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SOUHRN

Ptedlozena disertacni prace je zaméfena na vyvoj a popis analytickych metod stanoveni
vybranych biomarkert v klinické diagnostice s vyuzitim elektrochemie jako vyznamného
prvku modernich instrumentalnich technik. Biomarkery jsou latky, jejich ptfitomnost miize
indikovat rizné typy zadvaznych onemocnéni a stavii, ¢i expozici Skodlivym chemickym latkam.
Pozornost byla v této praci vénovana piredevSim stanoveni metanefrini, markerd tumoru
feochromocytomu, a dale indoxyl sulfatu, vyznamnému markeru fady zdravotnich komplikaci,
od selhavani ledvin pies stievni dysbidzu az po poruchy centralni nervové sosustavy. Cést prace
je téZ vénovana vyvoji originalniho instrumentu slouziciho k metabolomickému vyzkumu.

Spojeni kapalinové chromatografie s elektrochemickym 1 spektrofotometrickym
detektorem a propojeni elektrochemie s hmotnostnim spektrometrem byly vyuzity s cilem
analyzovat s vysokou citlivosti, pfesnosti 1 spravnosti vybrané slouceniny ve slozitych
biologickych matricich, jako je moc, krevni plazma ¢i krevni sérum. Vyvinuté metody a
postupy mohou slouzit v klinické praxi k rutinni diagnostice, pfipadné se mohou stat zakladem
pro simulaci metabolomickych procesti probihajicich v lidském organismu a ke studiu

oxida¢niho stresu 1 riiznych defektl DNA.



SUMMARY

The presented thesis is focused on the development and description of analytical
methods for the determination of selected biomarkers in clinical diagnostics using
electrochemistry as an important element of modern instrumental techniques. Biomarkers are
substances whose presence usually indicates various types of serious diseases and conditions,
or exposure to harmful chemicals. In this work, attention was paid mainly to the determination
of metanephrines, markers of the tumor pheochromocytoma, and indoxyl sulfate, an important
marker of several health complications, from renal failure through intestinal dysbiosis to central
nervous system disorders. Part of the work is also devoted to the development of an original
instrument used for metabolomics research.

Combinations of liquid chromatography with electrochemical and spectrophotometric
detector as well as connection of electrochemistry with mass spectrometry were used to analyze
selected compounds in complex biological matrices such as urine, blood plasma or blood serum.
The developed methods and procedures are higly sensitive, accurate and precise. It is possible
to use them in both clinical practice for routine diagnosis, or in clinical research for studying of

human metabolomics processes, oxidative stress and DNA defects.
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1 UVOD

PiedloZena prace se zaméfuje zejména na vyvoj a validaci novych, dostate¢né citlivych
a selektivnich analytickych metod pro sledovani riznych typti biomarkert, které mohou slouzit
jako indikatory ruznych typi onemocnéni. V jednotlivych kapitoldch jsou popsany moznosti
vyuziti propojeni modernich analytickych technik v klinické diagnostice véetné konkrétnich
experimentll. K prezentovanym analyzdm bylo vyuzito spojeni vysokouUcinné kapalinové
chromatografie (HPLC) s elektrochemickym detektorem (ED) a detektorem diodového pole
(DAD) a propojeni elektrochemie (EC) s hmotnostnim spektrometrem (MS). Cilem bylo
analyzovat velmi nizké koncentrace organickych sloucenin ve slozitych biologickych matricich
S dostatecnou piesnosti 1 spravnosti.

Ve spolupraci s Fakultni nemocnici v Hradci Kralové (FNHK) a Vseobecnou fakultni
nemocnici v Praze (VFN) bylo sledovano né€kolik vybranych biomarkeri, sarkosin (marker
rakoviny prostaty), 2-oxoglutarat (marker karcinomu tlustého stfeva), kyselina vanilmandlova
a homovanilova (markery vysokého krevniho tlaku, pfitomnosti neuroblastomu, popi. markery
piitomnosti feochromocytomu), alantoin (marker metabolického syndromu), 1-hydroxypyren
(marker expozice polycyklickymi aromatickymi uhlovodiky) a dalsi. Pro tuto diserta¢ni praci
byly vybrany dva typy biomarkerti, kterym byla v ramci nasi spoluprace s FNHK a VFN
vénovana nejvetsi pozornost, plazmatické metanefriny (PMN) a indoxyl sulfat (IS).

