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ABSTRAKT

Tato disertacni prace byla vénovana vyvoji a zakladnimu testovani nového porézniho
elektrochemického detektoru pro pratokovd uspotraddni, zejména pro pritokovou injekéni
analyzu (FIA) a kapalinovou chromatografii. Hlavni pfednosti tohoto detektoru je snadna obnova
pracovniho materidlu, detektor je tak zejména vhodny pro stanoventi silné pasivujicich latek. Jako
pracovni materidl byly vramci této prace vyzkouSeny mikrokulicky skelného uhliku a
mikrocastice médi.

Nejprve byly otestovany zakladni elektrochemické vlastnosti detektoru na bazi skelné¢ho
uhliku pfi stanoveni modelovych latek hydrochinonu a hexakyanoZeleznatanu draselného
metodou FIA. Detektor pro obé modelové latky dosahoval vysokého stupné konverze okolo
100% a je ho tedy mozné oznacit za coulometricky.

Prace dale ptedstavuje mozné praktické aplikace detektoru na bazi uhliku stanovenim péti
elektrochemicky aktivnich latek tzce spjatych s lidskym Iékafstvim a farmacii — thymolu,
tyrosinu, sulfamethizolu a vanilmandlové kyseliny (VMA) simultanné s homovanilovou
kyselinou (HVA). Instrumentalni naro¢nost pouzitych metod byla postupné navySovana az
k HPLC stanoveni s gradientovym programem. Tim bylo prokazano, Ze detektor je mozné pouzit
v praxi pro vSechny bézné aplikace. Pro vSechny sledované latky bylo dosazeno obdobnych
limit detekce jako v pfipadé béZné€ pouzivanych metod stanoveni. Detektor vykazoval linedrni
priibéh viech kalibra¢nich zavislosti od 100 umol L™! do limitu kvantifikace 0,97 pmol L™! pro
thymol, 1,60 umol L™! pro tyrosin, 0,04 umol L' pro sulfamethizol, 1,31 pmol L' pro HVA a
0,65 umol L' pro VMA.

Vysledky stanoveni tyrosinu byly v rdmci této disertani prace dale pouZzity pro porovnani
detektoru na bazi mikrokulicek skelného uhliku s detektorem plnénym mikrocéasticemi médi.
Klasické elektrochemické stanoveni bylo tedy porovnano s detekci zalozenou na
komplexotvorné reakci. Na tomto porovnani bylo prokazano, ze detektor je kromé skelného
uhliku mozné s vyhodou plnit i kovovymi mikroc¢asticemi.

Vysledky méfeni tyrosinu na skelném uhliku byly porovnany s vysledky stanoveni alaninu a
fenylalaninu na médi. Kalibra¢ni kiivky vykazovaly linedrni pribéh v celém rozsahu pouze pii
jejich vyhodnoceni zploch pikd. Linedrni dynamicky rozsah byl vtomto pfipadé od

1000 umol L' do limitu kvantifikace — 13,5 pmol L™! pro alanin a 4,7 umol L' pro fenylalanin.



ABSTRACT

The aim of this thesis was development and initial testing of new porous electrochemical
detector for flow-through arrangements, especially for flow injection analysis (FIA) and liquid
chromatography. One of the most advantageous properties of the detector is simple renewal of
working material and thus its suitability for determination of strongly passivating substances.
Glassy carbon microbeads and copper microparticles were tested as a working material within
this study.

Initially, basic electrochemical properties of the glassy carbon-based detector were examined
by FIA using hydroquinone and potassium ferrocyanide as model substances. For both model
substances high degree of conversion was achieved (around 100 %), and thus it was concluded
that glassy carbon-based detector can be considered as coulometric.

Hereafter, practical application of the carbon-based detector are presented on five
electrochemically active substances closely related to the human medicine and pharmacy —
thymol, tyrosine, sulfamethizole and vanillylmandelic acid (VMA) simultaneously determinined
with homovanillic acid (HVA). Complexity of instrumental arrangement of flow-through
methods had been increasing consecutively up to the HPLC determination with gradient
programme. It was proved that the carbon-based detector is suitable for all common practical
applications. For all above mentioned substances, achieved limits of quantification were in
compliance with those usually obtained by commonly used methods of determination. Linearity
of all calibration dependences was observed in whole examined concentration range, i.e. from
100 umol L! to individual limit of quantification: 0.97 pmol L™! for thymol, 1.60 pmol L™! for
tyrosine, 0.04 pmol L! for sulfamethizole, 1.31 umol L™! for HVA and 0.65 pmol L' for VMA.

Results of tyrosine determination were further used for the comparison of glassy carbon
microbeads-based detector and detector filled with copper microparticles. Common
electrochemical determination was thus compared to the detection based on complexing reaction.
Possibility of advantageous use of metal microparticles as working material for developed
electrochemical detector was confirmed.

Tyrosine results obtained by determination on glassy carbon-based detector were compared
to results of alanine and phenylalanine determination using copper microparticles-based
detector. Obtained calibration dependences were linear in whole tested range only in case of peak
area evaluation. Linear dynamic range was in interval of 1000 pmol L to individual quantitation

limit — 14.0 umol L™! for alanine and 4.7 pmol L™! for phenylalanine.
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AK
API
CPE
CZE
ED
FIA
GC
HPLC
HVA
LoQ
MS
RSD
RVC
SEM
VMA

Seznam pouzitych zkratek
aminokyselina

aktivni farmaceutickd substance
uhlikova pastova elektroda
kapilarni zonova elektroforéza
elektrochemicka detekce
pritokova injekéni analyza
plynové chromatografie
vysokouc¢innd kapalinova chromatografie
homovanilova kyselina

limit kvantifikace

hmotnostni spektometrie

relativni smérodatna odchylka
reticular vitreous carbon

skenovaci elektronova mikroskopie

vanilmandlova kyselina

Seznam pouzitych symboli
povrch elektrody

sklon logaritmické zavislosti rozsahu limitniho proudu
konstanta (B = jsLu, 2/ %)

konstanta popisujici detektor

pocatecni koncentrace analytu

koncentrace elektroaktivni latky v roztoku pii vystupu z porézni elektrody
bezdimensionalni koncentrace nezreagovaného analytu opoustejiciho porézni elektrodu
difusni koeficient

Faradayova konstanta

radialni koordinat v trubici

polomér sférické nebo cylindrické castice

limitni proud

difuzni rychlost pfenosu hmoty
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konstanta difuzniho toku pfenosu hmoty

difuzni rychlost pfenosu hmoty pro cylindrické ¢éstice
difuzni rychlost pfenosu hmoty pro sférické castice
konstanta, ktera je funkci plochy prifezu elektrody, objemu port elektrody a zaktiveni
otevieného prostoru elektrody

prumérny koeficient pienosu hmoty

primérny koeficient pfenosu hmoty pro cylindrické Castice
lokalni primérny koeficient pfenosu hmoty

prumérny koeficient pienosu hmoty pro sférické ¢astice
celkova délka elektrody

pocet vyménénych elektronii

vnitini plocha porézni elektrody

stupen konverze

polomér trubice

specificka ohmicka resistence

specificka plocha povrchu

pratokova rychlost

pratokova rychlost uprostred trubice

objemova prutokova rychlost

bezdimensionalni koordinat

rozdil potencialii

potencial pracovniho materidlu elektrody

potencial roztoku



Kapitola 1 Uvod

1. Uvod

Tato disertaéni prace byla vypracovdna v ramci dlouhodobého vyzkumu v UNESCO
laboratofti elektrochemie Zivotniho prostiedi v Praze s cilem vyvinout novy elektrochemicky
detektor s obnovitelnou pracovni naplni na bazi uhlikovych mikrocastic a kovovych praska pro
pritokové metody (zejména prutokovou injekéni analyzu (FIA) a vysokoucinnou kapalinovou
chromatografii (HPLC)), vyvinout zpisob vymény pracovniho materidlu a popsat zakladni
elektrochemické vlastnosti a mozné aplikace tohoto nove vyvinutého detektoru.

Prace je zalozena na tiech ptikladanych védeckych publikacich [1-3], jednom patentu [4] a
jednom uzitném vzoru [5], které tvoii soucast prace jako ptilohy I az V (kapitola 6-10).
Publikace a dalsi prace, které jsou soucasti této disertacni prace, jsou mezi citacemi zvyraznény

podtrzenym a tu¢nym formatem textu.

1.1. Vychozi stav studované problematiky

Stanoveni obsahu a Cistoty latek v proudu kapalin mé celou fadu vyhod oproti vsadkovému
uspofadani. Zejména jde o moznost jejich snadné automatizace a moznost jejich pouziti v
kontinuélnich provozech. Dominantni postaveni v mnoha primyslovych odvétvich mé zejména
HPLC technika, diky tomu jde také o jednu ze zasadnich kapitol moderni analytické chemie [6].
Kromé& HPLC nasly primyslové uplatnéni 1 dalsi priitokové techniky, jako je naptiklad FIA,
ktera ma pomérn€ nenaro¢nou instrumentaci a velmi rychla stanoveni [7].

Pritokové metody se pouzivaji v kombinaci s riznymi detekénimi technikami [6]. Ty lze
volit dle chemickych vlastnosti stanovované latky nebo dle druhu matrice. Na druhou stranu
jsou na pouzité detektory kladeny vysoké naroky. Klicova je zejména citlivost,
reprodukovatelnost a linearita odezvy detektoru [6]. Kromé téchto zakladnich analytickych
parametrl je dale nezbytné zohlednit i ekonomickou stranku véci, pfesnost, rychlost odezvy a
v pripad¢ stanoveni analytu v komplikovanych matricich i selektivitu stanoveni. VSechny vyse
zminéné pozadavky spliuji velmi dobfe elektrochemické detektory [8-11].

Elektrochemické uc¢innost (stupen konverze) béznych detektor je vSak pomérné nizka,

méné nez 30 %, zejména v piipadech amperometrickych technik. Coulometrické detektory,
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kterym je vénovana tato disertacni prace, dosahuji vyrazné vyssich hodnot blizicich se 100%.
To vSak jest€¢ neni zarukou vyssi citlivosti coulometrickych detektori v porovnani
s amperometrickymi. Coulometrické detektory totiz mnohdy trpi vy$$im proudem pozadi.
Odstranéni tohoto nedostatku lze dosdhnout konstrukci detekénich cel s nizkym vnitfnim
objemem a rozméry. V nich obsazena pracovni elektroda zaroven musi mit velkou aktivni
plochu nezbytnou pro uplnou elektrochemickou pfeménu analytu v kratkém cCasovém
useku [12-17].

Tyto pozadavky nejlépe spliuji coulometrické detektory s pracovni elektrodou z poréznich
materiala [18, 19]. Teoretické, a i praktické aspekty poréznich elektrod jsou za vice nez 60 let
jejich pouzivani dobte prostudovany [6, 20-24] a je jim v€novana tieti kapitola této disertacni
prace.

Na druhou stranu nejsou porézni materidly zcela vhodné pro stanoveni silné pasivujicich
latek a vzorkl s komplikovanou matrici. Reaktivace pasivovaného povrchu pracovni elektrody
mechanickym cisténim je totiz nemoznd a chemicka nebo elektrochemicka reaktivace je
pomérné narocna a miva jen nizkou ucinnost [25, 26]. Problematika pasivace je blize popsana
v kapitole dva této disertacni prace. Pokud jiz dojde k pasivaci porézni elektrody, je v mnoha
ptipadech jedinou moZnosti Gplnd vymeéna pracovniho materialu. Ta byva v§ak pomérné ¢asove
a ekonomicky naro¢nd. Jednim z moznych feseni tohoto problému je tvorba pracovni elektrody
z praSkového materialu, kterd je nékdy oznaCovana jako technika obnovitelného povrchu (z
anglického renewable surface techniques) [27]. Tato problematika je feSena ve ctvrté kapitole
této disertacni prace.

Porézni detektory jsou sice nejCastéji pfipravovany z materialti na bazi uhliku, je vSak mozné
je ptipravit 1 z kovovych mikroc¢astic, napiiklad z médi. Méd je z elektrochemického hlediska
velmi zajimavym materidlem. Jeji pomoci lze stanovovat nékteré latky, jejichz struktura
neobsahuje elektrochemicky aktivni skupinu. Proudovéa odezva médéné pracovni elektrody je
dana vznikem komplexu sledované latky s méd’natymi ionty uvoliovanymi rozpousténim
pracovniho materialu [6, 28]. Stanoveni organickych latek pomoci této techniky je podrobné

rozebrano v kapitole pét této disertacni prace.
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1.2. Cil prace

Cilem této disertacni prace je vyvinout novy coulometricky prutokovy detektor s porézni
pracovni elektrodou na bazi skelného uhliku s obnovitelnym pracovnim materidlem pro
stanoveni latek v pritokovém usporddani, zejména pak pro HPLC. Zakladni konstrukce
detektoru vychazi z konceptu pfedstavené¢ho v ramci mé diplomové prace [29], kde ale nebylo
dosazeno uspokojivého stupné konverze a detektor nebylo mozné oznacit za coulometricky.

Druhym cilem préce je uprava vyvinutého konceptu s cilem nahradit skelny uhlik, jakozto
pracovni material, médi. Modifikovany detektor bude pouzit ke stanoveni aminokyselin na
zéklad¢ jejich komplexacéni reakce. Popis obou konstrukei a jejich zdkladni elektrochemické

parametry jsou v ramci této disertacni prace diskutovany v kapitole Sest.
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2. Analyty se silnym vlivem na historii elektrody

Jak bylo popsano v uvodu této disertacni prace, elektrochemické detektory maji celou fadu
vlastnosti, které z nich délaji vhodné kandidaty pro pouziti v pritokovém uspotadéani. Jde
napiiklad o vysokou selektivitu stanoveni. Ta je vyhodna zejména pii analyze vzorki
s komplikovanou matrici, kde vyznamn¢ ulehcuje optimalizaci separace.

Selektivitu lze ale povazovat i za urcity nedostatek elektrochemickych detekcnich technik,
jelikoz vzhledem k ni je nelze pouzit jako univerzalni detektory. Dal§im problémem
elektrochemickych detektorti je nutnost ptizpiisobit volbu materidlu pracovni elektrody danému
analytickému problému. Elektrodovy material musi byt kompatibilni s mobilni fazi, musi mit
dostatecné Siroké potencidlové okno, dlouhodobou stabilitu odezvy a odolnost proti starnuti
elektrody a pasivaci.

Po kazd¢ analyze dochazi ke zméné povrchu a obecné tedy lze fici, ze kazda dalsi analyza
na jakékoliv elektrod¢ je zatizena jejim pfedchozim pouzitim neboli jeji historii. Tento proces
je nekdy oznaCovan jako starnuti elektrod [1-4]. Velky vliv zde hraji zejména produkty
elektrodové reakce, které mohou zlistavat na povrchu pracovni elektrody, kde mohou tvofit film
nebo polymerni struktury. Nékteré elektrodové materialy, jako napiiklad méd’, mohou byt pii
analyze dokonce rozpoustény. Zména povrchu elektrody je tedy Achillovou patou vSech tuhych
elektrod a zejména pak elektrod poréznich [5, 6].

Na povrch elektrody ma vliv stanoveni jakékoliv latky, existuji ale skupiny latek, naptiklad
vyznamny pokles signalu detektoru az k jeho Uplné pasivaci.

Aminy a fenoly jsou latky bézné¢ stanovované v pritokovém uspotadani, které je obecné
vice vhodné pro stanoveni latek podléhajicich oxida¢nim procestim. Redukce je v pratokovém
uspotradani komplikovana interferenci rozpusténého kysliku. Pii pritokovém uspotadani jsou
produkty elektrochemické reakce rychle odnaseny od povrchu elektrody, coz ma za nasledek
snizeni vlivu pasivace [9-11]. To ale, zejména v piipadé silné pasivujicich latek, mnohdy neni
dostate¢na ochrana proti poklesu signalu a nedochazi ani k Gplné eliminaci starnuti elektrody.

Toho je mozné dosahnout pouze Uplnou vyménou pracovniho materialu.
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Vzhledem k tomu, Ze tato disertace je vénovana technikdm obnovitelnych pracovnich
materiald, byly pro stanoveni vybrany latky s vyznamnym vlivem na historii elektrod. VSechny
stanovované latky dale spojuje jejich vztah k lidskému 1€katstvi a zdravi, z ¢ehoz vyplyva i
nepopiratelna dilezitost jejich rychlého a ekonomického stanoveni, at’ jde o farmacii
(sulfamethizol a thymol), diagnostiku nadorti (homovanilova kyselina (HVA) a vanilmandlova
kyselina (VMA)) nebo zékladni biochemické stavebni kameny organizmu (aminokyseliny
(AK)).

Ptiloha ¢islo jedna této disertacni prace je vénovana stanoveni aktivni farmaceutické
ingredience (API) sulfamethizolu (amin) a pomocné 1é¢ebné latky thymolu (fenol) za pouziti
prutokového porézniho detektoru ze skelné¢ho uhliku. Obé& tyto latky, dle literatury, tento
pracovni material silné pasivuji [12, 13].

Sulfamethizol je bily aZz naZloutly krystalicky prasek [14, 15]. Jde o sulfonamidové
antibiotikum, tedy antibakterialni chemoterapeutikum pouzivané proti bakteridlnim infekcim.
Sulfamethizol se pouziva v lidském i veterinarnim l€katstvi [16-21]. V lidském lékaftstvi se
pouzivé napiiklad v urologii pfi rychlé 1€€bé mocovych cest Cloveka proti Escherichia coli [22,
23]. Sulfamethizol je vylu€ovan moc¢i béhem prvnich Sesti hodin od podani, pficemz 10 %
sulfamethizolu je vylu¢ovano v acetylované formé [23]. Vzhledem k vysokému stupni pouziti
se sleduje i1 jeho koncentrace v ptirodnim prostiedi, kde se podili na vzniku forem bakterii
odolnych vici antibiotikiim [24-26].

Pro stanoveni sulfamethizolu v potravinadch zivocisného piivodu se nejcastéji pouziva
HPLC s hmotnostni detekci (MS) [20, 26-28], HPLC s elektrochemickou detekci (ED) za
pouziti pastové elektrody (CPE) [29] a HPLC s fluorescencni detekcei, kde je vSak nezbytna
postkolonova  derivatizace [17]. Dale se bé&zné¢ pouzivd kapilarni  zdénova
elektroforéza (CZE) [30]. Limity kvantifikace téchto metod jsou shrnuty v tabulce 2.1.

Thymol je derivat monoterpent a ma antibakteridlni a antiseptické ucinky [31]. Vyskytuje
se v mnoha bylinach, naptiklad v dobromyslu obecném (Origanum vulgare), v matetidousce
obecné (Thymus vulgaris) atd [32, 33]. Ve farmacii se thymol pouzivd jako pomocna latka
v sirupech, kapkach, ¢ajich a potravinovych dopliicich [15]. Kromé vnitiniho pouziti se pouziva
1 v zubnim lékafstvi a zubni hygien€ a k oSetfeni klize, kde potlacuje rlst bakterii a hub [34].
Thymol se pouziva i jako insekticid proti moskyttim [35].

Thymol se bézn¢ stanovuje celou fadou analytickych metod, napiiklad HPLC-UV [36, 37],
plynové chromatografie (GC) s detektorem MS [38], HPLC-ED [12, 39], GC s plamennym
ioniza¢nim detektorem (FID) [40] a diferen¢ni pulsni voltametrii [41]. Limity kvantifikace

téchto metod jsou shrnuty v tabulce 2.1.
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Tteti ptiloha této prace je vénovana vyvoji nové metody stanoveni biomarkerd HVA a
VMA v lidské moc¢i. HVA a VMA samy o sob¢ nepasivuji pracovni material ze skelné¢ho
uhliku, ale jejich stanoveni probiha v biologickych vzorcich s komplikovanou matrici.

HVA a VMA jsou dtlezité biomarkery sledované v lidském lékatstvi. Jde o finalni produkty
metabolismu katecholaminii, HVA je hlavni metabolit epinefrinu a VMA dopaminu [42].
Katecholaminy jsou neurotransmitery a hormony. Jejich nadprodukce je spojena s nékterymi
zavaznymi metabolickymi [43] a neurologickymi [44-46] onemocnénimi. Pfikladem mtize byt
Menkesova choroba [47, 48] nebo nadorova onemocnéni [49].

Abnormalni hladinu téchto kyselin je tedy z diagnostickych divodii monitorovana v moci,
krevni plazmé, v mozkové tkani a cerebrospinalni tekutin€. Nasledna diagnostika na zéklade
nestandardnich hladin HVA a VMA ma dle studii vysokou citlivost mezi 66 az 100 % a
specificitu vet§i nez 99 % [50]. Vliv na hladinu mé i1 fdze naddorového onemocnéni, pfi¢emz
pacienti v pokrocilejSich fazich onemocnéni jsou nachylnéjsi k abnormélnim hladindm
sledovanych biomarkert [51, 52].

Pro stanoveni HVA a VMA se bézn¢ pouzivd HPLC-ED s poréznim grafitem [53]. Dale
se pouzivaji elektrody ze skelné¢ho uhliku [54-57] a diamantova elektroda [58, 59]. Krom¢
elektrochemickych metod se dale pouziva CZE [60-62], GC [50] a HPLC-MS [51, 52]. Limity
kvantifikace téchto metod jsou shrnuty v tabulce 2.1.

Ptiloha Ctyfi je vénovana stanoveni AK alaninu na poréznim detektoru na bazi mikrocastic
medi. V tomto pripadé nedochdzi k pfimé elektrochemické pieméné stanovované latky. K
tomu, aby byla latka elektrochemicky aktivni, nemusi tedy sama podléhat oxidaci nebo redukci,
sta¢i, kdyz se bude ucastnit elektrodové reakce, kterou v tomto piipadé predstavuje vznik
komplexu s centralnim atomem meédi a stanovovanou latkou ve formé ligandu [10]. Pracovni
materidl je pii vkladaném potencidlu postupné rozpoustén, coz lze povazovat za starnuti
elektrody vyzadujici periodickou obnovu, stejné jako pasivovany skelny uhlik v ptredeslych
kapitoléach.

V paté priloze této disertacni prace je stanoveni na zaklad¢ komplexotvorné reakce médi
dale rozvijeno na piikladu AK fenylalaninu a tyrosinu. V této pfiloze je navic uvedeno
porovnani obou pracovnich materiali (médi a skelného uhliku). Na skelném uhliku fenylalanin
nelze stanovit, jelikoz neobsahuje elektrochemicky aktivni skupinu. Za timto ucelem byla
vyvinuta metoda stanoveni tyrosinu, strukturné velmi podobné latky jako je fenylalanin. Ten je
jiz nicméné v disledku pfitomnosti fenolické skupiny schopen piimé oxidace. Také v piipadé
tyrosinu byla pozorovédna silnd pasivace, a i zde se tedy osvédCila snadnd obnovitelnost

elektrodového materialu.
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AK obecné jsou nesmirné Siroka skupina latek. Existuje vice nez 200 druhit AK, z nichZ je
25 soucasti jednotlivych proteinti a zdkladem bilkovin, takzvané proteinogenni AK [63-66].
AK jsou kromé funkce zékladnich stavebnich kamenii bilkovin nezastupitelné 1 pfi tvorbé
enzymi a biologicky aktivnich molekul neurotransmitert [65].

Tyrosin a fenylalanin maji velmi podobnou strukturu, 1isi se pouze fenolickou skupinou na
aromatickém jadie [67]. Tomu odpovidaji i obdobné chemické vlastnosti a jejich vyskyt.
Tyrosin ma diky fenolické skupiné slabé kyselé vlastnosti [67] a bézné se vyskytuje v
potravinach bohatych na bilkoviny, zejména pak v rybim a dribeZim mase, dale je obsazen
v ofechach a také v avokadu. Pouziva se i v potravinovych dopliicich.

Fenylalanin je esencidlni AK, ktera opét obsahuje aromatické jadro. Ma vSak na rozdil od
tyrosinu nepolarni postranni fetézec. Vyskytuje se hojné v hovézim mase, ofechach, tofu a
kvasnicich. Je soucasti béznych potravinovych dopliki [63].

Alanin na rozdil od obou pfedchozich AK neobsahuje benzenové jadro; na jeho misté ma
methylovou skupinu, coz z néj déla jednu z nejjednodussich a nejobvyklejsich AK. Alanin je
vyznamnym meziproduktem mnoha metabolickych drah a zprosttedkovava alaninovy cyklus
[68]. Alanin je soucasti vSech bilkovinnych pokrmi, jako jsou napiiklad vajicka, mléko, maso
a motské plody. Vysoky obsah je opét v kvasnicich a ofechach. Déle ho 1ze najit v lusténinach,
obili a hnédé ryzi. [69, 70].

