CM)e) Ea[Fe{CN.] containing 0.10 M KCL
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Analyiical performarce of MIPAGCE sensor

The electrochemical response and analvtical performance of the MIP/GCE sensor was
determined by a redox probe and evaluated with DV analysis 1o assess the linearity range of
the current response in MELX quantification (Fig. 2A) The calibration curve for MFLX
exhibited a concentration dependence behavior in a concentration range of 1 pbd to 10 pM,
with the calibration equation of AT (uA) = -1.2717T Clubl) + TR0 (R? = 0.9993 ). Within the
concentration range indicated using the regression data. the LOD values was caleulated as 0,093
ukl The results obtmned reveal that the current of the MIP/GCE increases with decrease the
MFLX concentration. The resulis indicated that the prepared MIP/GCE possessed excellent
senzitivity for MELX detection.
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Fig. 2. Differential pulse voltammograms of various MFLY concentrations (1, 3. 6. and 10 phd)
on the MIP/GCE sensor in 5.0 mM Ks[Fe{CMN)o) Ba|[Fe{CN )] containing 0.10 M KCL

Selectivity af MIPAGCE

The selectivity ol the constructed MIP platfomm was evalumted for the detection of mosifloxacin
by DPV in the presence of compounds with similar strectures suech as ofloxacin and
gemifloxacin, Ne significant changes were observed. Therefore, the fabnicated MIP sensor is
also able 1o detect the target analyte in the presence of similar structures.

Conclusions

This paper presenis an innovative electrochemical MLFX sensor based on electrochemically
polvmenized imprinted polvthreomine. By integrating electrochemical characterization, a
thorough analysis of polythreonine synthesis in the lack or presence of a template molecule has
been carmied outl. The sensor demonstrated acceplable performance, a decent imprinting effect,
and stromg anti-interference characteristics under the chosen conditions, Therefore, melecularly
imprinted polvthreomine may offer a promising opporiunity Tor the creation of reliable and
affordable sensors Tor climical analyais.
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Electrochemical Oxidation of 1-Phenyipiperidine and 1-Phenylpiperacine
(Elektrochemicka sxidace 1-fenylpiperiding a 1-fenylpiperaging

Jana Skopalovd, Petra Dolekalova, Radek Jerga, Petra Krejcl, and Petr Barak
Palacky University Clomouc. Faculty of Science. Department of Analvtical Chemistry,
17. listopadu 1192712, 779 00 Olomouc, Czech Republic, E-mail: janaskopalovagiupol cz

Ahstract

Electrochemical  oxidation of  -phenyipiperiding and  1-phenwylpiperazine, which are
substructures in many bioactive compounds, including illicit street drugs, was mvestigated
using cyclic and square-wave voltamumetry at a glassy carbon electrode. Similar voltammetric
behavior of both compounds suggests a primary role of the substituted aniline moiety in the
oxidation process. One-glectron oxidation of the aniline nirogen leads to the fonmation of a
resonanee-slabilized radical cation, which undergoes o coupling process. Dimeric products
were detected by mass spectrometry in a solution of both substances electrolyzed on a carbon
fiher brush electrode as well as on the electrode surface.

Keywords:  1-Phenylpiperidine.  1-Phenylpiperazine, Cyclic Voliammetry, Square-Wave
Voltammetry, Electro-oxidation. Mass Spectrometry.

Ui

1-Fenylpiperazin (FP2) a 1-fenvipipenidin {FPDY) j=ou struktumim slezkami fady biologicky
aktivnich slowtenin, FPZ a jeho derivity maji vliv na psvchické funkee a Zasto bvvaji
sneudiviny jako poulitni drogy zejména k zesilen nebo napodobeni ddinku dobfe zavedenych
stimulantl amfetaminového typu, jako je MDMA, Ackeliv maji fenvlpiperazinowd dervity
povist Jbezpednych™ drog, Fada experimentilnich a klinickych studii poukazuje na modnd
zdravolni riztka souvisejici = jeich uZivanim, jako jsou Fived ohrodujici serotonineyy syndrom,
hepatotoxicitn, neurstoxicita a rozvoj rizmch psychopatologickich stavi ©.

Monitorovini psychoaktivoich Litek vwraduje nové rychlé zplsoby detekee a identifikace.
Elektrochemie v tomto sméru nabizi rvchlé a instrumentilng nendroéné analvticke metady,
vhodné pro pouzith v terénnich podminkach. Pro viwvoj elekroanalytickych metod je nutnd
znalost podstaty elektrochemickych reakei analyii.

Cilem price bvlo prozkoumat zikladni elektrochemicke chovini FPZ a jeho strukturnibo
analogu FPD a identifikovat produkty jejich elekirochemicke oxidace,

Experimentilni chst

Zisobni roztoky FP'IDBioSwnth, Bratislava, Slovensko) a FPZ (Aldrich, Bangalore, India) byly
plipraveny v koncentraci 1 mumollv redestilovand vodd (18,2 ML, Milipere, Merck). Kyseliny
octovi, fosforeénd a boritd, hydroxid sodny, octan amonny a amoniak {25% vodny roztok) pro
plipravu vodnych roxtoki indiferentnich elektrolyt bylv Gistoty _pro analézu®™. Pro piiprava
mabilni fze byla poukita mravendi kyselina (=99%, S8igma-Aldrich) a acetonitril (HPLC grade,
VWER Chemicals),

Elektrochemické experimenty byly providény na pfistroji Autolab PGS TATI0ZN (Metrohm
Autolab, Mizozemske) v tielekirodovém zapajeni s referencni kalomelovou a pomocnon
platinovou elektrodou. Cyvklické voltamogramy byly zaznamendny s pracovid elektrodou ze
akelného uhlika v rortocich Britonova-Robinsonova pufru o mienédm pH. Obd Lky byly
anodicky oxidoviny na elektrodd ze svazku uhlikovych vliken (CFBEY v roztoku octanu
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amonného/amoniake (pll = 8.5} pi potencialech 00,65 V (FPIN a 0,75 V (FPZ) proti nasyeendé
kalomelové elekirode po dobu 30 minut, Pomoomd platinovd elektroda byvla umisténa
v oddélendm katodovém prostoru naplnéném roztokem zakladniho elekirolyiu,

Pro analveu oxidaénich produktd FPD oa FPE byl wvyuEit vysoko-rozlidujici hmotnosini
spekirometr 8 ERD a ASAP wontovym zdrojem a OgTOF analveatorem s cvklickon iontovou
mobilitni celou (Seleat Series Cyelic IMS, Waters, Milford, Massachusetts, USA). Kalibrace
pristroje byla realizovana s vyuditim mravendany sodného (0,5 mmol/l, ve smési 210
2epropanolivoda). K externi kalibraci a korekei presmd oty (lock mass métend) byl wyuzit
lewcin-enkefalin (30 pg/ul, rozpustény ve smeési 303 acetonitnlvoda + (L1% mravendi
kyselina). Jako desolvatani a zmliovaci plyn byl poudit dusike Ovlidini plistroje a shér dat
byly providény pomeci softwars MassLynx 4.1 (Waters).

Prodfukty elektrobvzy adsorbovane na CEFBE bylv analyzoviny metodou ASAP-MS, CFBE
zhavena elekirického kontaktn 2 médéndho dratn byla vsunuia do dezdku ASAP sondy,
uhlikowva vidkna byla svihéena vodow & sonda byla zasunuta do jonizadniho zdroje, Analvza
probihala za ndsledujicich experimentdlnich podminek: doba analvzy 3 min, pozitivad mod
ionizace, hmotnosting rozsal 301200 m/'z, doba skemu 1 =, napéti na kinusu 40 W, offset 2droje
10 W, teplota zdroje 100 °C, desolvataéni teplota 600 “C, pritok desolvataénibo plynu 500 Ly,
prittok plynu kénusem 300, tlak zmlzovaciho plynu & bar, nap&i na srovndvaci kapilife 3.5V,
keronovy proud 2 pA, kelizni energie 4 % (mansfer cell) a 6 Y (mp collision cell). Pro
fragmentaéni experimenty {MS/MS) byla kolimi energie zvyEena na 40V (rap collision cell).
ME detekoe pi FIA & LC-MS analyzich vvudivala ionizace elebirosprejem v pozitiviim micdu
pii teplotd zdroje 120 “C a desolvatatnd teplotd 220 “C. Daldi parametry byly stejné jako
v ABAP-MS.

K chromutegrafické separaci analyti na koloné Roptor ARC-18 (2,7 pm; 1 mm x 2,1 mm}
byl vyudit Waters ACCUITY UPLC Systém. Gradientovi eluce s mobilni fazi tvofenou
slozkou A (0,1 % HOOOH ve vodéya slozkou B (0, 1% HOOOH v acetonitrilu) byla provedena
v programie: O min (0,1 % BY, 1430 min (100 % BY, 1510 min (0,1 % B). Rychlost pritoku
mobilni fze byla nastavena na 0,2 mlmin, teplota kolomy na 30 °C, dédvkovany objem veorku
byl 2 ul.

Vsledky a diskuse

MNa evklickém veltamogramu FPZ (Obr. 1a) je patmy hlovni oxidaéni pik (A) pi potenciilu
kerlem 0,93 WV, v obracendm sméru polanzace pik B (Ex = 0,612 V), Klerému v nasledném
anodickém skenu pfishidi pik © (5p = 0,647 V) Reversibilni dvojice piki B o C niledi
oxidatnimu  produkie, ktery vnikd anedickew oxidaci FPZ pii potencidlech pikn A,
Vaoltamogram FPD (Obr. 1b) ma podobinyd pribéh jako CV FPZE. Hlavad anodicky pik A (5,
084WV)  je  masledovany  proudevon  vinon  (A2) smaximem oo 130 mV
pozitivnéjiim. V obriceném sméru polarizace lze pozorovat dva katodické piky Bl a B2, jimd
odpovidaji protipiky C2 a C1 v nasledujicim anodickém skenu. Diference potenciali pikd C1-
Bl {32 mV} a C2-BZ (33 mV), nezivislé na rychlosti skenu, odpovidaji dvou-clektronové
reverzibilni reakei.

Smémice sivislosti potencialu hlavnich snodicksch piki na logantmu rechlost polarteace maji
hesdnotu 2003 mV (pik A w FPZ) a 21,2 mV (pik Al u FPD) pii nidrfstu rvehlosti o 1 fad, co
odpovidi teoretické hodnote 20 mV pro elektrodowvy déj zahrmujici reverzibilng pfenos jednoho
elektronu mdsledovany ireverzibilnd dimerizaci *.
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EIv EiV
Ohr, L Cyklické voltamogramy I1-fenylpiperazinu {a} a 1-fenylpipenidinu (b, koncentrace 0,1
mimaol/| v B-R pufru {pH 1.8, GCE, rvchlost polarizace 50 mVis, 2 evkly.

Pestencial anedickéhe pika A byl v rozmezi pH LR - 4 konstantd, mezi pH 4 a 10 52 posouval
k méné pozitivaim hodnotam se smérmici -31 mV/pH a v alkalickyveh roztocich o pH 10 - 12
byl opét kenstantni. Zlomovy bod zavislosti By = fpH) pii pH = 9,75 souvisi s disociatni
konstantou pAa(FPE) = 202 pit 20 °C (eit. ). Stejny posun potencidlu piku o -51 mVpH byl
poEorovan u FPD v rozmezi pH LR — 6.V alkaliétg) Bich roztocich potencial piku nezivisel na
pH. Bod somu v zavislosti &p = ApH) pii pH = 6,14 odpovidi disociaéni konstanté FPLY
(pk= 6,22, cit. %)

Petenciostaticka elekirelvza obou litek byla provedena na CEBE s cilem detegoval oxidadni
pre<lukty jak v elektralvzovanyeh roztocich, tak i na povrehu elektrody, Potencial elektrolvzy
byl nastaven na hodnotu limitnihs proudu piku A pro FPZ 00,75 W a piku A pro FPDDG5W)
pi1 pH 8.5, WV elektrolyzovaném roztoku FPZ byl metodou FLA-MS detegovin oxidadni produkt
s[M+H]" 32321 m'z Keleni hmotnostni spektrum dimeru a naverené  struktury
fragmentovich ionti jsou na Obr. 2. Y elektrolvzovaném roztoku FPD byly pomoel LC-MS
detegovany dva dimerni oxidaéni produkty v retenénich énsech 6,62 min a 803 min se stenou
hodnetow m'e 32123, Kaoliznd  hmetnestnd spekira téehle prodokie  hiiei  se
v ekolika fragmentovich iontech (Obr, 3} svédéi o rienveh strukturich obou izomemich
produkti, Ton [MH] 5wz 321,23 byl metodou ASAP-MS detegovin také na povechu CFBE
po Fmin elektrolyee roetoku FPD.

Ma mikladé vwsledki voltametrického studia a M5 analve elektrolyzovanych roztoki a povrehu
pracovni elektrody po elekirolyae bylo gjisténo, fe elektrochemicka oxidace obou studovanveh
latek vede ke veniku radikilowvech kationto, které podiéhaji dimeraes. Schéma navreného
mechumismu exidace FPD ukapeuje Obr 4,
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Obr. 2. Kolizni spektrum dimemilo oxidaéniho produbin 1-fenylpiperazing ([M+H]" 323,21
mez) ve FIA-MS/MS a navefend struktury fragmentovich onti.
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M. 3. Kodizni henotrostnd spekira dimerich oxidagaich produktl 1-Fenylpspeniding ((M+H['
321,23 m'z) v LC-MA/MS s retenénimi Casy & = 8,05 min (nahofe), fr = 6,62 min (dole) a
naverend struktury klicovyeh iontl.

Jednoelektronovou oxidaci molekuly FPD venika radikal kation 1, ktery pfechiei na stabiling) &
rezonanéni struklury 2 a 3, Dals maodna reconanéni strukiura 4 mide odSepit proton za veniky
radikale 5. Rekombinaci radikalovich kationth 3 (cesta A ve schématu na Obr, 4) vemika dimer
&, ktery se stabilizuje titomerii na benzidinesy derivat 7, Jeho deprotonizovana forma 8 se
mize smsdne elektrochemicky oxidovat na produkt 2 Tato reakee je reverzibilog a progevuje se
na voltamogramech dvojicemi pikin B a © (Obr. 1h). Rekombinece radikili 2 resp. § je méné
pravdépodobng e sterickych divodil. Reakini cesta B pfedpoklida rekombinaci radikalt 3 a 5
#a vEnikuy dimeru I8, kterd picjde na stabilngjsl rezonanéni stukiur 7. Ta mide po
deprotonizaci (12} rovnéd podléhat daldl occidaci za veniku oligomemich elektrochemicky
aktivnich produktd, Podobny mechanismus elektrochemicke reakee lee navrhneut take w FPZ.
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Obr, 4. Navrrend schéma elektrochemicke oxidace 1-fenypiperidinu,

FLavir

Studivm elektrochemického chovani FPIY a FPY ukdralo, #e obé litky se pomémé snadno
oxtduji na uhlikovych elektrodich ve vodném prostfedi v Sirokém roemes pH. Podobné
elektrochemicke viastnesti obou lilek jsou diny podobnou struklurow  substituovanych
aromatickyeh amind. Velekiralyzovanyeh roztocich a na povechu pracovni elekirody byly
pomoct hmatnostnl spekirometrie identifikovioy dimernd produkty s benzidinovou strukiureu,

Acknowledgments
This rescarch has been supported by the Crech Science Foundation (projeet no. 20-073508)
and by Palacky University Olomoue (project 1GA Prie 2023 027).

References

1.
2

3.

Arbo M. D Bastos M. L., Carmo H. F.: Drug Aleohol Depend. 122, 174 (2012).
Skopalova J., Bartak P., Bednai P, Tomkova H., Ingr T.. Lorencova 1., Kuderova P,
Papousek B, Boroveovd L., Lemr Ko Anal. Chim. Acta 999, 60 (2018),

Scholz F. fed )k Electraanalviical Methods, Cuide 1o Experiments and Application
Springer-Yerlag, Berlin Heidelberg 20040, str. 91,

Caccia 5.. Fong M. H., Urs R.: 1. Pharm. Pharmacol. 37, 367 (19835,

https: www chemicalbook . com/Chemical Product Property EN CBA2G5588 htm, staFeno
19 4. 2023.

183
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Abstract

The electron transter reactions play an important role in many natural processes, Reactions such
s dissociation, profenation, and resctions with water and other small molecules often oceur in
histransformation, The reaction schemes involving these chemical reactions coupled 1o the
electron  transfer can be  determined by cvelic vollammetry,  Additionally, in st
spectroglectrochemistry can efficiently contribute to the detesmination of oxidation or reduction
mechanism. This technique provides information about the electroactive chromophore during
the redox process allowing to idemtification the first reaction intermediates. The final reaction
products were identified by chromatographic techmigques. This study represents a key role of 1R
spectroelectrochemistry m the determination of reaction intermediales in the case of 1,10-
phenanthroline  dervative  substituted by bioactive  phencthiazine wnit and  drug 3-
Mueorophenmetrazine {2={3-Mucropheny]i-3-methyimorpholing, 3-FPM) Compound 3-FPM
have recently appeared as the new psychoactive substance in the drug market.