Zvysena hladina metanefrind (metabolitd katecholaminid) v lidském organismu je
specifickym markerem feochromocytomu, nadoru diené nadledvin. Touto problematikou jsem
se zacala zabyvat jiz v ramci své diplomové prace [1], v niz jsou diskutované pocateéni pokusy
vyvoje HPLC/ED metody stanoveni latek typu katecholamini. V piedlozené disertacni praci
popisuji optimalizaci metody stanoveni PMN, v¢etné piediupravy biologické matrice (krevni
plazmy), naslednou validaci metody a vytvofeni soupravy pro stanoveni volnych PMN
k diagnoze feochromocytomu.

Indoxyl sulfat se fadi mezi uremické toxiny. Je-li v lidském organismu pfitomen
ve vyss§i koncentraci, zpisobuje fadu zdravotnich komplikaci. Vy$§i mnozstvi tohoto toxinu
detekované v moci nebo krvi je obvykle zpsobeno selhavanim funkce ledvin ¢i stfevni
dysbidzou. MiZe vSak znacit 1 jiné komplikace, rakovinu stfev nevyjimaje. Kromé toho, ze IS
zhorSuje zdravotni stav pacientd s nefunkénimi ledvinami, souvisi tento toxin napt.

I s kardiovaskularnimi chorobami a ptihodami, poruchou kostniho metabolismu a poruchami
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centralniho nervového systému. IS byl analyzovan jak v moci, tak v krevnim séru. Soucasti
prace je optimalizace piedipravy vzorku i nasledné stanoveni pomoci ED.

ED byva velmi Casto vyuzivana k detekci analytd v klinické mediciné pro jejich
elektrochemickou aktivitu a taktéz diky senzitivité, selektivité i moznostem miniaturizace této
techniky. Mimo to EC umoznuje in vitro simulace nékterych metabolickych pfemén
probihajicich v lidském organismu. Diky propojeni EC s MS je mozné predikovat stabilitu a
toxicitu xenobiotik (IéCiv, polutantd Zzivotniho prostfedi a dalSich uméle vytvofenych
sloucenin). V ramci této disertaéni prace je popsan vyvoj EC/MS sestavy slouzici k detekci
velmi nestabilnich meziproduktt redoxnich reakci, vyuzitelnych téZ pro klinickou diagnostiku.

Vysledky prezentované v predlozené praci demonstruji nové moznosti rychlého,
pfesného a spravného stanoveni vybranych biomarkerti s vyuzitim elektrochemie jako

vyznamného prvku modernich instrumentalnich technik.
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2 CILE DISERTACNI PRACE

Disertacni prace se zaméfuje zejména na vcasnou diagnostiku biomarkert S vyuzitim
elektrochemie, hmotnostni spektrometriec a vybranych specialnich technik. Konkrétné jsou

V préaci zahrnuta tato témata:

1) Analyza metanefrinii v krevni plazmé
e vyvoj a validace metody pro izolaci a stanoveni plazmatickych metanefrint,
specifickych markerti feochromocytomu, S vyuzitim kapalinové chromatografie
ve spojeni s elektrochemickou detekci

e vyvoj Kitu pro diagnostiku feochromocytomu, nadoru diené nadledvin

2) Sledovani toxického indoxyl sulfatu v moci a krevnim séru
e vyvoj metod pro stanoveni indoxyl sulfatu v moci a séru (napft. pro diagnostiku sttevni
dysbiézy ¢i pro stanoveni miry intoxikace organismu 0sob s dysfunkci ledvin)
s vyuzitim kapalinové chromatografie ve spojeni s elektrochemickym detektorem
a detektorem diodového pole
e vyzkum v oblasti zmirnéni intoxikace organismu indoxyl sulfitem u pacientt

podstupujicich chronickou substitucni 1é¢bu

3) Detekce rychle se rozklddajicich meziproduktii
e vyvoj metody pro detekci nestabilnich meziproduktt s vyuzitim piimého propojeni
elektrochemie a hmotnostni spektrometrie

e moznosti vyuziti vyvinuté techniky pro diagnostické tcely

10



TEORETICKA CAST

3 TEORETICKA CAST
3.1 Plazmatické metanefriny

Plazmatické metanefriny jsou ve zdravém lidském téle zastoupeny ve velmi malém
mnozstvi, v fadech pmol I'1. Navyseni jejich koncentrace je obvykle zptisobeno bud’ stimulem
prostiedi (zejména psychickym ¢i fyzickym vypétim) nebo neuroendokrinnimi tumory diené
nadledvin, feochromocytomem a paragangliomem. Prevalence téchto nadorovych onemocnéni
v Ceské republice (CR) se v poslednich letech pohybuje na urovni 0,05-0,1 %. P¥i véasném
zahajeni 1é¢by je smrtnost niz§i nez 2 %. Vétsinou je vSak tento typ tumoru odhalen az pfi pitve.
[2,3,4,5,6,7,8]