Aminokyseliny pftili§ neabsorbuji ultrafialové zateni a v ptipadé HPLC-UV je tedy nutna
jejich derivatizace [71]. Bez derivatizace jsou n¢které z nich stanovovany metodou HPLC-MS
[72-75], poptipadé elektrochemicky na zékladé jejich pfimé oxidace na platinové elektrodé [76-
80], elektrod¢ ze skelného uhliku, diamantové elektrodé [81] a CPE. Nebo jsou stanovovany
meédénymi elektrodami na zékladé komplexotvornych reakcich [82-85]. Limity kvantifikace

vybranych metod jsou shrnuty v tabulce 2.2.
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Tabulka 2.1 Pfehled vybranych praci zabyvajicich se stanovenim studovanych latek a jejich

LoQ
Stanovovand latka Technika stanoveni LoQ Citace
sulfamethizol HPLC-MS 2,67ng g’ [28]
HPLC-ED 0,14 umol 1! [29]
HPLC-MS 20,00 ng g [26]
HPLC—fluorescenéni 1,00 ng ¢! [17]
CZE 10,39 ng ml™! [30]
thymol HPLC-UV 5,00x10? ng ml™! [37]
HPLC-UV 6,67x10% ng ml! [36]
HPLC-ED 4,67x10' ng ml™! [39]
HPLC-ED 0,66 pmol 1! [12]
GC-FID 6,23x10° ng ml™! [40]
Dif.pulsni voltametrie  1,33x10? ng ml™! [41]
HVA a VMA HPLC-ED 1x107 a 1x107° ng ml™! [53]
HVA HPLC-ED 2,33x1073 pmol 1! [57]
HVA HPLC-ED 1,33 umol 1! [59]
HVA HPLC-MS 6,23x1072 pmol 1! [54]
HVA a VMA CZE 1,17x10° a 6,00x10%> umol 1! [86]

Tabulka 2.2 Piehled vybranych praci zabyvajicich se stanovenim studovanych AK a jejich

LoQ

Stanovovana Technika Elektrodovy LoQ Citace

latka stanoveni material

Tyrosin HPLC-MS - 0,6 ng ml™! [85]
HPLC-ED platina 5,33x10° pmol [76]
Diferen¢ni diamant 1 pmol I'! [81]
pulsni
voltametrie
HPLC-ED méd’ 16,3 ng [85]

Fenylalanin HPLC-MS — 3,33x10? umol [72]
HPLC-ED méd’ 6,33 ng [85]

1,1 umol I'! [83]

Alanin HPLC-MS - 1,67x10° umol [72]
HPLC-MS — 5 pmol 1! [87]
HPLC-UV - 21,9 umol I'! [71]
HPLC-ED meéd’ 30,0 ng [85]
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3. Priitokové porézni detektory

ey oo

modelll popisujicich jejich zadkladni elektrochemické vlastnosti. Hlavni pfednosti téchto
detektort je velky aktivni povrch, pii zachovani nizkého objemu pracovni cely. Velky aktivni
povrch je zarukou Uplné elektrochemické pfemény stanovované latky a nizky objem pracovni
cely ma zasadni dopad na zakladni elektrochemické vlastnosti, zejména na proud pozadi. To
déla tyto detektory vhodnymi kandidaty pro méteni v priitokovém uspotadani [1-4]. Ze zacatku
vSak tyto detektory bojovaly s nizkou u€innosti, ktera omezovala jejich praktické pouziti [5].

Porézni elektrody pro méfeni v pritokovém uspofadani byly poprvé predstaveny v roce
1957 [6], v nasledujicich letech doslo k popisu jejich zakladnich experimentalnich a
teoretickych aspektii [7-10]. Hlavnim motorem jejich rozvoje byla potencidlni prakticka
aplikace v kontinualnich pramyslovych procesech [11-15].

Az nésledné¢ bylo navrzeno pouziti poréznich elektrod pro coulometrickd stanoveni

v pratokovém usporadani [16-19]. Pro pfipravu poréznich elektrod byla nasledné pouzita celd
fada elektrochemickych materidlu, zejména pak uhlik [7, 19-30], porézni kovy [31-33] a
kovové cCastice [5, 34] jako platina [18] nebo stiibro [35]. Pouziti poréznich elektrod pfinaselo
oproti diive pouzivanym elektroddm vyrazné zkraceni doby analyzy a tim doSlo k potlaceni
nezadoucich sekundarnich elektrochemickych reakci [36, 37].
Cela fada autort v Cele s profesorem Siodou se pro tyto elektrody snazila odvodit matematicky
model popisujici limitni proud, pii kterém porézni elektrody pracuji s nejvyssi
elektrochemickou ucinnosti [5, 38, 39]. Tyto prace vychazely zriznych teoretickych
zjednoduseni, a proto nejsou zcela presné. Mnoho praci ovéiuje teoretické vztahy porovnanim
s vysledky experimentalnich pozorovani [40-43].

Vétsina praci se navzajem rozviji a dopliluje, ackoliv v nékterych ptipadech se podatilo
poukdzat i na predchazejici omyly [3, 5, 8, 10, 42, 44-53]. VSichni tyto autofi vSak dohromady
polozili silny teoreticky zéklad, ktery umoznil rozmach poréznich elektrod v analytické chemii.
Jedna z prvnich rovnic popisujicich limitni proud vychdzela z hodnoceni voltametrickych

kiivek redukce hexakyanozeleznatanu, namétenych pii riznych pritokovych rychlostech
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nosného roztoku KCIl. Sklon naméfené kiivky odpovidal vyméné jednoho elektronu difuzi
fizeného procesu. V zavislosti na nartstajici prutokové rychlosti dochazelo k snizeni proudové
odezvy:

Lim~v*?, (1)

kde vje objemova pritokova rychlost roztoku a a je sklon vySe popsané logaritmické
zavislosti rozsahu limitniho proudu na rychlosti pritoku. [5].

Tato rovnice je pro matematicky popis poréznich rovnic nedostacujici, jelikoz uvnitt péra
elektrody se vyskytuje potencidlovy gradient, koncentracni gradient (analytu a produktu
chemické rovnice) a gradient hustoty proudu. Elektrochemicky proces je dale popsan lokalnim
rozdilem mezi potencidlem pracovniho materidlu elektrody a potencidlem roztoku, ktery je
charakterizovan nésledujicim vztahem [5, 8]:

Ap = @ — ¢. (2)

Z téchto zékladnich tivah a rovnice (2) 1ze matematicky odvodit jednu z prvnich ptesnéjSich
rovnici popisujicich limitni proud [39]:

Liim = nFcov [1 — exp(‘ba(l_p)”(p_l)L)], (3)

kde n je poCet vyménénych elektront, ' je Faradayova konstanta, coje pocateni koncentrace
analytu, b je konstanta popisujici detektor, p je vnitini plocha porézni elektrody a L je celkova
délka elektrody.

Z predchozich zakladnich rovnic Ize pfi zahrnuti vlivu disperze [54] odvodit zékladni rovnici

pro stupeni konverze [5, 55]:

— fum_ (4)

T nFcov’

Na zakladé experimentalnich pozorovani bylo odvozeno, ze pro dosaZeni vysoké ucinnosti
poréznich elektrod (tedy dosazeni vysokého stupné konverze) je nutné znat lokalni distribuci
potencidlu pracovniho materidlu a distribuci potencialu celé pracovni elektrody. Diky znalosti
distribuce potencidlu lze zabrénit vylucovani nezadoucich iontti uvniti elektrody [16].
Distribuci potencialu je mozné odvodit z rovnice (2) za ptedpokladu konstantniho potencialu

pracovniho materialu elektrody s nizkym odporem [51]:

AE = Ry ’”;“L{1 — R —[In(1-R)]"1}, (5)

kde Reje specifickd ohmicka resistence.
Z rovnice (5) vyplyva, ze hlavni vliv na pokles potencidlu v roztoku mezi obéma konci

porézni elektrody ma limitni proud a stupeni konverze.
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Ptedchazejici popis stupné konverze je vhodnéjsi pouzivat pro popis prutokové elektrolyzy.
Pro coulometrickd stanoveni je presnéjsi vychazet ze stupné konverze definovaného
nasledujicim vztahem [39]:

R=1-2, (6)

Co

kde cr je koncentrace elektroaktivni latky v roztoku pii vystupu z porézni elektrody o
délce L. Z této rovnice lze totiz odvozovat minimalni délku pracovni elektrody nezbytnou pro
plnou elektrochemickou pfeménu sledované latky. Nezbytnd délka elektrody roste
s pritokovou rychlosti. V praxi tedy lze pouZzit vys$i pratokové rychlosti k potlaceni
nezadoucich sekundarnich elektrochemickych reakei. Shrnutim zavért vyplyvajicich z rovnice
(6) je, ze pro uplnou preménu sledované latky je nezbytné, aby byl ¢as difuze analytu kratsi nez
jeho doba stravend v poru elektrody [33, 38].

Zakladni teoreticky popis poréznich elektrod byl zdsadni pro zlepSeni jejich Ucinnosti a
prispél tak k rozmachu jejich aplika¢nich moznosti. DalSimu rozvoji pouziti téchto elektrod
pomohlo roku 1979 ptedstaveni nového elektrochemického materidlu— “reticulated vitreous
carbon“ (RVC) [23, 56] a nové analytické techniky — FIA [57].

Jejich predstaveni se pozitivné promitlo i do dal§iho rozvoje novych teoretickych modelii
vénovanych t¢innosti poréznich elektrod. Tyto prace budou rozebrany podrobnéji, protoze byly
pouzity pro popis zakladnich elektrochemickych vlastnosti coulometrického detektoru
vyvijeného v ramci této disertacni prace.

Teoreticky model vychazi z parabolické distribuce priitokové rychlosti. Tento model je
ziskavany vyhradné experimentalné. V poréznich elektrodach se uplatituje vliv laminarniho
proudéni. Pro porézni elektrody s velkym vnitfnim objemem, jako naptiklad elektrody na bazi
RVC, lze ptedpokladat jeho parabolicky profil [3]. Poréznich elektrodu mizeme tedy teoreticky
rozdelit na jednotlivé separované tizké kanalky, z nichz kazdy je popsan vlastni priitokovou
rychlosti na zaklad¢ parabolické distribuce priitokové rychlosti v prazdné trubici dle zékladniho
vztahu:

u=u(l-f?/r?), (7)

kde uo je pritokova rychlost uprostied trubice, fje radidlni koordinata v trubici a » je polomér
trubice. Z této rovnice lze odvodit vztah pro primérnou bezdimensiondlni koncentraci

nezreagovaného analytu opoustéjiciho porézni elektrodu:

=4 folz(l — Zz)exp[_B(l_Zz)_2/3]dz, (8)
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kde z je bezdimensionalni koordinat a konstanta B = jsLu, 2/ 3 kde s je specificka plocha
povrchu a j je konstanta difuzniho toku pfenosu hmoty.

Integral z rovnice (8) nelze tesit analyticky. Je ale mozné ho feSit matematicky pro rizné
hodnoty konstanty B. Tento model slouzi k popisu elektrod s €ist¢ laminarnim proudénim.
V poréznich elektrodach je ptitomno i radialni michdni roztoku. To je zpiisobeno samotnou
elektrodou, difuzi a radialnim gradientem koncentrace hnaného samotnou elektrochemickou
reakci. Pro pfesnéjsi vypoclty je nezbytné zahrnout novou konstantu £, ktera je funkci plochy
prafezu elektrody, objemu pori elektrody a zaktiveni otevieného prostoru elektrody.

Na zakladé€ konstanty & 1ze odvodit:

B = B*v72/3 = 272/3js | 7?/3p~2/3, 9)

Po dosazeni takto popsaného parametru B do rovnice (8) je ziskan vztah zavislosti ¢* na
pritokové rychlosti [3]:

[—B"‘v‘2/3(1—zz)_2/3

c* = 4f01 z(1 —z%)exp laz (10)
a dale dosazenim rovnice (10) za c* do rovnice (6) ziskdvame vztah pro stupei konverze pii

parabolické distribuci prutokové rychlosti:

1-R=2=¢% (10)

Co

Stupeii konverze lze dale také velmi dobte odvodit na zakladé konstanty pfenosu hmoty pro
cylindrické a sférické Castice. Difuze pro sférické a cylindrické Castice v toku kapaliny je
matematicky dobfe popsana [42]. Porézni elektrody piipravené na zakladé malych castic [33,
55] nebo majici malé pory [58] maji vyrazné vyssi hodnoty pfenosu hmoty, nez bylo diive
teoreticky predpokladano. Tento nartist neodpovidd pouhému nartstu aktivniho povrchu
pracovni elektrody. Z toho vyplyva, Ze v téchto pfipadech musi mit na zvySeni pfenosu hmoty
vliv dalsi faktor. Tato pozorovani jsou podpofena zaveéry vyzkumu mikroelektrod, které jsou
charakterizované vysokymi hodnotami specifického pfenosu hmoty, které by mohlo byt
zpusobeno vlivem disperze [59].

V poréznich elektrodach je distribuce rychlosti toku zavisla na objemu port, délce elektrody
(ve sméru toku) a na vkladaném pritoku. Skutecny profil toku bude tedy spise nékde mezi
tokem parabolickym a tokem postupnym (plug—flow). Pro zdkladni vypocty je model zaloZeny
na postupném toku zcela dostacujici a celkovy difuzni rychlost pfenosu hmoty pro sférické a
cylindrické ¢astice je v tomto piipadé dan nasledujicimi vztahy [42]:

Js = 7,84c,D?/3ul/3g*/3 3 (11)

Jc = 4,585¢,D?/3ul/3g1/3], (12)
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kde co je koncentrace sledované latky (mol cm ™), D je difusni koeficient a g je polomér sférické
nebo cylindrické castice.

Pro pouziti rovnice (11) a (12) je nezbytné jejich pfevedeni na vypocet koeficientu pfenosu
hmoty dle vztahu: k = J/c,A, kde 4 je povrch elektrody, ktery lze pro uvaZované &astice
snadno vypocist a nasledné pouZit k odvozeni vztahu:

kg = 0,624D%/3u/3qg=2/3 3 (13)

ke = 0,730D3/3y1/3g=2/3, (14)

Vysledny primérny koeficient pfenosu hmoty lze nésledné pouzit k vypoctu nékterych
fyzikélnich charakteristik pracovni elektrody z experimentalné zjiSt€éné¢ho vztahu pro stupeni
konverze:

R =1—expChisL/w) (15)
kde k;je lokdlni primérny koeficient pfenosu hmoty. Vechny v této kapitole popsané
teoretické modely byly klicem k vyvoji novych a G¢innéjsi coulometrickych detektorti. Na
jejich zéklad¢ stoji naptiklad nové konstrukce detektori na bazi RVC [23, 60-62], poptipadé
jinych materialt [63]. V této disertani praci byly zejména pak posledni dva pifedstavené
modely pouzity pro popis zakladnich elektrochemickych vlastnosti nové predstaveného

detektoru, které jsou rozebrany v kapitole 6 této disertacni prace (Ptiloha ¢.2).
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4. Detektory s obnovitelnym pracovnim materialem

Kapitola 2 této disertacni prace je ¢aste¢ne vénovana problému pasivace a historie elektrod.
Ty jsou povazovany za jednu z hlavnich slabin elektrochemickych detektorii. V ptipadé
prekdzku automatizace. [1].

Pro boj proti historii a pasivaci elektrody je mozné pouzit nekteré techniky a materialy,
naptiklad rtutovou kapkovou elektrodu, jejiz velky tspéch byl zapfi¢inén prave periodickou a
reprodukovatelnou obnovou pracovniho materialu [2, 3].

Snadnou obnovu povrchu pifindsi i CPE [4, 5], spojena se snahou na jejim zéklad¢ pfipravit
kapkovou elektrodu [6]. Diamantova elektroda vykazuje vyssi odolnost proti pasivaci,
souvisejici s parafinickym charakterem jejitho povrchu, na némz se polarni latky htfe
adsorbuji [2, 7-12].

Klasické pevné elektrody z uslechtilych kovl a uhlikovych materialii je mozné mechanicky
Cistit brouSenim a lesténim [13-15]. Tato technika obnovy povrchu vsak vyzaduje demontdz
pracovni cely a mnohdy mé nizkou reprodukovatelnost. Dal§i moznosti je zapojeni Cisticich
elektrochemickych cykli (oxidaénich nebo redukénich) [16, 17]. Cistici cykly viak nejsou vzdy
zcela GGinné [14]. Zadna z technik obnovy tuhych elektrod tedy zcela nefesi problém jejich
historie.

V ptipadé poréznich elektrod je obnova povrchu jesté vice limitovana, jelikoz mechanicka
obnova neni z diivodu jejich konstrukce prakticky mozna a elektrochemické ¢€istici cykly maji
jen velmi nizkou U€innost. Pasivovanou porézni elektrodu je pak mnohdy nezbytné zcela
vymenit, coz je jednak finan¢né narocné a jednak opét vyzaduje komplikovanou manipulaci
s detekeni celou a tim znemoziiuje automatizaci méfenti.

Automatizace je v dneSnim prumyslu klicova. Jedina technika obnovy pracovniho materialu
predstavena v této kapitole, kterou lze snadno automatizovat, je rtut'ova kapkova elektroda, ale
od jejiho pouziti, jakozto toxického materialu, se ustupuje. Proto jsou pro prumyslovou aplikaci
zajimavé techniky, které umoziuji snadnou a automatizovatelnou obnovu povrchu pracovniho

materialu.
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Moznost automatizovatelné a reprodukovatelné obnovy elektrody byla pfedstavena tymem
profesora Ruzic¢ky [18, 19]. Jde o techniku obnovy povrchu zalozenou na tvorb& porézni
elektrody z mikrocastic pracovniho materialu. Pro tuto techniku byla pfipravena specialni
pritokova cela nazvana “jet—ring®. Jeji konstrukce vychazi z takzvané “fountain cell* [20] pro
optickd méfeni v proudici kapaling.

Jet-ring cela nebyla vSak hned pouzita jako elektrochemicky detektor. Pavodné byla
aplikovana pro pritokovou injekéni spektroskopii a mikroskopii suspenzi na obnovitelném
povrchu pfi studiu bun€k (erytrocytli a lymfocytil), které byly na obnovitelné mikrocastice
zachytavany [21]. Kromé toho byla pfedstavena pro celou fadu dalsich aplikaci [22-27], z nichz
za zminku stoji zejména koncept separace na obnovitelné mikro—koloné [28].

Az nakonec byla jet-ring cela pouzita pfimo pro elektrochemicka méieni. Nejprve byla
otestovana jako amperometricky detektor fesici problém pasivace pfi praci v komplikovanych
organickych matricich jako naptiiklad pivo a vino [29]. Pozd&ji byla pouzita 1 pro
elektrochemické stanoveni glukosy technikou sekvenc¢ni injekéni analyzy [30].

Vsechny vySe zminéné techniky pritokovych analyz na mikrocasticich zaCaly byt posléze
oznacovany jako nova analyticka technika nazvana “bead injection* [28, 31].

Konstrukce jet-ring cely je pomérn¢ jednoducha. Té€lo detektoru je tvofeno z PVC kapilary
s vnitfnim primérem 0,8 mm, kterd je usazena v téle z hliniku a nerezové oceli. Na vystupu
kapilary je kolmo umisténa pohybliva zaslepka s kontaktem pro pracovni material a pomocnou
elektrodu. Kontakt na bazi nerezové ocelové trubicky o vnitinim praméru 0,76 mm je pruzinou
tlacen proti nashromazdénému pracovnimu materidlu uvniti jet-ring cely. Pomocna elektroda
vyrobena z nerezové oceli je opatfena na své Spicce teflonovou trubickou, kterd zabranuje
vzniku zkratu [29]. Zaslepka dale slouzi k zachyceni Castic pracovniho materidlu uvnitt
detektoru.

Mezi zaslepkou a kapilarou je ponechan nepatrny prostor, jehoz velikost mize byt dle potieb
ménéna. Pii plnéni elektrody je tento otvor nastaven na 20-50 % priaméru pouzitych
mikrocastic pracovniho materidlu [26], diky tomu je kruhovy prostor u usti kapilary postupné
zaplnovan mikrocasticemi. Centralni oblast je zaplnéna jako posledni. Cela je tedy zaloZena na
radidlnim toku skrz izkou skulinu ve tvaru prstence mezi ptivodni kapilarou a na ni kolmou
zaslepkou.

PInéni detektoru je provadéno tokem nosného roztoku suspenzi obsahujici pfesné
definované mnozstvi ¢astic potiebnych pro zaplnéni celého prstencového prostoru pracovni

cely.
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V detektoru je vytvorena vrstva pracovniho materialu s vyskou 0,75 mm, celkova hmotnost
materialu je zhruba 0,5 mg. Pouzité vodivé Céstice tvoti tfidimensionalni porézni pritokovou
elektrodu [29]. MnozZstvi pracovniho materidlu mize byt zménéno pouzitim jiného objemu
suspenze pii plnéni detektoru. Pro plnéni, v pfipadé amperometrické detekce, byly pouzity
sférické Castice skelného uhliku, které byly doplnény Tritonem X—100. Ten mél potlacovat
shlukovani ¢astic uhliku. Vzhledem k malému mnoZstvi pracovniho materialu, pouzivané¢ho
pro plnéni detektoru, jde o velmi ekonomickou metodu i v pfipad¢, ze by byl pracovni material
ménén po kazdém néstiiku vzorku [29].

Pro dostate¢nou opakovatelnost obnovy pracovniho materidlu je klicovym faktorem
konstantnost sloZeni plnici suspenze. Toho bylo dosaZeno jemnym michanim suspenze
umisténé ve ¢tvercové baice rychlosti 30 rpm [26].

V literatufe jsou popsany dvé moznosti odstranéni pasivovaného pracovniho materidlu z jet—
ring cely. Pouzité ¢astice mohou byt z detektoru vytlacovany pomoci peristaltické pumpy [26,
29] nebo po otoceni toku odstranény ze systému za pouziti vicecestného ventilu [19, 32, 33].
Oba zplisoby lze teoreticky automatizovat. Prvni zpusob je rychlejsi a velmi spolehlivy. Druhy
zpusob je elegantnéjsi, jelikoz k obsluze systému sta¢i jedina pumpa a umoznuje snadnéjsi
automatizaci. Obnova elektrodového materidlu trvd v obou piipadech méné nez jednu
minutu [29].

Odstranéni c¢astic z detektoru obracenym tokem je dale komplikovano dalS§im faktorem.
Porézni pracovni elektroda vytvorend z mikrocastic je stabilni pii pratoku analytu, a i v piipadé
zastaveni toku technikou stop—flow. Odstranéni veskerého pracovniho materialu oto¢enim toku
neni ale vzdy dostatecn¢ efektivni. Obzvlasté mekcéi materidly maji tendenci shlukovat a
spojovat se. V detektoru je pii obraceném toku vzhledem k jeho konstrukci vytvaien
symetricky tok, v jehoz stfedu se vytvaii zona s nulovym priatokem. Vsechny castice mensi nez
tento nulovy tok nasledné zlstavaji v detektoru.

V ptipad¢ amperometrické detekce byly pred samotnou aplikaci pro komplikované vzorky
nejprve popsany zakladni elektrochemické vlastnosti detektoru pomoci hexakyanoZzeleznatanu
draselného (pii detek¢nim potencidlu +700 mV oproti platinové elektrod€). Proudova odezva
oxidace hexakyanozeleznatanu rostla i nad detekéni potencial +600 mV, pravdépodobné
vysvétleni je potencidlovy pokles porézni elektrody popsany jiz diive [34-36]. Jet-ring cela
m¢éla pii této charakterizaci jinak velmi dobré zakladni elektrochemické vlastnosti, zejména pak
vybornou opakovatelnost méteni (RSD 1,1 %), velmi Sirokou linearitu odezvy (vice nez 6 fadu)

a nizky detekéni limit stanoveni 50 nmol 17! [29].
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Jet—ring cela je velmi zajimavy a univerzalni koncept, kdy je mozné ptipravovat kompaktni
vrstvu z mikrocastic za pouziti riznorodého pracovniho materidlu. Nejde o zcela dokonaly

systém, ale pro tuto disertacni praci se stal zakladem pfti ptipravé nového konstrukéniho feSeni.
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5. Méd’ jako elektrodovy material

Prvni experimentdlni prace, vyuZzivajici vzniku komplexii médi k elektrochemickému
stanoveni koncentrace sledované latky, nepouzivaly méd piimo jako pracovni material
elektrody. Namisto toho byly ionty médi ptidavany piimo do zakladniho elektrolytu nebo
nosného roztoku a byl méfen pokles jejich koncentrace potenciometricky. V ptipadé¢ HPLC
usporadani byly ionty pfidavany do roztoku az za kolonou pted detektorem. Tato technika ma
ale jeden zésadni nedostatek, rozsifovani pikti [1]. Proto se pro stanoveni zacaly pouzivat
pracovni elektrody z médi, které jiz timto nedostatkem netrpi [2].

Komplexotvorna reakce se velmi dobie uplatituje pfi stanoveni AK, tvoficich s médnatymi
ionty velmi stabilni komplexy. Jejich zpétna reakce je diky tomu velmi pomala [3, 4]. Kromé
AK Ize touto technikou stanovovat i polykarboxylové kyseliny, jako naptiklad kyselinu
Stavelovou, maleinovou, citronovou, isocitronovou a vinnou [1, 2, 4-14].

Elektrochemicky mechanismus komplexotvorné reakce vyuziva méd’naté ionty pritomné ve
vrstve oxida, které vystupuji jako centralni atomy. AK a polykarbonylové kyseliny ptedstavuji
v této reakci ligandy. Komplexotvorna reakce urychluje oxidaci povrchu médéné elektrody a
reakce s ligandy ma za nésledek nartist anodického proudu, ktery je imérny jejich koncentraci.
Odezva je zavisla na stabilit¢ vzniklého komplexu a kinetice komplexotvorné reakce. Jde tedy
o selektivni metodu vhodnou pro ligandy schopné rychle tvofit stabilni komplexy s médi [15].

Komplexotvorna reakce vyzaduje specifické podminky. Elektrodova kinetika je velmi
rychla pfi pouziti fosfatového a uhli¢itanového pufru. Naopak pii pouziti boradtového pufru je
elektrodovéa kinetika hlavni limitni faktor proudové odezvy, a proto se tento pufr v praxi
nepouziva [4].

Citlivost detekce dale roste se snizujici se koncentraci pouzitého pufru a s naristem pH.
V ptipadé reakce s pomalou kinetikou je dale vhodné pouziti nizSich pratokovych rychlosti [12,
16]. Odezva detektoru v tomto piipadé klesa s nartistajici priitokovou rychlosti. Pokles je dle
experimentalnich méfeni linearni pro glycin a exponencialni pro ostatni AK. Toto chovani
naznacuje, ze odezva detektoru je fizena pouze kinetikou komplexotvorné reakce [16]. Na
druhou stranu bylo experimentalné prokazano, ze pro AK s velmi rychlou kinetikou je proces

alespon Caste¢né fizen konvektivni difuzi a odezva detektoru s rostouci pritokovou rychlosti
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stoupa [3]. Odezva detektoru tedy roste se stoupajici priitokovou rychlosti, ale pouze
v pripadech, kdy je komplexotvorna reakce AK opravdu velmi rychla. V ostatnich pfipadech
dochazi k poklesu, a to bez piimé zavislosti na geometrii pracovni cely.