Kevwords: Psychoactive substances, TR Spectroclectrochemistry, Oxidation mechanism,
3-fluorophenmetrazine, Amphetamine, Phenothiazine

Intrusluction

Mew synthetic paychoactive substances (NPS) recently became available on the drug market,
They can be divided nto four main groups: synthetic hallucinogens, synthetic cannabinoids,
synthetic stimulants, and synthetic depressants according to their mode of action %, Compound
F-fluorophenmetrazine (2-(3-fluoropheny - 3-methvlmorpholime, 3-FPM) is usually used as an
alternative to amphetamine. The known effects of 3-FPM involve cuphoria and libido increase,
and stimulation **. The electrochemical methods significantly contribute 1o the determination
of resction products and mtermediates of drug biotransfommation, which mchsfes oxidative and
reductive processes . The Tormation of radicals during oxidation or reduction, the presence
of short living intermediates, reaction mechanisms involving electron and proton transfers, all
contribute to the comprehension of drugs activitiea, their mode of action and determination of
their metabolites 7. The determination of the oxidation or reduction mechanisims requires the
use of on-line spectroclectrochemical methods and HPLC-MS/MS techniques 5% These
technigques were efficient in studies of the oxidation mechanism of bicactive polyphenolic
compounds " Spectroelectrochemistry was also powerful tool in solving redox properties of
dcrira;gl;."ui of 1, 1i-phenanthroling substituted with pyrrolidine and phenothinzme bioactive
umils *=
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Experimental part

Reagents

Compound 3-flucrephenmetrazine (FEM, 2-03-fluorofenyl)-3-methylmerfolin, Scheme 1) was
obtmned from the Institute of Forensic Medicine and Toxicology, First Faculty of Medicine,
Charles Umversity. 4, 7-diphenothiazing)-1, 1 0-phenanthroline was synthesized through the
procedurs described in literture ™. Tetmbutvlammonium hexafluorophosphate (TEAPE.,
Sigma Aldrich) used as a supporting electrolyte was died at 90°C for Lh before use.
Acetonitrile {anhwdrous, water <0.001%) was purchased from Sigma Aldrich, The solutions
were preparad with ultrapure water (Millipore), All reagents and chemicals were used without
any further purification.

Electrochemical setup

Electrochemical measurements were carried out in (1 M TBAPF: in acetonitrile. Cyelic
voltammetry in the spectroslectrochemical cell waz performed in an optically transparent thin-
laver electrods cell using a PAR potentiostat (model 263, Prnceton Applied Research, UUSA)
The thickness of spacer between optical windows made of CaFz was 019 mm. The cell contains
a three-clectrode system (Ag/AgCl reference electrode, platinum working and susiliary
clectrodes) mounted in a thin layer. 1R spectra dunng the cyclic voltammetry with scan rate 5
mV/'s were registersd using a Micolet 1550 FTIR spectrometer equipped with KBr beam splitter
in the range of 4000-650 e’

Theoretical caloadations

The theoretical caleulations of spatial distribation of frontier orbitals for molecules in vacuum
were performed wsing the DFT employing the B3LYP fimctional and 6-31G* basis st
{Spartan’ 14, Wavefunction, USA).

HResults and discussion

Theoretical calewlations of spatial distribution of the highest occupied molecular orbitals
(HOMO) were performed for mneatral molecles of both smded compounds, 3-
flucrophenmetrazine and 4, 7-dif{phenothiazine}-1, 1 0-phenanthroline in vacimm, They showed
that the electroactive site in molecule of 3-FPM is tetrahydro-1 4-oxazine ring. The removal of
ong electron from the nitrogen lone pair can be followed by deprotonation in alfa-position of
the nitrogen atem and other one-electron exddation leads to the cation (at mtrogen atom, sse
Scheme 1), This infermediate loses a profon and forms a newtral molecule. The subsequent
nueleophilic addition of water leads further to the formsation of hydrosylated compound. The
cleavage of the proton from M-H bond during osadation was confinmed by in sitn [R
spectroelectrochemistry, even if the change was only shightly pronounced, The absorption
between 3300 and 3400 em'! decreased dunng oxidation wmsually and remained constant.
Interestingly, absorption band at 3338 cm’ was registered in the backward scan. This band was
attribated to N-H vibration of mompholine motety {compare 3350 em™ in OCls reported in
literature =),

O == D1 = O = O~

Scheme 1. Cxidation mechanizm of 3-flucrophenmetrazine *,

Fig. 1 shows that the absorption spectrum registered after cxcidation in the range from 1350 e
Yo 1050 c? did net differ much from that of 3-FEM. Only, the absorption bands at 1296,
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1134 aewd 1106 e of final preluet inereased (dotted curve), while bands at 1287 and 1096
e of 3-FPM decreased
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Fig 1. IR spectroclectrochemistry of  3-Nuorophenmetrazine  (2-(3-Muorophenyl 3=
methylmorpholine, 3-FPM) at the potential of the oxidation wave (A) Panel B represents [R
spectroelectrochemistry of reduction of the Tormed product

The spatial distribution of HOMO orbitals in symmetric molecule 4,7-difphenothiazine}-1,10-
phenanthroling (Scheme 2) suggests that both phenothiazine units are redos active (Fig. 2). The
milecule 4. 7-di{phenothiazine - 1. 10-phenanthroline yvields in eyelic  voltammetry  four
oxidation peaks al potentinls 1.12, 170, 1.78 and 1.8%9 ¥ " The shape of the first oxidation
wave indicates that two one-electron processes with their standand redox potential valuees spaced
by 62 mV take place 7 The 1+1e owidation processes occur on twe almest independent
phenotiiazine redox centres attached to the 1, 10-phenanthroline moiety in equivalent positions
4 and 7. Oxcidation leads to formation of dication at the first oxidation peak. In-situ IR-
spectroclectrochemisiry at the second and third oxidation waves confirmed the subsequent
formation of sulfoxide on phenothizzine moieties. This compound was dentified also in
selution alter the exidative electrolvsis using HPLC-MSMS, The latler oxidation wave
corresponds 1o oxidation of 1,10-phenanthroline *,

.
Fig. 2. The spatial distribution of HOMO  orbitals in 4, 7-di{phenothiazine)-1,10-
phenanthroline.
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Scheme 2. Mechamsm of ceadation of 4, 7-diphenothicane)-1,10-phenanthroline at the
potentials of the first, second, and third coddation wave, respactively

Conclusions

This research confirmed the importance of i@ st IR spectroelectrochemical technigue in the
determination of the reaction redox mechanism, The selected parameters of the
spectroclectrochemical semp and choice of measurement conditions, both can acquire the
response, which suceessfully leads to identification of the short living intermediate. The final
oxidation products wers analyeed by means of HPLC-MSMS after the oxdative electrolvas.
Obtained dectrochermeal and spectroelzctrochemical results legd to determination of the
oxidation properties of both compounds, 3-FEM and 1, 10-phenantroline substituted with
phenothiazineg bicactive unit,

Acknowledzments
This work has been supported by Czech Science (RVO 61388955).

References

1. Wohlfarth A., Weinmann W.: Bicamalvsis 2, 965 (2010}

2. Shafi A., Berry A, 1, Sumnall H., Wood D, M., Tracy D. K. Ther, Adv. Psychopharmacol
10, 20451 253209671 97 (2020)

3. Mayer F. P, Burchardt M. V., Decker A, M, Partilla J. 8., McLaughlin G, Kavanagh P.
V. Sandiner W., Blough B. E., Brandt 8 D, Baumann M. H., Sitte H. H.,
Meurophammacol., 134, 149 (2018).

4. Mardal M., Misereze B, Bade B, Portoles T, Bischoff M., Hemandez F., Mever M. K., ).
Pharm. Biomed. Anal. 125, 485 (2016}

5. Jurva UL, Weidolf L. Tremds Anal. Chem. 7, 92 (2015)

6, Gul T., Bischoff B, Permentier H. P.: Trends Anal. Chem. 7, 58 {2015}

7. Jirowskova, E., Cabala, R, Sckolova, R Voltammetric study of new psychoactive
substance 3-fluorophenmetrazine. Eleetrochen. Sci ddv. (20225 e2100223, pp1-10.

£ Ramesova, 5., Degano, 1., Sokolova, R.- Electrocham. Acta, 133, 352 (2014).

9, Sokolova B, Nyez J. E, Ramesova 5., Fiedler J., Degano 1., Szala M., Kolivoska V., Gal.
M. I Phys. Chem. B 179, 6074 (2015).

10, Ramesova S, Sokolova B, Degane 1 Electrochim, Acta, 252, 544 (2015).

11. Ramesova 8., Degano [, Sokolova R 1. Electroanal. Chem, 755, 125 (201 7).

12, Wantdok, 1., Sckolova, R, Degano, [, Kolivoska, V., Nvez, 1. E.: Electrochim, Acta 378,
13Ta74 (2021)

13. Wantulok, J, Sokolova, R., Degano, [, Kolivoska, V., Nyez, 1. E., Fiedler, 1.
ChemElectroChem 8, 2035 (2021).

189



. Nyez LE., Wantulok I, Sokolova E., Pajchel L., Stankevic M., Seala M., Malecki 1G.,

Swoboda D Molecules 24, 4102 (2019,

o Aucchi G, Murugesan V., Tondelier [, Aldakow D, Jeon T, Yang F., Thuery P,

Ephritikhine M., Geffroy B., Inorg. Chem. 56, 4831 (2011).

. Barr 1. AL, Haszeldine B. M., J. Chem. Soc. 4169 {1955)
. Bard A L, Fanlkner L. F.. Electrochemical Methods: Fundamentals and Applications -

2 ed,, John Wiley & Sons, New York, 2001,

190



Electrachemical and Electron Microscopic Characterization of Solid-1isk
Shungite Electrodes
{Elektrochemickia a elektronovi mikroskopiclka charalierizace pesnich diskovich
Sungitovyels elelitead )

Milan 85, Michacla Bartovi, Martin Bartod, Tomad Mikysck, and Ivan Svancara
University of Pardubice, Faculty of Chemical Technology, Department of Analytical
Chemistry, Studentska 573, 53210 Pardubice, Czech Republic

Adbstrmet

Two different types of shungites were tested as promising electrode materials  for
clectroanalysis, Noble elite and black raw shungite stones were subjected to microscopic and
clemental analvsis using scanning  electron microscopy  and  energy-dispersive  M-ray
spectroscopy, respectively, These stones were mechanically shaped mto cvlimders and then
embedded mto plastic tubes equipped with an electnical contact, giving rise to the appropriate
solid-disk  electrodes, Cyvelic voltummetric  mensurements  with pure 61 mol L'
Britton-Robinsen buffer (pH 71 and 1 mimol L' potassium ferrocyanide al scan rates ranging
from 2010 300 mV s were caried out to determine the corresponding double-layer
capacitances, heterogencous clectron transfer rate constants, charge transfer coefficients,
exchange-current densities, and electrochemically active surface aress. Compared 1o a
commercially available glassy carbon electrode, only electrodes denved from carbon-rich elite
shungite (90.6-94,1%) could eventually serve as several times cheaper alternatives.

Keywords: Shungite, Scanning electron microscopy, Energv-dispersive MN-rav spactroscopy,
Electrochemical kinatics, |]-‘.:|:(_'.‘\.':u|" [FefCHu.]* redox couple,

Introduction

In general, shungite is defined as o unique Precambrian carbonaceous natural mineral of organic
origin that can be found in its raw form only in the Bepublic of Karelia, the Russian Federation
This mineral received its name from a small village called Shunga where it was first discoverad.
Shungite stomes are clasified inte five categories according to carbon content. However, a
trivial division took hold in the lay public, samely to noble elite shungite with a silvery surface
{90 %o carbon: type [ gray Petrovsky shungite (50-70 %o carbon; type IT). and black regular
shungite (30-50 % carbon: tvpe 11, The shungite represents a rather amorphous carbon in sp2
and spd tvpes, with well-developed mono- or stacked graphene layers (=200 nm) which form
spatinlly arranged, curved, and bent fractals | Besides, shungite contains (<00001% w'w) multi-
layered lullerene-like globules with a diameter of 10-30 nm, However, numerous impurities
(mineral veinz) of quartz (3i00), alumimosilicates (NaAlSiOk), feldspars, carbonates, mica,
pyrite, and metal (AL Mg, Ti, and Na) oxides can be visible to the naked eve in less noble
shungites . In this study, raw stones of regular and elite shungite were machined into
cylindrical shapes to form the comresponding solid-disk elite shungite (EShE) and regular
shungite (RShE) electrodes. The resulting shungite-based sensors with relatively low electrical
resigtivity (=10 £ em) * were compared with the standard glassy carbon electrode (GCE) in the
clectrochemical behavior of ferro/fermeyanide redox couple. In addition, shungite stones were
alse subjected 1o microscopic and elemental analvsis, whereas the oblamed resuls were
reflected in those from electrochemical kinetics studies
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Experimental part

Potassinm hexacyvanoferratedID) tribydrate {=099.05% trace metals basis) was purchased from
Merck KGaA (Darmstadt, Germany). Sodium ydroside, 98.5% bonc acid, 5% phosphoric
acid, and glacial acetic acid were from Lach-Mer sro. (Neratovice, Czech Republic).
A deionized water with a resisbivity of 18.3 M2 em obtained from Milli-0® deionization wnit
from Merck Millipore (Burlington, USA)} was used for the preparaion of 0.01 mol L7
Ka[FeliZM)a] stock solution, and 0.1 mol L™ Britton—Fobinson bulfars { BRB) of different pH
values,

Raw stones af elite and regular shungite were mechanically shaped into rollers (height 10 mm
aned diameter 8 mm) using EcoMet 30 manual ganding and polishing mschine Gom Hanyke
Praha sr.o. (Praha, Crech Bepublic), whereas self-stick sanding papers WS Qex 18 C with
silicon carbade of different gat levels (00-320) from Hermes Schileifmatte] Gmb#H (Hamburg,
Drewtzchland) were chesen. The obtained rollers were embeddad into a cavity of plastic pipes
with metal springs which served as electrical contact, as shown in Fig. 1.

electrical contact

plastic tube
steel spring

shungile roller
Flg. 1. Image of homemade solid-disk elite shumgite electrode.

Scanmng electron microscopy (SEM) with the backscattered-clectron (BSE) and secondary-
electron {SE) modes for imaging raw shungite stones microstreciures and energy-dispersive X-
ray spectroscopy (EDA) for elemantal analysis were performed by TESC AN VEGAZ SBLU with
EDX probe Bruker X-Flash Detector 410-M from TESCAN sr.o. (Bmo, Czech Republic).

Each electrochemical experiment was carned out in a glass voltammetnie cell contaimng 10 mL
of 0.1 mol L' BRB with immersed GCE, EShE, or RShE, followed by a alver chlorde
raferance electrode with 3 mol L' KC1 salt bridge from Metrohm  Herizau, Switzerland) and a
platimum sheet from Elektrochemické detektory (Turmoy, Czech Bapublic), acting as a counter
electroda. The chosen varant of electrode setup was connected to a potenticstat/galvancstat
Autolab (mode]l PGETATI01) operated through NOWVA 111 software, both from Metrohm,

To compare values of double-laver capacitance (Cry), cvelic valtammetry (V) measurcments
of pure 0.1 mol L™ BRE {pH T) were camed out at potential step (Exs) of 3 mV and scan rate
(%) ranging from 0.05 to 1,50 V 57", To determine the electrochemically active surface areas
(ECA), heterogenzous electron-transfer rate constants (&), exchange-current densaties (o), and
charge-transfer  coefficients (a), simalar electrochernical expenments with 1 mmel L7
potassiumn ferrocyamds in the same buffer at the potential step of 5 mY and scan rate ranging
froem 0.02 10 0.3 V &7 were performed.



Results and discussion

Microscopic and elemerntal analvsis of alite and re
significant difference in their chemical compositions. E ]1 shumgite (90
a smooth homogenzsous carbonaceous matenal, very simlar fo glas
previous case, the regular black shungnte (62.3-64.2 % ) can be defined as a fragmented
(rough surface) matenal with an edmixture of many 1mpunties (mnerals) which form druses
(porite and aluminosiliontes) and veins (quarts) * n Fig. 2. According to this finding,
the elite shungite should be preferred over regular shungite for the fabrication of solid disk
alectrodes applicable in the electroanalysis

r ahungite stong halped to find ot
94.1 % C) resembled
v carbon. Unlike the

Fig 2 cal SEM images (-1.97 ' magnafication} of a regular shungite stone
Compared to GOE, shungite-based electrodies can be charactenized with a similarly broad
cathodic and slightly shorter anodic range. A significant increase in double-layer i.-l.|'il.¢.lr.ll cit
in the case of the RShE (1920 uF cm™) in companson with GCE | !
(45.7 pF em™) was probably caused by the low content of carbon -.1III:| the: high |J|L1m|[u'|l of
imrpurities (510 and FeSa), I their values of electrochemically active surfices and geometrical
surfaces are divided (ECSAdge), it will be found that £C84 decreases in this order EShE
GCE = RShE?