3.1.1 Definice a metabolismus metanefrinu

Metanefriny (viz Obrazek 1) jsou produkty katecholaminti, adrenalinu, noradrenalinu
a dopaminu, které jsou v lidském téle metabolizovany z aminokyseliny fenylalaninu.
Z adrenalinu vznika metanefrin (MN), z noradrenalinu normetanefrin (NMN) a z dopaminu
3-methoxytyramin (3-MT). Fyziologicka hodnota metanefrinu se pro ¢lovéka pohybuje
v rozmezi 60 az 310 pmol I* (ngktefi autofi [9] uvadéji az 500 pmol I1) plazmy.
Pro normetanefrin je toto rozmezi 100 az 610 pmol I* (az 900 pmol I* [9]) plazmy a
pro 3-methoxytyramin 6 az 90 pmol I*plazmy. [2, 10, 11, 12, 13, 14, 15]

OH H OH
N NH» NH»
HO HO HO
OCH3 OCHj; OCH3
metanefrin normetanefrin 3-methoxytyramin

Obrazek 1 Vzorec metanefrinu, normetanefrinu a 3-methoxytyraminu [11]
Vyssi koncentrace metanefrinll v lidském organismu mohou byt zpiisobeny stresem,

fyzickou namahou, zranénim, emocionalni rozruSenim, hypoglykémii, [16, 17] ale téz

konzumaci nékterych potravin (zejména banant, ale i ofechd, cokolady, mléka a mlécnych

11
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vyrobki, dynovych a sezamovych seminek, masa, ryb a dalsich potravin) ¢i Iéku (paracetamolu,
antihypertenziv, tricyklickych antidepresiv, B-blokatort, antiparkinsonik a jinych). [9, 18, 19]

Kontinudln¢ extrémné zvysend hladina metanefrind je ve vét§ing ptipadid zptisobena
nadorovym onemocnénim diené nadledvin, nejcastéji feochromocytomem. Tento typ tumoru
ma totiz schopnost metanefriny syntetizovat a pribézné je uvoliovat do organismu. Hlavnim
symptomem onemocnéni u postizenych osob je arterialni hypertenze, kterou vsak trpi Ctvrtina
obyvatelstva CR, tudiz je piitomnost tohoto nadoru v téle ¢asto velmi obtizné odhalitelna.
Neni-li feochromocytom 1é¢en, dochazi k vaznému poskozeni srdce a ledvin. [4, 5, 7, 9, 20, 21,
22].

3.1.2 Stanoveni metanefrinu

Metanefriny jsou obvykle detekovany v krevni plazmé, pfip. ve 24hodinovém sbéru
moci. K jejich izolaci z matrice je v sou¢asnosti vyuzivana témét vyhradné extrakce tuhou fazi
(SPE), ktera je pro analyty dostate¢né selektivni a schopna uc¢inné odstranit vétsinu nezadoucich
latek obsazenych v matrici. [2, 23, 24] Stanoveni metanefrind je provadéno nejcastéji pomoci
elektrochemickych senzord, LC/ED, LC/MS, piip. imunochemickymi metodami. [22, 25, 26,
27, 28, 29, 30]

3.1.2.1 Uprava krevni plazmy a izolace metanefrind

Odbér krve pro stanoveni PMN je provadén postupem, ktery eliminuje faleSné pozitivni
vysledky. Snahou je minimalizovat u pacienta psychickou i fyzickou zatéz, aby nedoslo
K uvolnéni katecholaminti a jejich metaboliti do krve. Pacientovi, ktery byl pfedem poucen,
jakych 1éku, potravin a napoju (a Vv jak velkém predstihu) se vyvarovat, je zavedena do Zily
kanyla a odbér je proveden v poloze vleze po nékolikaminutovém klidu. Z odebrané krve je
centrifugaci oddélena plazma, ktera musi byt bud’ do Sesti hodin analyzovana nebo zamrazena
pii-80 °C. [31, 32, 33, 34, 35, 36]