Dalsim zasadnim faktorem je pH. Vhodné je pouziti pH v oblasti 6 az 11. Pokud je médéna
elektroda anodizovand ve slabé kyselém prostfedi pufrti, dochazi k rychlému pokryti jejiho
povrchu vrstvou oxidl a hydroxidii, ¢imZ je pracovni material pasivovan. Pii pH 3—4 dochazi
k tvorbé€ nerozpustné vrstvy oxidu médného [17, 18]. Déle se v zavislosti na sloZzeni pouzitych
roztoki tvoii oxid médnaty, hydroxid médnaty a jiné médnaté soli [19, 20]. Pfi nizSich pH neni
elektroda aktivovana a proudova odezva odpovida ptimé oxidaci Cu na Cu®* [14].

Pokud je elektroda kladn& nabita v roztocich s vys$§im pH (6-11) dochédzi nejprve
k vytvofeni médné(l) vrstvy, kterd pokryva povrch elektrody. Sila této vrstvy neni zavisla na
vkladaném potencidlu. Médnaté ionty se tvofi az pii vlozeni kladnéjSich potencidlii a mayji
schopnost difundovat vrstvou médi(I). Rozpustnost médnatych iontl je vSak omezena a
koncentraci iontli na povrchu elektrody lze tedy vkladanym potencidlem ovlivnit jen do urcité
maximalni hodnoty. Pfi dalSim zvySovani potencidlu jiz nedochédzi k navySeni koncentrace
iontl na povrchu, ale k tvorbé oxida a hydroxidi s médnatymi ionty. Koncentraci méd’natych
iontl na povrchu elektrody 1ze odvodit z Nernst—Kirchoffovy rovnice.

V ptipadé pouziti kolony na bazi silikagelu je navic pouzitelnd hodnota pH omezena i
stabilitou kolony. V tomto pifipadé¢ musi byt pH udrzovano na hodnoté 6,5-7,0, coz je pH
vhodné pro elektrochemickou detekci i samotnou kolonu. Navic byla vreverzni fazi
pozorovana tvorba dvojpikl pfi vySSich pouzitych pH. Prvni pik je dasledkem formovani
dimernich nebo polymernich komplext [21]. Tyto limity byly vSak diky rozvoji a pouziti
novych materialti v HPLC odstranény.

V nosném roztoku déale neni vhodné pouziti vyssi koncentrace organickych rozpoustédel
(béZné se pouziva do 10 %). Organicka rozpoustédla snizuji rychlost komplexotvorné reakce a
snizuji tak citlivost stanoveni. Tento efekt je zplisoben snizenim relativni permitivity, coz
snizuje konstantu rychlosti iontové reakce [22, 23].

Pro stanoveni AK se tedy nej¢asteji pouziva nosny roztok nebo mobilni faze z fosfatového
pufru o koncentraci 0,25M a o pH 6,8. Voli se priitokové rychlosti niz$i nez 1 ml min™' a
detek¢ni potencialy +0,1 az +0,15 V [16, 24]. Moznosti optimalizace separac¢nich podminek
jsou tedy vyznamné omezeny.

Experimentalné bylo prokazano, ze odezva neni piili§ zavisld na geometrii pracovni cely,
coz potvrzuje teorii, ze hlavni tlohu zde mé kinetika komplexotvorné reakce [16]. Velikost

proudu médéné elektrody zavisi dale jest¢ na nékolika faktorech, a to zejména na
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termodynamice (stabilit¢ vznikajicitho komplexu). Dalsi faktory jiz vSak nemaji takovy
vliv [14].

Analytické detek¢ni techniky vyuzivajici komplexotvorné reakce s médi Ize rozdélit na
amperometrické a potenciometrické. Potenciometrickd detekce méfi zmény potencialu
elektrody v zavislosti na vzniku médénych komplext ve vrstvé oxidi. Tato technika ma vSak
nelinearni pribéh kalibracnich kiivek a omezenou citlivost. Aby bylo dosazeno linearni odezvy
elektrody, musel by byt v roztoku dostate¢né velky nadbytek méd’natych iontli, coz by naopak
vedlo k nizké zméné potencidlu elektrody [4].

Vhodnéjsi technikou je proto amperometrické stanoveni vyuzivajici usnadnéného
rozpousténi hydratovanych oxidi na povrchu médi, které je citlivéj$i a méd univerzalng;si
pouziti (netrpi nelinearnosti kalibracnich zavislosti) [4].

Pro stanoveni AK byly pouZity riizné designy pracovnich elektrod, jako naptiklad rota¢ni
diskova elektroda [4], tubularni elektroda [3, 5], detektor na bazi médéného dratku [2, 4, 6-12,
25] a mikrocylindricka elektroda [24].

Podobné¢ elektrochemické a komplexacéni vlastnosti jako méd’ maji i jiné kovy, zejména rtut’,

kobalt a nikl. Ty vSak jiz nejsou vhodnymi elektrodovymi materidly. Nikl a kobalt maji

vvvvvv

transportu elektrochemicky generovanych volnych iontd od elektrody [15, 16].
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6. Vysledky a diskuze

6.1. Detektor na bazi skelného uhliku

Konstrukce coulometrického detektoru popsand v ramci této disertani prace navazuje na
koncept predstaveny jiz v mé diplomové praci [1] a dale jej rozviji. Ob¢ tyto konstrukce maji
stejny zaklad, ale 1181 se zejména v téle detektoru, coz je nejlépe patrné z nadkresu obou detektort
uvedenych na obrazku 6.1.

Zakladem obou detektorii je teflonova kapilara (PTFE, 1/16* x 0,50 mm ID, VICI, USA)
s vnitinim pramérem 0,5 mm, kterd je u svého usti tepelné zplosténa a roztazena. Vnitini profil
kapilary u usti neni vzhledem k tepelnému zplos§téni zcela valcovity, ale ¢astecné konicky s
vnitinim primérem u usti az 0,7 mm. Do stény kapilary je 3 mm nad jejim Ustim jehlou
zhotoven kruhovy otvor, ktery slouZi pro zavedeni kontaktu pracovniho materialu v podobé
platinového dratku o priméru 0,4 mm. VSechny podstatné rozméry detektoru jsou znazornény
na obrazku 6.2. Zavedeny kontakt je fixovan a zpevnén vrstvou polystyrenu a dvou vrstev
tepelné smr§t'ovaci buzirky. Takto upravend kapilara je zavedena do Sroubu (PEEK Fingertight
Nuts for Flanged "4—28 Connections, VICI, USA). K usti kapilary je ptiloZen flitr z filtraniho
papiru. Filtr je u usti kapilary drzen télem detektoru, ktery, jak jiz bylo zminéno, se pro ob¢
konstrukce 1i8i. Pfesny popis konstrukce spolecné s popisem vymeény pracovniho materialu a
detailnim popisem zékladnich elektrochemickych vlastnosti detektoru jsou uvedeny v ptiloze 1
a 2 této disertacni prace.

Z obrazku 6.1 je patrné, ze pivodni koncept mél komplikovangjsi konstrukci. Pivodné byl
totiz filtr drzen u usti kapilary dvéma opacné orientovanymi Srouby fixovanymi proti sobé
spojkou. Na kapilaru s pracovnim materidlem doléhala druha tepelné roztazena kapilara, jejiz
délka byla 5 mm a vnitini pramér 1 mm [1].

Protichtidny Sroub se spojkou byl vramci této disertatni prace nahrazen zaslepkou.
Komeréné dostupna zaslepka (Tefzel EFTE Cap for /4—28 Nut, IDEX Health & Science, USA)
byla upravena tak, Ze do ni byl ve spodni ¢asti vyvrtan kruhovy otvor o priiméru 1,2 mm. Spodni
cast spojky byla zbrouSena tak, aby spodni sténa méla Sitku pouhé 2 mm. Vyvrtany otvor byl

jesté zbrousen a Castecné i skosen, takZze se od Usti kapilary pramér vyvrtaného otvoru zvétSoval
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az k 1,6 mm. VéEtsi primér vyvrtaného otvoru vedl jiz jen k nestabilité filtru u usti kapilary,
ktery se pfi prutoku kapaliny protrhaval.

Hlavni slabinou ptvodni konstrukce neni jeji vétsi komplikovanost, ale zejména
nedostacujici vodivé spojeni mezi pracovnim materidlem a pomocnou a referen¢ni elektrodou.
Toto spojeni piedstavuje pouze Gzky kanalek charakterizovany vnitinim primérem teflonové
kapilary, coz neptiznivé ovliviuje efektivni vzdalenost a elektricky odpor mezi elektrodami [2].
To ma negativni vliv na zakladni elektrochemické vlastnosti detektoru. Konstrukéni upravy
popsané v této disertacni praci tento nedostatek odstranuji.

Pro testovani zékladnich elektrochemickych vlastnosti obou konstrukei byly pouzity dvé
stejné modelové latky, hydrochinon a hexakyanozeleznatan draselny. Diky tomu Ize obé
konstrukce a jejich vlastnosti snadno porovnat. Diskutovany budou stupné konverze, prib¢h
hydrodynamickych volatamogramli (v€etné detekéniho potencidlu) a pribeh kalibracnich
kiivek.

Piivodni detektor dosahoval vysokych hodnot stupné konverze, ptesnéji pracoval s ucinnosti
90,1 % pro hexakyanozeleznatan draselny a 81,7 % pro hydrochinon [1]. Jde o vys$$i hodnoty,
nez bézn¢ dosahuji amperometrické detektory, ale nedochazelo k uplnym pieménam
stanovovanych latek. Konstrukéni Gpravy predstavené v pfedchazejicich odstavcich mély za
nasledek nartst stupné konverze az ke 100 % (piesnéji bylo dosazeno stupné konverze 99,8 %
pro hexakyanoZzeleznatan draselny a 109,1 % pro hydrochinon). Detektor vyvinuty v této
disertacni praci tak mlize byt oznaceny jako coulometricky dle definice uvedené v kapitole 1.1.

Rozdilné elektrochemické vlastnosti se projevuji i v piipad¢ tvaru hydrodynamickych
voltamogramii. Hlavni rozdil neni ve strmosti naméfenych ktivek, ale v jejich vyvoji po
dosazeni maxima. V pfipad¢ hexakyanozeleznatanu draselného a ptivodniho detektoru bylo
dosazeno maxima pii vlozeni potencidlu +0,5 V [1], dale vSak s nartistajicim potencidlem
dochazelo k poklesu proudové odezvy, coz neodpovida teoretickému popisu reverzibilniho
déje. V tomto piipadé se nejspise projevil vliv velké efektivni vzdalenosti mezi pracovni a
referen¢ni elektrodou. Upraveny detektor ma maximum hydrodynamického voltamogramu pii
+0,6 V. Nésledné zvySovani vkladaného potencialu jiz nema zésadni vliv na odezvu detektoru,
dochazi pouze k nartstu proudu pozadi. Proud pozadi navic dosahuje po tpravé konstrukce
ctytikrat nizSich hodnot (viz obr 6.3) nez v ptipad€ piivodniho detektoru. Obdobné zmény jsou
pozorovatelné i1 v ptipad€ hydrochinonu, ackoliv pro tuto latku jiz nejsou tak markantni. U
hydrochinonu také nedoslo k zasadni zméné optimalniho detekéniho potencialu, pouze z +1,2
V [1] na +1,1 V. Jak je patrné, detekéni potencialy se pro obé konstrukce vyznamné nelisi.

Vsechny naméfené hodnoty detekénich potencidlil jsou vSak vyssi nez teoretické hodnoty pro
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skelny uhlik, coz je pravdépodobné zplisobeno Spatnym rozlozenim potencialu na pracovni
elektrodé, pozorovanym u poréznich detektord jiz diive, nebo Spatnou kompenzaci iR
spadu [2].

Déle méla uprava konstrukce detektoru zasadni vliv i na tvar kalibracnich kiivek. Pro ob¢
modelové latky byl v piivodni konstrukei pfedstavené v ramci diplomové prace patrny velky
zaporny uUsek a kalibracni kiivky vyhodnocené z ploch pikli mély linearni pribéh jen pro
koncentrace vy$§i nez 20 umol "' [1]. Upravou konstrukce doslo k zasadnimu vylep3eni
zaporného Useku kalibraéni kiivky a bylo dosazeno linearniho rozsahu az do limitt detekce pro
obé modelové latky (viz tabulka 6.1). Zaporny usek vSak nebyl zcela odstranén.

Diky upravam detektoru, které jsou popsané v této kapitole, byly vyznamné vylepSeny
vSechny jeho hlavni elektrochemické vlastnosti, zejména pak doslo k narGstu dynamického
linedrniho rozsahu kalibracnich kiivek a stupné konverze. Na§ koncept navic oproti jet—ring
elektrodé predstavené v kapitole 4 pracuje s uplnou preménou sledovanych latek a netrpi

nulovym tokem pii vyméné materialu technikou obraceného toku.

Tabulka 6.1 Porovnani kalibra¢nich kiivek vyhodnocenych z plochy pikli pro ptvodni
konstrukci predstavenou v diplomové praci [1] a pro upravenou konstrukci predstavenou v této

disertacni praci

dynamicky

analyt konstrukce linearni rozsah usek korelaf:m
(umol L) (LA s) koeficient
hexakyanozeleznatan puvodni 20-100 —68,3 0,9984
draselny upravena 8—100 —40,8 0,9981
hydrochinon puvodni 20-100 —148,2 0,9951
upravena 6-100 —82,2 0,9997
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Obrazek 6.1 Porovnani konstrukci elektrochemickych detektori na bazi uhliku slozeného
z kontaktu (1), pfivodni kapilary (2), Sroubu (3), pracovniho materidlu z mikrokulicek
uhliku (4), zeleznych podlozek (5 a 10), filtru (6), zaslepky (7), spojky (8), protichtidného
Sroubu (9) a odvodni kapilary (11).
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A

A

19.7 mm
16.5 mm

Obrazek 6.2 Rozméry coulometrického detektoru se znazornénim rozloZzeni pracovni,
referencni (1) a pomocné (2) elektrody (A) a znazornéni izolace kontaktu zavedeného skrz sténu

piivodni teflonové kapilary (B) vrstvou polystyrenu (3) a dvéma vrstvami tepelné smr$tovaci

buzirky (4 a 5).
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Obrazek 6.3 Hydrodynamické voltamogramy z ploch pikd hexakyanoZeleznatanu draselného
(1x10* mol 1"!) naméfeného ptivodni konstrukci piedstavenou v diplomové praci [1] (A) a
upravenou konstrukci pfedstavenou v této disertaéni praci (B) za optimalnich podminek
s objemem davkovaci smy¢ky 100 ul a pritokovou rychlosti 0,5 ml min~! (A), respektive

0,6 ml min! (B).

6.2. Aplikace detektoru na bazi mikrocastic skelného uhliku

V predchézejici kapitole byl pfedstaven novy coulometricky detektor na bazi mikrocastic
skelného uhliku a byly diskutovany nékteré jeho zékladni elektrochemické vlastnosti. Tato
kapitola bude vénovana ukazkam aplikaci tohoto detektoru pti stanoveni latek pouzivanych ve
farmacii a lidském lékaftstvi (jejich vlastnosti jsou rozebrany v kapitole 2).

Byly vyvinuty celkem ¢tyfi nové analytické metody, pficemZ postupné dochdzelo k pouziti
metoda stanoveni thymolu a AK tyrosinu technikou FIA. Na ni navazuje stanoveni
sulfamethizolu technikou HPLC s izokratickou eluci. Ve vSech téchto pfipadech byla pouzita

linearni pumpa, jejiz stabilni pratokova rychlost omezuje kolisani proudu pozadi. Vyvoj téchto
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metod je detailn¢ popsan v pfilohach 2 (thymol a sulfamethizol) a 5 (tyrosin) této disertacni
prace.

Nakonec byla vyvinuta metoda simultanniho stanoveni HVA a VMA v lidské moci
technikou HPLC s gradientovou eluci (pfiloha ¢islo 3 této disertacni prace). Jde o prvni aplikaci
detektoru ve spojitosti s gradientovou pumpou. Ta je v modernich HPLC systémech pouzivana
mnohem cast€ji nez pumpa linearni, ale generuje tlakové pulzy, které v kombinaci s velkym
aktivnim povrchem pracovni elektrody mohou vést k nestabilnimu proudu pozadi.

Thymol, sulfamethizol a tyrosin siln€ pasivovaly pracovni material. Odezva detektoru byla
stabilni pouze pro 6 nastiikit v pfipad¢ thymolu a 3 nastfiky pro sulfamethizol a tyrosin.
V ptipadé HVA a VMA nebyla pasivace takovy problém, prvnich 10 néstfikd mélo stabilni
odezvu. Problematické bylo ale stanoveni jejich koncentrace v redlnych vzorcich moci. V této
komplikované biologické matrici opét dochédzelo ksilné pasivaci. Jak bylo uvedeno
v kapitole 4, v ptipad¢ poréznich detektorl je pasivace zadsadni problém a nejcastéji vyzaduje
vyménu celého pracovniho materidlu. Snadna vymeéna pracovniho materialu je jedna z hlavnich
vyhod vyvinutého detektoru. Aby byl ale detektor pouzitelny pro praktické aplikace a zejména
pak ve spojeni s HPLC, musi byt tato vymeéna dostate¢né reprodukovatelna.

Pro vSechny tyto latky byla urCena relativni smérodatnd odchylka (RSD) odezvy detektoru
po opakované vymén¢ pracovniho materialu tak, jak je tento proces popsan v ptiloze 1 a 2.
Vsechna méfeni probihala za optimalnich podminek. V ptfipadé¢ FIA stanoveni thymolu a
tyrosinu byla pracovni naplit vyménéna pétkrat s vyslednym RSD 4,2 % pro thymol a 5,0 %
pro tyrosin. P&t vymén pracovniho materidlu bylo otestovano i v ptipadé HPLC stanoveni
sulfamethizolu, kde RSD dosahl 6,3 %. V ptipadé HPLC stanoveni HVA a VMA bylo
otestovano sedm vymeén pracovniho materidlu s vyslednym RSD 3,7 % pro HVA a 3,8 % pro
VMA.

Vsechny ziskané hodnoty jsou vdobré shodé a jsou srovnatelné s ostatnimi
elektrochemickymi technikami. Napftiklad v pfipadé HPLC méfeni s wall-jet uspofadanim
CPE bylo RSD pro 10 obnov povrchu 4,8 % pro thymol [3] a 4,9 % pro sulfamethizol [4], coz
jsou bézné hodnoty pro CPE [5, 6].

DalS8imi pro detektory v pritokovém uspofadani zdsadnimi parametry jsou citlivost a linearni
dynamicky rozsah, tyto parametry jsou pro vSechny latky shrnuty v tabulce 6.2 spole¢né
s dalSimi parametry kalibracnich kiivek. Dosazené¢ LoQ jsou v dobré shod¢ s ostatnimi
metodami stanoveni sledovanych latek, které jsou uvedené v kapitole 2. Linedrni dynamicky
rozsah pokryva ve vSech pripadech alespont dva koncentra¢ni fady. Zakladni vlastnosti

detektoru jsou tedy srovnatelné s ostatnimi bézné pouzivanymi detekénimi technikami.
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Tabulka 6.2 Charakteristika kalibracnich kfivek a LoQ latek stanovenych na coulometrickém

detektoru za optimalnich podminek; vyhodnoceno z ploch piki.

Latka Technika  Lineéarni Smérnice  Usek Korela¢ni LoQ
stanoveni ~ dynamicky (uAs (uAs)  koeficient  (umol L)
rozsah umol ! L)
(umol L)
Thymol FIA 2-100 7,65 -18,3 0,999 0,97
Tyrosin FIA 1-100 10,7 5,37 0,995 1,60
Sulfamethizol HPLC 0,1-100 3,59 -1,1 0,999 0,04
izokraticka
HVA HPLC 1-100 1,094 -3,435 0,996 1,31
gradient
VMA HPLC 1-100 4,007 2,274 0,998 0,65
gradient

6.3. Porovnani detektoru na bazi uhliku a médi

Coulometricky detektor predstaveny v pfedchdzejicich dvou kapitolach pfinasi zajimavou
moznost snadné vymény druhu pracovniho materidlu. Teoreticky je mozné detektor plnit
libovolnym materidlem, pokud jsou dostupné jeho mikrocastice. Prakticky je s tim vSak spojeno
nekolik problémt, které budou bliZe rozebrany v této kapitole, kde bude piedstavena moznost
plnit detektor mikrocasticemi meédi. Jak bylo vysvétleno v kapitole 5, méd je
z elektrochemického hlediska velmi zajimavy material.

Hlavni ptekdZkou pro snadné nahrazeni uhliku jinym pracovnim materidlem mohou byt
fyzikélni vlastnosti tohoto materialu. Skelny uhlik ma pomérné nizkou hustotu [7], a je tak
mozné piipravit jeho stabilni davkovaci suspenzi. Kovy maji hustotu mnohem vétsi a jejich
suspenze tak byla stabilni jen nékolik sekund, coz komplikovalo zplsob plnéni detektoru.
Jednak davkovany objem suspenze neobsahoval vzdy reprodukovatelné mnozstvi médénych
mikrocastic a jednak se Castice médi velmi rychle usazovaly v plnicim systému a plnéni
detektoru tak bylo velmi zdlouhavé.

Nejprve bylo tedy nutné upravit ptivodni zptsob plnéni detektoru, ktery byl pouzivan pro
skelny uhlik a je pfesnéji popsan v piiloze 1 a 2. Byl zvySen pritok nosného roztoku v plnicim
systému z pivodniho 1 na 2 ml min!. Davkovaci suspenze byla pfipravena s dvojnasobnym
mnozstvim mikroc¢astic pracovniho materialu, tedy s 60 mg médi na 9 ml rozpoustédla.

Vzhledem k nizké stabilité suspenze vsak tyto ipravy nevedly k reprodukovatelnému plnéni,

proto byl vyzkousen zpiisob ukonceni plnéni detektoru pii dosazeni presné definovaného tlaku.
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Ve chvili, kdy doslo k naristu tlaku na definovanou hodnotu, byl pferusen tok nosného roztoku.
V plnicim systému ziistaval prebytek médi, ktery byl pouzit pti nasledujici vymeéné pracovniho
materidlu. Detektor tedy jiz nebyl plnén ptesné definovanym objemem 500 pl, ale na tlak 2
MPa. Zménu vysky sloupce pracovniho materidlu tedy nelze ovlivnit zménou objemu plnici
civky (poptipadé zménou sloZeni plnici suspenze). V tomto ptipadé je vyska sloupce meénéna
konecnou hodnotou tlaku plniciho syst¢tmu. To by mohlo mit vyhodu pro potencionalni
automatizaci plnéni. Moderni systémy dokazou prerusit tok pfi dosazeni pozadovaného tlaku
s velkou pfesnosti. Rychlost plnéni detektoru je obdobna pro oba postupy a pracovni material
je v detektoru vyménén do 1 minuty. Mirnou nevyhodou je vétsi spotieba nosného roztoku, ale
vzhledem k rychlosti vymény pracovniho materialu nejde o nikterak zdsadni mnoZstvi.

Srovnatelna je 1 vyska sloupce pracovniho materialu v detektoru. Vyska uhlikového sloupce
v detektoru je 4+0,6 mm a vyska médéného sloupce je 4,5+0,2 mm. Z hodnot vypoctenych
smérodatnych odchylek 1ze vypozorovat i zlepSeni opakovatelnosti plnéni detektoru pii plnéni
na ptfesn¢ definovany tlak.

Suspenze se dale 1i8i v pouzitém rozpousStédle. Médéné mikrocastice musely byt pred
pouzitim aktivovany, protoze jejich povrch byl pokryt vrstvou médénky vzniklé dlouhodobym
pusobenim vzduchu. Suspenze je tedy pfipravovdna ve vodném roztoku kyseliny dusi¢né,
pfesny postup je uveden v piiloze ¢islo 5. Mikrocastice medi jsou tak v suspenzi vystaveny
stalému plsobeni kyseliny, reakce je sice zpomalena pfidanim destilované vody po ukonceni
aktivace povrchu mikrocastic, ale i tak dochazi k zasadnimu snizeni Zivotnosti plnici suspenze.
Suspenze na bazi médi mé Zivotnost jeden tyden. Suspenze na bazi mikroc¢astic uhliku je
stabilni minimaln¢ po dobu jednoho mésice.

Nakonec byla ¢astecné upravena i1 konstrukce detektoru, presnéji byl zménén zpisob
zavedeni kontaktu. Pivodni konstrukce byla pro méieni dostacujici, ale zivotnost detektoru
byla omezena, stejné jako v ptipadé uhlikového detektoru, postupnym zanésenim platinového
kontaktu. V ptipad¢ pasivace kontaktu je detektor nezbytné rozebrat a kontakt mechanicky
obnovit. V pfipadé médéného pracovniho materidlu byl povrch platiny zfejmé zanaSen
vzniklymi slou¢eninami médi.