The linear relationships of log cwrrent density () on overpotential (), known also as Tatel
behaviors, were extrapolated (R* = 0,992 4) to vield the values of the exchange-current densitics
(/o) and barrier-symmmetry Gactor (), which could b laced by the charge-transfer coefficients
() for the mvestigated single-step reaction Fe As the g5 value reflects the
sponfancous reachion rate at equilibremn potential, it can t*' deduced that chtz shungite
(4.3<107° A em™) 15 preferable to regular black leu1LLI' {8.7<1077 A em ™). From the
Cafel plots, the calewdated o values for the EShE and GCE were close to a
cating the symmetry of the energy barr This fact was also
values that varied from 1.018 to 0,976 for the EShE and

corresponding T
theoretical value of 0.5, imn
comfirmed by the caleulated |3
from 0,986 to 1,090 for the GOE
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A MWicholson method * based on kinetie parameter % (dimensionl ess quantity) wias used for fhe
determination of heterogenaous electron-transfer rate constants (ko). as demonstrated for GCE
mn Fig. 3. The rate of clectron-transfer was determined two times higher for RShE
(0.0159 cm s} than for GCE (0.0069 cm =) and EShE (0.0078 cm 57"} A logical explanation
can be seenin the presence of the above-mentioned conductive impunties (=20 4 % Fe), which
probably sgmficantly compensate for a lower amount of carbon, as also evident from
comparable FC84 values *.

1.4 = {EI:I 1.8 b
1.2 ] 1.6 1 ke
1.0 1 14 7
0 1 p s y = 0.0069x - 0.4763
0.8 1 1-[] ] R® = 0.9892
= 06 = U-B ]
0.4 D:E ]
0.2 1 0.4
0.0 1 0.z
-0.2 ———T——T— 0.0 4 —
50 100 150 200 250 300 350 50 100 150 200 250

AExn/ mV [T DnFI(RT)}- 12 172

Fig. 3. Plot of w values vs, AE:=n for kinetics of ferrodferricyanide redox couple at GCE with a
diameter of 3 mm (a). The plot of w vs. [2DFARTY " v for the oxidation of 1 mme] L7
potassium ferrocyarmide m 0.1 mol L' BRB (pH 7) where the wsed diffusion coefficient ()
equal to 7.2= 10% cm? 5 for fermovanide nan aqueous environment at 25 °C was obtained from
the liternture *. The values of ywere caloulated from the expenmental A, values,

Conclusions

Fromall the above-mentionad facts, it can ba concluded that solid-disk electrodes mamfactirad
from elite shungite stones represent a promising electrode material exhibiting similar
electrochemical properties as many times expensive glassy carbon. On the other hand, limited
utiization of reguler shungite in electroanalvtical applications can be assumed due fo the
presence of numerous electroactive impurities,
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Elevirochemical Oxidation of Systemic Fungicide Mefalaxyl and its Determination in
Matural Walers
(Elektrachemicka oxidoce systémovéhoe Tungicidu metalaxylu a jebo stansveni
v prirodoich vodich)
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Abstract

Within the framework of this work, an electrochemical behavior of a systermic fimgicide
metalaxy]l was studied for the first ime using a boron-doped diamond electrode. A novel
voltammetnic method for 1ts determination was developed and, due to low concentrations of
pesticides in natural waters, & sample pre-concentration procedire was also proposed. In
addition to the classic armangement of an electrochemical cell with a bulk working electrode,
the pessabality of using sereen-printed sensoes and a Qo system wis also tested.

Keywords: Matalaxyl, Electrochemical oxidation, Boron-doped diamond electrode, Soreen-
pranted sensor, Flow-injection analysis, Determination, Matural water

Uvad

Metalaxyl (ML, methyl-2-(M-02-methoxyacetd =2, 6-(dimethylanilinolpropancdt, CiHzMNOs,
CAS: TRIT-19-1, Obr, 1) se fadi do skupiny systémoaveh fungicidh *, Poudivi se k regulaci
chorob rostlin zpisobenych houbami fadu Perovosporales a thidy Owemyveene, kberd spisobogi
plisng, uvadnuli nebo hnilobu stenki a plodi 2. ML inhabuje rist hub na dievé, plastech, ale i
napi. v bazdnech *. Diky své Sirokospekirilm akivitd se poufiva na riemé ploding po celém
svetd, ML mi obeord nizkou akutm toxici, ale pe stiedng dri@divy a byl zafazen do kategone
toxigity 11 {oenadujici drohy nejpvyvisi stupen akutnd tosacity) pro adinky podrd®deni odi. MNa
ziakladd Tady studii na zvifatech lze pledpoklddat negativid viiv na jatra. ML nevykazuje
ermky karcinogenity ani reprodulénd toxicite nebo mutagenit

OCHy
c:l-hu*r) o
M

L
c
gy
Obr. 1. Strukiurm vzorec systémového fangicidoe metalaxyln.

WV literanfe byly popsany riend metody stanoveni ML, nejéastéji kapalinowd * * a phnova
chromatografie ' ve spojeni s raznymi detektory. Ddle byla popsina metoda ELISA © nebo
pritokova analyza s FTIR spektrometrii ©. Voltametrické stanoveni ML nebylo dopesud
popsano. Vzhledem k tomu, e ML je elekirochamicky aktivni, nabizi se voltametrie jako
altermativa k vyie popsamm metodam. Hlavnimi vyvhodami jsou jednodschost, canova a éasova
nenaroénost, snadna obsluha a obwykle take jednoducha piiprava veorku k analyze. Souéasnd
umoEmyge mimatmzac, a tedy vt v terennmich analyzatorech a pritokovych systémeach.

Vzhledem K Sirokému  vyuditelndmu  potencidlovému rozsalin o dalsim wijimednym
elektrochermickym viastnostem % byla pro studinm voltametrického chovia a vivaj metody
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stanoveni ML powfita borem dopovand diamantova elektroda (BDIDE). Vedle Klasického
triclektrodovéhe uspofadini elekirochemického Elinku v polarografické nadobee byly poudity
rovniR nové tiséng senzory (SPE} s chemicky deponovanou BDDE (SPEDDE) Y kiere
wmezingi snazdi prevedent analvey do pritokovéhe sysiému, Vohodou SPE je jednoduchi a
lewni viroba velkého mnozsivi senzonl umozigic jednorazové vwuditi, nebo meznest analyzy
malveh ohjemil veorki. Powfitelnost SPE je dina zejména materidlem pracovil elektrody ™.

Experimentalni hst

Standardni roetok ML (Sigma Aldrich) o koneentraei 1+ 107 mol/l byl pfipraven rozpusténim
navazky v acetenitrilu a uwchovin v ledmci (4 °C) bez pfistupu svétla, Brittondy-Eebinsoniy
pulr (BRE, pH 2-11) byl pripraven misenim alkalické o kvaelé slozky s syuditim pE-metru,
Alkalickou slozku tvofil roetok 0.2 mol T NaCH a kyvseli slodka se skladala 2 0,04 mol T roetobku
HaP(y, HaBOn a CH2COOH, P analvze ML byvly dile testovény elektrolvty 0005 moll,
1 w1, 1 mal], 2 mal ], 3 sl HaS0w, 001 mol 1 HRCKE, G0 mal T HCL 0,1 mal T HCH .,
0,1 mol T CHCOOH a 0.1 mol/1 H:PCy plipravend nafedénim zisobnich roztoki jednotlivich
kyselin. Viechny chemikalie byvlv dodany firmou Ing. Petr Svee — PENTA ar.o. Praha.

Pro» veltametricka méfend byl pouZit Autolab PGSTAT 12 (Metrohm, Mizozemi) se soflwarem
Mova 2.1.5. V thelektrodovém uspofidani élinku byla jako pracovni elektroda (WE) pow?ita
BODE (BioLogie, Sevssinet-Panset, Francie, povreh 7,07 mm®), nosveent argentchloridovi
elekiroda (A AgCLECHsat, )} slowzila jako referentni (RE) a platinevy dritek jako pomocni
clektroda (CE) (Monckrvstaly, Tusnovh. Thle byl powfivin SPRDDE (SlovakDiamondGrroup,
FEI 8T, Slovensko) * tvofeny WE (povreh WE 7.07 mm®) | CE z BDID a Ag/ApCl jako RE.
Systém pritokové injekéni analvzy s elektrochemickou detckei (FIA-ED) byl sestaven
# programovatelng injekéni pumpy (Protea, USA ), injekéni plastové stfikadky o objemu 50 m]
(Stenwund, Polsko), davkovaciho chromatogmfickéhe Sestcestnéhe ventilu s davkovaci
smyckew, hadidek a pritokove cely wytisknuieé na 3D bskarm? (SlevakDinmendGroup, FEI
ST, Slovenske), v niz byl umistén tizteny senzor SPBDDE, Schéma powitého zafizen pre
FIA-EDI} je uvedeno na Obr, 2 s detailem pritokové elektrochemické celv

0 Ut
| L I

Obr. 2, Schéma FIA-ED s detailem pritokové elektrochemicks cely.

(e :jt |

Aktivace BDDE byvla realizoving metodow evklicke voltametrie (V) v prostiedi 1 maol/
HzS04. Bylo zafazenc 20 eyklickyeh voltamogrami od pofatedniho potencilu {Fiq) —1300 mW
k potencidlu obratu {(Fma) <2300 mV, koneény poteneial (Ee) byl +2300 mV a ryvchlost
pelarizace {(v) 100 mY's. Pro SPBDDE byly podminky aktivace shodné, zafaeenyeh cyvkli byle
obvykle 510 (stabalizace odezvy senzeru), Parmetry voltametrickych meted byly nisledugici:
CV i = <150 MV, B = 2500 mV, B = +253000mV, v = 10 mVs: DPV: v =40 mVis,
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vk pulen (4, amplituda) = 50 mV, Sitka pulow (1, doba trvini pelan) = 10 ms; 8WY v
M mWiz, A = M mV, frekvence () = 20 Hz. Aktivace systému FIA-ED probihala promytim
Hml 1 mel] H:AS00 rvchlost 1,3 mlimin, Jakoe mobilng fize, resp, zikladni elektroly byl
pouzivin roztok 0.1 mol] 2800 wnistény v 50 ml injekénd stifkalee. Parametry médend byly
nisledujici: pritok elektrolyiu (Fa) = 1.3 ml'min, dédvkovany objem veorku () = 50 pl,
potencidl detekee (E) = 1,8 V. Vzorkovaci smylka se promyvala a plnila veorkem pomaoci 5 ml
plastové mpekéni stiikacky, Po kazdém méteni se systém FLA promy] 50 ml destilovang voddy
a ethanelem rvchlosti 4 mlmin,

Pro extraken tuhou fizi (SPE) byly pouzity Kelonky Chromabond Cl8ec (300 myg sorbentu,
rel 730014, Lot 53.246) naplnéné 500 mg silikagelu s navazanou fazi C1E. Kolonka byla
napojena na exraktor (Visiprep SPE Vakwum Manifold) a pies  pojistnon nddobu
na membrinovou  wvywéve, kterd zajidtovala podilak (5 kPa) Kolonka bvla aktivovina
promytim 10 ml acetonitrilu a nasledng 10ml delonizované vody, Poté byl pies kolonku presat
veorek vody o objemu 100 ml, Celkem bylo k analvze odebrane 300 ml vody a extrakee
probihala s vyuzitim 3 extrakénich kelonek soucasng, Ziskano bylo 100 m) eludtu, kiers byl
ndslednd odpafen do sucha na vakuové rotadni odparce pii teplotd 45 °C a tlaku 25 kPa
Odparck byl poté rozpuitén v 1 ml acetonirilu a powkit pro voltametrickou analyzu. Drohy
postup zakoncentrovini byl zaloden na adsorpei ML na aktivni ubli (ALT) a nadsledné ¢lwei. Do
Erlenmeyerovy bafiky k 500 ml vody bylo piidino 0,5 g aktivniho uhli Filtrasorh 400 {velikost
castic v rozsahu 0.425-1,7 mm, Chemviron, Feluy, Belgie), Bafka byla umisténa na 2 hodiny
do thepacky. Poté byla provedena filtrace, oddélend aktivii whii bylo prevedens do bafky se
100 ml acetomirile a bafka byla opé na 1 hodine umisténa do ifepacky, Po eluci ML do
acetonitrilu bylo aktivid uhli odfilirovino, Nisledovalo odpafeni acetonitrilu do sucha na
vakuowé rotaini odparce a rozpudteni edparku v | ml acetenitrilu,

Visledky a diskuse

Na obrizku 3A a B jsou wvedeny cvklické voltamogramy ML zaznamenané no BDDE i
SPBDDE v prostiedi 0,1 moll Hz5C0u, Kiera byla na zakladé studie viive pH na vollametricke
chovani ML zvelena jake vhodny zdkladmi elektrolvi, Je ziepmé, 2e analyt poskyviuge jeden
ancdicky pik, Klery je vpiipade SP/BDDE posunut kmdng  pozitiveim  potencidlim
v aouvislosti & powkiton quazi-referentnd elekirodon. Jednd se o chemicky ireversibilnd reakce,
Kleré jsou Fizeny difux, cof potvreuji hodnoty smémic logaritmickych zivislosti vyiky piku
() na rychlosti polarizace (v} popsané rovnicemi (1) pro BDDE a (2) pro SP/BDDE.

log(l,[nA]) = (0,4901 + 0,0038) log(w[mV/s]) + (L6810 + 0,0075)r = 0,9998 (1)
log(l,[nA]) = (0,5002 + 0,0051) log(w[mV/s]) + (2,920 + 0,010),r = 0,9997 (2}

Pro stanoveni ML byly testoviny diferenini pulzni (DFY) a square wave (SWV) voltametrie
Mejprve byly optimalizoviny parametry metod a na zdklade porovidni Jp, resp. parametri
zmetenveh koncentradnich zavislesti, byla vwbrana DPV. Soudisti optimalizace byla rovie?
prediprava povechu BDDE. Byl testovin anodicky a Ratodicky pretreatment, evkloving
v urditém rozsahu potenciald a mechanicke lefténi povechu na aluming. V piipadé cyklovind a
anadické prediupravy byvly ziskiny velmi dobfe opakovatelné signily {REL1 < 2 25), Nejvvisi
prowdovi odezva byla gnenamendna po evklovani, V pfipadd lefténi o katodické predipravy
bwl vizledny pik srovnatelny = anodickou, ale opakovatelnost byla hordi, trvalo nekolik mefend,
ek desle kustaleni odezvy. Pro daléi méfeni byla pouZivina aktivace/prediprava povichu
BDDE cvklovinim, kieré bylo zafazeno pouze na zabitek price. V pribéhun méfeni nebylo
nutné elektrodu regenerovat. V pfipadd SIYBDDE byla tato procedura pieveata, ale bylo
aplikovino jen 5-10 cykli potfebndch pro ustileni odezvy senzor.
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Obr. 3. Cyidické voltamogrammy ML (510 moll) zaznamenané na BDDE (A} a SFEDDE
(B) a DF voltamogramy ML zammamenané na BDDE {C) a SFHBDDE (D) v zavislost na
koneentraci analyty (2,510 — 15107 (T a L=107% — 15«10 mold (D), DP kivky
uwvadeny po odedn zikladnihe elektrolym,

Ma Obr, 3C a D jsou wvedeny DP voltamogramy ML zamnamenané na obou testovanych
senzorech v zavislost na komeentract. £e mavislostl §p na epe je wegme, Ze vvika piku rostla
lineamne s rostouct koneentrect. % Tabulee [ jsou wedeny vypodtens statisticks parmetry.
Metoda byla rovnéZz ovifena pit analyze modaovych roztokn, kdy byvly stanoveny sprivng
vysledky = velmi dobrou vit2Znost (93-107 %) a opakovatelnosti (RSD < 5 %), Vzhledem
krealnym  koncentracim  pesticidii v piirodnich  wodach  viak nebyly dosafens meze
stanovitzlnost dostateéné a muselo byt zafazeno zakoncentrovan veorkn. Byly testovany dva
postupy wyvuFivajict adsorpel na aktvni uhli s naslednou eluel acetorutnlem a SPE kolonky
naplnénz sitikagelem s navazanou faz C1E V tabulee 2 jsou uwvedeny vysledky stanoverna ML
o koncentraci 3,00 10°% mold v modelosyeh roztocich s vwgditim BDDE. Ukbzalo se, #e oba
postupy vwhazugl destatednon vwtdZnest (oca 93 %5, Pro amalvan fiéni vody byl aplikovin
postup & aktividm ulilim, a i v tomto piipadd bvle desaZeno uspokopivyeh visledii,

Posledni expanimenty byly zaméfeny na aplikact syvinute metody v FLA-ED. V tomto pfipadé
se osvedilo poufiti SFEDODE. Jako u kafdé analvticke metody bavlo potfeba nejprve
optimalizovat parametry. ¥V pfipadé FIA-ED se jednalo o potencial oxidace analytu (F), prtok
maohilni faze (Fm) a objem dévkovanéhe vzorku (Feh. Steiné jako ph Klasicke voltametrii byla
Juko dektrolyt podata Ha50s o Koneentracd &1 mol/l. Opakovatelnost méfem s vyuiitim
navrzens metody byla velmi dobra (RSD = 2,05 %), Wvska piku rostla linsdmé v sirokém
komeentradmim rozsabu (LDR = 10107 = 10107 mol ).
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Tabulka L
Shrmuti statistickyeh parmetnll pro stanoveni ML s vwukitim BDDE i SFEDDE

Elakiroda Elektrolyt LOD [mol] LOH) [mol 1] LR [mol1]

BI0E 0.1 malT H280 16 1077 5007 25007 — 40-107

SPBDDE 0.0 mol HaS0y 3541007 1.2x108 5001077 — 4,010
BRE (pH %1 7.7 100 2.6-10°° 5051077 — 612107

Tabulka 11
Vysledky stonoveni ML (5,00 10-% mol/l) pomoe BODE v modelovoch veorcich a fidni vodé
po zakoncentrovini veorki,