Krevni plazma je tvofena pievazné vodou, dale obsahuje bilkoviny, glukozu, lipidy,
cholesterol, mocovinu, hormony a Sirokou $kalu dalSich sloucenin. [37] Pro eliminaci téchto
latek a pro ucinnou izolaci metanefrinii je vyuzivana SPE, nejcatéji S iontové vyménnymi
sorbenty nebo se sorbenty na bazi molekularné vtisténého polymeru (MIP). Tento polymer je
schopen specificky extrahovat analyt diky paméti tvaru a funkénich skupin templatové
molekuly. [2, 23, 38, 39]

12
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3.1.2.2 Stanoveni pomoci HPLC s elektrochemickou detekci

Z hlediska mechanismu separace chromatografického systému existuji dva zakladni
typy kapalinové chromatografie, na normalnich fazich (NP-LC) a na obracenych fazich
(RP-LC). Specialnim ptipadem RP-LC je chromatografie iontovych part (IPC), jejiz principem
je piidavek iontové parovych ¢inidel (IPC), napt. alkylsulfonatt, do mobilni faze (MF). Tyto
slouceniny podporuji tvorbu iontovych part s nabitymi analyty a zlepSuji tak jejich separaci.
Tato technika byva s vyhodami vyuZzivana k separaci katecholaminti ¢i metanefrint. [40]

ED je citliva, vysoce selektivni s Sirokym linearnim dynamickym rozsahem a rychlou
odpovédi. Dulezité je vSak zvolit optimalni slozeni a pH MF kapalinové chromatografie. Tato
detek¢ni technika vyuziva schopnosti latek obsahujicich elektroaktivni funk¢ni skupiny se
oxidovat nebo redukovat na polarizovatelnych elektrodach, na které je vkladano vhodné napéti
(podrobné;ji viz kapitola 3.3.1). ED jsou vyuzivany zejména pro klinickou diagnostiku, analyzu
biologickych matric a farmaceuticky primysl. [41, 42] Napf. pro stanoveni katecholamint a
jejich metaboliti jsou ED =zdaleka nejvyuzivanéjSimi detektory vubec, nasledované
spektralnimi. [26, 27, 41, 42] Pti elektrochemické oxidaci metanefrinti dochazi k odstépeni

protonu H' z fenolické hydroxyskupiny — viz Obrazek 2. [42, 43]

OH OH

H H
N._ N )
_ + e + H
HO o
OCH OCHs
OH OH
NH, NH,
— + e + H
HO o
OCH; OCHj
NH, NH,
— + e + HY
HO o
OCHj OCHj

Obrazek 2 Znazornéni procesu oxidace metanefrinu, normetanefrinu a 3-methoxytyraminu

13
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Elektrochemické detektory je obecné mozné rozdélit na amperometrické a

coulometrické, pti¢emz prvné¢ jmenované zaznamenavaji proud, druhé méfi naboj.

Cely coulometrického detektoru obsahuji tii typy elektrod, pracovni, srovnavaci
(referentni) a pomocnou. Posledné jmenovand odvadi proud, diky ¢emuz Si srovnavaci
elektroda (u ED je to hydrogen-palladiova) udrzuje konstantni a znamy potencial.
Ve dvouelektrodovém zapojeni (tj. bez pomocné elektrody) se potencidl srovnavaci elektrody
méni s prochazejicim proudem. Pracovni coulometrické elektrody jsou prakticky bezadrzbové,
jsou vyrobeny z porézniho grafitu a poskytuji tak obrovskou plochu povrchu pro redoxni
reakce. Dochazi na nich ke konverzi elektrochemicky aktivnich slou¢enin blizici se ke 100 %.
Mezi coulometrické detektory patti Coulochem (typy I-111), CoulArray a ECD-3000RS. [41,
42]

Coulochem je velmi citlivy a sofistikovany elektrochemicky detektor, ktery se sklada
z analytické cely obsahujici dvé elektrody, na nichz probiha oxidace nebo redukce sledovaného
analytu. Pfed touto celou mize byt navic je$t¢ =zapojena cela kondicionaéni,
ktera elektrochemicky eliminuje interferujici latky a chrani tak celu analytickou. Tento detektor
je vhodny pro stanoveni stopovych koncentraci analytu i ve slozitéjSich vzorcich. [42, 44]