Plocha kontaktu je v ptivodni konstrukci co nejmensi, aby nedochazelo k elektrochemické
reakci pfimo na platin€. V ptipadé médéného detektoru je vSak vkladany potencial velmi nizky.
Mimoto vétSina AK ani nepodléha elektrochemické pieméné. Oba tyto faktory byly vysvétleny
v kapitole 5 této disertacni prace. Platinovy kontakt v tomto ptipadé tedy nema vliv na odezvu

detektoru a jeho plocha neni nikterak limitovana.
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Kontakt byl tedy do kapilary zaveden stejné jako v piipad¢ platinového tubularniho
pratokového detektoru [8]. Namisto malého otvoru ve sténé kapilary byla kapildra roztiznuta
napfi¢ na dvé ¢asti. Obé ¢asti byly postupné zlehka zahtaty, aby se teflon stal mékéim, a do
jejich vnitiniho prostoru byla zavedena platinova trubicka s vnitinim primérem 5 mm a vnéj$im
primérem 6 mm. Vnitini primér platinové trubicky tedy odpovida priiméru teflonové kapilary.
Kontakt by tedy nemél mit vyrazny vliv na vnitini tvar detektoru a hydrodynamické vlastnosti
by mély byt srovnatelné s pivodni konstrukci detektoru na bazi mikroc¢astic uhliku. Porovnani
obou konstrukci je uvedeno v ptiloze 5 této disertacni prace.

Takto ptipraveny detektor vykazoval delsi Zivotnost, diky vyznamné vétsi ploSe kontaktu.
Jeho pfiprava je snadnéj$i. Navic nedochazelo pti jeho ptipravé k vyrobé nefunkénich kus,
jako v pfipad¢€ pluvodni konstrukce. Zhruba jeden ze tii nové pfipravenych detektorti dle
puvodni konstrukce neposkytoval signal, nejspis kvili Spatnému zavedeni kontaktu, a dva z péti
vykazovaly netésnost zavedeného kontaktu.

Detektor musi byt uchovavan v methanolu, aby nedoslo k vyschnuti povrchu kontaktu, a pted
analyzou je nezbytné kontakt elektrochemicky aktivovat dle postupu uvedeného v piiloze

Cislo 5 této disertacni prace.

6.4. Vysledky stanoveni aminokyselin

Pomoci nové vyvinutého detektoru byly stanoveny celkem tfi aminokyseliny, z toho alanin
a fenylalanin na médéném pracovnim materialu a tyrosin na pracovni elektrod¢ ze skelného
uhliku. Vysledky ziskané pfi stanoveni tyrosinu byly jiz ¢aste¢né diskutovany v kapitole 6.2.
V této kapitole tyrosin slouzi zejména pro porovnani obou pouzitych pracovnich materiald,
jelikoz jde o latku s podobnou strukturou, jako méa fenylalanin. Vysledky tohoto porovnani jsou
podrobné rozebrany v ptiloze ¢islo 5. Priloha Cislo 4 této disertac¢ni prace je pak vénovana
stanoveni alaninu.

Pro fenylalanin a alanin byly ureny optimalni hodnoty detekéniho potencialu a pritokové
rychlosti. Ostatni podminky analyzy byly pfebrany z literatury a jsou uvedeny v kapitole 5. Oba
stanovované parametry vysSly pro AK stejné. To potvrzuje, Ze optimalni podminky jsou
limitovany samotnou komplexotvornou reakci, nikoliv pfimo stanovovanou aminokyselinou.

Optimalni detekéni potencidl stanoveni AK je +0,2 V. V literatufe se bézn¢ vyskytuji
hodnoty detekcniho potencidlu od +0,1 do +0,15V [9-11]. Detektor tedy pracuje s nepatrné

vys$S§im detekénim potencidlem. To je pravdépodobné dano efektivni vzdalenosti, kteréd
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zpusobuje potencidlovy pokles na pracovni elektrodé. Optimalni pratokova rychlost je 0,6 ml
min"'. Pro optimaliza¢ni proceduru tyrosinu byla pouZzita vicedimensionélni statistick4 metoda.
Nasledné¢ byl jesté pro potvrzeni optimalniho detekéniho potencidlu naméten hydrodynamicky
voltamogram, ze kterého byla uréena hodnota +1,3 V. Ostatni optimélni podminky stanoveni
jsou uvedeny v ptiloze ¢islo 5. Za optimalnich podminek byly nasledné¢ méfeny kalibracni
zavislosti, uréen LoQ a posouzena opakovatelnost plnéni pro oba pracovni materily.

Detektor na bazi médi poskytoval lepsi hodnoty RSD pro opakovatelnost plnéni detektoru,
ptesnéji 2,9 % oproti 5,0 % pro uhlikovou pracovni elektrodu (hodnoceno na zakladé tii
riznych plnéni). Tyto vysledky dobte koreluji i s opakovatelnosti vysky sloupce v detektoru,
kde smérodatné odchylka pro uhlik je 0,6 mm a pro méd’ 0,2 mm. Na druhou stranu je detektor
plnén vétsim mnozstvim materialu, nez je dle teoretickych vypocti uvedenych v ptiloze 2
nezbytné a prebytek pracovniho materidlu se jiz nepodili na elektrochemické reakci. Oba
vysledky opakovatelnosti plnéni tak 1ze povaZovat za srovnatelné.

V piipad¢ limith kvantifikace (tabulka 6.3) Ize konstatovat, Ze pro obé AK stanovené na
médéné pracovni elektrodé doSlo k dosazeni obdobnych hodnot LoQ), a Ze citlivéjsi je stanoveni
AK na mikrocasticich skelného uhliku. Odezvy na médénych mikrocasticich jsou obecné
fadové niz$i nez na uhlikovych. Tento rozdil je dan samotnou podstatou obou pouzitych
elektrochemickych déji. Na druhou stranu ma médény pracovni material i vyrazné nizsi proud
pozadi. Pro vSechny stanovované latky bylo dosaZeno hodnot kvantifikacnich limith
dostacujicich pro vétSinu béznych aplikaci. Linedrni dynamické rozsahy pro oba pracovni
materidly pokryvaji dva fady (v ptipad¢ stanoveni z plochy pikl).

Ze vsech porovnavanych kritérii tedy nevyplyva, ze by jeden z pracovnich materialii byl
z analytického pohledu vyrazné vhodnéjSi pro prakticka stanoveni AK. Obé& metody lze
hodnotit jako vyrovnané. Volba pracovniho materidlu tedy spiSe zaleZi na stanovované AK a
matrici vzorku. VétSina AK neni elektrochemicky aktivni a na pracovni elektrodé ze skelného
uhliku je nelze stanovit. Na médeéné elektrod€ 1ze stanovit vSechny AK a jde o velmi selektivni
metodu. Na druhou stranu vyzaduje komplexotvorna reakce pomérné striktni analytické

podminky, coz miize komplikovat optimalizaci separa¢nich podminek.
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Tab. 6.3 — Porovnani kalibra¢nich ktivek a limiti kvantifikace stanovenych AK

Vyhodnoceno AK Pracovni Linearni Korela¢ni LoQ
z material dynamicky rozsah koeficient (umol L)
(umol L™

Plocha piku  Tyrosin uhlik 2-100 0,995 1,6
Alanin meéd’ 20-1000 0,996 13,5
Fenylalanin ~ méd’ 2-1000 0,985 4.7

Vyska piku Tyrosin uhlik 2-60 0,992 1,7
Alanin meéd’ 20-1000 0,998 17,1
Fenylalanine méd’ 2—-600 0,986 3,9
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7. Zavér

V ramci této disertacni prace byl predstaven noveé vyvinuty priutokovy detektor s konceptem
snadné obnovy pracovniho materidlu. Detektor byl navrzen jako ekonomicky ptiznivé feSeni
boje s historii a pasivaci poréznich elektrod. Hlavni vyhodou je jeho snadna konstrukce pfi
zachovani dobrych elektrochemickych vlastnosti, které byly otestovany na modelovych latkach
— hexakyanozeleznatanu draselném a hydrochinonu. Detektor dosahuje vysokého stupné
konverze pohybujiciho se okolo 100 % a Ize ho tedy oznacit za coulometricky.

Zpusob plnéni detektoru navic umoziuje pouziti riznych pracovnich materialii pro piipravu
jeho pracovni elektrody. S uspéchem byly otestovany mikrokulicky skelného uhliku a
mikrocastice médi, v obou ptipadech o priméru 10-20 um. Lze ale ocekavat, Zze pro plnéni
detektoru by mohly byt snadno pouzity i dal$i mikrocastice rtiznych kovi a jiné formy uhliku,
poptipad¢ by mohly byt otestovany i jiné tvary a velikosti mikroc¢astic.

Manipulace s detektorem pfi vyméné pracovniho materidlu je velmi snadnd a pracovni
material je mozné vymeénit za 60 sekund. Konstrukce detektoru a zplisob vymény pracovniho
materidlu je navic velmi dobrym pfislibem pro piipadnou automatizaci celého systému.
Pracovni material mize byt ménén otocenim pritoku nosného roztoku za pouziti vicecestného
ventilu. V tomto piipadé by k obsluze teoreticky stacila pouze jedna pumpa.

Detektor byl otestovan ve spojeni s instrumentdlnim uspotfddanim FIA a HPLC, tedy
s nejcastéji v praxi pouzivanymi prutokovymi metodami, a bylo prokdzéano, ze ho lze pouzit i
v kombinaci s moderni instrumentalni aparaturou, zejména pak s gradientovou pumpou
vysokotlakych systéma.

Pro detektor na bazi mikrokuli¢ek skelného uhliku byly vyvinuty celkem Ctyfi metody
stanoveni latek s uplatnénim v lidském lékatstvi. Pfesnéji byly vyvinuty metody stanoveni
tyrosinu, thymolu, sulfamethizolu a metoda pro simultanni stanoveni HVA a VMA. V piipadé
thymolu a sulfamethizolu byly vyvinuté metody pouZzity ke stanoveni jejich obsahu v komeréné
dostupnych 1é¢ivych ptipravcich. Vysledky analyzy byly v dobré shod¢ s obsahem uvadénym
vyrobcem a vysledky stanoveni s bézné pouzivanou UV detekci. Pro HVA a VMA byla uspésné
vyvinuta metoda jejich stanoveni v lidské moci a byla otestovdna na redlnych vzorcich

zdravych darci.
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Kapitola 7 Zaver

Na ptikladu vSech téchto zminénych praci bylo prokdzano, ze koncept poskytuje spolehlivé
vysledky s vysokou opakovatelnosti a citlivosti stanoveni. Detektor je tedy vhodnym
kandidatem pro detekci v priutokovych metodach. Jeho pouziti je zeyjména vhodné v situacich,
kde dochézi k silné pasivaci pracovniho materialu. V téchto piipadech by mohl nahradit ostatni
bézn¢ pouzivané elektrochemické detektory.

Nakonec byla vyvinuta i druhd alternativa konstrukce detektoru s velkou plochou kontaktu
pracovniho materialu. Tato varianta je ale vhodna pouze pro komplexotvorné reakce na médi
jako pracovnim materidlu. V pfipadé pouziti jinych mikrocastic je vhodnéjsi plvodni
konstrukce s kontaktem z platinového dratku. Plocha platiny je v tomto pfipadé natolik malé,
ze jeji vliv na elektrochemickou pfeménu stanovované latky je zanedbatelny.

Modifikovany detektor na bazi médénych mikroc¢astic byl pouzit pro stanoveni dvou AK,
alaninu a fenylalaninu. Mimo to byla stanovena tfeti AK na elektrodé¢ ze skelné¢ho uhliku,
tyrosin. Ten byl stanoven jednak pro ovétfeni pouZitelnosti detektoru na bazi skelného uhliku a
jednak byly vysledky ztéto prace pouzity i pro porovnidni obou technik stanoveni
komplexotvorné reakce na médi a elektrochemické reakce na skelném uhliku. Tyrosin a
fenylalanin jsou totiz strukturné velmi podobné latky.

Detekce na skelném uhliku je mirné citlivéjsi, ostatni zdkladni parametry metod jsou ale
taktka ekvivalentni. Komplexotvorna reakce na médi je na druhou stranu mnohem selektivné;jsi
a lze s ni stanovit vSechny AK. Tato technika také nevyZzaduje zdlouhavou optimalizaci pro
jednotlivé AK, protoze optimalni podminky se vztahuji na samotnou komplexotvornou reakci.

Volba pracovniho materidlu tedy zalezi zejména na studovaném analytickém problému.
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umistény ¢astice pracovniho materidlu (7), které jsou v
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Pracovni elektroda, coulometricky detektor a zpiisob vimény pracovniho materislu

Oblast techniky

Predkladany vynalez se tykd coulometrického detektoru s obnovitelnou naplni, vyuzZitelného pro
detekci elektrochemicky aktivnich latek v pritokovych metodach, zejména pro metodu prittoko-
vou injekéni analyzu a HPLC. RovnéZ se tykd zpiisobu vyroby takovéhoto coulometrického de-
tektoru.

Dosavadni stav techniky

V moderni analytické chemii se b&né& setkavdme se stanovovanim analyti v proudu kapalin;
tento typ mefeni se uplatiiuje napfiklad v primyslu, pfi analyze slozek Zivotniho prostfedi atd.
DileZitou Easti pritokovych systémi jsou detektory, na jejichZ parametry, jako jsou cena jednot-
livych stanoveni, citlivost, linearita odezvy a reprodukovatelnost, jsou proto kladeny velké naro-
ky. VSechny tyto niroky dobfe spliiuji elektrochemické metody, které se navic vyznaduji pres-
nosti, rychlosti, jednoduchosti a diky mensimu mno#stvi elektrochemicky aktivnich latek i znag-
nou selektivitou [K. Toth, K. Stulik, W. Kutner, Z. Feher, E. Lindner, Pure and Applied Chemis-
try 76:1119 (2004)].

Nejéast&ji pouzivanymi detekénimi technikami jsou amperometrie a coulometrie. Coulometrie na
rozdil od amperometrie pracuje s vysokym stupn&m konverze stanovované latky, blizicimu se az
100 %. Mefi se naboj potfebny na elektrochemickou reakei pfi konstantnim potenciélu a z néj se
ur¢uje celkovy obsah latky podle Faradayovych zakonii [K. Stulik, V. Pacakova, Electroanalyti-
cal measurements in flowing liquids, E. Horwood, 1987.]. K dosazeni vysokého stupné konverze
Je zapotiebi velky aktivni povrch elektrodového materiélu a dostateéné dlouha doba pro kontakt
analytu s pracovni elektrodou. Dostate¢né velkého povrchu Ize dosahnout pomoci velkoplosnych
rovinnych nebo tubularnich detektord [J. Lankelma, H. Poppe, Journal of Chromatography
125:375 (1976)], ty vSak vzhledem k velkému vnitfnimu objemu detektoru nejsou vhodné pro
detekci v HPLC. Proto se nejéast&ji pouZivaji porézni nebo granulované materialy, které zaruduji
dostatetné velky pracovni povrch elektrody pfi zachovani malého vnitfniho objemu detektoru.
Nejcast&ji se pouzivaji porézni kovy, porézni skelny uhlik (RVC) a uhlikové nebo kovové &stice
[W. J. Blaedel, J. H. Strohl, Analytical Chemistry 36:1245 (1964); E. Beinrohr, M. Nemeth, P.
Tschopel, G. Tolg, Fresenius Journal of Analytical Chemistry 343:566 (1992); J. Wang, H. D.
Dewald, Journal of the Electrochemical Society 130:1814 (1983); L. I. licheva, A. D. Dakashev,
Analyst 115:1247 (1990); J. V. Kenkel, A. J. Bard, Journal of Electroanalytical Chemistry 54:47
(1974)].

Nevyhodou poréznich elektrod je viak problém pasivace pracovniho materialu coulometrického
detektoru, kterd neptiznivé ovliviiuje jeho odezvu. Elektrody v priitokovém uspofadani vykazuji
uréitou odolnost proti tomuto jevu, diky odvadéni produkti elektrochemické reakce od pracovni
elektrody proudem kapaliny a pfipadné také vzhledem k rezervé ve velikosti povrchu pracovniho
materialu. To vSak pasivaci zejména v prostfedich komplikovanych matric realnych vzorkd neza-
brani dpln€ a nasledné je nutnd periodicka a reprodukovatelna obnova povrchu elektrody. Pro
porézni materidly je mechanické &isténi takika neproveditelné [Schieffer, G. W., Analytical
Chemistry 52: 1994 (1980)] a &isténi oxida¢né-redukénimi mechanizmy komplikuje praci s dete-
ktorem a ne vzdy zaruuje dostate&né reprodukovatelnou obnovu pracovniho povrchu. Nejéastéji
Je tedy nutnd vyména pracovniho materidlu, ktera viak byva asové i finanéné narotnd a Gasto
vyzaduje rozebrani celého detektoru.

Za i¢elem zjednoduseni a zrychleni vymény naplné detektoru se jiz diive objevila takzvana ,,jet—

ring” elektroda [C. H. Pollema, J. Ruzicka, Analytical Chemistry 66:1825 (1994); J. Ruzicka,
Analytica Chimica Acta 308:14 (1995)]. Elektroda se sklada z trubicky, jejiz asti je pfiblizeno
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k nepropustné piepazce do vzdalenosti, ktera umoziiuje pritok kapaliny, ale ne jiz prichod Castic
néplné. Do prepazky je zabudovana referentni a pomocnd elektroda. Naplii je vyméiiovana odda-
lenim prepazky. Tato elektroda s naplni z grafitového prasku nebo skelného uhliku o velikosti
dastic 80 az 200 pm byla nasledné pouZita jako amperometricky detektor v injekéni analyze;
zvydeni stupng konverze bylo dosaZeno pouze za pouZiti metody stop—flow a ani v ampero-
metrickém m6du nebyl pouZit pro detekei v HPLC. [M. Mayer, J. Ruzicka, Analytical Chemistry
68:3808 (1996)].

Cilem predkladaného vynalezu je navrhnout coulometricky detektor se snadnou vyménou pra-
covniho materialu, ktery by zaru¢oval jeji rychlost, jednoduchost, moZnost volby materialu a niz-
kou cenu.

Podstata vynalezu

Predmétem piedkladaného vynélezu je pracovni elektroda coulometrického detektoru, ktera ob-
sahuje kapiliru se zavedenym elektrickym kontaktem. V kapilafe jsou umistény &astice pracov-
niho materidlu. Castice jsou v kapilate zadrzovany filtrem propoust&jicim kapalinu, ktery je u sti
kapilary fixovan. S vyhodou miiZe byt fixace filtru zajiSténa pomoci Sroubu a koncovky. Proudé-
ni kapaliny filtrem zajituje spojeni s referen¢ni a pomocnou elektrodou.

Jako filtr Ize pouZit jakykoliv dostatené husty vlaknity material odolny viici pouZitym organic-
kym rozpoustédlim v nosném roztoku; pro svou dostupnost je zejména vhodny filtracni papir.
S vyhodou je kapiléra opatfena obrubou, coZ usnadiuje fixaci filtru.

Pracovnim materidlem je s vyhodou kovovy nebo uhlikovy prasek. Volbou velikosti Eastic lze
ovlivnit rozloZeni péri a hydrodynamicky odpor pracovniho materidlu. S vyhodou lze pouzit
sférické mikrogastice skelného uhliku.

S vyhodou je elektrickym kontaktem platinovy drat.

Predmétem predkladaného vynalezu je déle coulometricky detektor, obsahujici pracovni elektro-
du podle vynalezu a referentni a pomocnou elektrodu, a prepadovou nadobku, uvnitf které jsou
viechny tfi elektrody umistény.

Predmétem predkladaného vynalezu je dale zpiisob plnéni a vymény pracovniho materidlu
v pracovni elektrod&. Naplii pouZitého pracovniho materialu se z kapilary vymyje pomoci pumpy
tokem kapaliny pfi odstranéném filtru nebo zpétnym tokem, coZ lze provést bez nutnosti manipu-
lace s detektorem. Pracovni material se smicha s rozpouitédlem a pomoci pumpy s davkovacim
ventilem se nasledn& naplni tokem kapaliny misitelné s rozpoustédiem i pracovnim prostfedim,
tedy mobilni fazi u HPLC nebo proudem kapaliny u pritokové injekéni analyzy do kapiléry. Po
naplnéni Ize ihned pokradovat v méfeni.

Rozpoustédlem je s vyhodou nitromethan a pracovnim materidlem jsou s vyhodou sférické mi-
krotastice skelného uhliku.

Vynélez je dale osvétlen s pouZitim nasledujicich obrazki a pfikladi, které viak nijak neomezuji
rozsah ochrany.

Piehled obrizki na vykresech

Obr. 1 ukazuje schéma coulometrického detektoru s obnovitelnou néplni podle piikladu 1.
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Obr. 2 ukazuje zdznam coulometrické detekce — méfeni zavislosti odezvy detektoru na zméné
priitokové rychlosti (0,3 (1), 0,5 (2), 0,7 (3) a 1,2 (4) ml min™") technikou priitokové injekéni
analyzy pfi stanoveni hydrochinonu o koncentraci 100 pmol ™" na detektoru podle pfikladu 1.
Podminky méfeni: nosny roztok Brittoniv—Robinsontiv pufr o pH 2, objem davkovaci civky 100
pl a detekéni potencial +1,1 V.

Obr. 3 ukazuje zévislost plochy piku na koncentraci hydrochinonu; mé&feni technikou priitokové

injekéni analyzy. Podminky méfeni: nosny roztok Brittoniiv—Robinsoniv pufr o pH 2, prittokova
rychlost 0,7 ml min™', detekéni potencidl +1,1 V a objem davkovaci civky 100 pl.

Priklady provedeni vynalezu

Pfiklad 1: Coulometricky detektor s obnovitelnou naplni
Coulometricky detektor s obnovitelnou naplni je zndzornén na obr. 1.

Zikladem coulometrického detektoru s obnovitelnou néplni je teflonova kapiléra 1 (vnitini pri-
mér 0,5 mm). Do kapilary 1 je jehlou zhotoven otvor, do kterého je zaveden kontakt pomoci pla-
tinového dratku 2. Kontakt 2 je nasledng utésnén vrstvou polymeru a po jeho zaschnuti je plati-
novy drat odizolovan smritovaci buzirkou. Kapildra 1 je ukon&ena obrubou, tedy teplotné rozta-
Zena a zplodténa a spolu s kontaktem 2 je umisténa do $roubu 3. Koncovkou 4 je u dsti kapilary 1
podloZené ocelovou podlozkou 5 zafixovan filtr (filtradni papir) 6. Elektrochemickou reakei
zprostfedkovava praskovy pracovni materidl 7. Ten sestava z 1,25 mg sférickych mikrodastic
skelného uhliku o priméru 10 az 20 pm, které v kapilate 1 dosahuji vyiky zhruba 3 mm. Pracov-
ni elektroda coulometrického detektoru je umisténa v prebytku mobilni faze 10 v prepadové
sklenéné niddobce (nezobrazena) spole&né s referentni elektrodou 8§ a pomocnou elektrodou 9 —
viechny elektrody jsou umistény v nezavisle stojicim stojanku (nezobrazen).

Pfi vnaseni naplné 7 do coulometrického detektoru byl detektor pfipojen na pumpu s davkovacim
ventilem s externi 500 pl vyménou smyékou. Smyeka byla naplnéna suspenzi, vytvofenou smi-
chanim 10 ml nitromethanu a 4 mg uhlikového présku a tokem 1 ml min™' methanolu byl plnén
detektor.

Ptiklad 2: Stanoveni hydrochinonu pomoci coulometrického detektoru s obnovitelnou naplni

Coulometricky detektor s obnovitelnou naplni podle piikladu 1 byl pouZit ke stanoveni hyd-
rochinonu metodou priitokové injek&ni analyzy. Jeho néplii byla ménéna, aby bylo zabranéno
pfipadnému sniZeni analytického signélu, pro proméfeni 20 az 30 vzorkii. Viechna méfeni byla
provadéna v nosném roztoku Brittonova—Robinsonova pufru o pH 2.

V prvnim kroku byly optimalizovany parametry stanoveni, a to pritokova rychlost, vkladany
potenciél a objem dévkovaci civky. Béhem optimalizace byl pouzit roztok hydrochinonu o kon-
centraci 100 pmol I™' pripraveny v Brittonové-Robinsonové pufru o pH 2. Zavislost odezvy de-
tektoru na pritokové rychlosti byla naméfena od 0,4 do 1,4 ml min™". Do 0,8 ml min' byla plo-
cha ziskana detekci takika konstantni, pii daldim zvySovani pritokové rychlosti dochézelo
k jejimu sniZovani. V celém naméfeném intervalu dochazelo k nartstu vysky pikt. Optimalni
hodnota 0,7 ml min™' byla zvolena jako kombinace mezi dostatednou G&innosti detektoru a krat-
kou dobou trvani analyzy. Nésledné byla proméfena zavislost odezvy detektoru na vklddaném
potencialu. Z naméfeného intervalu od +0,3 V do +1,5 V byla nejvétsi plocha a vyska piku pfi
+1,1 'V, proto byla tato hodnota zvolena pro daldi mé&feni. Poslednim optimalizovanym parame-
trem byl objem dévkovaci civky. Jako optimalni byla uréena hodnota 100 pl; pii dal§im zvétieni
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objemu davkovaci smycky jiz nedochézelo k vyraznému néristu vysky piku, pouze k jeho rozsi-
fovani.

7Za zjisténych optimélnich podminek byly zméfeny zékladni parametry stanoveni hydrochinonu,
jako je opakovatelnost, mez detekce, mez stanovitelnosti, a linearni dynamicky rozsah. Stalost
odezvy detektoru byla urdena z vysky 30 po sobé jdoucich nastfiki vzorku o koncentraci 100
umol I' v pFipadg, Ze naplii detektoru nebyla ménéna a pro 5 naplni pofizenych v rizné dobé pfi
praci s coulometrickym detektorem za optimélnich podminek. Koncentraéni zavislost je linearni
v rozsahu 4 az 100 pmol 1" a mez detekce a stanovitelnosti byla ziskana jako troj-, respektive
desetinasobek smérodatné odchylky méfeni nejnizsi sledované koncentrace. Ziskané hodnoty
jsou shrnuty v tabulce 1.