Typ vzorku Postup Stanoveno [moll) Wateknest ["a)

Modelovy roziok AU 469 10°F 53,7
SPE 466 100F 93,2

Ritni voda AU 4.59-107% 91.8

ALT - postup & vyukitim aktivniho uhli. 3PE - extrakes tuhon £z

Lavir

W ormen 1o price bylo studovano voltametrické chovani Tungicidu metalaxy b a byla vevinuta
matoda jeho stanovend, vietnd rakoncentrovini veorkl pii nizkych koncentracich analyiu
Mavrremh metoda byvla dsping aplikovana rovne? v pridokové analyze.
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Ahstract

Recent advances in fused deposition mesdeling 30 printing  (FDM 30P) enabled the
manufacture of customized spectroelectrochemical (SEC ) devices. Despite significant progress,
reported designs still rely on conventional ogical components (windows and cuvertes), In this
waork, we apply bi-material FDM 3DF combining clectrically conductive and optically
translucent filaments to manutacture a fully integrated microfluidic SEC device. Emploving
cyelic voltammetric measurements with redox probes. we demonstrate that the platfonm allows.
SEC sensimg of reactants, intermedintes, and products of charge transler reactions in an oxyvgen-
free environment. Developed approaches pave the way for SEC devices with dramatically
reduced costs compared 1o currently available commercial platforms,

Kevwords: Spectroclectrochemistry, Three-dimensional printing. Fused deposition modeling,
Computer-assisted design, Microfluidics,

Introduction

Past vears have seen an unprecedented boom in the application of 30 printing { 3DF) approaches
in all disciplines of sciences involving electrochemistry 14 Fused deposition maodeling (FDM Y
is the most commonly emploved 3DP technique, relyving on melting thermoplastic filaments
and their laver-by-laver deposition emploving a moving nozzle, Materials used in FDM 3DP
include polvlactic acid (PLA) acrylonitrile batadiene styrene (ABE) and polyethylene
terephthalate (PET). Recently developed composites of thermaplastic materials and allotropes
of carbon show sufficient electric conductivity and have allowed the manufacture of 3DP
electrodes for diverse electrochemistrv-related applications such az vollammelric sensing of
various  analvies ™, water electrolvais ¢, reduction of carbon  dioxide ®, organic
electrosynthesis T pH measurements i direct impedimetnic sensing of electralyie conductivily
*I% and capacitively coupled contactless conductivity detectors "%, Several works reported
that 3DF electrodes have charge transfer characteristics comparable to propertics of
conventional electrodes 1%,

FDM 3DP has alse gained importance in spectroelectrochemistry (SEC) ™. This technigque
enitbles the detection and analysis of in-siiu electrogenerated mtermediates and products of
charge transfer reactions and is instrumental in determining the reaction mechanism and charge
consumpdion in these processes 197 The fisst application of FDM 3DP in SEC was reported in
20010 by Wilson et al., describing a holder to acconumodate convertional quanz windows and
optically transparent electrodes *, Two vears Inter, Svmes et al. presented a similar design with
quartz replaced by glass **. In 2013, Brisendine ¢t al. developed an insert to a standard cuvette
cquipped with conventional electrodes, making a thin-laver SEC cell &, In 20016, Achilli ¢t al.
emploved stereolithegraphic 3DP to manufacture o SEC cell with integrated optical windows
and conventional electrodes %, Tn 2001%, Wirth et al, reported the first use of 3DP ¢lecirodes in
SEC, minke ol either PLA graphens or PLA carbon black { FLA-CB) composites, and integrated
them in the housing printed from insulating PLA 7 In the same vear, dos Santos et al. reported
the manufacture of a Raman 8EC device composed of PLAgraphene working electrode and
insulating ABS housing = In 2020, Vandtkova et al. printed working electrodes from
PLA/carhon nanotube compesite and used them to perform SEC analysis in a quartz cuvette ',
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Above-listed SEC devices include non-2DF optical components (cuvettes or windows), making
thetr manufacture partially rehiant on conventional techniques. In this work, we present o Tully
0P SEC platferm, with a built-in apparatus for purging imspected solutions by an inert gas.
Electrically conductive PLA-CEH composite i3 emploved to print the working electrode, while
aptically translucent PET flament is used to print the cell. The applicability of the platform is
demonstrated by in-situ LTV-¥is absorption spectroscopic sensing of charge transfer reactions
in ruthenium acetylacetonate, ethylviologen dibromide, and ferrocenemethanal redox probes,

Experimental part

The design and printing of the SEC platform follow approaches developed tor the manufacture
of AP electrochemical repction ware presented inour recent works =% 15 7828 Geometries
of the cell and the working electrode (see Fig. 1) were devised in Fusion 360 (Autodesk Inc.,
UsA) program. The cell contains an electrochemical compartment {dencted as A in Fig. 1) for
housing electrodes, commected 10 @ pair of vessels (B and C) serving for de-aeration of the
solution pries fo the analysis, A1 the bottom, the electrochemical compariment has a groove o
accommodate the end fork-shaped pant of the working electrode, in which inspected charge
transfer processes and spectroscopic sensing take place. The electrochemical compartment has
i top openings, one for the 3DP working electrode and another one for a rubber Band with &
reference electrode (silver wire with AgCl laver) and a counter electrode (gold wire), Designs
of the SEC cell and working electrode were exported from Fusion 360 as stl files and processed
in Prusa Slicer 2.3.0, where instructions for 31 printing were generated.

Prusa I3 ME3S (Prusa Research s.ro., Pragee, Caech Republic) FDM 3D printer was used [or
the manufacture, The SEC cell was printed from franslucent PET Glament (HDglass Clear,
Formfuturu, The NMetherlands) emploving o C40 mm nozele and laver beight of €20 mm. The
moezle and the pad femperature were set to 220 and 80 °C. Working electrodes were printed
from the PLA-CE composate (Proto-Pasta, ProtePlant Iec., USA) emploving a 0,25 mm nozzle
and laver height of 0,13 mum, The nozzle and the pad temperature were set to 230 and 50 °C
Al objects were printed with a unity extrusion multiplier and printing speed set to 43 mm/'s for
internal penimeters, 23 mim's for small and external penimeters, 80 mim's Tor infill, and 130
mm's for non-printing moves. The SEC cell was printed with two perimeters and 100 %4 infill.
Working electrodes were printed with perimeters completely filling their internal volume,

Fig. 1. Design of the platform. Cross-sectional computer-assisted design image of the SEC
platform developed and wtilized in this work, depicting the workflow of 15 assembly.

Al solutions were prepared emploving de-ionized water (resistivity 18,2 MO cm, TOC 3 pph,
Millipere), Ruthenivn1Il) acetylacetonate (97 %u), ethylviologen dibromide (%9 %5), and
ferrocenemethanol (97 &) were purchased from Sigma-Aldrich, Their solutions additionally
comtained 0.1 M potassium chloride (Sigma-Aldnch, 99,5 %a) as a supporting electrolyte. The
working electrode was masked by nail vamish except for void segments in the fork-shaped part
and a small aren on the fop used as a contact. Upon drving. the working electrode was mserted
intex the electrochemical compartment. The solution o be inspected was introduced 1o vessel B,



It was de-aerated by argon gas fowing fom vessel O While pressurized, the cell was rotated
allowing the solution to be tranaported to the electrochemical compartment. The cell assembly
was completed by placing a rubber band with counter and reference electrodes. Spectra were
obtained wath & diode armay detector Agilent 8453 UV-Vis-NIR spectrometer. SEC
measurements were realized i staircase cvelic veltammestnc regime at the polanzation rate of
2mV s emploving Autolab potenticstat (Metrohm). Spectm wers recorded in 0.1 'V intervals.

Resulis and Discussion

We have selected three redox probes — mithenium( 11} acetylacetonate (Ru(ach), ethyiviclogen
(EV*"} dibromide, and ferrocenemethanol {FeCHzOH) - as model analytes to demonstrate the
applicabality of the developed SEC platfoom. All thres probes have reversible charge transfer
reactions rendering them sutable test bads for long-term monitoring of involved redox forms,
SEC expariments were parformed at a veltammetric polarization rite sat to as low as 2 mV s,
to provide sufficient time for the diffusional mass transport of reacting species betwesn the
working electrods and the selution bulk. Upon sach expenment, the absorption spectum of
water was recorded in the 3DP platform and was mathematically subtracted from SEC spectra.
This appreach filters out losses due to light seattening, reflection, and refraction in cell walls
and enables net spectral characteristics of sensed redox forms to be presented {Fig. 2.

_fﬁ‘-'-'.-
Fig. 2. Representative baseline-commected absorption UV-Vis spectra recorded in SEC
performed with 0.5 mM Rudac)s (AR, 0.5 mM EV®* dibromide (D to G), and 4 mM FeCH0H
(1,71 in de-perated aqueons 0,1 M ECl solution at 2 mV &', Pangls C, H, and K show absorbance
transients.

For Ewjac):, the imbal spectrum (Fig. 24, hght curve) shows a dominant alsorption band
centered at 340 nm. Upon reduction, this feature decreases, while imtially subile band becomes
proncumeed at 490 mn, bang charactenistic of the radical andon Rufac)s. In the re-oxidation
step (Fig, 2B, the band at 490 nm disappears wlale the onginal band at 340 nm is completely
regained. Full restoration of the original spectrum indicates that the entire amount of the
electrogenerated radical anmion Bufack: 15 converted back to the ongimal form Ruack. An
1sosbestic point may be noticed at 400 nm comoberating the chemical reversibility of the charge
transfer process. Fig. 20 shows absorbance transients evaluated at absorption maxima (340 and
A% nm). In both the reduction and re-ceadation steps, absorbance walues reach plateans
indicating that the reaction conversion of the charge transfer process approachzs wmity.
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The electrochemical reduction of EV® proceeds via two consecutive one-electron steps
{denoted as redlred2 and ox1/'0x2 in Fig. 2D 10 H). This probe was selected to inspect the
ahility of the presented BEC platform to sense a radical cation EV™ as a reactive intermediate
{maxima at 325 and G000 nm). Found chemical reversibility {compare Fig. 210 and F) confirms
that the presented platform allows SEC sensing under strictly oxygen-free conditions.

We have further chosen FeCH20H probe 1o explore the Tunctionality of the SEC platform in
the anodic potential range (Fig. 211, The signal of the electrogenerated radical cation product
evaluated st 63 nm (Fig. ZK) reaches a platean and is maimtained for several hundreds of
seconds, implying complete reaction conversion and high product stability.

Conclusions

The combination of comparter-assisted design and fused deposition modeling 30 printing was
emploved 1o devise  and  manufacture  a microfluidic  platform for  absorption
spectroelectrochemical measurements in the UV-Vis range, The device conlains mo
conventional optical elements (cuvettes or windows) and imnvolves an integrated facility for de-
acrating solutions. The functionality of the device was successfully demonstrated by cvelic
voltammetric spectroclectrochemical measurements employing three redox probes. The
presented  platform will be  further emploved for obtaming  spectroclectrochemical
characteristics of biologically active compounds *' and building blocks of molecular electronic

devices 7 and will be integrated as o sensing clement in lob-on-a-chip separation methods
33
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Ahstract

The paper deals with a detailed study of the electrode’'clectrolyle interface wa OV dala
processing by elimination voltammetry with Imear scan (EVLE). Using the example of a
diffusion-contrelled one-electron reversible svstem and selected elimination functions, the
contribution of the charging and kinetic current components to the total vollammetric current
can be observed m detail and concluded on how vanous experimental parameters affect the
clectrode process,

Kevwords: Pencil graphite electrode, Cyvclic voltammetry, [Fe [f:x}glj"l'. Electron transfer,
Elimination voltammetry with linear scan, Electrical double laver.

Introduction

Cyelic voltammutry (CV) is one of the most widely used electrochemical methods to investigate
both the reduction and oxidation processes of molecular species. It provides rapid information
abowt a properly functioning electrode setup and the imitial data on the reversibility,
irmeversibility, and kinetics of the electrode process ' CV is populor and highly useful for
menitoring the proper functioning of an electrochemical set-up led by a working electrode
Petassium ferro/fernicyanide electrolyte ([Fe(CNg]"[Fe{CN%]") & most often used as a
standard redox probe in this test, representing a diffusion-controlled one-clectron process in an
aqueous salt solution (KCT) Y. The pure reversibility of the process can be argued, as it depends
on many parameters, but mostly on the chemical composition and morphology of the surface
of the working electrode. In recent testing of graphite electrodes, we have revealed that such a
polymer peneil electrode (Tombow ) with an anodic and cathodic peak difference of arownd 70
mV has the high electron transfer rate of the above-mentioned ferra/ferri complex *.

Elimination voltammetry with linear scan (EVLIS) ** was derived in the past precisely for
reversible electrochemical processes. If the diffusion component of the current is eliminated by
means of ¢limination functions. the EVLE function conserving a kinetic current component
{5} or charging current component {E6) would have 1o have a zero value for the reversible
system. Our experiments have shown that this is not the case and that it does nod have 1o be a
simple electron irnsler (ET) labeled an owler-sphere electron ransfer, In other words, EVLS
ix able to show how the redox signals are influenced by many experimental parameters *. Our
contribution shows how EVLS can be useful in this direction and can test the influence of
capacity and kinetics on corresponding electrochemical processes,

Experimental

The ecyclic voltammetry was measured by wsing a pAUTOLABE (Metrohm, Herisau,
Switzerland), connected 1o the electrochemical cell with a three-electrode setup. The
graphite electrode acted as a working electrode, the Ag/AgClAM KOl electrode serves as a
relerence one and the Pt oplate functions s a counter ¢lectrode, The range of the scan rales
comprised values from 2 mV/s to B0 mV's, and the potential window was set up for the region
fromn -0.3 W 1o 0.8 V. The experiments were all condwcted at a constant room temperature (23
“Ch It should be noted that the three polarzation rates were invariably measured on the same
clectrode. Electrodes (0.5 HB Tombow or Stacdtler) are commercially accessible pencil leads
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(Ulra-polymer, Tombow, Japan: Staediler Mars Gmbll & Co) To compute the EVLS
functions we used the Maple Caleulator. All of the EVLS data (the functions E4, E3, E6) were
processed for the imeger 2 (1 2w veg 2w scam rates) by using Microsoft Excel, and the
araphical design was delivered with Origin.

Hesults and discussion

ALY data of the ferro-fern complex m aqueous KO solutions were processed using an EVLS
procedure o obtain the E4, ES, and E6 functions:

Sl = TLESTM + 174850 - 552841, (- Fd)
which eliminates the charging current (§:) and the Kinetic current (k)

and conserves the diffusion curmrent {fg)

fil} = 65284052 - R.24261 + 241421 (- ES)
which eliminates the charging current {4} and the diffusion current (12)

amd conserves the kinetic current {fe): and

Sl = AB2RAL ;- B24260 + 341421, = 6)
which eliminates the kinetic current (1) and the diffusion current (1)

amd conzerves the charge current (1),

The throe total voltammetric currems (measured at L2t Veat, 2vef scan rates) were invariably
mensured on the same electrode.

Agcording to EVLS theory, ES only applics to the kinetic current in EVLS, while E6 is only
resporesible Tor the charging current, DifTusion is a factor that confirms the diffusion-controlled
electrochemical process of the [Fe(CNk]*™ redox couple. Consequently, after EVLS is
eliminated, E3 and E6 should be close to the zero line, Based on these EVLS functions which
climinate the diffusion and charging current components or the diffusion and kinetic current
components, we performed a detailed analysis of the state where the electronics meet ionics,
An emphasiz was placed on the relationship between the dyvnamic response of the electinic
dowsble laver and (i) the material of the graphite electrode, (i) the concentration of 1he
[Fe(CM)s), (i) the concentration of the KCI, and (iv) the presence or ahsence of oxygen in
the salution,

It should be emphasized once more that all three total voltammetric curments were measured on
the same clectrode because EVLE is very sensitive to changes in the EVLS surface. Twao pencil
graphite clectrodes (Tombow and Stacdtler) were tested by elimination {Fig. 1), While the CV
records show no significant difTerence, the EVLS Eé with charge current conservation shows a
distinet amef reproducible signal that shows o depression in both directions of electrode
perlarization (forward and reverse) and produces a drop-shaped current record (drop-shagped
depression - DS
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Fig. 1. A comparison of the recordings: the CV and the calculated elimination functons (- -

- E4, ~~E5, and == E&} of the 0.1mM [Fe{CN|** in the 0. 1M KO, relating to the electrodes
pPeGE Tombow and pPeGE Stacdtler. The reference scan rate (—) was 40 mV/s.

The mentioned DSD elimination signal (EVLS E6) was dependent on other expenmental
coaelitions, such as the concentration of the complex and the supporting electrolyvte, the range
of scan rates, and the presence of oxvgen in the solution. With the increasing concentration of
the complex, the DSD increased, bt in the case of the imcreasing concentration of the
supporting electrolyte, 1t was the opposite. It was interesting to find that the presence of oxygen
in the solution is a favorable parameter for the [FaiCN)e]** redos process; without oxygen,
S0 15 prominent.

Toexplam the DSD signals we simmilated voltammetric curves for scan rates of 10, 20, 40, and
B0 mVis by using the MNemsat equeation amd Fick's second law, Tt was found that the DS signal
is closely related to the isc-current point”,

Concluslons

Our new electrochemical approachin the fomm of EVLS helps to understand electrods processes
al the nanoscale, 10 can be useful not only in the solution of mechamste studies of molecular
electrochermistey but also in the study of electneal double lavers ininterfacial electrocharmistry.
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Electraphoretic Menitoring of 3-hydreosybutyeate as an Indicatar of Starvation with
Inverse Tunahle Electreosmatic Flow
(Elektraforaticke monitoroviani 3-hydrosybutyeatn jokoe indikators hladovéni s
ohrbcenym laditelnym elektroosmotickym tokem)

Petr Tima
Charles University, Third Faculty of Medicine, Department of Hyvgiene, Buska 87,
T1CKY (o) Prague 18, Czech Republic, E-mail: petr. tumaig 13 cuni.cz

Ahstract

Electrophoretic determination of 3-hvdroxybutyrate {3HE) as an indicator of ketogenesis in
human senum iz performed in fused silica capillary covalently coated by anionic copolvmer of
paly{aerviimide-co-sodium-2-aerylamido-Z-methyipropanesulphonate ) (PAMAMPSE). A 20
pm capillary with an effective length of 16,5 cm covered by 4% PAMAMPS coaling generales
in 80 mM MES/ s 05 background electralvie o cathodic EOF of .3+ 10 m* Vs 15 pl of
serum is mixed with 45 pl. of acetonitrile, and after shaking, subjected 1o CE analvsis, The
achieved LOD and L0 are 0043 phd and 144 phd, respectively, in combination with wiversal
contactless conductivity detection, and are low enough to monitor physiological 3HB levels, A
climical study revealed that serum 3HE increases from a concentration of 71 pbd corresponding
to a nomal diet to a level of 1924 pM afier 60 h of fasting. and a return to physiological
concentrations occurs as ¢arly s 48 h afier nitiation of the high carbohydrate diet.

Kevwords: Clincal analvsis, Cagillary electrophoresis, Coating, Comtactless conductivily
detection; helogenesis; Stacking,

Uwod

W opribéhu  hladovéni klesa  dostupnost volné  glukdzy  wieind glukogennich  substritd
a pfevladajicim zdrojem energie se pro lidské 1¢lo stavaji tuky. Za tohoto stava dochazi
v jitrech ke zvyieng degradact masinych kvselin na acetvl-koenzym A, ze klerého se 1vofi
ketolatky, Primimeé vznika acetoacetit, Klery je oviem jako ketokyselina nestabilm a redukuje
se na 3-hydrosybutyeat (3HE) 7. 3HE je hlavni transporini formou ketolitek a je vychylivan
extrabepatilnimi thandmi, pro néd se stiva vwznamnym zdrojem energie jako ndlwada za
glukden, kierd je fctfena phedeviim pro mozek. Vedle toho samovolnon dekarboxylaci
acetoacetatu vanikd thetl ketolitka aceton, jei je odpadnim produkiem metabolismu a je
v nezménéné formé vyludovin = téla plicemi a ledvinami. Privé 3HB piredstavuje hlavni
indikator ketogeneze, Podinim jednorazove divky glukdey napf. prostiednictvim orilnibo
glukdzovéhe toleranénibo testu (ol 1T 5o tvorba ketolitek potladi. metabolismus se preklopi
na glukogenni, jehod hlavnim metabolickych indikitorem je hlading plasmatického laktiiu
(Lac). Stanoven! laktibn v krvi se provadl v rimei klinicke biochemie pomoci enzymatickych
meted v kombinaci se spektrofotometrii nehe ampérometrii *, dile plynovou chromatografii,
kapalinovou chromatografii a kapilimi elektroforézou (CE) *. Vzhledem ktomu, ¢ se
koncentrace plasmatického laktdgu pohyvbuje na milimolimich koncentraénich hladinach. tak
neni poticha wwyvijet vwesoce citliva stanoveni. Maopak pro stanoveni 3HB v krvi se v Klinické
biochemii wvyudiva nékolikn enzymatickych  kinetick:dich metod, popfipadd  kombinace
enzymatickyeh metod o ampérometrie. Dolni stanovovand mez 3HEB se pohybuje kolem
0.3 mmol'l. a uvadi se, #e validni data o analyticksch nacich téchto metod a vkazatelich
analyticke kvality nejsou dosud K disposion nebo jsoun kontrovereni, Fyeiologicke hladiny
krevirllvo 3HB jron oviem na mikroolirnich hladindch a tim venika potfeba providen citlivé a

spolehlivé stanoveni 3HE 7,
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Pro- dosakeni vysokého elebtroforetického rozliteni v CE je wwhodné providst separaci
& protismérnym elektroosmotickym tokem (EOF), jeho? velikost je v absolutni hodnote mensi
ek elekiroforeticks mobilita analvti % Poazorovana rvchlost pohyvbu analviu je za téchto
podminegk  dmémd roxdiln meri  elektroforetickon a  elekiroosmotickoun  mobilitow, co
Jednoenatng phispiva k vedjemné separact ldtek = velmi blizkymi hodnotami elekiroforetickych
mabilit. Tento koncept je zaloken na generovani laditelného EOF. kiery je nezdvisly na slodeni
a pH miklndniho elektrobiu ™% Kmodické pokrvti kfemens bylo dosud renlizovino
presifednicivim kovalentng navizansho kopalvmen poly(acrylamide-co={ 3«
acrylamidopropyDarimethy lammonium chloside) (PAMAPTAC) s promanlivim zastoupenim
katodické slozky predstavovand kvartermi amomiovou soli, ktery genenge laditelny anodicky
EOQF *. PAMAPTAC pokrvti byvlo dosud pouZito pro separaci ancstetika ketaminu a jeho
derivitii %, aminokyselin s vétvenym postrannim fetézcem !, methyihistiding '* a antiepileptik
* Ohdobny splisob fefeni je navrien pro oddéleni 3HB od ostatnich organickdch kyselin
pritomnych v lidském sém. CE separace je tentokrit provadéna v kiemenné kovalening poknié
aniontovym kopelymerem polvacryvlamide-co-sodipm-2-acrylamideo-2-
methylpropansulphenate (PAMAMPS) s proménlivim zastoupenim amoniové slezky sodium-
2-acrvlamido-2-methylpropansulphonate (AMPS), ktery gemeruje laditelny katodicky EOF
sméfujici proti migraci aniontt erganickych kyselin ',

Experimentilni Sist

Kapilarni elekiraforéza; Viechny CE analyvzy byly proviadény na elektroforetickém pfistroji
HPY CE (Agilent Technologies) vybavenym bexkontakinim vodivostnim detektorem (C40)
1, CE separace organickych kyselin je provadéna v kapilafe se 4% PAMAPMS kapilife a v
polvakrylamidem pokrvié kapildde (PAM) & potladenym EOF. Obd kapiliry maji witini a
vigjdl primer 20 pm360 pm, celkova délkak C4AD 315 cm/163 om  (Polymicro
Technologies). Jako xikladni elekirolyt byl pouiit 80 mM MESSD mM His, pH 6.0, Veorky
Jeou do kapiliry davkeviny tlikem 30 mbar po dobu 120 =, Separace je Fizena napétim -20 kY
Zpracovdani voorkh séra: 15 pL. rozmrazeného séra je smichino s 45 pl. acetonitrilu a 2 min
vorlexovano pro odstranénd proteinit, Po cemtrifisgact je 50 pl. supematantu pouzite k analyvze
Firaba PAMAMPS kapildey: Novid Kapilira je nejprve promyta | M roztokem NaOH a poté
silanizoving  3-(timethoxvsilvlipropyl  methakrvlitem, Masledné je  kapiliry  naplnéna
polvimerizadini smési tvofend anodickym 0,7 mol T AMPS a neutralndim 0,7 mol/L akrylamidem
& tim. #e¢ zastoupeni wontové slodky AMPS je v roemezi 0 — 15% mol (Obr. 1) Nasledné je
provedena teplem fizend polymerace a jejim dokonteni jo zbyick polymeratni smési vyiladen
# kapilary, Klinickd stedie: Do studie je zahmuto 10 zdravich Zen s primémym vékem 39,7 2
5,2 (8D let w BMI 32,7 + 4.4 kgm?, kleré dlouhodobé piijimagi béknou ommivomi strav, B
watupu do studie byl nalaéno odebrin veorek krve (Dikbasal — zikladni odbér v nulty den), poté
proveden orilni glukozovy tolerantni test (oGTT) a po 2 h odebrin druby vzorek krve
(IMVeGTT) Poté dobrovolnice po dobu 60 h nepfijimali Zidnou strav a thetl den rano jim bylo
odebrino sérum nalatno (D3 bazal - zdkladni odbér ve 3. den) a po oGTT (D3/0GTT)L
WV onidsledné refeeding faxi dobrovolnici konzumovali vysokosachanidovou strava po dobu 48 h
zakonéenou odbérem séra nalaéno (D5basal — zakladni odbér v 5. den) a 2 h po provedeni
oGTT (D5/0GTT).

Visledky a diskuse

Protismérng CF separoce orgamickyok byselin v PAMAMPS © Separace modelove smési péti
organickych kyvselin byly provedeny v 4% PAMAMPS kapilafe a wisledky poroviiny
& neutralng PAM kapildron, Tabulka I Katodicky EOF v 4% PAMAMPSE o velikosna 830 4
0,00 - 107* m*/V.s smiuje proti elektromigraci organickych kyselin, cof vede k prodioweni
migranich &asi v porovmini s PAM = potlatenym EOF. Prodloueni migrabiniho &asu se
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projevi vvEEm roEmyvtim piki vlivem difiize i elekirodisperze, cod ma za nisledek nidsi
separacni whinnest & nizs vwiku piku, Hlavni separaéni parametr 1, eleXiroforetické rozlizend
(1) naopak verosta, u kritickych péari acetoncetitlaktit 2 hodnoty 1,22 pro PAM na 140 pro
4% PAMAMPS a pro par pyroglutamit 3HE x hodnoty 1.03 na 1.25 (Obr. 2). Zvyleni
elektroforetického rozlideni lze vysvelit tim, e analyt setrvava v kapilafe po delsi dobu pod
pirsobenim separaéni pole.

A ¢ %/ . B
o —— Ty m
A e ] B
Pau o amps =
100-B5% ¢ o & 0-15% |
|-}
= 188" 4
8| a
-
L1 LR
le.l:ﬂﬂj\ mcm:m | |
"'\-.o-" '\-\. an
m, Si0; Si0; m, g " AMPS (mol)

Obr. 1. (A) Schéma piipravy  polvmerizadni smés  (vodend  pewtribm  monomerem
akrylamidem a anodickou slodkou AMPS: (H) Favislost velikosti katodického FOF ma
melimim zastoupeni AMPS v polymeradni smisi.

Monitorovini 3HE v Tdddm séen v pribdhn Madovéni: Fyaologicke sérum bylo spikovano
SHE v kencentradnim intervalu 2- 10000 pb {Tabulka 1), Kalibradni sivislost plochy pike n
koneentree je lineimi se smémmiei 28,2 £ 0.0 pVomin b g Koeleientem determinnee 09999,
P smirmice givislosti vizky piku na koneentroei 31T je uréen LOD juko 3% Sum C'DVsmémice
a LOGCY jako 10% sum'zmérmice. Stanovend hodnota LOD je 0,43 phd a LOCY 1 44 uM, co? jsou
hesdnoty minimalng o fd nizsd, ne? byly dosud pomoci elektromigracnich metod dosakeny,
Intra-day repeatability byla unfena pro deset po sobé nisledujicich analyz jednoho séra, kieré
byle opakované zpracovino. a BSD pro plochu piku je 3.1% a pro migraéni &as 1.3%. Inter-
day reproducibility pro provedena 2 analyey jednoho veorku séra. které bvlo v pribéhu (i
nasledujicich dni méfeno kakdy den pét-kril s RS pro ploche piko 6.5% o pro migméni éas
3.1%. Soutasné s 3HB byvly ve veorcich séra stanovowviny 1 vwsoke hladiny lnktat,

15‘2
A CJS%

EJU[UE ) Ulne

:.] a0 !I 2 4 24 e m
Time [mir}
Obr. 2. Separace modelové smési organickyeh kyselin (A, B)a lidského séra (C, 1)) provadénd
v PAM-kapilife (A.C) versus v 4% PAMAMPS (H.12). Identifikace pik(: 1 — acetoacetat, 2
laktat, 3 — pyvroglutamat, 4 — 3HB, 5 — aspartat.
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Tabulka L.
Parametry linedrnich regresnich zdvislost pro plochu a sv3ku piku 3HE a laktitu pii spikovini
neupraveného séra, 81 v zivorkich

IHR Laktit
Tnterval, phd 2= 100N 2. (N
Smérnice - plocha piku, 2807 (008 li 64 (0,05
WY min, !
R 1), 000 1), 0
Tnterval, phd 2 - 100 2- 100
Smérnice — vyika piku, 13,90 (0,200 12,71 {010
[TATATAY
" (19987 [} 0057
LOD, pb (mg'mL) 043 (44.T) 047 (42,3)
LAY, b {m'ml) 1,44 {149 8) 1,537 {141 4y

Ma CE/CAD #hznamu fyziclogického séra je patry deminanind pik chlondi a dile druly
wyrazny pik laktaty, Za pikem laktdtu nasleduje série malveh piki mezi nimiz je identifikovin
3HB, kterd je od ostatnich slofek séra oddélen ad na zikladnd lindi. Zmény v sérovych
hladin 3HB a laktitu v prihéhu fyziologickdé studie jsou dokumentovany na Obr. 3. fe
stanovenyeh hadnot 3HE v pribéhu Klinického experimentu provedeného na 106 jedincich
vyplvva: pfi normélnim viZiveyvém stavu je bazalni hlading 3HB na drovni 71 pd. 60 b treagici
hladevéni vyvoli intenzivni ketogenes a hlading 3HB 270 nasobné veroste az na 1924 ph a
po obioveni piijmu petravy vwsokosachardovou stravou Klesne za 28 hona 28 pM, Jednordzovi
aplikace 75 g glukdzy snizi jiz po 2 h hladinu 3HB dle fee infervence 108, 226 & 3 30 ndsobné
(100, 133, 13), Tahulka II. Maopak bazdlni sérovd hladina laktatu se v disledku hladovéni
wyrazid nemiéni {1266 phd pli vatupu a 1174 pM po 60 hhladovéniya verist na 1E20 uM vyvold
aF ndsledny refeeding vysokosachandovou stravow. Sérovy lnktat ale citlivé reaguje na pfijem
glukozy poaplikact ol 1T, kdy jeho hladina veroste o 29 a7 74% v zavislosti na izl intervence.
Provedend studie jasné uknzuge, ke pro nastoupend imlerzivi ketogeneze je dostateémych &0 h
hladevém, stegné tak 48 h po naveaie K bédné sirave se metabolismus vraci do normalniho stavu
Soudasnt & im se prokazalo, 2o jednorizovy piijem 73 g glukdzy perosdlng snizi béhem 2 b
vysokeuw hladiou 3HB ak 2260 ndsobad a zdroved 2vvil Madiny laktatu emed dvojnisobng,

=]

5

3HB

,? Lac
HE —
) 3Imv

Lac

o

L
All LB
2II: 2‘! :IID :II!- :‘Iﬂ

Time {min)

Ohr. 3. Electropherogramy séra jedneho dobrovolnika v privchéhu kliniekého experimentu. A
wvalupni odbér séra jedinee stravovaného béknou dietow, B — odbér po &0 hod hladoviéni, C
nisledny odbér provedeny 2 hod po perorilnim pfijmu 75 g glukaey aplikované po 60 hod
hiladovém

]
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Tabulka I1.

Sérové hladiny 3HE a lakidtu pi noemdlndradtinei diete (D), po 60 b hladovéni (D3) a
nashednem 48 b refeedingu (D3), zakladni odbér (bazalya 2 h po oGTT, Dita predstavapi primeér
10 vzorkil + S

3HRE, uM IHB - Pomér Laktét, pM  Lakidt — Pomér
hazal o (GTT ol TT hasal
Dikhasal - vsiup T4+ 3.9 10,3 1266« 438 1,38
Dol TT - vstup G8425% 1746 < 11
D3/basal « hladovéni 1924+ 901 23 174320 1,74
D3/oGTT - hladovéni 5.6 + 36,7 2047 = 490
DS/ basal « refeeding 28+ 10,4 33 18200 = 450 1,29
DS/l TT - Nf\!n.‘*.li._ug £4=173 2340 = 580

Lavir

Prer separaci mdikitoru ketogendze 3HBE v lidskem sére od estatnich organickych kyselin lze
& vwhodou vyvuiit PAMAMPS kapildne PAMAMPS pokryti s proménlivych slofendm iontové
slozky AMPS generuje laditelny katodicky EOF o mobilitich v rozmezi 4 — 20 - 107 m* Vs a
separace smési organickych kyselin se provadi v protismérném redimu, cof prokazatelnd
zvviuje elektroforetické rozliseni. Counler-current separace v kombinaci s univerzilni C413
predstavuje silny analvticky ndstraj pro citlivé monitorovini 3HE v krevnim séru bez potichy
providét laborstomi prekoncentraci nebo denvatizaci veorku, K 15 pl séra je piidin
trojudsobny objem ACN, veorek je protfepdn a supernatant piimo davkovin do kapilary,
Waechny ostaini operace probihayi plnd aomaticky a jsou fizeny bédnym softwanem phisiroje,
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An Epeymatic Biosensor with Amperometric Detection in a Flow Injection Analysis for
the Determination of L-lactic Acid: Develspment and A pplication
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Dolejdkova 3, 182 23 Prague B, Crech Republic. E-mail: soffia tvorynskacd jh-inst. cascz
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Adbstrmet

An amperometric biosensor consisting of an enzymatic mini-reactor (lactate oxidase covalently
attached to —NH: functionalized mesoporous silica powder SBA-15 using glutaraldehyde) and
a silver amalgam-based screen-printed electrode acting as a transducer was developed for the
determination of L-lactic acid (LAY m FIA. The detection potential of —0.% V= Ag pseudo-
reference electrode was apphied for cathodic detection of enzvmatically consumed oxyvaen
Uncler the optimized conditions, the constructed biosensor enabled selective determination of
LA with a micromalar limit of detection. Tmportantly, the proposed bicsensor represented
excellent operational stability after =350 measurements. Finally, it was successfully applicd to
real sample analysis.