Tabulka 1. Vybrané parametry stanoveni hydrochinonu coulometrickym detektorem s obnovitel-
nou naplni

Mez detekee (pmol 1) 0.44
Mez stanovitelnosti (umol 1) 1,46

Korelaéni koeficient 0,9997

Opakovatelnost na jedné naplni (RSD, %) 1,39

Opakovatelnost pfi vyméné naplné (RSD, %) | 1,86

Primyslovéa vyuZzitelnost

Coulometrickou detekei 1ze vyuzit pro stanoveni elektrochemicky aktivnich organickych i anor-
ganickych latek pritokovymi metodami, zejména pritokovou injekeni analyzou a HPLC.

PATENTOVE NAROKY

1. Pracovni elektroda coulometrického detektoru, vyznaéena tim, Ze obsahuje kapila-
ru (1) se zavedenym elektrickym kontaktem (2), pfiemz v kapiléfe (1) jsou umistény Castice
pracovniho materialu (7), které jsou v kapilafe (1) zadrzovany filtrem (6) propoustéjicim kapali-
nu, ktery je u Gsti kapilary (1) fixovén.

2. Pracovni elektroda podle naroku 1, vyzna&ena tim, Ze fixace filtru (6) je zajisténa
prostfednictvim $roubu (3) a koncovky (4).

3. Pracovni elektroda podle kteréhokoliv z pfedchazejicich nérokd, vyzna&enda tim, Ze
kapilara (1) je opatfena obrubou.

4. Pracovni elektroda podle kteréhokoliv z predchézejicich narokli, vyznaéend tim, Ze
materidlem filtru (6) je filtraéni papir.

5. Pracovni elektroda podle kteréhokoliv z predchézejicich nérokii, vyznaéend tim, Ze

pracovnim materidlem (7) je kovovy nebo uhlikovy prasek, s vyhodou jsou pracovnim materid-
lem (7) sférické mikrodastice skelného uhliku.
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6. Pracovni elektroda podle kteréhokoliv z pfedchazejicich narokil, vyznaéend tim, 7
elektrickym kontaktem (2) je platinovy drat.

7. Coulometricky detektor, obsahujici pracovni elektrodu podle kteréhokoliv z predchazejicich
narokii, vyznaéeny tim, Ze obsahuje referentni (8) a pomocnou elektrodu (9), a pfepado-
vou nadobku, uvnitf které jsou viechny tfi elektrody umistény.

8.  Zplsob vymé&ny pracovniho materialu v pracovni elektrods podle kteréhokoliv z narokii 1 az
6, vyznadeny tim, Ze pouZity pracovni material (7) se zkapilary (1) vymyje pomoci
pumpy tokem kapaliny p¥i odstran&ném filtru (6) nebo zpétnym tokem, novy pracovni material
(7) se nésledné smich s rozpoustédiem a pomoci pumpy s davkovacim ventilem se pak naplni
tokem kapaliny do kapilary (1).

9. Zpisob podle néroku 8, vyzna&eny tim, Z rozpouitédlem je nitromethan a pracov-
nim materidlem (7) jsou sférické mikro&4stice skelného uhliku.
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ABSTRACT

Newly developed flow-through coulometric detector with renewable working material of glassy carbon
microbeads was fabricated and its basic electrochemical parameters were studied by flow injection
analysis using potassium ferrocyanide and hydroquinone as probes. Main advantage of the detector is its
simple construction while maintaining good electrochemical parameters and high conversion degree.
Practical application of the detector was proved by the development of new HPLC and FIA method of
thymol and sulfamethizole determination in pharmaceutical preparations. Optimal determination
conditions were found and calibration dependences were measured. A value of quantification limit
0,97 wmol L ' for thymol and 0.040umolL ' for sulfamethizole were obtained, Newly developed
methods were used for determination of the studied compounds in pharmaceutical preparations. HPLC
with spectrophotometric detection was used as a comparative method; results from both methods were

Glassy carbon microbeads in good agreement.

@ 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Measurements in flow arrangement, such as flow injection
analysis (FIA) and particularly HPLC, belong nowadays to the most
common analytical methods [1]. In recent decades, there is an ever
increasing demand on selectivity, sensitivity, speed, and price of an
individual analytical determination. Electrochemical detectors
meet very well many of these demands and thus they are suitable
candidates for detection in flowing systems [2].

Amperometry and coulometry are the most common electro-
chemical detection techniques used in flow arrangement. These
systems differ mainly in the degree of electrochemical conversion
of the analyte — amperometry has low conversion degree of up to
several percent while coulometry is based on complete conversion
of all electrochemically active substances [3]. High mass transfer
rate of electro active compounds to the surface of working
electrode is necessary for exhausting electrolysis which can be
facilitated by high surface area of working electrode [4]. Large
surface planar or tubular electrodes |5| have problems with large
volume and inappropriate geometry of detection cell, which
decreases efficiency of HPLC separation. The way, how to achieve

* Corresponding author. Tel.: +420221951223.
E-mail addresses: mikaja@natur.cuni.cz (. Mika), barek@natur.cuni.cz (J. Barek),
zima@natur.cuni.cz (J. Zima), dejmkova@natur.cuni.cz (H. Dejmkova).

http://dx.doi.org/10.1016/j.electacta.2014.12.091
0013-4686/© 2014 Elsevier Ltd. All rights reserved.
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both the large surface and low volume of detection cell, is
utilization of porous working materials, such as porous metals [6]
and reticular vitreous carbon [7,8], or packed carbon particles [9]
and particles of metal [10].

One of the limitations of electrochemical detection in flow
arrangement is passivation of the electrode material. In spite of the
ability of the flow systems to carry away products of electrochem-
ical reaction from the working electrode surface, fouling can
disable further measurement particularly during the detection of
some types of compounds. In the case of porous working material,
passivation is even more serious problem, as the working material
cannot be mechanically cleaned. Chemical and electrochemical
cleaning remains the only possibility, but this procedure has low
efficiency, particularly for some products of electrochemical
reactions. Passivated working electrode usually has to be replaced,
which is often time consuming and expensive.

One way how to fix this problem was introduced by Ruzicka
et al. They prepared amperometric detector called “jet-ring”,
which was based on microparticles of crushed reticular vitreous
carbon held inside the detector by a movable bulkhead containing
reference electrode and contact for working electrode. Working
material was washed out after manipulation with the bulkhead
and refilled by the injection of carbon suspension [11-13]. In our
case, this strategy was replaced by porous filter, which held the
working material based on carbon spherical microparticles.
Auxiliary and reference electrode were placed together with the
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capillary with working electrode in the overflow cell filled with
carrier solution or mobile phase. This system was constructed with
emphasis on simplicity of detector construction and manipulation.

This paper describes fabrication and testing the electrochemical
properties of this newly developed coulometric detector with
renewable working electrode material using hydroquinone and
potassium ferrocyanide as probes. The practical applicability of the
detector is demonstrated on the determination of two pharma-
ceuticals; thymol and sulfamethizole, both strongly passivating
glassy carbon working material. Determination of thymol was
performed by FIA and determination of sulfamethizole by HPLC.
Thymol has antibacterial and antiseptic properties [14], it is
component of many herbs and suppressors of growth of bacteria,
viruses and fungi. Thymol is therefore used for therapy of diseases
of respiratory tract [15] and as an antisepticum in stomatology. It is
also used as an insecticide against mosquitoes [16]. Sulfamethizole
is a sulfamide antibiotic used mainly against gram-positive and
gram-negative bacteria. It is commonly used for fast therapy of
urinary tract especially against Escherichia coli [17,18].

2. Experimental
2.1. Chermticals and samples

Stock solutions of potassium ferrocyanide and hydroquinone
(Fig. 1A) (both Lachema, Brno, Czech Republic, 1 x 10 *molL ")
were prepared by dissolving the proper amount of the respective
compound in deionized water. Thymol (Fig. 1B, Thymolum, Tamda,
Czech Republic) and sulfamethizole (Fig. 1C, 99% Sigma-Aldrich,
USA) were dissolved in methanol (> 99.9%, Merck, Germany) in the
concentrations 1 x10~2mol L~! and 1 x 1072 mol L™, respectively.
Solutions of lower concentrations were obtained by serial dilution
of stock solutions by carrier solution or by the mobile phase.

Sodium sulphate (Lachema, Czech Republic, 0.1 molL ') was
used as carrier solution for the measurements with potassium
ferrocyanide.

Britton-Robinson (B-R) buffers were used for preparation of
carrier solutions and mobile phases. Alkaline component of B-R
buffer was prepared from sodium hydroxide (98%, Lach-Ner, Czech
Republic) and acidic component from phosphoric acid (85%, Lach-
Ner, Czech Republic}, boric acid (99.5%, Lach-Ner Czech Republic),
and acetic acid (99%, Lach-Ner Czech Republic). B-R buffer of pH 2
[19] was used for the measurements with hydroquinone. For the
determination of sulfamethizole, acidic and alkaline components
were ten times diluted by water and then mixed together to obtain
proper pH. Mobile phase for sulfamethizole determination was
prepared by diluted B-R buffer of requested pH with methanol.
Values of pH given in this paper represent pH of aqueous buffer
before mixing with methanal.
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Fig. 2. Schematic representaticn of coulometric detector; Teflon capillary (diame-
ter 0.5 mm} (1), platinum wire (2), screw (3), cap (4), iron ring (5), filtration paper
(6), working material (glassy carbon microbeads) (7), reference (8) and auxiliary {9)
electrode in mobile phase or carrier solution (10).
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Content of thymol and sulfamethizole in tablets Septolete D
(Krka, Slovenia) and Micturol® Sedante Fuerte (Laboratorio
Farmaceutico S.IT. Srl Italy) was determined by FIA-ED and
HPLC-ED, respectively. Their content in both preparations was also
determined by HPLC with spectrophotometric detection as the
standard method.

Millipore Q-plus System (Millipore, USA) was used for the
preparation of deionized water for all aqueous solutions.

2.2. Coulometric detector construction and handling

Coulometric detector is based on thermally flanged Teflon
capillary (inner diameter 0.5 mm). Near the flanged end, platinum
wire serving as the electrical contact was introduced through the
capillary wall and isolated by a polymer (polystyrene) and heat-
shrink tubing. A screw and a cap with a hole are used for holding a
filter made of filtration paper on the outlet of the capillary (Fig. 2).
This arrangement allows easy introduction and renewal of the
working electrode material in the detector (Fig. 3).

As the working electrode material, commercially available
glassy carbon spherical microparticles of diameter 10-20 um (Alfa

C
CHs
o $7\
”/O/[\ N
Z
S
~y \N/
H

Fig. 1. Chemical structure of hydroquinone (A), thymol (B}, and sulfamethizole (C).
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Fig. 3. Refilling of coulometric detector; beads are introduced into the detector by flow of methanol (A), beads are captured inside of the detector and samples can be injected

(B), filter is removed and working material is washed out by flow of methanal (C), fil

Aesar, Germany) were used. For the introduction of the working
material, suspension of these carbon particles in nitromethane
(POCH, Gliwice, Poland) in proportion of 10 mg/3 mL was prepared.
500 L of this suspension was injected by 6-port injection valve
equipped with loop of 0.75 mm inner diameter (Rheodyne, USA).
Nitromethane has similar density to glassy carbon, which prevents
the decantation of the suspension. After washing nitromethane
away by flow of methanol (Fig. 3A), the detector was ready for the
measurement. High pressure pump HPP 4001 {Laboratorni
pristroje Praha, Czech Republic} and 6-port injection valve with
Teflon capillaries of 0.75 mm inner diameter (Rheodyne, USA) was
used for the filling. This procedure results in the deposition of
column of carbon microparticles with the height about 4 mm
(Fig. 3B). Height of the carbon layer can be modified by using
different volume of the suspension or by changing the proportion
of carbon beads in suspension. Nevertheless, the range of
the carbon layer height is limited; low amount of carbon causes
the loss of the electrical contact, while high amount increases the
working pressure, threatening to damage the detector.

After filling, coulometric detector was connected to FIA or HPLC
system. Working material was changed according to the require-
ment of the determination, usually due to passivation, by
dismounting the filter and washing out the spent working material
by methanol (Fig. 3C). Filling procedure consumes between three
and five minutes; this time can be further decreased by
automatization of the procedure.

2.3. Apparatus

FIA apparatus consisted of high pressure pump HPP 5001,
ADLC?2 detector (both Laboratorni pristroje Praha, Czech Republic)
and 6-port injection valve (Rheodyne, USA). Working coulometric
electrode was set in 3-electrode arrangement with platinum
sheet auxiliary electrode and Ag/AgCl {3 M KCI) reference electrode
(both Monokrystaly Turnov, Czech Republic). Unless stated
otherwise, following determination conditions were used: flow
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ter and cap are back on their places and detector is ready for refilling (D).

rate 0.6 mL min~", injected volume 100 L. and detection potential
+0.7 V for determination of potassium ferrocyanide (1 »x 10 *mol
L 1) and flow rate 0.7mLmin !, detection potential +1.1V and
injected volume 100 pL for the determination of hydroquinone
{1x10 *molL '), respectively.

HPLC system for sulfamethizole determination consisted of the
same pump, detector, and injection valve as in the case of FIA.
Column Lichrospheri¢ RP-18,100 (5 jum), 125 x 4 mm {LichroCART,
Merck, Germany) was used for the separation. In this case, injected
volume was 20 L.

Spectrophotometric detector Sapphire (ECOM, Czech Republic)
was set on 275 nm for determination of thymol at 277 nm for the
determination of sulfamethizole,

2.4. Procedures

Concentration dependences were evaluated by least squares
linear regression method. Limits of quantification were calculated
as ten times the standard derivation (o = 0.05), calculated from ten
repeated measurements of the lowest concentration of the
determined analyte, divided by the slope of calibration depen-
dence [20], All the measurements were made in triplicate, unless
stated otherwise.

Content of thymol and sulfamethizeole in pharmaceuticals was
determined by newly developed detector and by standard method
(HPLC with spectrophotometric detection). Student’'s t-test
(a=0.05) was used for the evaluation of the difference between
these methods [21].

Prior to the determination, one tablet of Septolete D was
dissolved in 50mL of methanol and 1mL of this solution was
diluted by B-R buffer of pH 10 to obtain the total velume 10 mL. The
thymol content was determined by standard addition method (two
20 L additions of the 1 x 1072 mol L~! stock solution). In the case
of Micturol® Sedante Fuerte, one tablet was dissolved in 100 mL of
methanol and 50 L of this solution was diluted by the mobile
phase to total volume of 10 mL. Dissolved tablets were filtered to
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protect HPLC column from tablet additives. Two 250 pL additions
of the 1 x10~* mol L~! stock solution were used for determination
of sulfamethizole by standard addition method. The same
procedures were repeated three times for three different tablets
of one batch.

3. Results and discussions:
3.1. Electrochemical parameters of the detector

One-electron oxidation of potassium ferrocyanide and two-
electron oxidation of hydroquinone were electrode reactions used
for evaluation of basic electrochemical properties of the newly
developed detector.

3.1.1. Conversion degree and robustness of the detector

Conversion degree R was determined as the ratio of
experimentally determined charge (area under the amperometric
curve) versus theoretical charge calculated from Faraday laws. The
conversion degree depends on flow rate, specific electrode surface
and length of the column of working electrode material. The newly
developed detector has high conversion degree for flow rates lower
than 0.8mlmin~! (Table 1). Maximum obtained values of
conversion degree were 99.8% for potassium ferrocyanide and
109% for hydroquinone. The values of conversion degree suggest a
complete electrochemical conversion; in the case of hydroquinone,
the value of 100% was exceeded probably due to side reactions.

Thirty repeated injections of potassium ferrocyanide and
hydroquinone were performed without renewing of working
material. The relative standard deviation (RSD} of their peak
heights was about 2% {namely 2.1% for ferrocyanide and 1.4% for
hydroquinone), showing that the detector provides stable response
with tested compounds. The stability of signal after the renewal of
working material was also tested. The working material was
changed five times in five different working days and RSD were for
both compeounds under 5% {namely 4.1% for ferrocyanide and 2.3%
for hydroquinone). The response of the detector is robust enough
for its utilization for coulometric detection.

3.1.2. Active length of electrode material column

Potential on the working electrode is decreasing with increas-
ing distance from the reference electrode [22]. Therefore, it might
happen that only part of the working material of the detector has
the potential sufficient for electrode reaction. This effect was
already observed for example in the case of tubular detector [23].
To verify this assumption, the length of electrode material
participating in the electrochemical reaction was calculated from
expression of conversion degree [22]:

Reonv =1 —exp{—my-5-a- L/vf), (1)

Table 1
Influence of flow rate on conversion degree of potassium ferrocyanide and
hydrequinene.

flow rate conversicn degree (%)
frmLmin 1)
potassium ferrocyanide hydrequinone
0.5 995 107
0.6 998 108
0.7 99.2 109
0.8 971 107
1.0 90.3 103
1.2 841 956
1.4 - 8§9.9

* value not measured.

where s is specific surface area [cm™'], a is open area of pores
[cm?], L is electrode length [em] and ve is volumetric flow rate
[mLmin~!]. Mass-transfer coefficient m, for small spherical
particle with a radius of r can be expressed as [24]:

mp =0.730 - D?3 . /2 .y 213 (2}

where u is superficial flow rate [cms™'], r is radius of spherical
microparticles [cm] and D is diffusion coefficient [cm?s™'].

Using experimentally obtained conversion degree, mean value
of carbon microparticles radius and value of 1.18 x 10~ cm?s~! for
diffusion coefficient [25], active electrode length of 2.2 mm was
obtained. The calculation is only approximate due to the
distribution of the carbon particle radius (in the range from
19 to 20 wm) and possible deformation of the inner shape of the
detector by thermal flatting. Considering this, the result is in good
agreement with experimentally determined electrode length,
varying around 4 mm. Therefore, it can be expected, that most
of the carbon material in the detector is participating in electrode
reaction.

3.1.3. Hydrodynamic voltammograms

Hydrodynamic voltammograms were measured to obtain
optimum detection potentials for both model compounds
(Fig. 4). For a reversible oxidation, the hydrodynamic voltammo-
gram can be described as [26]:

E=Ey; + (RT/2F}  Infi/ (i, — 1}, (3

where E is potential [V], Eq;2 is half-wave potential [V], R is
universal gas constant, F is Faraday constant, z is number of
transferred electrons, T is temperature [K], i, is the limiting
current [A], and i is current [A]l. The slopes of rising part of
ferrocyanide hydrodynamic voltammegram were lower than
theoretically expected, but for hydrequinone, the slope was in
good agreement with theory.

3.14. Linearity of response

Concentration dependences for both model substances were
measured to verify the linearity of the detector response. The
dependence was linear from 8§ pmolL™' to 100 pmolL™" for
potassium ferrocyanide and from 6 wmol L~" to 100 wmol L™! for
hydroquinone (Table 2} with regression coefficients 0.9981 and
0.9997 for ferrocyanide and hydroquinone, respectively. Strong
negative signal of the blank caused negative intercept of
calibration dependences and it also deformed peaks of samples
with lower concentration.

3.2, Application of the detector for determination of thymol and
sulfamethizole

The results obtained by determination of standard model
compounds were satisfactory. Therefore, the detector was used for
determination of common analytes, which could be the repre-
sentatives of expected samples determined by the detector in FIA
and HPLC arrangement. For this purpose, we have selected two
organic oxidisable compounds, which have strong passivating
properties on glassy carbon working material, namely thymol and
sulfamethizole.

3.2.1. FIA determination of thymol

Optimal conditions for determination of thymol, namely pH of
B-R buffer, flow rate, detection potential and injected volume were
found. At first, influence of pH on the detector response was
investigated. Hydrodynamic voltammograms in B-R buffer of pH
in the range from 2 to 12 were measured. The peak height and area
increased with increasing pH of carrier solution up to pH 10; above
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Fig. 4. Hydredynamic voltammogram of petassium ferrocyanide {1 x10 #molL ', A) and hydroguinone (1 <10 *molL ', B) {full squares) and background current (empty

squares); flow rate 0.6 mLmin Y, injected volume 100 pL for ferrocyanide and flow rate 0.7 mL min

!, injected volume 20 pL for hydroguinone.

Table 2

Parameters of calibration dependence and value of quantification limits (LOQ). Values of slope and intercept are shown together with their standard deviation.
method analyte linear dynamic range slope intercept correlation coefficient LoQ

(mol L 1y (WA s mol L1 (A s) (pemol L h

FIA-ED ferrocyanide 8 - 100 6.79+0.11 -408 +5.8 0.9981 125
FIA-ED hydroquinone 6 -100 22181013 -822 166 0.9997 1.64
FIA-ED thymol 2-100 7.65+0.09 -183+42 0.9991 0.97
HPLC-ED sulfamethizole 01 -100 3591041 -11118 0.9987 0.04

this pH the signal of the detector slightly dropped. Therefore, pH
10 was selected as optimal (Fig. 5, optimal value corresponds to
bold curve). Optimal detection potential of +1.1 V corresponding to
the maximum peak height was chosen. Under these conditions,
different values of flow rate were tested in the range from 0.4 to
1.4mLmin~". The peak height grew with increasing flow rate in
this range. Area of peak was stable only for flow rates lower than
0.6 mLmin . Therefore, the value of 0.6 mLmin ' was selected as
optimal flow rate. Afterwards, injected volume was optimized. The
highest signal was observed at injected volume of 50 L, which
was therefore selected as optimal. Further increase of injected
volume led only to the widening of the peaks.

I, uA

1860

EV

Fig. 5. Hydrodynamic voltammograms of thymol (injected 20 p.L of 100 pumol L~!
solution) in B-R buffer pH 4 (), 6 (x), 8 (/) and 10 ([_) and background current of
pH 10 (W); flow rate 0.5 mLmin A
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Gradual passivation of working electrode material during
measurements was observed. The signal of first six injections
was stable with RSD 1.6%, but 35% drop of the peak area was
observed during next four measurements. Therefore, working
material was changed after six sample injections. Response of the
detector for five different fillings was measured and RSD of the
peak heights was calculated as 4.2%. It is similar value as in the case
of model compounds (Section 3.1.1). Calibration dependence of
thymol was measured under the optimal conditions and its
parameters are presented in Table 2. Calibration dependence is
linear in the range from quantification limit, i.e. 0.97 ymol L, to
100 pmol L™ ! The applicable concentration range is limited by the
deformation of peaks of lower concentration by blank signal,
which is general problem of FIA; if the measurement contained
separation step, lower quantification limit could be expected.
Typical FIA records and calibration dependence are shown in
Fig. GA.

Thymol concentration in pharmaceutical preparation Septolete
D was determined by standard addition method using the above
found optimal conditions (Fig. GB) and results from these
measurements were compared with values determined by HPLC
with spectrophotometric detection. The results of electrochemical
detection were in good agreement with standard method
according to t-test (Table 3).

3.2.2. HPLC determination of sulfamethizole

The possibility of application of the newly developed coulo-
metric detector in HPLC was tested on sulfamethizole determina-
tion. The electrochemical reaction of sulfamethizole (Fig. 1C)
follows the general electrochemical anodic reaction of the
aromatic amino group. Product of this electrochemical reaction
is cation radical. During its stabilization, further oxidation and
deprotonation can occur and final products include dimers and
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Fig. 6. FIA records of thymol, (A) concentration dependence, concentrations 100, 80, 60, 40, 20, 10, 8, 6 and 4 pmol L !); (B} determination of thymol in tablet Septolete D,
standard additions of 0 (0), 20 (1) and 40 (2) pL of thymol stock solution (inset shows corresponding concentration dependence). Carrier solution B-R buffer pH 10,
Eger=+11V, flow rate 0.6 mLmin ' and injected volume 50 wl

Table 3

Content of thymol and sulfamethizole in tablets determined by the newly developed methods, manufacturer declared values and values determined by HPLC-UV; uncertainty
presented by confidence limit («=0.05, n=3).

sample method of determination found quantity value declared value HPLC-UY
(mgtab 1) (mg tab ) reference method value
(mg tab 1)
Septolete D FIA-ED 0.40_L0.04 =t 0.3910.04
Micturol® Sedante HPLC-ED 25261 186 250 24991 8.1

¢ thymel content is not declared by the manufacturer.

polymers. The substitution of aromatic ring and the reaction Asin the case of thymol, optimal conditions were determined to
settings affect preferred products [27]. The oxidation is charac- obtain maximum signal of the detector. Mobile phase composition
terised by two-electron exchange. was adopted from [28]; mobile phase consisted of methanol and

ten times diluted B-R buffer of pH 3 (70:30, v/v).

20 12
3 A
I, pA LyAB 2
A, pAs
16 | .
i
12 |
i 0
20 40 &0 807 100 -300 -200 -100 O 100 2004300
¢, umol L ¢, mg tab
ok
: %J
1 1 1 1 1 _8 1 1 1 1 1
0 1 4 .5 0 1 2 3 4 .5
¢, min {, min

Fig. 7. HPLC-ED chromatograms of (A} sulfamethizole standards 100, 80, 60, 20,10, 8, 6, 4, 2, and 1 pmol L™!, and (B) chromatograms cerresponding to determination of
sulfamethizele in Micturol, standard additions of 0 (0), 20 (1)and 40 (2) p.L of stock selution; insets: corresponding concentration dependences. Mabile phase methanol and
diluted B-R buffer pH 3, column Lichrospherit RP-18, 100 (5 jum), Eqer=+1.6V and flow rate 0.8 mLmin .
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Optimum detection potential was found from hydrodynamic
voltammogramsas +1.6 V. Maximum peak area was obtained for this
potential, while background current was still relatively low. Flow
rates in the range from 0.4 to 1.2 mL min~! were tested. The trend of
the dependences was similar as in the case of thymol {Section 3.2.1)
and optimal flow rate of 0.8 mLmin~' was selected. Under the
optimal conditions, the number of exchanged electrons was
calculated as 1.9 (see Section 3.1.1). This value is in good agreement
with theory, and therefore, the complete electrochemical oxidation
of sulfamethizole under the optimal conditions can be assumed.