Kevwords: L-lactic acid, Lactate oxidase, Amperometric bicsensor, Flow injection analysis,
Screen-printed  electrode.  Silver amalgam, Enzymatic mini-reactor, Covalent enzvme
immobilization, Glutarsldehyde, Mesoporous silica powder,

Introduction

L-lactic acid {2-lvdroxypropanocic acid) is the final product of glveolysis and i= generated from
prruvie acid under anacrobic conditions in skeletal muscles, the brain, red blood cells. and the
kidney !, The baseline LA level in blood ranges from 0.5 to 1.5 mM ot rest and rises to 25 mM
during imlenze exertion %, In healthy people, LA is rapidly excreted from the body by the
metabolism in the liver and kidney ! at a rate of 320 mM b Any disorder that cawses an
imbalance between LA production and LA clearance may lead 1o lactic acidosis ) Clinically,
causes of lactic acidosiz can be divided into two types: type [ disorders, in which there i
decreased lissue oxygenation, such as with shock., left ventricular falure, sepsis, and poisoning
with carbon monoxide and cvanide; and type [T disorders. which are caused by corain
drugstoxine along with svstemic disenses, including renal and hepatic failure, diabetes, or
inbom error metabolism 2, Moreover, elinical studies of prostate and breast cancer have shown
that the malignant translormation of nermal cells into wmor cells often lemds o an nereased
aceumulation of LA concentration in most solid tumers ! Therefore, LA monitoring as a
significant biomarker has been widely used in clinical analysis for the diagnosis of a wide range
of dizeases, including cancer.

Additionally, LA level is monitored in the fermentation of dairy products to indicate their
freshness. stability, and quality ' The increasing concentration of LA is monitored for
assessment of the course of malolactic fermentation n the wine industry, where tart-tasting
malic acid, naturally present in grape mast, 15 converted inlo sofler= and creamier-tasting LA,
lensdimg 1o lowering of overall acidity and tartness of the wine (the content of LA in wine can
be increased up o 3 g 171 %,

The development of amperometric biosensors Tor LA determination has gained imcreased
research interest due to their simplicity, high specificity, good repeatability. and rapid response.
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Despite the Fact that a large number of LA biosensors based on lactate dehvdrogenase or lactate
oxidase {LOx) have been proposed, the maim problem related 1o low stability/short lifetime
inherent in the biozensing approach remains wmresolved &7 In addition, many biosensors are
atill complex in design and require a bong amd cumbersome fabrication procedure.

Omne of the approaches to improve the stability'reusability of enzymatic biosensons is 1o increase
the amount of immobilized enzvme. In the case of enzymatic electredes, the enzyvme loading is
limited by the suerface area of the electrode. In Mow injection analvsis (FLA), however, 1l is
possible 1o spatially separate the biorecognition part from the transducer. In this case, the
enzyme is atlached to a support forming a mini-reactor that is placed in the flow system
upstream of the transducer. This appreach allows for the immobilization of a notably larger
amount of enzyme, which leads to an mmprovement m biosensor lifetime reusability.
Furthermore, the biorecognition part is independent of the transducer, i.e. the mini-reactor can
be ensily and quickly exchanged withow changing the transducer, Besides, biosensors with FIA
made offer additional advantages such as high sample throaghput, less severe detector fouling
problem than in batch mode, low substrate consimption, aufomatized measurements, and how
instrmentation costs *.

Therefore, in this work, we have proposed a LA biosensor that couples the principle of a
spatially segregated biorecognition and detection part with a principle of monitoring oxygen
consumpdion (instead of hydrogen peroxide formation), which solves the issue of low stability
and aveids interference from the oxidizing compounds,

Experimental

Sodium L-lactate (=99.0 %&), lactate oxidase from Aerococens weidans (LOx, EC 1.1.3.2;
45 U mg 'y glotaraldehyde (GA. 25% agueous solution), (3-aminopropyljtricthoxysilane
[APTES, >98.0 %), mesoporous silicn powder SEBA-15 (surface area = 600 m* g, particle size
2 — 6 pm, pore size = 7 nm} were purchased from Sigma-Aldrich®. All other chemicals were
of pa. or higher grade,

Amperometric measurements were mmplemented with a computer-comtrolled electrochemical
stamd  (Polaro-Sensors, Crech Republick equipped with MuliElchern w. 3.1 software
(1. Hevrovsky Institute of Fhivsical Chemistry of the CAR). All experiments were performed at
the laboratory temperature of 25 + 0.5 «C maintained with air conditioning. The flow injection
system with electrochemical detection consisted of a linear syringe pump NE-1000 {New Era
Pump Systems, USA), a Jeposilion G-port sample mpector valve Rheodyme MXX 777-601
(IDEX Health & Science LLC, USA), an injection loop (laborstory-made of Teflon® (FTFE)
tubing ¢ 100 ar 200wl 30, a solenoid operated micropump 1308P1220-1TP (Bio-Chem Fluidics
Ine., USA) the LOx-based mini-reactor, and a commercially available flow wall-jer cell for
screen-primted electrodes (tvpe FLWCL, Metrolm DropSens Co., Spain) with a laboratory-
made silver amalgam-based screen-printed electrode (AgA-SPE) including a disc of silver
amalgam {AgA) with o diameter 1.6 mm as o working electrode (WE). a carbon and a silver as
the auxiliary electrode] AE) and pseudo-reference electrode (peeudo-RE). respectively. A cable
connector (type CAC, Metrohm DropSens Co., Spain) was used 1o connect the SPE to the
analyzer, The individual componemts in FIA were connected by means of PTFE and PEEK
capillaries {inner diameter of 0.5 mm and owler diameter of 1.6 mm) purchased from ECOM
Lid. (Crech Republic)
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Resulis and discussion

The principle for the determination of LA in the flow injection analysis using the proposed
binsensor ¥, hased on the spatially separated parts of biorecognition (LUr-based mini-reactor)
and detection (AgA=SPE). is depicted in Fig 1. The enzymatic mini-reactor is representesd by
L0 covalently immobilized via GA technigue, which, based on our previous researches * 19,
proved to be the most favorable, on mesoporous silica powder SBA-15 pre-treated with APTES
te form surface —NH: groups. The LOx immobilized amount was found to be 0016 g per 1 g
of SBA-15. The AgA-5PE. constructed by eloctrochemical deposition of the mercury on
commercially available Ag-SPE " to obtain a 1:1 mass ratie of Ag: Hg, was proposed to be
wseil as a transducer for amperometric monitoring of eneymatically consumed oxygen by its
four-clectron reduction {see Fig. 1)

L standand solution | LA-cortaining sample
Carrier 0
salution
- Syrings | .-r( Enzymatic (LOx) ninl-rawtot)
Rowia| FOOF

4

| Enzymatic mini-reactor: L-lactic acid + LOx,, — pyruvic acid + L%,
! LO%p + Oy — LOn, + HO
|

1
1
1
L]
(]
1
Ll

| Working electrode - Agh: O + Hy0 + dg= o 1menin B

Fig. 1. Schematic diagram of LA determination in flow injection analysis by the developed
amperemetric biosensor (LA — Lelactic acid, LOx ~ lactate oxidaze, SPE ~ a screen-prinfed
A-glectrode system including the silver amalgam as a working electrede { WE), carbon and sibver
as the awxiliary electrode { AE), and pseudo-reference electrode (pseado-RE), respectively).

The optimizatien of the bicsensor response by investigating the parameters, such as the pH of
the camier solution (pHis. 6.0 — 9.0), the detection potential (S, from —0.2 to 1.4 V), the
flow rate of the carrier solution (e, 005 — 0,45 mL min*), and the injection volume (1, 20

200 pLy, was performed whilizng a standard solution of 300.0 pM LA Accordingly, the
optimal vaheez were established as follows: pHes of 7.4 (0.1 M phosphate buffer, 1.0 mM
MNa:EDTA), Eaa of ~0,9V (vs, prenda-RE), voew of 0,2 mL min 1 and ¥ of 60 pl.,

Mext, under the optimized conditions, the concentration dependence of LA was reconded to
verify the applicability of the developed biosensor, and the attaned figures of merit are
summarized in Table [ along with the cstimated limit of detection (LOCY) and limit of
quantification (LOCY). The proposed biosensor fulfills the requirements regarding the LA
analysis in biclogical fluids (e.g., saliva, sweat, and bloed serum), wine, and dairy products in
terms of sensitivity, as 1t provides sufficient LODVLOCG values. Moreover, dunng the
interference test, no significant allerations (less than £3.0 %5}, in the biosensor response b

213



20000 bt LA i the presence of ghieose (1.0 mM), ascorbic acid (200 phd), uric acid {200 ),
urea (200 phd), or dopamine (200 phd) were detected, either alone or in their mixture, The RED
values, shown in Table 1, reflect the Tact that the measurements with the proposed biosensor as
wizll a5 hoth procedures — the preparation of LOx-based mini-reactors and construction of AgA-
SPEs — demonstrate excellent repeatability.

Tahle 1.

Analytical fOgures of ment attained for LA by wtilizing the developed brosensor and the
calculated LOTY, the LOW), and relative standard deviation (RSI)) values (all wncertainties
denote standard deviations (81N

Parameter WValue

Linear range, phd 4.0 — 5000
Intercept (@ + 8Da), pA D0EST + LO1RT
Slope (b 8D}, pA phd ! 0,047 + (L0003
Correlation coeflicient (7} (0.9985
LOD (38D [ b), pM 12.0

LOG (108D, / ), pM 40.0

RED* {11 paralle]l measuraments), %o 23

RED* {two independently prepared LOx-based mini-reactors), %o 4.1

RED* {twe independently prepared Az A-SPEs), %o 3.5

ES000 ki LA

Mevertheless, the most impressive outcomes were achieved in lerms of operational stability, as
twio independently prepared LA biosensors demonsirated 3.8% and 82.5% of the signals afler
each being used for 350 measurements over 120 davs (the biosensor response of the first
measurement was taken as 100%),

The proposed biosensor was successfully tested for LA determination in human saliva, red
wine, and dairy products {vogurt and kefir) using the method of multiple standard additions,
The recoveries i the range of 95.0 — 1051 % attamed i the estimation of LA contents pre-
wdded 1o saliva indicmted the correctness and reliability of the analysi= using the constructed
hivsensor,

Conclusions

A simple and cost-effective biosensor was developed for the amperometric determination of
LA in FLA. The biesensor configuration includes the spatially separated biorecognition and
detection part: an casily replaceable LOx-based mini-reactor i= connected in fromt of the flow
wall-jel cell equipped with the AgA-SPE acting as a transducer. The eneymatic mini-reactor is
hased on the covalent attachment of LO% via GA 1o mesoporous silica powder SBA- 13, pre-
coated with ~NHz groups using the silamization technique (APTES), Oxvgen consumplion as
the result of the enzvmatic reaction was monitored amperometrically by applving the datection
potential of —0.9 V wi Ag preudo-RE. The developed biosensor exhibits sufficient sensitivity,
high repeatability, good selectivity, remarkable reusability, and promising  practical
applicability. In addition, the simplicity of preparation of both the LOx-based mini-reactor and
the AgA-SPE as well a5 the ensy replacement of the enzymatic renctor are other advantnges,
Thus, this rescarch represents new prospects in the development of simple, low-cost, and highly
stable enzymatic biosensors
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Effect of Functional Group Stabilization on Charge Transport Properties of
4.4 -Hiphenol-hased Maolecnlar Switch
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Ahztract

Inn this work, we present the results of an expermmental study concerning the stabilization of
Functional groups on charge tranaport properties of a 4,4 -hilenol-based molecular switch. We
performed the conductance measurements by applying the technigue of breaking the metal
molecule-metal junctions with a scanning tunneling microscope setup. Presented  data
summarize the single-melecule conductance values of o molecular switch with the central unit
hemg either m oxidatively active or o stabilized form, providing important information abowt
molecular junction formation and similarities between both svstems in terms of charge transport
properties, A briel suggestion about the next course of investigation 1s also included

Kevwords: Molecular electromics, Molecular switches, 4.4'-Biphenol, Single-molecule
conductance, Bcanning tunneling microscope-based break junction technigue (8TA-BI).

Uwod

Melekulame prepinace na baze organickych molekal patrin v rimen oblasti molekulime)
elekironiky medzi disledne skimand svstémy . Jednd sa o molekuly, v klordch je modiné
pemocon vonkagiich stimuloy reverzibilne prepinat’ medzi dvema, pripadne viacervmi
(meeta)stabilnymi stavimi, Jednotlivié stavy danej molekuly sa ndsledne vwenaduji odlifnymi
hadnotami molekulove) elekiricke) vedivosti O, klori sa v kenkrétnyeh pripadoch maie lidit" aj
onickolko radov *. Tiete litky predstavuii jedom z potencidlnveh aplikicii organickych
molekil ake aktiviveh elektronickych prvkov v siéiastkach a komponentoch elektronickych
eariadent budicnosti, Avlaging pozormeost’ je v poslednvch rokoch venovania nagma redosxne
aktivoym zlodeminam, uw ktorveh je emenn elekiricke) vodivosti mdukovand  smenow
elekirdnovej Struktiry v disledkn redoxnyeh reakeii vwvelanich elekirochemicky % Ich
najviddi prinos na poli molekulime) (erganicke)) elektroniky spoliva v potencidilnom pouiitl
ako molekulové dindy, tranzistory, ¢ prvky molekulove] pamite . Nadim dlhodobym
prioritnym ciclom je dtddium clektrickych viastnosti molekulirnvch prepinadoy s centrilnon
funkénon  jednotkou na bdze  447-bifenolu.  so 4-pyridylovimi kotviacimi  skupinami
naviazanymi v polohdich 3 a 57 cex etinylénowi konjugovani spajlu (A, Obr. 1A} 4.4-bifienol
md cross-kenjugovani elebtronovi Atruktors, Gomu odpovedi nizka hodnota molekulove)
elekiricke) vodivosti & v disledbu destruktivig] kvantove) interlerencie, V Gistej Torme je
4.4 -hifenol medné elektrochemicky reverzibilne oxidoval’ na zloéening 4,4°-difenochinén *,
Pri tomto deji dochadza k zmene elektrinovej Struktdry na konjugovani ateda K elimindcii
interferencie, Go vedie k ndrastn hodnoty molekulovej vodivosti, Mechanizmus  zmeiny
vodivesti - je  analogicky s pripadom  redoxnéhe  pim antrachindn antracén-9, 10-dial,
predstavenym v predehadzajice] awtorske) atadii *. WV tefto praci sme sa viak zamerali na
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porovnanie vlastnosti molekulového prepinaéa A s jeho elekirochemicky  stabilizovanou
formou, éo bolo dosihnute nabradenim  hydroxylovech vodikoy v povedng)  zlicenine
metvlovymi skupinami (B, Obr, 1B Stabilizécia prinada vwhedy v podobe jednoduchie)
organicke) synlézy vyzlednébo produkiu {0 produktoy s pridaviymi substituentmi od neho
odvodenych), lepsiv rozpustnost produktu, & zhrovel ochrany redoxne aktivayeh kvslikovich
atdmoy pred neZiadicimi chemickymi a elektrochemickymi vplyvmi, za siasného zachovania
cross-konjugovane] Struktiry centralng jednotky. Takyio zasah do molekulove) Struktiny viak
maéde ovplyvnit hodnotu vodivosti, nakelke je potrebné sohladmt’ odlifni mieru tzv. clectron
donating™ efektu funkényeh hydroxylovech a metoxviovych skupin v polohich 4 04" na
centrilng jednotke (vid Obr. 1) 2 wohto dovodu je porovnanie hodnit mokekulove) elekinicke)
vodivesti Cru oboch systémov A a B viac ne? sisdoce. V pripade, ke s tieto svsiémy 2 hladiska
elektricke)  vodivosti ¢ ekvivalentng,  Anidium  stabilizovanych  svatémov  na bize
4 A7 -dimetoxybifenyly mide poskytndt’ cenné informacie o fransporte niboja v analogickych
systémoch so zachovanou schopnostou centralng] jednotky oxidovat” sa do konjugovane| formy
(4.4 -difenochingn ).