Sulfamethizole strongly passivated working glassy carbon
material. The signal of only three injections of sulfamethizole
was stable without the need of working material renewal. Fast
decrease of signal was observed after these three injections; the
drop of peak area was about 30% for five sample injections.
Therefore, working material was renewed periodically after each
three injections of sulfamethizole. With the renewal (five
consecutive fillings), the repeatability reaches 6.3%; this is again
similar value as in the case of model compounds and thymol
(Sections 3.1.1 and 3.2.1).

Linear dynamic range and quantification limit were determined
by measuring the calibration dependence under the optimal
conditions. Measured dependence was linear in the range from its
quantification limit, i.e. 0.04 umolL™! to 100 wmol L. Selected
HPLC records and calibration dependence are shown in Fig. 7A and
its parameters are summarized in Table 2.

Newly developed coulometric method was used for determi-
nation of sulfamethizole concentration in pharmaceutical prepa-
ration Micturol® Sedante Fuerte by standard addition method
under the optimal conditions. Characteristic peaks of electro-
chemical detection are shown in Fig. 7B. As in the case of thymol,
HPLC with spectrophotometric detection was used as comparative
method; the results are shown in Table 3 and their mutual
agreement was tested by f-test.

4. Conclusion

New coulometric detector was developed and its basic
electrochemical properties investigated. Main advantages of the
detector are its easy construction and possibility of simple renewal
of passivated working material; the automatization of the
described procedure is straightforward. New electrochemical
detector is simple, rapid and robust, and its practical applicability
was verified on the determination of thymol and sulfamethizole.

Thymol was determined by FIA in B-R buffer pH 10, while
sulfamethizole was determined by HPLC-ED in diluted B-R buffer
pH 3 and methanol (70:30, vjv). Both substances showed strong
passivating properties requiring periodical renewal of working
electrode material. Optimal conditions of thymol determination
were: flow rate 0.6mLmin~!, detection potential +11V, and
injected volume 59 pL. In the case of sulfamethizole, values of
0.8 mLmin~! for flow rate and +1.6 V for detection potential were
used as optimal. Calibration dependences were linear from
quantification limits to 100 wmolL~! and limits of quantification
were 0.97 pmol L' for thymol and 0.04 pmol L~! for sulfamethi-
zole. Peaks of lower concentration determined by FIA were
deformed by blank signal, which limits the application of the
detector for FIA determination of lower concentrations.

Pharmaceutical preparations were determined under optimal
conditions and all results were consistent with HPLC with
spectrophotometric detection. HPLC-UV determination of sulfa-
methizole had lower uncertainty than HPLC-ED, probably due to
deviation resulting from necessity for periodical renewal of
working material.
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Abstract: Homovanilic (HVA) and vanillylmandelic
(VMA) acid are catecholamines metabolites commonly
used as cancer biomarkers. New method for simultaneous
determination of both these metabolites is presented,
using recently developed flow-through coulometric detec-
tor based on glassy carbon microbeads. This application
presents the potential opportunities of the above men-
tioned coulometric detector for the simultaneous determi-
nation of mixture of substances in complicated matrix in
combination with gradient chromatography. Optimum
conditions were set as follows: mobile phase consisting of
acetonitrile (eluent A) and ten time diluted B-R buffer

pH 3 (eluent B) with gradient program 5% A (2 min},
5% Ato25% A (8 min), 25% A (4min), 25% A to95%
A (1 min), and 95% A (4 min}; flow rate of mobile phase
0.7 mLmin ', detection potential +1.3V, and injection
volume 20 pl.. Calibration dependences of both metabo-
lites were linear from concentration 100 pmolL ! to their
quantitation limits (ie. (.6 pmoll ' for HVA and
1.3 pmolL. ! for VMA, respectively). Standard addition
method was applied for the determination of these
analytes in human urine. Obtained results are in agree-
ment with results of HPL.C method with UV detector.

Keywords: HPLC - Coulometric detection - Tumor markers - Glassy carbon microbeads

1 Introduction

Homovanillic acid (HVA) and vanillylmandelic acid
(VMA) are structurally similar final products of catechol-
amine metabolism. HVA is the main metabolite product
of epinephrine and norepinephrine and VMA is the
metabolic product of dopamine [1]. Catecholamines serve
as neuron transmitters or hormones and their production
becomes anomalous during some metabolic [2] or neuro-
logical [3] diseases, such as neuroblastoma (neoplastic
disease of early childhood, the third most common cancer
of children [4]) or Menkes disease [5]. Therefore, HVA
and VMA can be used as biomarkers of such diseases
with advantage. Their abnormal levels and their ratio are
monitored in  urine, blood plasma, brain tissue or
cerebrospinal fluid. Studies demonstrated that diagnosis
based on HVA and VMA have very high sensitivity (66—
100%) and specificity (>99%) [6]. The rate of neuro-
blastoma patients with positive VMA and/or HVA
diagnostic tests varies with the stage of the disease and
patients with high stage tumors are more likely to have
abnormal levels of those biomarkers [7]. Reference levels
are generally age-dependent, varying between approxi-
mately 35 mg/g of creatinine in the first year of life to
8 mg/g of creatinine in adulthood in case of HVA and
between 25 mg/g of creatinine in the first year of life to
7 mg/g of creatinine in adulthood in case of VMA. [8]
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The demand for the routine determination of HVA
and VMA is increasing for diagnosis and for monitoring
of the response to the therapy, and low-cost, simple, and
rapid methods are needed for their determination. Elec-
trochemical methods meets all these requirements and
HPL.C with electrochemical detection is the most frequent
technique for HVA and VMA determination, especially
with coulometric and amperometric detection. Coulomet-
ric detection employs mainly porous graphite [9] and
coulometric carbon electrode arrays [10]. Glassy carbon in
a wall-jet or thin-layer arrangement [11] or boron doped
diamond electrode [12] are commonly used for ampero-
metric detection. Electrophoresis [13], gas chromatogra-
phy [14], voltammetry [15], and HPLC with mass spectro-

[a] I. Mika, J. Barek, J. Zima, H. Dejmkova
Charles University, Faculty of Science, University Research
Centre UNCE , Supramolecular Chemistry, Department of
Analytical Chemistry, UNESCO Laboratory of Environmental
Electrochemistry, Albertov 6, CZ-12843 Prague 2, Czech Re-
public
E-mail: dejmkova@natur.cuni.cz

[b] J. C. Moreira
National School of Public Health, FIOCRUZ, Rua Leopoldo
Bulhoes, 1480-Manguinhos, Rio de Janeiro, Brazil

Supporting information for this article is available on the
WWW under https:/doi.org/10.1002/elan.201800041

Hectroanalysis 2018, 30, 1455-1460 1455

74



Priloha 111

J. Mika, J. Barek, J. Zima, J. C. Moreira a H. Dejmkova, Electroanalysis 30 (2018)

Full Paper

metric [16], chemiluminiscence [17], or fluorescence
detection [18] are also commonly used. Electrochemical
detection must, however, deal with the problem of
passivation ol the working elecirode, particularly when
determination of phenolic compounds is performed in a
complex matrix (urine, plasma, etc.) as in the case of
HVA and VMA determination. Activation or cleaning of
passivated working electrede is always a demanding
process and in many cases, ils complele replacement is the
only way to ensure the reproducibility of results, partic-
ularly in the case ol porous malerials, where the surface
cannot be cleaned mechanically. Therefore, we have
decided to use this determination for the testing applica-
tion of recently introduced flow-through coulometric
detector with renewable working material based on glassy
carbon microbeads [19]. The main advantage of this
detector is its simple construction and handling while
maintaining good electrochemical parameters and high
conversion degree. Working material, carbon microbeads,
is injected in the form of suspension and it is held by filter
inside the capillary. Displacement of the filter leads Lo
emplying the deleclor and enables injection of the new,
intact, and [resh electrode material [19]. The aim ol the
paper is the application of the recently developed
coulometric detector with renewable working material for
the determination of HVA and VMA in human urine
samples.

2 Experimental
2.1 Chemicals and Samples

Stock solutions of homovanillic acid (HVA, CAS No. 306-
08-1, Figure 1A, 97 %; Sigma Aldrich, USA} and vanillyl-
mandelic acid (VMA, CAS No. 55-10-7, Figure 1B, 98%;
Sigma Aldrich, USA) of the concentration 1x 10 * molL
were prepared by dissolving the proper amount of the
respective compound in acetonitrile (HPLC grade, Carlo
Erba Reagents, Ttaly). Diluted solutions were prepared
daily and their acetonitrile content corresponded to the

O OH

OH
O OH

B O
HO

Fig. 1. Structural formula of HVA (A) and VMA (B).
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composition of the mobile phase in the moment of
injection.

Britton-Robinson (B-R) buffer was used as the
aqueous parlt ol mobile phases. Alkaline component of
B-R buffer was 0.2 molL.™! sodium hydroxide (p.a. 99%,
Vetec, Brazil) and acidic component was the mixture of
acetic acid (p.a., 99.8% Merck, Germany), boric acid
(99.5%, Merck, Germany), and phosphoric acid (85%,
Merck, Germany), each of the concentration of
0.04 molL"'. As the organic part, methanol (HPLC
grade, Avanlor Performance Malerials S.A. de CV,
Mexico) or acetonitrile (HPLC grade, Carlo Erba
Reagents, Italy) was added to mobile phase. Millipore
system Symplica UV (Millipore, USA) was used for the
preparation of deionised water for all aqueous solutions,

2.2 Apparatus

HPLC system consisted of LC-10AS HPLC pump, SPD-
6A UV spectrophotometric detector, CBM-10A commu-
nications bus module (all Shimadzu, Japan), PalmSens
Electrochemical Sensor Interface for electrochemical
detection (PalmSens, Netherlands), column Kromasil®
Eternity-5-PhenylHexyl 4,6 x 150 mm (Akzo Nobel, Neth-
erlands) and 6-port injection valve with 20 plL loop
(Rheodyne, USA). The detection wavelength was set on
279 nm [20]. Electrochemical detection was performed in
3-clectrode arrangement; [low-through electrode with
renewable porous working material based on microbeads
of glassy carbon [19] was used as the working electrode
and supplemented with Ag/AgCl (3M KCI) reference
electrode and platinum sheet auxiliary electrode (both
Monokrystaly Turnov, Czech Republic).

2.3 Procedures

Acidic and alkaline B-R buffer components were diluted
by distilled walter ten times and mixed together Lo oblain
required pH.

Working material was introduced to the detector by
500 pL. of suspension consisting ol 10 mg glassy carbon
spherical microbeads of diameter 10-20 pm (Alfa Aesar,
Germany) and 3mL ol nilromethane (Sigma Aldrich,
USA) that was transported to the detector by methanol
flow using HPLC pump [19].

Concentration dependence parameters were obtained
by the least squares linear regression method. Limit of
quantification (L.OQ) and limit of detection (LOD) were
calculated by dividing the standard deviation (a=0.05) of
len repeated measurements ol the lowest concentration
level for the particular analyte by the slope of calibration
dependence and multiplication by ten or three for LOQ
or LOD, respectively [22]. All the measurements were
made in triplicate and using the mixture of both analytes,
unless stated otherwise.

Urine for model samples was collected from healthy
co-worker. Prior injection, it was [illered through the
PTFE syringe filter (0.45 pm, Fischer Scientific) and

Electroanalysis 2018, 30, 1455-1460 1456
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Table 1. Retention parameters of HVA and VMA obtained by HPLC at Kromasil Eternity-5-PhenylHexyl 4,6 ¢ 130 mm column.

Organic modifier Modifier/buffer ratio pH of B-R buffer tg HVA (min) tg VMA (min) Resolution
MeOH 357 3 13.78 4.76 20.5
ACN b 3 5.36 3.61 = |
ACN 2:8 3 8.99 4.01 13.6
ACN 1:3 3 6.87 3.87 9.0
ACN 1:3 4 6.01 3.66 6.6
ACN 1:3 5 3.88 3.09 279
ACN 1:3 6 3.01 2.76 0.8

30 -
diluted ten times by distilled water. Amounts of HVA and T, pA HVA s, uAas
VMA were determined by standard addition method by »r IREAT
HPLC with ED and UV detection. UV detection was a0k £ 004:712 25
selected for the sake of comparison. Student’s (-test (0= -4 i 55
0.05) was used to evaluate the difference between the two 18 fﬂ F/ 18
methods of detection [22]. (o xf/,/ J /F 2

i r - 10

sl ’,fi’,’/, uc’/j' 14 !

3 Results and Discussion 0 _ﬂ%.réﬂt ) lo 5
Of4 GIB 1‘2 1‘5

3.1 Method Optimization

Both electrochemical and chromatographic behavior of
the analytes was investigated in the dependence on the
composition of mobile phase, pH of B-R buffer, flow rate,
and detection potential.

At first, the influence of the organic component of
mobile phase on chromatographic behavior of the two
biomarkers was evaluated using B-R buffer of pH 3 as an
aqucous component and acctonitrile and methanol (20—
3(1%} as organic modifiers. Based on the combination of
sufficient resolution and analysis time (Table 1), mobile
phase consisting of acetonitrile and B-R buffer pH 3 (1:3,
v/v) was uscd for further measurements.

To investigate the influence of detection potential and
bulfer pH, hydrodynamic voltammograms ol HVA and
VMA were measured point-by-point in mobile phase
consisting ol 25% acetonilrile and 75% of B-R buller
with pH in the range from 3 to 6 (Figure2). From
chromalographic poinl ol view, we can nolice that while
retention of VMA changes only slightly, retention of
HVA decreases rapidly particularly between pH 4 and 5.
It corresponds with the HVA dissociation constant of 4.4,
while VMA dissociation (pKa3.4 [23]) seems to be
outside of the observed range. In the same way, electro-
chemical response is similar in all tested pH for VM A for
HVA, the response is slightly higher lor pH values below
pH 4. The position of the wave in hydrodynamic voltam-
mogram moves Lo lower potentials with increasing pH as
usual. Selection of pH for the further determination was
based on the retention characteristics and pH 3 was used
for further measurements. The detection potential was set
as + 1.3 V; under this potential, maximum peak height was
obtained, while keeping the background current low.

As the last step of optimization, influence of flow rate
was observed. Under previously optimized conditions,
values of flow rate from 0.6 to 1.0 mLmin ' were tested.
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Fig. 2. Hydrodynamic voltammograms of HVA and VMA (1x
10 * molL ') in acctonitrile and ten times diluted B-R buffer (25:
75, viv) of pH 3 (m).4 (@), 5 (A), and 6 (W) and background
currents of pH3 (n); flow rate 0.7 mLmin~", injected volume
20pL and column Kromasil® Eternity-5-PhenylHexyl 4.6x

150 mm.

Lower flow rates would increase the analysis time
excessively and higher flow rates could damage the
detector due to the high hydrodynamic pressure. The peak
heights of HVA and VMA grew with increasing flow rate
in the observed range. Both peak areas of were stable
only [or [low rates lower than 0.7 mLmin 7, suggesting the
complete oxidation of the analytes. Therefore, optimal
flow rate was sel on 0.7 mLmin ‘.

Using Faraday law, the number of exchanged electrons
was calculated. Both compounds were exchanging approx-
imately two electrons under the optimal conditions
(1.81+0.63 [or HVA and 1.95+0.19 for VMA, respec-
tively). According to the voltammetric measurements,
HVA should exchange two electrons and VMA four
electrons in two two-electron waves [24]; this behavior
was also observed during amperometric determination on
glassy carbon paste electrode [20]. In comparison with
study [20], the shift of the wave potentials can be also
obscrved in hydrodynamic voltammograms; it might
suggest that in the observed potential range, the second
VMA wave is not yet developed.

3.2 Repeatability of Filling and Stability of Signal

Stability of the detector response was tested by 15
repeated injections of HVA and VMA mixture (both
concentrations 1x10 *molL '} under the optimal condi-
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tions. Very slow decrease of peak area was observed after
eight injections and rapid decrease of the signal was
observed for both compounds between 10™ and 15
injection. The relative standard deviation of the first 10
injections was 3.21% for HVA and 3.32% for VMA,
respectively. Therefore, working material was renewed
after each 10 injections of sample.

Response after the rencwal of the working material
provided RSD of 3.81 % for VMA and of 3.66 % for HVA
(7 renewals of working material, determined during differ-
ent days); therefore, variability of electrode preparation is
within the variability of repeated injection.

3.3 Calibration Dependences

Determination of the analytes in human urine requires
more complex separation procedure, including gradient
elution program. Based on the previous knowledge of the
chromatographic behavior of analytes, following gradient
program was selected: 2 minutes of isocratic elution with
5% of acetonitrile, followed by increasing its content to
25% in 10™ minute, next four minutes again in isocratic
mode with 25% of acetonitrile and finally, washing step,
consisting of increasing acetonitrile content to 95% in one

4.4
I, yA

4.2

4.0+

38+ i

3.6

13
¢, min

Fig. 3. HPLC-ED chromatograms of HVA and VMA standards
10 (6), 8 (5), 6 (4). 4 (3). 2 (2). and 1 (1) umolL ', mobilc phasc
acetonitrile (A) and ten times diluted B-R buffer pH 3 (B),
gradicnt program 5% A (2 min), 5% A to 25% A (8 min), 25%
A (A min), 25% A1095% A (1 min), and 95% A (4 min); .=
+1.3 V. tlow rate 0.7 mL min~' and column Kromasil®” Eternity-5-
PhenylHexyl 4,6 <150 mm; inset contains calibration curves for
both compounds (VMA. (m) and HVA (n)) in the range from 1 to
100 pmol L %,
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minute and keeping it on this value for four minutes.
After the analysis, composition of mobile phase returned
to starting conditions during 1 minute and another
5 minutes were needed for baseline stabilization. The total
time for one determination was thus 25 minutes.

Calibration dependences of both tested compounds
were measured in the concentration range from 100 to
1 wmolL ! (Figurc 3). Both calibration dependences were
linear in the whole observed concentration range and had
negligible intercept; markedly higher retention caused the
lower sensitivity of HVA determination and higher LOO
in comparison with VMA. Figures of merits of calibration
dependences are summarized in Table 2,

3.4 Determination of HVA and HMA in Urine

Newly developed method was applied for the determina-
tion of HVA and VMA in samples of human urine
collected from volunteers from our laboratory.

Linearity of response for both tested compounds was
verified in the range from 1 to 50 pmolL™". Based on
chromatograms measured in this range (Figure 4), calibra-
tion dependences were calculated. Both curves were
linear in the whole range with correlation coefficient

20
1, pA A
8 ERVY o
sl 100 L ‘
7 L //
~
80 L -

Fig. 4. HPLC-ED chromatograms of HVA and VMA in human
urine, standard additions of 0 (1), 1.0 {2), 2.0 (3), 6.3 (4), 9.1 (5).
17 (6), 41 (7), and 50 (8) umol L. ' of HVA and VMA (insct shows
corresponding concentration dependence of VMA (H) and HVA
([0)). Mobile phase acctonitrile (A) and ten times diluted B-R
bulfer pH 3 (B), gradient program 5% A (2min), 5% A 10 25%
A (8min), 25% A (4 min). 25 % A to 95% A (1 min) and 95%
A (4min), E, =+ 1.3V, flow rate 0.7 mLmin *, injected volume
20pL and column Kromasil® Eternity-5-PhenylHexyl 4.6x
150 mm.

Table 2. Figures of merits of HPLC-ED determination of HVA and VMA using the above described optimized conditions.

Analyte slope intercept correlation coefficient LOQ LOD

(pAsumol ™' L) (LAS) (umol L™ {(umol L")
HVA 1.094 £ 0.062 —3435£0.027 .9958 1.31 0.39
VMA 4.007 £0.059 —2.274+0.024 0.9979 0.65 0.20
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Table 3. Content of HVA and VMA in real human urine sample in wmol L™ found by the newly developed HPLC-ED method and the
comparative HPLC-UV method, expressed as (average X standard deviation).

Analyte Found by HPLC-ED Common value in human urine [25] Found by HPLC-UV reference method
(wmolL™) {umolL ™) (wmolL ™)

HVA 12.09+091 8241 10.38-£0.45

VMA 17.01+1.12 11.6-28.7 19.714+0.84

0.9972 for HVA and 09968 for VMA, respectively.
Decrease of the slope of VMA dependence is connected
with the increase of LOQ in urine matrix to 2.9 pmolL *
and 2.6 pmolL ! for HVA and VMA, respectively.

The last step of the new method development was
determination of both analytes in the urine sample by
standard addition method. Concentrations of both com-
pounds in urine sample were determined by both HPLC-
ED and HPLC with spectrophotometric detection {detec-
tion wavelength 279 nm). HPLC-UV was used as a
comparative method. Obtained results are given in
Table 3. Results from electrochemical methods are within
normal human values and they are coincident on signifi-
cance level a=0.05 with the results of comparative
method.

4 Conclusion

The application of recently introduced coulometric porous
detector based on glassy carbon beads for simultaneous
determination of HVA and VMA is described. Influence
of the basic determination parameters, such as mobile
phase composition, detection potential, and flow rate was
investigated. We have found that the second expected
voltammetric wave of VMA is not observed under these
conditions, in contrast to the previous results of both
voltammetric and amperometric [20] measurements. This
difference might be caused by the uneven potential
distribution throughout the electrode material, which
manifests as the shift of the second wave out of the
potential window and can be also responsible for the
relatively high detection potentials [19]. Due to the
complex matrix, gradient elution was applied; baseline
drift caused by the change of the mobile phase composi-
tion is apparent in the response of the detector, but its
extent does not markedly influence the determination.
The repeatability of the signal is better than 4% for both
tested compounds on the concentration level of
100 pmol L. *. Calibration dependences are linear in the
range from 100 pumolLl ' to quantification limits, with
LOQ below 3pmolL '. This concentration range is
suitable for the determination of the analytes in urine;
expected content of analytes in molar concentration is in
the order of tens pmolL ' It can be concluded that the
recently developed coulometric detector based on glassy
carbon beads is suitable candidate for application in
complex matrix in combination with HPLC with gradient
program.
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The suitability of detector can be also demonstrated
on comparison of newly developed method with one
previously developed — HPLC-ED with GCPE [20], the
same stationary phase and mobile phase with similar
gradient program was applied. Glassy carbon micro-
particles were used for construction of both detectors.
Comparable detection limits and dynamic range of
calibration curves were obtained. Coulometric detector
provides higher signal than GCPE; however, the signal is
accompanied with higher baseline drift caused by detector
sensitivity for mobile phase changes.
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Pracovni elektroda s obnovitelnou ndplni, elektrodovy systém a amperometricky priitokovy
detektor ji obsahujici

Oblast techniky

Pfedkl4ddané technické feSeni se tyka pracovni elektrody s obnovitelnou naplni médénych mikro-
¢tastic, s vyhodou sférickych, vhodné pro stanoveni organickych latek tvoficich s médi komplexni
sloudeniny, zejména pro elektrochemickou detekci (ED) aminokyselin ve vysokoiéinné kapali-
nové chromatografii (HPLC) a pritokové injekéni analyze (FIA).

Dosavadni stav techniky

Vzhledem k dileZitosti a ¢astému vyskytu aminokyselin je jejich detekce velmi Z4dan4. Je viak
komplikovéana faktem, Ye vét¥inou nedostaten& absorbuji v UV oblasti pfi b&Znych vinovych
délkéch. Aminokyseliny je tedy v mnoha pfipadech nutné pfedb&?né derivatizovat a teprve poté
detekovat metodou UV/VIS spektrofotometrii nebo fluorescenéni detekci (W. T. Kok. U, A. T.
Brinkman and R. W. Frei, Journal of Chromatography 1983, 2, 56, 17-26.). P¥ima detekce je
moZna jen pfi pouZiti UV detekce s vinovou délkou 200 nm (I. Molnar and C. Horvath, Journal
of Chromatography 1977, 142, 623-640) a za pouZiti elektrochemickych metod.

Piima elektrochemické oxidace je viak moZnd jen v piipadé nékolika aromatickych aminokyse-
lin, naptiklad tyrosinu, tryptofanu a jejich derivati. V pfipad€ ostatnich aminokyselin je nutné
vyuZit pro elektrochemickou detekei elektrody z médi. S timto pracovnim materidlem se poji dvé
hlavni elektrochemické metody, a to potenciometrie a amperometrie.

Potenciometrie vyuZivi komplexotvorné reakce ve vrstvé oxidil na povrchu elektrody, kterd vede
ke zmén& potencialu méd&né indikaéni elektrody (K. Stulik and V. Pacékové, Electroanalytical
measurements in flowing liquids, Ellis Horwood, 1987). Druhou moZnosti je amperometrické
uspofadéni, které je citlivéjsi a na rozdil od potenciometrie netrpi nelinearitou kalibraénich za-
vislosti. Amperometrie vyuZiva usnadnéného rozpousténi hydratovanych oxidd na povrchu médi
v piitomnosti analytu tvoficiho komplexy s ionty médi, které vede k nariistu proudové odezvy
detektoru. Nevyhodou amperometrické detekce je omezeni v oblasti pracovnich podminek. Sle-
dovan4 reakce probih4 jen v zdsaditych a neutrilnich prostfedich (W. T. Kok, H. B. Hanekamp,
P. Bos and R. W. Frei, Analytica Chimica Acta 1982, 142, 31-45) za pouZiti fosfatovych a uhli-
¢itanovych pufri. Pro tyto ugely neni vhodny boritanovy pufr, ktery sniZuje rychlost elektrodové
reakce. Citlivost stanoveni roste se sniZujici se koncentraci pouZitého pufru (W. T. Kok, G. Gro-
enendijk, U. A. T. Brinkman and R. W. Frei, Journal of Chromatography 1994, 315, 271-278).
Zpravidla jsou pouZivany niZ§i prittokové rychlosti, které poskytuji dostateény &as pro prob&hnuti
sledované reakce. Dal§im vyznamnym nedostatkem je pokles signalu pfi del§i praci s médénou
elektrodou zpisobeny elektrochemickym rozpousténim médi a tim i zmen$enim jejiho pracov-
niho povrchu (K. Peckova, V. Mocko, F. Opekar, G. M. Swain, J. Zima and J. Barek, Chemicke
Listy 2006, 100, 124-132).

Pro elektrochemickd méfeni aminokyselin byla vyvinuta celd fada typti médénych pracovnich
elektrod. Pro FIA a HPLC méfeni (W. T. Kok, U. A. T. Brinkman and R. W. Frei, Journal of
Chromatography 1983, 2, 56, 17-26) byla pouZita méd&na diskova elektroda. Dalii detekéni sys-
témy pouZivaly elektrodu na bazi médéného drétu, tubularni (K. Stulik, V. Pacakova, M. Wein-
gart and M. Podolak, Journal of Chromatography 1986, 367,3 11-321) a mikrocylindrické me-
déné pracovni elektrody (K. Peckova, V. Mocko, F. Opekar, G. M. Swain, J. Zima and J. Barek,
Chemicke Listy 2006, 100, 124-132). Jejich spole€nou nevyhodou jsou problémy souvisejici
s pasivaci pracovni elektrody a s poklesem signdlu souvisejicim s rozpou$ténim médi, jejiZ
povrch lze jen obtizn& obnovit. Proto bylo hleddno fe¥eni umoziujici snadnou obnovu povrchu
pracovni médéné elektrody. Daldi nevyhodou pfedellych feeni je pokles odezvy detektoru
v &ase, ktery je zpusobeny rozpou$ténim médi pfi elektrochemické reakci. Reaktivace vyde
uvedenych detektord je velice obtiZzna a ve vét§in€ piipadi vyZaduje vyménu celého pracovniho
materidlu (disku, dratu, trubicky &i mikrocylindru), coZ miiZe byt Easove zdlouhavé.
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Podstata technického feSeni

Vy%e uvedené nedostatky stavu techniky odstraiiuje pfedkladany vynalez, tykajici se pracovni
elektrody s obnovitelnou ndplni, umoziujici rychlou a jednoduchou obnovu pracovni napln&
a tim zamezeni pasivace elektrody i poklesu signélu souvisejici s rozpoudténim médi pfi elektro-
chemické reakci, coZ vyrazn& zvySuje Zivotnost i kvalitu elektrody a s tim souvisejici méfeni.

Pfedmétem technického feSeni je pracovni elektroda s obnovitelnou néplni, kterd obsahuje kapi-
léru se zavedenym elektrickym kontaktem a mikro¢4sticemi médi, s vyhodou sférickymi, které
Jjsou umistény uvnitf kapilary, a na konci kapilary, obsahujici mikro¥4stice m&di, je uspofadan
filtr, fixovany u 1sti kapilary prostfednictvim $roubu a koncovky. Filtr slouZi k zadrZovani mi-
kroéastic médi uvnitf kapilary a souGasné je propustny pro kapalinu protékajici elektrodou. Zmé-
nou velikosti mikroé¢dstic médi 1ze modifikovat rozloZeni péri v pracovni elektrodé a hydrody-
namicky tlak. Velikost mikro¢astic médi je v rozmezi od 1 pm do 1000 pm, s vyhodou od 5 pm
do 100 pm. Nejvyhodnéj3i je velikost mikro¢astic médi od 10 do 20 pm, pfi pouZiti mensich &as-
tic neum&émeé roste tlakovy spad na elektrodg, pfi pouZiti vétsich &éstic klesa stupeii konverze.

Ve vyhodném provedeni je kapilara opatfena obrubou. Materidlem kapiléry je s vyhodou teflon,
popfipadé jiny teplotné tvarovatelny polymer nerozpustny v pouZivanych rozpoustédlech. Na
kapilaru muZe byt piipadné nasazena podloZka, kterd zajituje vhodné dotvarovani zplosténé
Casti kapilary, bez néhoZ by §roub pfitiskaval jen okraje zplosténé &asti kapilary a ne celou plo-
chu. PodloZka obsahuje otvor pro provledeni kapilary podloZkou a je s vyhodou vyrobena z kovu.

Materidlem filtru je s vyhodou filtraéni papir, ktery je dostateéné odolny viiéi organickym sloz-
kdm mobilnich fizi, je snadno dostupny a odolny i viiéi tlaku, ktery je generovan na médénych
mikroéasticich pracovni elektrody.

V jednom provedeni je elektrickym kontaktem platinovy, nerezovy nebo médény drat a/nebo
trubi¢ka vloZena do kapildry. S vyhodou je elektrickym kontaktem platinova trubiéka zavedend
dovnitt kapilary, spojena s platinovym dratkem, protoZe tvoii lepsi kontakt s naplni elektrody,
tvofenou mikro¢4asticemi médi, neZ samotny platinovy, nerezovy nebo médény drat.

Pfedmétem pfedkladaného technického fefeni je dile elektrodovy systém, ktery obsahuje pra-
covni elektrodu podle pfedkladaného technického fefeni, referentni elektrodu a pomocnou elek-
trodu. Ve vyhodném provedeni je referentni elektroda vybrana ze skupiny zahrnujici kalomelo-
vou, merkurosulfitovou ¢&i argentchloridovou elektrodu a pomocna elektroda vybrana ze skupiny
zahrujici platinovou ¢i uhlikovou elektrodu nebo elektrodu z nerez oceli.

Pfedmétem piedkladaného technického feSeni je rovnéZ amperometricky pritokovy detektor,
ktery obsahuje elektrodovy systém podle pfedkladaného technického fe$eni a pfepadovou mér-
nou celu, uvnitf které jsou viechny tfi elektrody umistény. Ve vyhodném provedeni jsou viechny
tfi elektrody umistény ve spole¢ném stojanku.

Pracovni elektroda pfedkladaného technického feSeni umoZiiuje snadné plnéni a vyménu néplné,
tedy sférickych mikrogastic médi, které miZe byt dosaZeno obracenim toku nebo odstranénim
filtru. K urychleni pln&ni pracovni elektrody lze pouZit i vzduchové bubliny zavadéné do toku
nosného roztoku. Detektor je s vyhodou plnén suspenzi sloZenou ze sférickych médénych mikro-
Castic a nosné kapaliny, suspenze je do detektoru zavadéna tokem nosné kapaliny ptes davkovaci
civku ventilu. Pfed naplnénim je potfeba povrch mé&dénych &astic aktivovat.

Objasnéni vykresii

Obr. 1 ukazuje schéma pritokového detektoru s obnovitelnou naplni sférickych mikrogastic médi
podle Pfikladu 1.

Obr. 2 ukazuje hydrodynamicky voltamogram - méfeni zavislosti odezvy detektoru s obnovitel-
nou néplni sférickych mikroéastic médi podle Pfikladu 1 na potencialu pracovni elektrody pki
HPLC-ED alaninu (¢ = 6.10* mol.1""). Podminky mé&feni: mobilni fize slo¥ena z fosfatového
pufru o pH 6,8 a methanolu (90/10, v/v), objem dévkovaci civky 20 pl a pritokova rychlost mo-
bilni faze 0,6 ml.min™.
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Obr. 3 ukazuje HPLC-ED zaznamy s pouZitim detektoru s obnovitelnou néplni sférickych mikro-
&4stic m&di podle Pikladu 1 pofizené pii méfeni kalibratni z4vislosti alaninu. Prezentovéany jsou
jen HPLC-ED zéznamy kalibratnich roztokdi v rozmezi od 1.10* do 1.10° mol.I", jmenovit&
1.10* mol.1" (1), 8.10% mol.1" (2), 6.10° mol.1" (3), 4.10° mol.1 " (4), 2.10° mol.1" (5)
a1.10° mol.I" (6) (A) a zavislost vy3ky piki na koncentraci alaninu v celém naméfeném rozmezi
kalibra¢ni ptimky, tedy od 1.10° do 1.10”° mol.I" (B). Podminky méfeni: mobilni faze slozena
z fosfatového pufru o pH 6,8 a methanolu (90/10, v/v), objem dévkovaci civky 20 pl, pritokova
rychlost mobilni faze 0,6 ml.min” a detekéni potencial +0,2 V.

Piiklady uskuteénéni technického fefeni

Technické fefeni je dle osvétleno s pouZitim nasledujicich obrazki a piikladi, které viak nijak
neomezuji rozsah ochrany.

Piiklad 1: Elektrodovy systém s pracovni elektrodou s obnovitelnou népini sférickych mikroédstic
médi

Elektrodovy systém s pracovni elektrodou s obnovitelnou néplni sférickych mikroééstic médi je
znazornén na Obr. 1.

Zakladem elektrodového systému s pracovni elektrodou s ndplni sférickych mikro¢astic médi je
teflonova kapildra 1 s vnitinim primérem 0,5 mm. Kapildra 1 je ukonena obrubou (je tedy tep-
lotné roztaZena a zploiténa a opatfena kovovou podlozkou 5, ktera zajituje vhodné dotvarovani
zplo3télé Casti kapilary). Kapilara 1 je v blizkosti obruby pferuiena a je do ni zavedena platinova
trubicka 8 o délce 25 mm, vnéj§im priméru 0,6 mm a vnitfnim priméru 0,5 mm. Mezi obéma
éastmi kapilary je k trubiCce pfipojen platinovy dratek, ktery je od vnéjstho prostiedi oddélen
izolaéni vrstvou 9, tvofenou polystyrénem 12 nanesenym odpafenim jeho roztoku v dichlorome-
thanu, a dvéma vrstvami smri¥tovaci buZirky 13 a 14. Odizolovani kapilara 1 s kontaktem 2 je
opatfena §roubem 3, ktery spoleéné s koncovkou 4 $roubu slouzi k zafixovani filtru 6 u Gst{ ka-
pilary 1. Pracovni material elektrody je plnén dovniti kapilary a sestava ze sférickych mikrocastic
médi o velikosti okolo 20 pm. Pracovni elektroda je pinéna tak, aby zpétny tlak detektoru dosa- -
hoval hodnoty 2 MPa, coZ je dosaZeno vyskou néplné sférickych mikrogastic médi uvnit¥ pra-
covni kapilary okolo 4 mm.

Elektrodovy systém [pracovni elektroda spoletné s referentni elektrodou 10 (s vyhodou kalome-
lovou, argentchloridovou & merkurosulfatovou) a pomocnou elektrodou 11 (s vyhodou platino-
vou, uhlikovou &i z nerez oceli)] je umistén v roztoku mobilni fize 15 v pfepadové sklenéné na-
dobce (na Obr. 1 nezobrazena) - viechny elektrody jsou umistény ve stabilnim stojanku (na
Obr. 1 nezobrazen).

PFi vnadeni népiné 7 do pracovni elektrody je pracovni elektroda pfipojena na pumpu s dvéma
ddvkovacimi ventily. Pumpa generuje tok nosného roztoku (s vyhodou methanolu) o priitokové
rychlosti 1 ml.min™. Prvni ventil slouZ k zavedeni dvou vzduchovych bublin o objemu 100 pl do
toku nosného roztoku, ¢im? je dosaZeno zkréceni doby plnéni detektoru. Druhy ventil s externi
500 pl vyménou smyckou je naplnén suspenzi pfipravenou a aktivovanou nasledujicim zpiso-
bem: 0,9 g sférickych mikro¢astic médi se rozmicha v 3,5 ml 0,08 M roztoku kyseliny dusiéné
a nechd reagovat 45 s; po uplynuti této doby je reakce pteruiena pfidanim 5,5 ml vody. (Davkuje
se tedy 500 pl této suspenze pomoci ventilu s externi 500 pl vyménou smyckou).

Piiklad 2: Stanoveni alaninu pomoci amperometrického prutokového detektoru s pracovni elek-
trodou s obnovitelnou ndplni sférickych mikrocastic médi.

Amperometricky pritokovy detektor s pracovni elektrodou s obnovitelnou néplni sférickych mi-
kroéastic médi podle Piikladu 1 byl pouZit ke stanoveni alaninu metodou HPLC. SloZeni mobilni
faze a elekirochemicky proces aktivace médi byl pfevzat z literatury (K. Stulik, V. Pacakova,
M. Weingart and M. Podolak, Journal of Chromatography 1986, 367, 311-321) a po celou dobu
préce bylo pouZivano nésledujici sloZeni mobilni fize: fosfitovy pufr (0,025 mol.I" NaH,PO,,
pH upraveno 0,025 mol.I"" NaOH na hodnotu 6,8) s methanolem (90/10, v/v). Za t&hto podmi-
nek byly optimalizovainy dalii parametry elektrochemické detekce, jmenovité priitokova rychlost
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a vkladany potencidl. Pro vechna optimalizani méfeni byl pouZit roztok alaninu o koncentraci
6.10* mol.I" pfipraveny natedénim zésobniho roztoku (c = 1.10* mol.I"' v 0,1 mol.I" HCI) mo-
bilni fizi. Detekéni potencidl byl testovén z rozmezi -0,2 V a% +0,4 V proti argentchloridové
referentni elektrodé s pouZitim platinové pliskové elektrody jako pomocné. Za optimélni byl
zvolen potencial +0,2 V, kde byla maximélni odezva detektoru. Optimaini hodnota priitokové
rychlosti byla zvolena 0,6 ml.min”, z testovaného intervalu 0,3 az 1,0 ml.min". Hodnota ploch
i vySek pikii byla v celém mé&feném intervalu obdobné. Pritokova rychlost 0,6 ml.min™' byla tedy
zvolena zejména s ohledem na dobu trvani jednotlivé analyzy a pracovni tlak v detektoru.

Za ziskanych optimélnich podminek byla proméfena kalibra&ni z4vislost a uréen dynamicky line-
arni rozsah, mez detekce a mez stanovitelnosti, které byly po&itany jako troj-, respektive deseti-
nasobek smérodatné odchylky stanoveni nejniZ3i sledované koncentrace. Ziskané vysledky jsou
shrouty v Tabulce 1.

Na Obr. 2 je zobrazena zavislost odezvy pracovni elektrody s obnovitelnou néplni sférickych
mikrog4stic médi na detekénim potencialu pfi HPLC-ED alaninu (¢ = 6.10™ mol.I'").

Obr. 3 ukazuje HPLC-ED zaznamy s pouZitim elektrody s obnovitelnou néplni sférickych mikro-
Castic médi pofizené pfi mé&feni kalibraéni zévislosti alaninu.

Tabulka 1. Vybrané parametry stanoveni alaninu pomoci HPLC-ED s amperometrickym priito-
kovym detektorem s pracovni elektrodou s obnovitelnou néplni sférickych mikro&astic médi

Mez detekce (mol-1™) 4,05-10°
Mez stanovitelnosti (mol 1) 1,35:10”
Korelaéni koeficient 0,998

Ptiklad 3: Postup aktivace povrchu médénych mikroddstic

0,9 g sférickych mikro¢astic m&di se rozmiché v 3,5 ml 0,08 M roztoku kyseliny dusiéné a neché
reagovat 45 s; po uplynuti této doby je reakce pferudena pfidanim 5,5 ml vody. Aktivovana smés
Je stabilnf minimalné po dobu 24 hodin. Vysledna suspenze, vhodna pro plnéni detektoru m4 tedy
sloZeni 10 mg mé&di na 1 ml vodného roztoku zfedéné kyseliny dusi¢né. Takto piipravenou su-
spenzi lze s vyhodou phit do detektoru pomoci davkovaci civky o objemu 500 pl, ze které je do
pracovni elektrody vymyvéana vhodnym nosnym roztokem. Jako nosny roztok pro toto plnéni lze
s vyhodou pouZit methanol o pritokové rychlosti 1 ml.min. Plnéni lze dale zrychlit zavedenim
dvou vzduchovych bublin o objemu 100 ul do toku methanolu. Toho lze dosihnou pfedfazenim
druhého dévkovaciho ventilu do systému tésné pfed ventil slouZici k plnéni suspenze sférickych
mikroééstic médi.

Primyslova vyuZitelnost

Elektrochemickou detekci pomoci amperometrického priitokového detektoru s naplni sférickych
mikro€astic médi 1ze vyuZit pro stanoveni organickych latek, které jsou schopné vytvafet kom-
plexni slouCeniny s médi, zejména pak aminokyselin, pritokovymi metodami, zejména HPLC
aFIA.

NAROKY NA OCHRANU

1. Pracovni elektroda s obnovitelnou naplni, vyzna&end tim, e obsahuje kapildru (1)
se zavedenym elektrickym kontaktem (2) a s mikro&asticemi (7) médi, s vyhodou sférickymi,
které jsou umistény uvnitf kapilary (1), a na konci kapilary (1), obsahujici mikro&astice (7) médi,
Je uspofadan filtr (6), fixovany u tsti kapilary (1) prostfednictvim Sroubu (3) a koncovky (4).
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2. Pracovni elektroda podle naroku 1, vyznadend tim, Ze kapilira (1) je opatfena
obrubou.

3. Pracovni elektroda podle niroku 1 nebo 2, vyznaéend tim, Ze materidlem filtru (6)
je filtragni papir.

4, Pracovni elektroda podle kter€¢hokoliv z pfedchozich narokli, vyznadend tim, Ze
elektrickym kontaktem (2) je platinovy, nerezovy nebo médény drat a/nebo trubicka, vloZené do
kapiléry.

5. Elektrodovy systém, vyznadeny tim, Ze obsahuje pracovni elektredu podle
kteréhokoliv z pfedchozich naroki, referentnf elektrodu (10) a pomocnou elektrodu (11).

6.  Elektrodovy systém podle naroku 5, vyznaéeny tim, Ze referentni elektroda (10) je
vybrand ze skupiny zahrnujici kalomelovou, merkurosulfitovou a argentchloridovou elektrodu.

7.  Elektrodovy systém podle nroku 5nebo 6, vyznaéeny tim, Ze pomocni elektroda
(11) je vybrana ze skupiny zahrnujici platinovou, nerezovou a uhlikovou elektrodu.

8. Ampercmetricky priitokovy detekior, vyznadeny tim, Ze obsahuje elektrodovy
systém podle kteréhokoliv z narokii 5 az 7 a pfepadovou mérnou celu, uvnitf které jsou viechny
tfi elektrody umistény.

2 vykresy
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Comparison of Glassy Carbon and Copper Microparticles
as a Renewable Working Electrode Material for
Amperometric Determination of Amino Acids Using Flow

Through Detector

Jan Mika,® Jif{ Barek,® Jif{ Zima,™ Edita Proke$ova,” and Hana Dejmkova*™

Abstract: Flow-through detector with renewable working
material based on glassy carbon or copper microparticles
was used for flow injection determination of tyrosine by
direct oxidation and phenylalanine via the complexation
reaction with copper ions, respectively. Copper-based
detector allows the determination of electrochemically
nactive amino acid, but the detection conditions are
limited and fabrication and handling of the detector are

more demanding. Low working potential, applied for the
detection on copper microparticles, makes the determi-
nation very selective. Moreover, low baseline noise
compensates lower sensitivity of copper-based detector,
enabling to reach quantification limit 4.7 x 10 ® molL %, in
comparison with quantification limit 1.6x10 °mollL *
obtained for tyrosine on carbon-based detector.

Keywords: Flow injection analysis - copper microparticles - glassy carbon microparticles - renewable electrode material

1 Introduction

Primary amino acids are organic compounds containing
amino and carboxy functional groups. About 500 amino
acids have been described [1]; 25 of them are part of
simple proteins and form the basis of more complicated
proteins — they are called proteinogenic amino acids. They
also participate in many other processes, such as neuro-
transmitters transport [2—4].

Due to their importance, there is high demand for
reliable methods of their detection. Physico-chemical
properties of most amino acids limit the range of common
detection techniques to UV detection in the range from
200 to 210 nm [5,6] or MS detection [7]. Direct electro-
chemical detection can be applied only to amino acids
containing electrochemically active moieties (e.g. —SH or
phenolic group} in their structure or after derivatization.
However, electrodes based on copper can be used for
general detection of amino acids without this requirement.
This technique is based on dissolution of hydrated oxides
on copper surface connected with the formation of amino
acids complexes with copper ions, resulting in increasing
detector response [8,9]. This procedure requires the
restriction of working conditions. Reaction can be per-
formed only in neutral or alkaline solution {(pH range 6—
11} [10,11] using phosphonate or carbonate buffers.
Borate buffers are not suitable due to their negative
influence on electrode reaction rate. It has been shown
that the sensitivity increases with increasing pH and
decreasing ionic strength [10,12]. Flow rates under
1mLmin ' are usually applied [11] and available pH
range for the detection in HPLC can be further influenced
by the stability of chromatographic celumn. Reaction

www.electroanalysis.wiley-vch.de

details depend on the conditions; more detailed descrip-
tion of this topic can be found particularly in [10].
Arrangement of copper electrodes can vary. Copper
disc electrode (proline determination) [13], tubular copper
electrode (20 amino acids determined including phenyl-
alanine) [11] and microcylindric copper electrode (deter-
mination of valine, tryptophan and phenylalanine) [14]
were described. Common problem of all mentioned
electrochemical methods is decrease of signal caused by
working electrode passivation or dissolution. This problem
could be eliminated by using an electrode with renewable
working material [15,16]. This detector, originally filled
with glassy carbon microbeads, was developed for deter-
mination of compounds causing strong passivation of a
working electrode. Working material is injected in the
form of suspension into the capillary, where it forms a
porous working electrode. Displacement of the filter at
the end of capillary is used to flush off spent microbeads
when needed and it is followed by injection of the new,
intact, and fresh electrode material. Main advantages of
this type of renewable porous electrode are easy con-
struction, possibility of simple working material renewal
and good electrochemical properties [15,17]. In this paper,
replacement of glassy carbon by copper as the working
material is tested. For the comparison, two structurally
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similar essential aromatic amino acids, tyrosine and
phenylalanine, were studied. Tyrosine in contrast with
phenylalanine has a phenolic group in para position
(Figure 1) [2]. Due to its presence, tyrosine absorbs
ultraviolet radiation and it is electrochemically oxidizable.
In this work, glassy carbon microparticles were used for
its determination. During the electrochemical oxidation,
tyrosine exchanges one electron and one proton [18].
Methods for tyrosine determination based on oxidation
on platinum electrode [19-23], glassy carbon electrode,
boron-doped diamond electrode [24], and carbon paste
clectrode [25] were described. For phenylalanine determi-
nation, complexation reaction with copper ions was
utilized, with copper microparticles serving as the working
clectrode material. The aim of this work is to compare
these two working electrode materials for electrochemical
detection of amino acids.

OH

NH
OH :

Fig. 1. Chemical structure of tyrosine (A) and phenylalanine (B)

2 Material and Methods
2.1 Reagents

Stock solutions of tyrosine (1x107 molL™"; Figure 1 A)
and phenylalanine (1x107molL™"; Figure 1B;) were
prepared by dissolving solid amino acids (both 98%. Alfa
Aesar, Germany) in 0.01 molL™ hydrochloric acid
(p-a.,.Lach-Ner, Czech Republic). Solutions of lower
concentration were prepared daily by mixing with carrier
solution. All stock solutions were stored in dark at
temperature 10°C.

The Britton-Robinson (B-R) buffer used as carrier for
tyrosine determination was prepared by mixing 0.20 M
sodium hydroxide with acidic solution consisting of
0.040 M boric acid, 0.040 M phosphoric acid, and 0.040 M
acetic acid. Phosphate buffer used as carrier for phenyl-
alanine determination consisted of 0.025M sodium
hydroxide and 0.025M monosodium phosphate. All
compounds used for the buffer preparation were of p.a.
purity and obtained from Lach-Ner, Czech Republic.

Millipore system Symplica UV (Millipore, USA) was
used for the preparation of deionized water for all
aqueous solutions. Experiments were performed at room
temperature.

2.2 Apparatus

System for flow injection analysis (FIA) consisted of
HPLC pump HPP 5001, amperometric detector ADLC 2
(both Laboratorni pfistroje Praha, Czech Republic) and
6-port injection valve (Rheodyne, USA).
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HPLC pump HPP 4001 (Laboratorni pfistroje Praha,
Czech Republic) with 6-port injection valve (Rheodyne,
USA) was used for detector filling; in this case, capillaries
of inner diameter 0.75 mm were used to connect the
injection valve and detector in order to facilitate the
suspension injection. In the case of phenylalanine deter-
mination, 6-port injection valve (Rheodyne, UUSA) was
added to the filling system for air bubbles introduction.

Flanging of capillaries for the detector preparation was
done by Cheminert flanging tool 220 Vac (VICI Valco
Instruments, USA).

pH of buffers was measured with pH-meter 3510
(Jenway, UK)) with combined glass electrode.

Scanning electron microscope JEOL 6380 LV (Jeol,
Japan) was applied for microscopic imaging of micro-
particles. SEM images were obtained under following
microscope setting: Acc.voltage 23 kV, spot size 32.

2.3 Electrochemical Detector Construction

In this work, two similar flow-through detector construc-
tions were applied for amino acids determination. Detec-
tor based on glassy carbon working material for tyrosine
determination was described in detail in our previous
paper [15]. Basically, it is made of Teflon capillary (inner
diameter 0.5 mm} with electrical contact (platinum wire)
introduced through the capillary wall. The capillary is
filled with the working material, which is held in place by
the filter at the end of the capillary; nitromethane
(POCH, Gliwice, Poland) suspension of glassy carbon
spherical microparticles of diameter 10-20 um (Alfa
Aesar, Germany) was injected. This setting, immersed in
the overflow vessel, serves as a working electrode in 3-
electrode arrangement together with platinum sheet
auxiliary electrode (area 72 mm?) and Ag/AgCl (3 M KCI)
reference electrode (both Monokrystaly Turnov, Czech
Republic).