; — — o
& %1.—_—': " {_g | Sy o
N W jo— L
& il
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8 ——, > H —— ﬁh

B Y L b
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bt
Obr, 1. Chemickd Strukmira skomanyeh molekul s cemrilnymi jednotkami  tvorenymi
4 A7 -bifenolom (A) a 4 4" -dimetoxybifenylom (B),

Experimentilna East®

Merania boli vyvkonané metodou merama elekinckeho produ / prostrednictvom 5Th-BJ
techniky' na modifikevanom pristroji Agilent S5005PR {Apilent Technolopies). Pri tejio
technike merama pe elaty STM hrot penodicky priblizovany k a odUahovany od  zlaéhe
substritu = aplikovanou veorkouw, Medz hrotom a substritom je nalokens jednosmernd napiitie
U & podas pohvbu hrote je kontinudlne zaznamendvany elekiricky prid [ v meracom obvode,
Pri splneni podmienky aproximacie nizkeho potencidlovéhe rozdicly, definovaného formou
energie ako ¢l hee < By — E* (¢ je clementarmy naboj, & je Fermiho hladina elektronoy
v matenali meracich elektrod, a &* je energia najblizéiche frontalneho  molekuloveho
orbitalu skamaney molekuly vehladom k hodnote 27, maze byt hodnota pridu £ prepoéitani
na vodivest O aplikovanim Ohmovho cdkona. ¥V pripade premostenia hrotu a substritu
skomanou molekulow je na siznamove) krivke pride {vedivost ) zaznamenané platd, kioréhe
strednid hodnota zodpovedi hodnote elebiricke] vodivosn (¢ dandho molekulového spojenia, V
experimente bol pouzity elektrochemicky leptany STM hrot viastngj vyroby zhotoveny 2o
latého dritu s priemerom 0,25 mm (99 9%+ %, Goodfellow), a zlaty polykryStalicky substrat
s rogmermi 10 mm = 10 mm = | mm (99999 %, Goodfellow) s pnletovanym privodnym
vodiGom zo zlatého drotu o priemere (0,5 mm (9999 % Goodfellow), Veorky skamamyech ok
Aa B boli pripravens vo Torme roxtokoy s koncentraciou 0.2 mb v 1,3 Sarimety lhenegne
{98 %, Sigma-Aldrich), Zostavenie experimenty, ako aj priprava a Cistiace procediry pre
laboratdme sklo na pripravu veorick, zlaty substrat, PTFE meracie cely viasmej viroby a
tesnigce O-kridky Kalrez® | Dupont) powtivané pofas experimentalnyeh merani, boli podrobne
opisans v predehadzajice] autorskey Stidn *

Vasledlky o diskusin
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Ma Obr. 2 50 v homyeh grafoch zndzomens 20 histograny kriviek elektricke) vodivosti G
vynesené v zivislosti od vadialenosti Az STM hrotu od substritn, Experimentalne data boli
ziskans kontinualnou STM-BJ metodon pn rvchlostt odtahovama STM hrotu 0.92 nm s,
Vodivest & je v histogramoch kalovana na hodnotu logiG/Ge) kde Ge = 77.5 pS je kvantum
clekiricke) vodivost, a jeho hodnota je stotoinena s hodnotou vodivost jednoatomovahe
kontaktu zlato-zlato meda STM hrotom a substratom. £ vyobrazenych histogramoy je zrajme,
2o molekuly litok A a) B ochotne tvona molekulove spojenia premostenim elekirdd STM-BJ
pristroda, LT oboch molekul bola pozorovana dvojica charakteristickyeh vodivostiech plat,
ktoré sme oenadili & a G vehladom na ich vysoki (feigh — H) respektive nizkue (low — L)
stredmit hodnot vodivosti, Cierne prenidované linie v 2D histogramoch anzorinjin ditové
segmenty po vybranyeh hodnotich log(Gicr), 2 kordch boli ssteng experimentalng hodnoty
dlZok A="¥ prislusnych plulspul.u s’.'-am::rl.n]u]n}:m odehylkami, nbslednes prepotitand na dizky
2 molekulovyeh spojend. Teorstickd aproximicie diZok = boli #skand zo simulicie
energeticky minimalizovangeh Struknie molekil A a B v progrme Wavefunction Spartan” 08,
Stredng hodnoty elektrickyeh vodivosth Gaa Go vritane smerodajnych odehylok boli w oboch
molekil Aa B uréend z fitow pnisluchajucich pikow v 10 histogramaoch elekincke) vodivost
(Obr. 2, dolné grafyh. Ako fitovacin funkein sme pouzill kumulativiy fit vo forme dvoch
nezavislych Gassovvch funkeli so spoloénoun nekondtantnou zakladnou linow  Vietky
namerané experimentalne 1 teoseticke hodnoty su prehladne shmuté v Tabul'ke L

In-g{G.fGD}

0
1
-2
-3
i
-5
-
-7
-8

0500 05 1.0 1.5 20 25 3.0 050005 10 15 20 25 3.0
AZInm Azinm

Counts
FJ

& -TH-5-4-3-2410 4 -T-6-5-4-3-2-10

log(GIG,) log(GIG,)
Obr. 2 Zmizomenie wvysledkow experimentalnyeh merani, vykonanych na vzorkich
skimmanych molekil A a B. (Hore) 20 histogranmy vodivestmych knviek, s charaktenstickymm
platams vodivest cenademymi Gy a G (Dole) 10 histogramy elektneks) vodivost &, s mkim
prislichajicimi platim s vodivestami Gy a Gr 2 hormych grafov. Cleme knivky reprazentuji
fity expenmentilnyeh dat kumulativion fitovecou hmkeiow, svetlosedd kovky mmieomiugi
nakomatanime zikladne line poufite pr fitovani,
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Tabulku 1.
Prehlad experimentilnych hodndt elekinckych vodivesti @ oa o aim prislichajicich
experimentilnych (257 a teoretickvch (™) hodnit dizok molekulovélo spojenia,

Molekula Roogd s () logiGLith)  ™mm ™Pam m"om o"nm

A 4,01 + 0,44 T03+061 1,202 22103 1.3 1.9
I 4,72 + (0,63 6593+ 036 11+£02 12+02 1.3 1.9

Wa ziklade prezentovanych vysledkow =me hodnoty Cf, a 2.5F u oboch skiamanych molekal
stotodnili s hodnotami vodivosti a dizok molekulového spojenia, kedy molekula A alebo B
premosti elektrody po celej svoje) dizke, kontakiovana cex mtomy dusika na d-pyridylovich
kotvineich skupinach, 2 hodndt G je eregmé, e aj napriek adhiznym funkénym skupinam na
centribng jednotke, s ohlfadom na smerodijng odehylky ohe skimme molekuly vk
totazni hodnote molekulovej elektricke) vedivosti, Odehylky teoretickych hodndt dizok =z o
hodndt ziskanych v experimente ai vvsvetTujeme tym, 2 energeticky minimalizované Struktiry
molekil A respektive B, # kiordch boli hodnory 2™ odéitand, vwhkazovali odehilky 3637
respektive 35,7 medzi rovinami benzénovych kruhowv v centrialng) jednotke. ¥ experimente pri
tvorbe spojeni elekirada—molekula—clekiroda tak zrejme dochadea k natialmutio skamanych
molekitl vsmere pohybu clektrad do planimej formy nteda k efektivnemu predizeniv
malekulového spajenin, &0 pozorujeme vo forme vydtich hodndt dizok =™, Na ziklade tdchio
visledkov kondtatujeme, 2o Mitky A a B sd oz hladiska bodnoty maolekulovej elekiricke)
vodivesti (. ekvivalening.

Maolekulv A aj B si na oboch koncoch zakenéend 4-pyridviovimi kotviacimi skupinami. Pri
merani vodivosti molebil terminovanych toute skupinou s Easto v experimente pozorovans
dve vodivostng plati. Pnicom pluté s vwiSou hadnotou vodivosti zodpoveda molekulovemu
spojenin, pri ktorom na oboch koncoch dochidza k prekrytiu m-orbitilu na pyridylovom krubu
s vodivostnym orbitdlom kentakiného atému zlata . Pritomnoest dvoch vodivostnvch plat
v nasom experiments bola teda predpokladani. Hodnoty vodivosti Gy namerang u oboch ldtok
vipk boli madne odligng (Cra(A)VCa(B) = 5, Go bolo vzhTadom na velmi dobni zhodu
pr hodnotdch & prekvapivim. Analveow hodndt Ga a ™ s ohladom na energeticky
minimalizovand Srukitey skimmanyieh molekil sme dospeli K zdveny, fe v pripade molekil
A a B nedochidea k spominanému prekrtin pyridylového m-orbitalu s orbitdlom atému zlata
ani na jedme) 2 elekirdd. Namerané hodnoty Gy zodpovedajl molekulovému spojenin v Ktorom
je molekula A respektive B na jednej clektrdde kotvend skrz atdm dusika na 4-pyridylove)
kotviaee] skupine. a na druhej elektrode skre atom kyslika protil'ahle) hvdroxviove) respektive
metoxylove] funkéne) skupiny na centrilne) jednotke. Rozdiel v nameranych hodnotich Cn si
tak svysvellvjeme roediclnon inlerakeion meda hvdroxviovow respeklive metoxylovou
skupinou a zlatou elektrddon, Tito hypotézu podponuje aj fakt, 2o teoretickd hodnoty dizok zh
uvedens v Tabul'ke | odpovedagi vedialenostiam vviSie spominanych atdmoy disika a kvslika
v energeticky minimalizovanyeh Srukitirach molekil A a B, pricom st vo velmi dobrej zhode
& nameranyimi experimentilnymi hodnotami dizok o™,

Laver

44 -bifenol ma znaény aplikaény potencial v oblasti redoxne aktivinyeh molekulovich
prepinadoy vilaka jeho schopnosti oxidovat’ sa do Konjugovang formy 4,4 -difenochiminu
Cielom lejto price bolo skimat’ vplyy stabilizacie hydroxylovech skupin u synletizovang
organickej latky s centrdlnou 4, 4%-bifenolovou jednotkon (A) vimenow za metvlové skupiny
(B Pomocou merani vodivosti wvykonanveh STM-BI metédou sme stanovili hodnoty
elektrickvch vodivesti Gu a G atied prisluing dizly molekulovyeh spojeni ™ a o ="
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u oboch skomanveh ok, Hodnoty GuiA) o Gu(B) bol stetoznendé s hodnotami molekulovych
elekirickyeh vodivosti litok A a B ukotvenych meds elekirddam STM-RI pristroja po celej
svaey dlike, pricom s velkou presnoston plati Gu(A) = CGu(B) ateda obe ldtky s 2 hlfadiska
transportu waboja skrz celi dizku molekuly ekvivalenting, Odehylky v hodnotdch 25 oproti
teoretickym hodnotim 7™ ziskanym analyzou Struktir melekil A a B v programe Waweform
Spartan’0# boli vysvetlend tahom spisobenou zmenon konfigurdcic molekal v spojeniach
elektroda-molekulo—clekiroda, Nerovnost’ medz hodnotami vodivesti G u oboch skimanych
medekal bola vesvetlena tvorbou kratiich mostikov zapojenim hydroxylove) skupiny v pripade
Fitky A a metoxylove) skupiny v pripade ldtky B,
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Electromnalysis of Dopamine on Bare and Chem-mechanically Polished BDIY Electrodes
(Elektroanalyza dopaminug na BRI elektradiach s nelesténym a chemicky-mechanicky

leSténsm pas rchemy

Michal Zelensky *, Jan Fischer *, Simona Baluchovi *, Andrew Tavior ¥, and Karolina
Schwarzova-Peckovi *
' Charles University in Prague, Faculty of Science, Department of Analytical Chemistry,
Albertov 6, 128 43 Prague 2, Crech Republic, E-mail; zelenskmidnatur.cuni.cz
" Institute of Physics of the Czech Academy of Sciences, Na Slovance 2, 182 21 Prague 8,
Czech Republic

Adbstract

A large variety of boron-doped diamond electrodes has been widely used in the electrochemical
detection of nevrotransmitters mainly dopamine, The amm of this study was the comparnison of
analvtical parameters for dopamine detection on two sels of boron-doped diamend electrodes
which were prepared by microwave plasmasenhanced chemical vapor deposition with different
BC ratios in the gas phase during the growth (300-B000 ppan). One set of the electrodes was
left as-grown and the second set was chem-mechanically polished. Calibration dependencies
for all electrodes were obtained by square wave voltammetry under optimized parameters in
0.1 mol I phosphate butfer pH 7.4, Overall better analytical parameters were obtained on
chem-mechamically polished electrodes,

Kevwonds: Boron-doped  diamend  electrode,  Chem=mechanical polishing, Dopamine,
Voltamimetry.

Ul

Borem  dopované  diomantové  (BDLDY  elektrody  jsou v poslednich  Ietech  jednim
z nejpourivandjEi clekirodovych materialil v elektroanalyze, a to pro deteken velmi Sirokého
roepéli juk anorganickyeh, tak @ organickych molekul, Hlavni benefity BDD elekirod ve
srovidni & konvencnimi sp® uhlikovymi & kovovemi elektrodami spodivaji v jejich velmi
Girokdm potencidlovém okng, nizkém nabijecim prowde a malé ndelvinosti k adsorpénim
jeviim B Daldi uritetnd vlastnesti téchto elektrod prameni 2 sp® hybridizace uhliku, diky
némuet jsou B elektrody chemicky inertni a mechanicky odolné *. Nieméné elekirochemické
viastnosti B clektrod jsou ovlivedny mnohymi faktory, mezi kieré napfiklad fadime pomér
BV v plvnné iz béhem mstu, mmodstvi sp* uhlikovych nedistol, zakondeni elektrodového
povrehu, velikost krvstalosyich zm & krystalografickow orientaa polykrystalického Nilmo BN
elekirody ',

Hlavnim parametrem, ktery unbuje vodivost BDD elektrod, je mnodstvi inkorpoerovaného borg
v elekirode, kiery je urCen pomdérem B/C v plynné fizi béhem izt BDD filmu. Jo zndimo, ke
B clektrody se mohou chovat jako polovedife, ale pokud koncentrace born ve filmu
presihne ca [B] = 2 = 10™ gtomii boru cm~, zaéne elektroda vybkarovat viastnosti prislugejici
kovové vodivosti ©. Meoddélitelné se zvviujici se an-.mmu:i boru je spjata i snidujici se
velikost krystalovych zm a tim i avvieni mnozsivi sp® uhliku, ktery se vyskyiuje hlavné na
hrandich téchio ez % Piitermost sp® uhliku na elekirochemické parametry BDD elekirod se
prejevige zepména auzovinim polencidlového oknn, svviovanim nabijectho proudu o zvvienon
adsorpet (mezi jproduktl redoxnich reaka a mterferenth, Kleré mehou elekirodu pasivovat a3
Daltim zasadnim faktorem ovlivingicim detebei mmoha sloudenin na BDD elekirodiach je
zakonCenl (lerminace) elektrodového povrchu. Na BIMND elekirodach rozpozndvime hlavai dva
typy zakondeni povechu: H-terminowvany, kterd mikemne ziskat napfiklad po katodické
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predipravé povrehu a Oxerminovany, napfiklad po anodicks prediprave, Stoji e emink, ke
B elekirody jsou po pirprave H-terminevand a jejich povreh je silne hyvdrofobng, Kinetika
heterogenniho prenosu elekirom (heterogenous electron transfer, HET) je na takovém povrchu
srychlena, zatimeo O-terminovand elektrody json livdrofilnd a HET kinatika je spomalena
piitommnosti nepirovych a-elektroni pochazejicich = kyslikatych funkénich skupina na povrchu
clektrody *". Daldi powsivanon metodon regenerace povrchu BDD elektrod je ledténi pomoci
suspenze aluminy, Tato metoda vede k odstrani sp” uhliku ve formé -COOH skupin o dile
sdsorbovamych molekul # povechu elekirody ' Legténim pomoci aluminy ale nelze dosahnow
emeny morfologie povrchu, Za timto Odelem se poudiva chemicke mechanické (CM) lesteni,
kierym  je  modne  vwhlazevat kevstaly  diamantu, a to jak polvkrvstalickych  1ak
monckrystalickych BDD elektrod " Bylo dokizine, e pomoci CM ledténi se povich
elektrody Eastedné oxiduje. Toute metodou je modné piipravit povrchy o hrubosti ménd jak
Inm. Vnadi predchozi studii * bvlo dokizdno, Fe clektrody po OM lefténi vykazuji
uniformnéEi vodivest napdié povrehem elektrody o také lepéi elekirochemické parametry pro
somdy viiting a vnéjiE sfiry, Votéto pric byl studovin viiv CM lesteni na analvtickd parametry
ziskane 2 kalibracnich zivislosti pro oxidact dopaming na BDD elekiroddach v zavislosti na
obaahu horu (BC v plyone Tizi: 300, 1000, 2000, 4000, BO00 ppm).

Experimentilni dhst

Polvkrystalicky B film byl deponovin na ca 25 em® kiemikové destidky pomoci chemické
depozice par s mikrovinmim plaemstem (ANS010, Seki Diamond Systems), Kleré byly
nislednd nafeziny pro priprove jednothivich eleltrod. Elektroaktivni plochn elekirody byl
A= 3,5 mm®. Podrobné informace o parametrech pouztych pro rist BDD Glmi jsou k dispezici
v prici | Timto zphsobem byly pripraveny vidy dve BDD elektrody za pouziti B/C v plynné
izt 500, 1000, 2000, 4000 a 8000 ppm (B0 — BDDwwo ). Jeden set elekirod byl ponecldn
v nezménéném stavu a druhy set byl chemicky-mechanicky leftén pomoci wi diive zavedend
metody . Veorky byly vidy leftiény nf do hrubosti posvrehu, kleri nepfesahovaln 2 nm
{(vvpoditine z mikreskopie atomovyeh sil). Doba leSténi o nasledné &stici kroky jsou opét
uvedeny v rel, *, Chemikilie pouzité pro studium byly dopamin hydrochlorid (Sigma- Aldrich,
Memecke), dilivdrogen fosforetnan sodny (Lach-Ner, Neratovice, Ceska republika), hvdroxid
sodny (Penta Chrudim, Ceski republika), Viechny chemikalie bylyv analytickd Gistoty,
Deionizovand  voda  (Milipore  Mili plus Q) systém,  Billerica, TUSA) s mérmym
elektrickym odporem mensim nex 18.2 ML om byla poukita pro piiprave viech roetoki,
K dozafeni podadovaného pH fosfitového pufru ipH 7.4) o koncentraci 0.1 mol 17 byl postupné
pridivin 0.5 mol I roztok NoOH.