Detector based on copper microparticles construction
differs by the introduction of electrical contact. Platinum
wire was replaced by the platinum tube (30 mm length,
0.5 mm inner diameter, 0.6 mm outer diameter, 0.05 mm
wall thickness). Activation procedure was as follows:
platinum tube was filled by 0.1 M sulfuric acid solution
and potential program was applied, consisting of switching
potential 10 times between values —0.6V and +1.7V;
each value was kept for 10 s. When not in use, the detector
was stored filled with methanol. Commercially available
copper microparticles of diameter 10-20 um (Alfa Aesar,
Germany), used as the working material, were activated
by nitric acid solution in order to remove the thick
insulating layer of oxides on their surface. 60 mg of the
microbeads were treated with 3mL of 2x 10~ M nitric
acid (p.a., Lach-Ner, Czech Republic) for 45 seconds;
during that time, the color of the suspended particles
changed from dark brown to reddish brown of metalic
copper. Afterwards, the reaction was stopped by addition
of water to a total volume 9 mL. For the introduction to
the detector, methanol with flow rate 2mLmin™' was
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5mm

Fig. 2. The schematic representation of the original {A) and
modified (B) version of the flow-through detector; Teflon
capillary (diameter 0.5 mm) (1), the platinum wire (2), screw (3),
cap (4), iron ring (5), filtration paper (6), working material (7),
isolating layer (8) and platinum tube(9).

used. Schemes of the original and modilied working
detector are shown in Figure 2.

2.4 Procedures

For phenylalanine determination, multidimensional stat-
istical method was applied [26-28]. According to the
number of monitored parameters and selected levels, face
centered composite design (FCCD, two-level test for three
monitored parameters) was chosen. Experimental plan
was prepared using soltware Minitab 16. Resulls were
statistically processed using analysis of variance (AN-
OVA).

Baseline noise was computed from the blank chroma-
tograms in the time range of one minute. Concentration
dependences were evaluated by the least squares linear
regression method. Limits of quantitation were calculated
as len times the standard derivation (a=0.05), calculated
from ten repeated measurements of the lowest concen-
tration of the determined analyte, divided by the slope of
calibration dependence [29]. All the measurements were
made in triplicate, unless stated otherwise.

3 Results and Discussion

3.1 Comparison of Electrochemical Detectors
Construction

Copper and carbon microparticles (Figure 3) differ by
many parameters — the main ones that influence their
application as the detector working material are their
chemical stability and density.

Oxide layer formed on the surface of copper is non-
conductive. Its removal from the microparticles by nitric
acid (procedure described in Section 2.3) is necessary to
ensure the electrical contact between particles; on the
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Fig. 3. The SEM pictures of carbon microbeads (A) and copper
microparticles (B)

other hand, it limits the stability of the microparticle
suspension to one week, in comparison with long-term
stable suspension of carbon microparticles. The same
effect is probably the cause of passivation of the platinum
contact. Platinum wire introduced through the capillary
wall is sufficient for carbon-based detector, but in case of
copper filling, inactivity of the contact was observed after
few days of measurement, in spite of the attempts of
electrochemical cleaning. Increasing the contact surface
by the introduction of platinum tube in combination with
electrochemical cleaning, as described in Section 2.3,
increased the lifetime of the detector to at least one
month.

Carbon density is comparable with the density of some
solvents. As a result, sedimentation of carbon suspension
is slow and allows the filling by the defined volume of
suspension. Some sedimentation is observed during the
transport from injector to detector. In this phase, the
process can be speeded up by introduction of air bubbles.
This procedure results in the carbon column of height
4.0£0.6 mm. High density of copper causes last sedimen-
tation of the suspension both prior and during the
injection. For that reason, we have doubled the volume of
the injected suspension and we have stopped the filling
after reaching 2 MPa backpressure in the detector. The
height of the resulting column of copper microparticles
was 45102mm. Surface of the clectrodes can be
estimated to approximately 4 cm®.

3.2 Optimization Procedures
3.2.1 Optimization of Tyrosine Determination

To find optimal condition of tyrosine determination,
multidimensional statistical method was applied (see
chapter 2.4. Procedures) and following optimizing param-
eters were investigated: flow rate, pH of carrier solution,
detection potential, and injection volume. Following
optimal conditions were obtained: flow rate 0.6 mLmin™,
injection volume 50 pL, and pH of B-R buffer 4.5.

Further optimization was performed for detection
potential, because particularly for this crucial parameter,
wave shape of the current-potential dependence is
difficult to describe by the polynomial equations used by
the evaluation software. Hydrodynamic voltammogram
was measured in the range from +05V to +1.6V
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(Figure 4 A). It was observed that peak height increased
significantly from +0.9V until the potential +1.3V,
whereas background current changed in the range from
+0.5 to +1.3 V only slightly. From the potential +1.3 V,
background current increased rapidly. Therefore, potential
+1.3 V was selected as optimal.
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Fig. 4. Hydrodynamic  voltammograms of  tyrosine  (1x

10*molL™";, A) and phenylalanine (1x107*molL™"; B) deter-
mined from pcak arca (M) with background current (7).
Tyrosine determination: glassy carbon microbeads, carrier sol-
ution B-R buffer pH 4.5, flow rate 0.6 mLmin~", injection volume
50 pL; phenylalanine determination: copper microbeads, carricr
solution phosphate buffer (0.025 molL™") pH 6.8, flow rate
0.6 mLmin ', injection volume 50 pL.

3.2.2 Optimization of Phenylalanine Determination

In the case of phenylalanine determination using copper
microbeads, optimal conditions are mostly known from
the literature [9,11,13]. For amino acids determination,
carrier solution consisting of phosphate buffer pH 6.8 is
commonly used (see Introduction). Flow rate
0.6 mLmin™" and injection volume 50 pL were set to the
same values as for tyrosine determination. Under these
conditions, optimal value of detection potential was
determined from hydrodynamic voltammogram of phenyl-
alanine (Figure 4B) measured in the range from —02V
to+0.3 V. The optimal value of the detection potential
was set on +0.2 V. At this value, peak height of phenyl-
alanine was at maximum; background current was stable
in the whole tested range. To sum up, optimal conditions
of amino acids determination on copper microparticles
were set as follows: flow rate 0.6 mLmin~’, injection
volume 50 pl, detection potential +0.2V and pH of
phosphate buffer 6.8.

1

3.3 Detector Signal Repeatability and Stability

Construction of the refillable coulometric detector is
designed to deal with the passivation of the electrode
surface. Tyrosine, as well as many phenolic compounds,
also causes the passivation due to the deposition of
reaction products on the carbon microbeads surface. After
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10 injection of tyrosine (c=1x10"*molL™"), peak area
dropped by 23.3 %. Detector signal was stable during first
three injections with peak area relative standard deviation
(RSD) 6.0%. Repealability of the detector filling was
tested by five repeated fillings, with three injections of the
sample measured for each filling, Obtained repeatability
of tyrosine peak area expressed as RSD was 5.0 %, which
is similar to previously reported results with carbon
microparticles.

In the case of copper microbeads based electrodes,
complexing reaction causes working electrode dissolution,
which is also connected with the decrease of the electrode
signal. While the first three injections of phenylalanine
solution (c=1x10"molL.!) provided stable signal with
peak area RSD 6.8%, peak area dropped after ten
injections by 44.6%. This behavior is similar to that of
tyrosine determination on carbon filling. Renewal of the
working material (again five repeated fillings, with three
injections of the sample for each filling) showed that the
repeatability of peak area expressed as RSD was 2.9%.
Twice better repeatability was obtained when filling
copper microbeads working material in comparison with
carbon microparticles, probably due to different filling
procedure controlled by working pressure instead of
volume of filling suspension.

3.4 Calibration Dependences

Linear dynamic range and quantitation limits were
determined for both studied amino acids from their
concentration dependences, which were evaluated both
from peak area and peak height. Representative FIA
records of tyrosine and phenylalanine and their corre-
sponding calibration dependences are shown in Figure 5
and 6, respectively. All parameters are summarized in
Table 1.
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Fig. 5. FIA-ED recordings of tyrosine standards 100 (11), 80 (10),
60 (9), 40 (8), 20 (7), 10 (6), 8 (5}, 6 (4), 4 (3), 2 (1) pmolL™" and
carrier solution (1}); inset: corresponding concentration depend-
ence. Carricr solution B-R buffer pH 4.5, flow ratc 0.6 mlmin’,
injection volume 50 pl, and detection potential +1.3 V.
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Fig. 6. FIA-ED recordings of phenylalanine standards 1000 (11),
800 (10), 600 (9), 400 (8), 200 (7), 100 (6), 80 (5), 60 (4), 40 (3), 20
(1) mwmolL ™" and carrier solution (1); inset: corresponding
concentration dependence. Carrier solution phosphate buffer
pH 6.8, flow rate 0.6 mlmin~', injection volume 50ul, and
detection potential +0.2 V.

In the case of tyrosine, concentration dependence was
measured in the range from 1x107* to 2x10* molL™
When evaluated from peak area, concentration depend-
ence was linear in whole examined range, i.e. down to
quantitation limit 1.6 x 107 molL™". In the case of peak
height, linearity was proven for lower concentrations from
6% 1077 to 2x 10" mol L~'. With higher concentrations of
tyrosine the height of peak remains almost constant. Such
results were already observed in previous studies and it is
assumed that constant peak height is caused by peak
deformation due to electrode potential gradient within the
tube and related reaction inconsistency at higher concen-
trations. Peak area and degree of conversion are not
influenced [14].

Phenylalanine concentration dependence was meas-
ured in the range from 1x107 to 2x 107 molL~", with
obtained quantitation limit 4.7 x 10~ mol L', Similarly to
tyrosine, calibration dependence evaluated from peak
heights was linear only for lower concentrations from 6 x
10~ molL™ to 2x 107 molL™", whereas calibration de-
pendence evaluated from peak area was linear in whole
tested range.

Detection limit for the copper based detector is higher
than that for carbon based detector. It can be explained
by lower sensitivity of the indirect detection based on
copper dissolution. On the other hand, lower sensitivity is

ELECTROANALYSIS

partly compensated by lower baseline noise (3.1620.70
nA for phenylalanine compared to 15.50£3.87 nA for
tyrosine). Correlation coefficients obtained for both
detection techniques are similar.

Both working materials differ not just in sensitivity
(peak height and area). but phenylalanine peaks are also
significantly wider. Peak tailing, observed in the case of
copper working material, is probably caused by lower
speed of complexing reaction.

4 Conclusion

In this paper, two working electrode materials (glassy
carbon and copper microbeads) were used for the
determination of structurally similar amino acids using
flow-through detector with renewable working material.
The original construction of the detector and the filling
procedure, which were developed for the glassy carbon
working material, were slightly modified for the applica-
tion of copper microparticles. Due to the high density and
irregular particle surface of copper, handling of copper-
based detector is more difficult and time consuming. On
the other hand, modified method of the detector filling is
more reproducible with RSD of five repeated fillings
2.9% (RSD for the original procedure is 5.0%).

Determination conditions of copper based electrode
are limited by the needs of complexing reaction. Low
applied potential suggests higher selectivity of the copper
based detector, which can be advantage for determination
of samples with complex matrix, and it causes low baseline
noise. On the other hand, it has significantly lower
sensitivity in comparison with direct electrochemical
reaction on carbon based detector. Therefore, the differ-
ence in quantitation limits 1.6 x 10" mol L™ for tyrosine
on carbon-based detector and 4.7x 107 molL™" for phe-
nylalanine on copper-based detector is small. Moreover,
these values are sufficient for the most applications.
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Table 1. Figures of merits for FIA determination of tyrosine using carbon microbeads and of phenylalanine using copper microbeads.

Evaluated from  Amino acid Linear dynamic range  Slope Intercept (pAs)  Correlation coefficient  LOQ
(molL™) (nAsmol ™) (mol ™)
Peak area Tyrosine 1x107'2x10°° 1.07x10°¢ 5.37 0.995 16x10°¢
Phenylalanine  1x107-2x107° 2991077 -3.51 0.985 47%107°
(A mol ) (nA)
Peak height Tyrosine 6x107-2x107° 1.34x10°° 1.16 0.992 1.7x107°
Phenylalanine  6x107-2x10°° 2.50%10°* -0.19 0.986 3.9x%10°

www.electroanalysis.wiley-vch.de

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

94

Electroanalysis 2019, 31, 357-362 361



Priloha V

J. Mika, J. Barek, J. Zima, E. ProkeSova a H. Dejmkova Electroanalysis 31 (2019).

Full Paper

References

[1] 1. Wagner, H. Musso, Argew: Chem. Int. Ed. 1983, 22, 816.
[2] D.R. Ferrier, Biochenistry, Wolters Kluwer Health, 2013.
[3] H. D. Jakubke, N. Sewald, Peprides from A to Z: A Concise
Encyclopedia, Wiley, 2008,
[4] R. K. Murray, Harper's Biochentistry, McGraw-Hill, 2000.
[5] 1. Molnar, C. Horvath, J. Chromatogr. A 1977, 142, 623.
[6] G. Neurauter, S. Scholl-Biirgi, A. Haara, S. Geisler, P.
Mayersbach, H. Schennach, D. Fuchs, Clin. Biochen:. 2013,
46, 1848,
[7] H. Orhan, N. P E. Vermeulen, C. Tump, H. Zappey, J. H. N.
Meerman, J. Chromatogr. B 2004, 799, 245,
[8] N A. Hampson, I B. Lee, K. . Macdonald, J. Electroanal.
Chem. 1972, 34, 91.
[9] K. Stulik, V. Pacakova, Electroanalytical measurements in
fowing liguids, Ellis Horwood, 1987.
[10] W.T. Kok, H. B. Hanckamp, P. Bos, R. W. Frei, Anal. Chin.
Acta 1982, 142, 31.
[11] K. Stulik, V. Pacakova, M. Weingart, M. Podolak, X
Chromatogr. A 1986, 367, 311.
[12] W. Kok, G. Groenendijk, U. Brinkman, R. W. Frei, [
Chromatogr. A 1984, 315, 271.
[13] W.T. Kok, U. A. T. Brinkman, R. W. Frei, J. Chromatogr. A
1983, 256, 17.
[14] K. Peckova, V. Mocko, F. Opekar, G. Swain, J. Zima, J
Barek, Chem. Listy 2006, 160,124,
[15] J. Mika, I. Barek, J. Zima, H. Dejmkova, Electrochim. Acta
2015, 154, 397,

www.electroanalysis.wiley-vch.de

95

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ELECTROANALYSIS

[16] J. Ruzicka, Anal. Chim. Acta 1995, 308, 14.

[17] I Mika, J. Barek, J. Zima, J. Costa Moreira, H. Dejmkova,
Electroanalysis 2018, 30, 1455,

[18] G. P Jin, X. Q. Lin, Electrochem. Conumnun. 2004, 6, 454,

[19] L. Agui, A. Gonzalez, F. Yanez-Sedeno, I. Pingarron, Anal.
Chim. Acta 1999, 401, 145,

[20] E Huerta, E. Morallon, J. L. Vazquez, A. Aldaz, J
FElectroanal. Chem. 1999, 475, 38,

[21] 8. M. MacDonald, S. G. Roscoe, Elecirochim. Acta 1997, 42,
1189,

[22] K. Ogura, M. Kobayashi, M. Nakayama, Y. Miho, J/
FElectroanal. Chem. 1999, 463, 218,

[23] J. Saurina, 8. Hernandez-Cassou, E. Fabregas, 8. Alegret,
Anal. Chim. Acta 2000, 405, 153,

[24] G. Zhao, Y. Qi, Y. Tian, Flectroanalysis 2006, 18, 830.

[25] T. Kitagawa, S. Tsushima, Bunseki Kagaku 1971, 20, 1561.

[26] T. Alizadeh, M. Zarejousheghani, Anaf. Bioanal. Electro-
chewmi. 2009, 1,169,

[27] M. Bezerra, R. Santelli, E. Oliveira, L. Silveira Villar, L.
Amelia Escaleira, Talania 2008, 76, 965.

[28] H. Tye, Drug Discovery Today 2004, 9, 485.

[29] I Inczedy, T. Lengyel, A. M. Ure, Compendium of Analytical
Nomenclature: Definitive Rules 1997, Blackwell Science,
1998.

Received: September 15, 2018
Accepted: December 6, 2018
Published online on January 10, 2019

Flectroanalysis 2018, 31, 357-362 362



Priloha VI Potvrzeni ucasti

[u—

13. Priloha VI

POTVRZENI UCASTI

. H. Dejmkova, J. Mika, J. Zima a J. Barek, Pracovni elektroda, coulometricky detektor a

zpisob vymény pracovniho materidlu, Ufad primyslového vlastnictvi, Patent
¢. CZ: 304462 B6, 2014.
Procentudlni i¢ast Mgr. Jana Miky ~ 55 %.

J. Mika, J. Barek, J. Zima a H. Dejmkova, New flow—through coulometric detectore with
renewable working electrode material for flow injection analysis and HPLC,
Electrochimica Acta 154 (2015), 397-403.

S—year Impact Factor: 4.94, Procentudlni i€ast Mgr. Jana Miky ~ 75 %.

J. Mika, J. Barek, J. Zima, J.C. Moreira a H. Dejmkovéa, Simultaneous determination of
homovanillic and vanillylmandelic acid by HPLC using detector with renewable carbon
working material, Electroanalysis 30 (2018), 1455-1560.

5—year Impact Factor: 2.60, Procentudlni ucast Mgr. Jana Miky ~ 75 %

J. Mika, H. Dejmkova, J. Zima a J. Barek, Pracovni elektroda s obnovitelnou néplni,
elektrodovy systém a amperometricky detektor ji obsahujici, Utad promyslového
vlastnictvi, Uzitny vzor ¢. CZ 304462 U1, 2016.

Procentudlni ucast Mgr. Jana Miky ~ 75 %.

J. Mika, J. Barek, J. Zima, E. ProkeSovéa a H. Dejmkova, Comparison of glassy carbon and
copper microparticles as a renewable working electrode material for amperometric
determination of amino acids using flow through detector, Electroanalysis 31 (2019), 357-
362.

S—year Impact Factor: 2.60, Procentudlni ucast Mgr. Jana Miky ~ 55 %

Potvrzuji, ze procentualni ticast Mgr. Jana Miky u vySe zminénych publikaci odpovida

uvedenym hodnotam.

V Praze, 9.9.2019 RNDr. Hana Dejmkova, Ph.D.

96



Priloha VII Seznam publikaci, oralnich a posterovych prezentaci

14. Priloha VII

SEZNAM PUBLIKACI, ORALNICH A POSTEROVYCH PREZENTACI

A. Seznam publikaci

1.Z. Kolska, D. Dvorakova, J. Mika, T. Boublik, Volumetric behavior of the binary systems
benzene—cyclohexane and benzene—2,2,4-trimethyl-pentane at temperatures, Fluid Phase
Equilibria, 303 (2011) 157-161.

2. H. Dejmkova, J. Zima, J. Barek, J. Mika, Behavior of Glassy Carbon Paste Electrode in
Flowing Methanolic Solutions, Electroanalysis, 24 (2012) 1766—-1770.

3.J. Mika, J.C. Moreira, A. Nemeckova, J. Zima, J. Barek, H. Dejmkova, Determination of
bromhexine at a glassy carbon paste electrode using differential pulse voltammetry and flow
injection analysis with amperometric detection, Monatshefte fiir Chemie — Chemical Monthly,
146 (2015) 1211-1215.

4.J. Mika, J. Barek, J. Zima, H. Dejmkova, New flow—through coulometric detector with
renewable working electrode material for flow injection analysis and HPLC, Electrochimica
Acta, 154 (2015) 397-403.

5. J.Mika, J.Barek, J.Zima, J.C.Moreira a H.Dejmkova, Simultaneous determination of
homovanillic and vanillylmandelic acid by HPLC using detector with renewable carbon
working material, Electroanalysis, 30 (2018) 1455-1460.

6. J. Mika, J. Barek, J. Zima, E. ProkeSovéa a H. Dejmkova, Comparison of glassy carbon and
copper microparticles as a renewable working electrode material for amperometric
determination of amino acids using flow through detector, Electroanalysis 31 (2019) 357-362.

97



Priloha VII Seznam publikaci, oralnich a posterovych prezentaci

B. Seznam oralnich prezentaci

1.J. Mika, J. Zima, J. Barek, H. Dejmkova, Zmény povrchové struktury pastové elektrody z
mikroc¢astic skelného uhliku v methanolickém roztoku, Proc. 15. ro¢nik soutéze "O cenu firmy
Merck 2012, Ceska spolecnost chemicka — Chemické listy 106, Praha, Czech Republic, 2012,
pp. 67-71.

2.J. Mika, J. Barek, J. Zima, H. Dejmkova, Determination of Thymol Using Flow Injection
Analysis on New Coulometric Detector with Renewable Working Material Based on Glassy
Carbon Microparticles, Proc. XXXIII. Modern Electrochemical Methods, Collection of
Conference Proceedings International Conference, Jettichovice, Czech Republic, 20.—24. May.
2013, pp. 110-113.

3.J. Mika, J. Barek, J. Zima, H. Dejmkova, Utilization of high conversion degree detector with
renewable working material for HPLC determination of sulfamethizole, Proc. XXXIV. Modern
Electrochemical Methods, Collection of Conference Proceedings International Conference,
Jettichovice, Czech Republic, 19.-23. May. 2014, pp. 90-94.

4. J. Mika, J. Barek, J. Zima, J.C. Moreira, H. Dejmkova, Application of flow—throuhg
coulometric detector with renewable working material based on carbon spherical
microparticles, 12th International Students Conference “Modern Analytical Chemistry*, Press
release in Chemickeé Listy 110 (2016) 735 (conference issue of Monatshefte fiir Chemie —
Chemical Monthly), Prague 2016, pp. 189.

5. J. Zima, J. Barek, H. Dejmkova, J. Mika, E. Prokesova, New electrode materials and
arrangements for amperometric detection in flow measurement, IX. Vserossijskaja konferencia
po elektrochimiceskim metodam analiza — EMA 2016, Sluzba operativnoj poligrafii,
Ekaterinburg 2016, pp. 30.

6. J. Zima, H. Dejmkova, D. Bavol, J. Mika, M. Baroch, New materials and measuring
protocols for electrochemical detection of biologically active compounds in flow systems, The
Seventeenth International Symposium on Electroanalytical Chemistry & The Third
International Meeting on Electrogenerated Chemiluminescence 2019, Changchun, China 2019.

98


http://chemicke-listy.cz/Bulletin/bulletin474/bulletin474.pdf#page=15
http://chemicke-listy.cz/Bulletin/bulletin474/bulletin474.pdf#page=15
https://link.springer.com/journal/706/148/9/page/1
https://link.springer.com/journal/706/148/9/page/1

Priloha VII Seznam publikaci, oralnich a posterovych prezentaci

C. Seznam posterovych prezentaci

1. H. Dejmkova, J. Mika, J. Barek, J. Zima, Behavior of Glassy Carbon Paste Electrode in
HPLC with Amperometric Detection, in: HPLC 2011 — 36th International Symposium on
High—Performance Liquid Phase Separations and Related Techniques, Budapest, Hungary,
2011, pp. P1-G-258-TU.

2.J. Mika, A. Nemeckova, J. Zima, J. Barek, H. Dejmkova, Determination of Bromhexine on
Carbon Paste Electrode Using Differential Pulse Voltammetry and FIA with Amperometric
Detection, in: 4th EuChemMS Chemistry Congress, Ceska spoleénost chemicka — Chemické
listy 106, Prague, Czech republic, 2012, pp. 1139.

3. J. Mika, M. Svecova, A. Nemeckova, J. Zima, J. Barek, H. Dejmkova, Determination of
ambroxol and bromhexine at glassy carbon paste electrode using differential pulse voltammetry
and flow injection analysis, in: 15. Austrian Chemistry Days, Graz, Austria, 2013. pp. PO-9.

4. J. Mika, P. Mala, E. Vranova, J. Barek, J. Zima, H. Dejmkova, Determination of triclosan at
carbon paste electrode using differential pulse voltammetry in: 65. Zjazd chemikov, Vysoke
Tatry, Tatranske Matliare, Slovakia, 2013, pp. 149.

5. J. Mika, A. Nemeckova, J. Zima, J. Barek, H. Dejmkova, New coulometric detector with
renewable working material for flow injection analysis and HPLC, in: ESEAC — 15th
International Conference on Electroanalysis, Malmo, Sweden, 2014, pp. 178.

6.J. Mika, J. Barek, J. Zima, J. Moreira, H. Dejmkova, Simultenous determination of
homovanillic acid and vanillylmandelic acid by HPLC using coulometric detector with
renewable porous electrode based on glassy carbon beads, in: Euroanalysis — 18th European
conference on analytical chemistry, Bordeaux, France, 2015, pp. 209.

D. Seznam patentu a uzitnych vzori

1. H.Dejmkova, J.Mika, J.Zima a J.Barek, Urad Priimyslového vlastnictvi CR — Patentova
listina Cislo CZ 304462 B6, Pracovni elektroda, coulometricky detektor a zptisob vymény
pracovniho materialu, 22.4.2013.

2. H.Dejmkova, J.Mika, J.Zima a J.Barek, Urad Priimyslového viastnictvi CR — Uzitny vzor
¢islo CZ 25 798 U1, Pracovni elektroda a coulometricky detektor, 22.4.2013.

3. J.Mika, H.Dejmkova, J.Zima a J.Barek, Urad Prumyslového vlastnictvi CR - Uzitny vzor

¢islo CZ 30 183 Ul, Pracovni elektroda s obnovitelnou naplni, elektrodovy systém a
amperometricky pritokovy detektor ji obsahujici, 4.11.2016.

99