Square wave vollametrie (SWV) byla méfena na polenciostaly Palm-Sens se soflwarem
P8Trace 3.8 (PalmSens BY, Houten, NMizozemsko) Meéfeni byla  provedena za
optimalizovanych podminek: (amplituda A, frekvence §f potencidlovy krok AR pro
(i) melefténou BDDsn a BODwwe elektrodu: 4 = 60 mV, 7= 20 Hz, AR = 8mV, (ii) neledténon
By, B oo a BDDsee: A = 50 mV, F= 10 Hz, A = 4 mV, (i) CM lefténon BIDDsw a
BDDowo: A = 1200mV, = 10 Hz, AR = BEmW a {iv) CM ledténou BDDmew, BDDww0w a BDDswa:
A =1 mV, f=20 Hz, Al = 3 mV. Limity stanovitelnosti {LOC) byly poté spolitiny jako
desetinasobek smérodatng odehylky voiky piku (= 7) nejnizdi méfitelné koncentrace
pesBaleny hodneton smémice kencentracni zavislosti,

Visledhy a diskuse

Dapamin lze na BDD elektrodich zafadit mezi takevané sondy wniting sféry, jeliko je citlivy
na chemické zmény zakondeni povechu elekirod. PR zvoleném pH 7.4 je molekula dopaminn
v rogtoku pozitivnd nabita (pfa= 893) a redoxni par dopamin/dopamin-c-chinon vvmdéiuge
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21 oty a 2 elektrony *"™*, Porovndni analvtickych porametrit pro detekei dopaminu bylo

publikovine v nasi prededld praci pro elektrody BDDww 2 BDDuow 2 obow seth .V téo prici
bvla studie rozgirena o CM lefténd a neledténd BDDiso, BDDmm a BDDsoos elekirody a pouiita
zavedend a velmi citliva metoda 8WV, Ziskané parametry kalibratnich zivislostl, linedrni
dyvnamicky rozsah (LIF) a vypoditané hodnoty DO jsou uvedeny v Tabulce L

Tabulka 1.
Fovmece kalibradni pRmky pro uréeny LOR a vvpoditang LOC pro deteker dopamimu metocdos
SWY na CM leftenveh a polvkrystalickyvch B elekirodach,

LOR (umol 17"y Rovnice kalibraini piimky R Lo (umold 171
Lesténe BDD
BIDw® 4-10 (mA) = 36,0 (umol Iy — B0 0994 277
10-80 BimAy=10L2e (umol 11y~ 85,7 09976
B 4-20 FmA) = 94,0 (umol 1) - 36,9 09807 1,39
20)= 104 fnA) = 125 (pmol 17 - 896 0,9983
Bk 1-60 mA)Y = 283 (pmol 17— 102 09995 0,73
k= 1K FalmA) = 47,60 (pmol 17— 1127 06,9991
BDDuae™  1-100 fp(mA) = 536 (umol 17— 200 09987 076
BDDwwa 1-1401 mA)y =353 (umol 1 - 222 09977 0,66
Palvkrystalické BDD
BDDaw® G20 TalmA) = 4,5 (pmol 17y - 20 L9890 6,06
20104} fmA)y = 10LEe (umol 17— 133 0,9931
BDDhow 6-20 JpinAy = 4.2.c (umol 1"y - 20 0,99512
20-10H IinA) = 76,0 (pmel ') - 87,6 L9983 562
B 860 IpinAy = 33 0 (umol 17"} — 390 09860 4,29
60-100 Ay = 119%¢c (pmol 17y - 432 09280
BDDysw® 210 TpimA) = 3,7.¢ (umol | 1y — 4,0 9% 3,50
10=8il IoinA) = 6,8 (pmal 171y — 44,0 01,9976
BDDsiw 240 BmAy =224 (umol 17— 41,4 09948 1,35
Al 10K fnA) = 56,2 (umol 1-4— 1377 0,9982

“ Parametry kencentraénich zavislosti publikované v praci®,

Wejrorsihlajéi LI, a to v celém zvoleném rozsahu koncentraci (1-100 pmol 1) byl ziskdn
pouze pro elekirady s vwsokym obsahem boru (BDDume a BDDsw0o) o powze po Ch lestén, Na
viech ostatnich BDD elektrodich se vyskviuji dva LDR, kdy smémice pro LOR vvisich
koncentraci dosahuje vyatich hednot, Dwva LOR byly w2 diive zaznamendny na BDD
elektrodich, ale bohuzel zatim nebyly nikdy patfidng vvavétleny . Tento jev byl popsdn jak
pro dopamin, tak i pro jiné neursiransmitery na nedismantovieh sp® uhlikovich elektrodich
& tim roxdilem, Xe na téchto elekirodich mél LR pro vyddi koncentrace niddi hodnoty smémice.
Tento trend miie bt vvsvétlen vwidi elektrochemickou aktivitou sp” uhlikovich clektrod pies
cely povrch, coZ vede k jeho rvchlé pasivac, Dopamin je oxidovin na dopamin-c-chinon, ktery
=¢ dile evklizuje na levcodopaminochrom, Ten s¢ snadno oxiduje no dopamimochrom, ktery
radikilovou polymeraci reaguje s dopaminem ea veniku polymery melanimu pasivigicibo
elektrodu V1 Faabulky T vplyvd, fe na obou sadich BDD elekirod byly ziskiny nizé
L proowwisi obzahy boru, ale porovnini obow sad BDDY elekirod ukazuje, ke mizé hodnoty
L byly dosaieny na CM lefténych BDD clebtrodidch. MNejniddi LoO pro BDDswe elekirodu
byvlv na CA letténé elekirodd 066 pmol I a na neleftEné polvkrvstalické  elektrodé
1.35 mmol 1. Je evidentni, #e hladsi povrch s vice uniformni vodivosti povechu (vE4i pistup
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k elektroaktivoim misthm na postehu elebirody) vwenamné pispiva ke zlepseni analvtickych
parametri BDD elektrod pro detekei dopaminu.

Lavir

Analytické parametry pro detekel dopaminu ve fosfatovém pufu pH 7.4 ukaewji, e CA lebténg
BDD clektrody jsou z hlediska citlivosti vwhodngjgi ned clekirody s neleiténym povrchem.
MejnizE hodnoty LOC {066 pmol 17 & zdroved 1 nej#irgi linedmi dynamické rozsahy byly
sty u CM lesténych elekirod = dopevanim = 2000 ppm.
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Valtwmmetry of Crganemetallic Glycomimetics
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" Institute of Chemical Process Fundamentals of the Crech Academy of Sciences,
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Ahstroct

Mew organemetallic glveomimetics based on ferrocene and carholywdrate centers are potential
anti-tumor dmugs with the ability 1o interact with galectins, which participate in imporiam
bislogical provesses (such as adhesion and communication of cells). Their presence is also
associated with the occurmence of serious discases (such as cancer). Therefore. finding a fast
and reliable method for mensuring these interactions in an essential step and electrochemisiry
appears 1o be an excellent candidate for this task. This work focuses on the electrochemical
shdy of organometallic glveomimetics ol bazal- and edge-pyrolytic graphite electrodes (b=
ePGE) using cyclic voltammetry (CV) and square wave voltaminetry (SWV. The electrode
reaction mechanism, adsorption on the electrode surface, and concentration dependence
alongside the limit of detection (LOD) were characterized. Furthermaore, the interaction of the
studied substances with galectin-1 on bPGE and ¢PGE has been observed.

Keywords: Electrochemistry, Ferrocene, Galectins, Glveomimetics, Organometals, Pyrolytic
graphite electrodes, Vollammetry,

Introduction

The elucidation of the protein-carbohydrate interactions is essential for understanding their
bislogical functions and s very promising in the design of novel anticancer drugs based on
carbohydrate dervatives. This work 15 focused on ferrocene arene organcmetallic galectin
ligands, Together with the basic electrochemical (EC) characterization of new organometallic
glycomimeticz by voltanmmetric methods may help in the development of novel anticancer
drugs or following research of galectins,

Carbohydrates are electro-inactive st mercury or pyrolytic graphite-based electrodes (PGE).
However, recently designed and synthesized Fe-based organometallic complexes can be, thanks
to the presence of the metal part, directly detected by EC methods."! Thus electroanalyvtical
methods offer simple, rapid and inexpensive instrumentation nod only for their detection in
solulion bl alse for their interaction stedies with other even electrochemically insctive
malecules, In this case, the organometallic compounds serve as redox labels. Tt has been shown
that eyiotoxic ferrocene analogs are electroactive and their cell localization can be determined
using differential pulse volammetry '

In this work, basic electrochemical characterizations of novel organometallic glycomimetics
have been carried out by eyelic voltammetry (CV) and square-wave voltammetry (SWW) on
bPGE and ¢ PGE.

Experimental

Voltammmetric experiments were carried out by potentiostat Autolab 302N (Metrohm- Autolab)
commected with VA Stand 663 in a three-clectrode setup including bPGE (0.0 3 mm, PGE
supplied by Momentive, USA, preparation is deseribed in Ref. ¥ as working electrode, platinum
Foal (99999, Merck) as counter electrode and Ag/AgCUANM KCI as reference mini electrode
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(both Metrohm-Autolab). Studied compounds were purchased from Sigma-Aldrich (Merck) or
WHA34, VHA2T, VHG23, and YHES4 (Fig. 1ysynthetized by co-author V.H. from J. K. research
group. All the solutions and electrolyvtes were prepared from ddHAY produced by distilled
wpparatus (type 2004, GFL),

Resulis and Discussion

Herein studied glveomimetics (Fig, 1) could be studied by CV and SWW at b- and ¢PGE thank
to the presence of an clectroactive center, ferrocenc.  Methylmethanolferrocene and
ferrocencearboxylic acid have also been studied as model compounds (Fig. 2).

S £
0 - HY~F=—df 0=
X Xl e
o
VH434 VH4I7T
& oo
A
SIS~ 0% A o
& AL
VHG23

J A-em?

Jaem

E{ W v, AQUgLLEm Kl E W vs AgldglliaM KLl
Fig2 Cyelic voltammograms oft 100 g methylferrocenmethancl {13, 100 uM
ferrocencarboxylic acid (2), 100 M VH434 (3}, 216 uM VHAZT (4), 100 uh VHG23 (3),
1060 M VHGES (6), measured at bBPGE (A) and ePGE (B) in 30 mb NaPh pH 7.0, scan rate
0.1 Wis.

Mext fe the basic chamctenzation of the redox polentials, currents, and reverability of the
analyles. electrode processes and adsorption cupability have been observed. Oblmined resulls
give us data for the caleulation of diffusion coefficients of these novel perspective anticancer
drugs.

Utilizing CV and SWY concentration dependences have been measured from which the limits
of detection could be determined tor both electrodes (Tab. T).
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Table 1.
Summary of reached LODs (8™ = 33,

Ligand  Methodd  Ebeetrode e [uM] LOHD (i)

VHAS4 cv hPGE 1-100 1
cPGE 10-100 10
WV BAGE 025100 0.25
ePGE 1011040 (1]

VH4LT cv HPGE 2216 2
ePOE 15-216 %5
WV PGE 05216 05
cPGE 10-216 10

VHGLY cv bPGE 1-50 1
¢PGE 15-128 25

WV WPGE 02550 ol

ePGE 10-100 10

VHGH4 cv hPGE (25100 L]
ePGE 20-100 a0

WV MPGE 02530 ol

ePGE 5-100 3

L=t bant ot least, SWV has been used For the determination of the glyveomimetics mteraction
with galectin=1 and compared with the results obtained from uorescent anizotropy,

Comclusions

The electrochemical behavior of novel organometallic ligands of galectins bearing ferrocens
tag was studied m this work, Cyelic voltammetry was used m combination with basal- and/or
edge-pyrolytic graphite elecirodes in 30mM sodium phosphate buffer pH 7.0 Square-wave
voltammetry has further been used for the determination of LOD and an attempd 1o study the
interaction of the ligands with galectin-1 by SWV has also been done.
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E-mail: ecolremiplusfsesman.c: lel. 66 053 877 el Tax 2THG6 B9 502
Csvddieny analyzator do kakdé laboratole, provozu | tendnu, vyzkumu | Skol
modami, cilivy a Sroce vyuZitelny s viastnimi orgindinimi US patenty, cerlifikovany pfistrof

PC ECO - TRIBO voltametricky/POLAROGRAFicky analyzator

= vysoké dilivost « snadna automatizace « idedinl pro speciad
= siolni nebo plenosna verze (pfipojeni na stoini PC, laptop & notebook)
» verze pro DOS, Win 3. 9x, Me, 2000, XP

Metody

o  DCa diferentni pulzni voltametne (DCV & DPV), Cykickd voltarmetrie,

[P a Tast polarografie

» Chronopotenciomedrie s konstaninim proudem

«  Monost ndvrhu viasinich metod podle poteby wivatele
Elehtrody

+  Miniatumi tudkovd riufovd

s Jlata, uhlikova (pasiowa | filmova), stfibmeaé, médena

+ Pevné amalgamové

» sifibma, Zlatd, médena (meniskova, lesténa, filmova)
PauZiti

Fro ekoanalyzu (polarografii a voltametrii)
ve voddch, v reztocich a v riznych materidlech (podle GSN, DIM apad.),
v béZnych podminkach pro vysoké obsahy i pro slopové koncentrace
10" a2 107" mol|

= stanoveni kovu (Pb, Cd, Zn, Cu, Fe, Mi, AL Cr, Hg, As Mn, Mo, Be), resp.
veEiny prekl Mendélejevovy tabulky
+ slanoven! anionil jdusiénand, dusitand, Ct, CN, Br, J, 500, POy, 57
«  sledovani velkého mnoZstvi org. lafek a Skodliivin (saponatl, herbicidl,
pesticidl, insekticidd, nitroldtek, barviv, biologicky aktivnich latek, surfaktanti
atd.).
Hodnoceni stavu a stupné opotfebeni motord, ropnych ofefu a maziv

v béZnych podminkach, bez demontaZe

Ohlasti aplikac - dosud nejdirsi laboratorni, provozni, difenska i terénni praxe
vedohospodarstvi, ekologie, hygiena, zeméaélstyl a polravindistvi, medicina, farmacie,
geologie, humictvi, chemické a jiné primyslové zavody, wyzkum, Skolstd atd.

Analyza viech druhd vod a vodryeh reztokll; edpadnich vod, vod 2 galvanizoven. prisaki,
sklagek odpadl, wiuhil pld; geologickych '-'zon-:ﬂ nud; popliki a prachy; zemédéiskpch,
chemickych a farmaceutickych vzorki: poknyti €SN a vyhl. na vody z asl 80 % atd,

Samozrejmosti je bezplatng konzultace a predvedeni systému. Paskytujeme
komplexni, odbommny | pogaranéni servis, cdbornou pomeoc a vivol analytickych
metodik. Cely systém je, pro svou fednoduchou ebsluhu, vhoedny pro viukoveé
uéely.



Metrohm demonstracni laborator
na Univerzité Karlove

L) Metrohm
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vipodetni techniky, programovani aplikaci, projek-
ci @ realizaci slaboproudych systémi M
1

Sprava IT {:ﬂl‘l‘l;‘ll"‘l":ll"

Cheete porsdit 5 IT 7 Realizovel nové serverové fedeni 7 Koupit
Hardware, nebo Software 7 Nevdhele a kontakiufe nds ! Za 30 jel své pusobnos-
IT konzultace & poradensivi, sanercva fedeni, realizace siti, clow- ti na trhu jsme ziskol

dowve . DUTSOUNGING, prode) handwane a Sofwang
Slu2by. a cemné Tkusenosh a stalf

Dochazkovy systém ComArr se silnym parinerem pro
Elektronicky dochiazkovy systém ComAr nabizi viestranné fedeni [0/ spokojenyeh Id-

v okrubu dochizicy zamdsinancl, rezervaci prosthedil a hizeni phi- P—

stupy 80 objekt ATk,

Inteligentni slaboproudé instalace

Cheate rabarpedil sve okoll ? Rodiny, ramdsinance, kolegy, firmu,
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- Podémi a zabezpelovaci signalizace.
= kamerove a video systémy,
- mbeligentni elektraindtalace, prograrmovatelng systérmy

Projektovy a heldeskovy systém TASKPOOL

TaskPool jo modemi helpdeskovy webavy systém pra virazné
zefektvnéni spriny padadavki a fizeni fremnich procesd.

s ¥ ' " WWW.COMArT.cZ
- Suthi firemnd nakdady
- Plizplsobens pro poukili 2 mobinich telefond Tel.: +420 466 889 111
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