CoulArray detektor, na rozdil od ptedchoziho typu, ma vyhodu sériového zapojeni ¢tyf
az Sestnacti prutoc¢nych cel, na néz jsou obvykle vkladany rozdilné potencialy a kazda poskytuje
samostatny signal. Detektor je kompatibilni i s gradientovou eluci a muize byt vyuzivan
pro stanoveni analytii ve velmi komplexnich matricich. [42, 45]

ED typu UltiMate ECD-3000RS je novéjsi nez oba typy zminéné vyse. Tento detektor
je schopen selektivné detekovat velmi nizka, az femtogramova mnozstvi analyti ve velmi
malych objemech vzorku (pouhych 5 ul roztoku vzorku je dostaCujicich k analyze). Je navic
mozné Snim pracovat jak v coulometrickém modu (v modulu potenciostatu mohou byt
nezavisle na sobé zapojeny az Ctyii rizné elektrochemické cely) tak amperometrickém modu
(v€etné vyuziti borem dopované diamantové elektrody). Detektor je mozné pouzivat
i s gradientovou eluci a diky své konstrukci je navic kompatibilni i S ultravysokotéinnou

kapalinovou chromatografii (UHPLC). [46]
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3.2 Indoxyl sulfat

3.2.1 Definice a metabolismus indoxyl sulfatu

IS je toxickym metabolitem tryptofanu. Tuto aminokyselinu pfijimanou v potravé
nedokaze lidsky organismus dostatecné vstfebat v tenkém stfevé a je tedy rozlozena az
mikroflorou ve stieve tlustém. Mikrobialni tryptofanazou je metabolizovana na indol a nasledné
Vv jatrech po hydroxylaci za pfitomnosti cytochromu p450 (CYP) pfeménéna na indoxyl.
Poslednim krokem procesu metabolismu v jatrech je sulfatizace pomoci sulfotransferazy
na indoxyl sulfat — celé schéma viz Obrazek 3. [47, 48, 49, 50]

strevni N\
OH >
[ mikrofléra
N
H

HN NH,

tryptofan / indol

i CYB~oxidace J AT RA I

OH To
sulfatizace 0—S”
A\ > OH
N N
H NH
indoxyl

indoxyl sulfat

Obrazek 3 Proces metabolismu tryptofanu ptijatého ve stravé na indoxyl sulfat

Ve zdravé fungujicim lidském organismu je tento toxin vychytavan ledvinami a
odvadén z téla moci, mechanismem tubularni sekrece. V moci zdravych osob lze detekovat
nizké hladiny IS — obvykle do 120 umol I (nejvyse 188 umol I'1). Vyssi hladiny této latky
v moc¢i jsou obvykle zplsobeny stfevni dysbiézou, mohou vSak znacit i jiné komplikace,
rakovinu stfev nevyjimaje. Vys$§i mnozstvi IS v krvi vétSinou souvisi se selhavanim ledvin.
Tento toxin je jiz nékolik let studovan pravé v souvislosti s chronickym onemocnénim ledvin

(CKD) definovanym jako poskozeni struktury ¢i funkce ledvin pietrvavajici alespon tfi mésice

15



TEORETICKA CAST

a majici disledky pro zdravotni stav pacienta. Onemocnéni je obecné klasifikovano dle pticiny
vzniku, hodnoty glomerularni filtrace a stanoveni albuminurie. [51]

Pacienti s nefunkénimi ledvinami (a dle provedenych studii i darci ledvin [52]) vzdy
vykazuji zvySené hodnoty tohoto toxinu (az 80krat vyssi oproti fyziologické koncentraci).
Klasickou dialyzou (hemodialyzou ¢i peritonealni dialyzou) je prakticky neodstranitelny kvili
jeho silné vaznosti k proteinim, zejména albuminu. Z diivodu vaznosti IS na proteiny ma velky
vliv na mnozstvi této slouceniny v krvi skladba stravy. [48, 49, 53, 54] Pacienti s CKD mohou
pomoci nizkoproteinové diety snizit hladinu IS v krvi az o 37 %. Fyziologicka Groven IS v Krvi
se vét§inou pohybuje v rozmezi 2-10 pmol I, [55]

Mnohé studie poukazuji na to, Ze vys$si koncentrace 1S v krvi (cca >20 pmol 1) maji
mimo stievni dysbiozu a CKD souvislost i s kardiovaskularnimi nemocemi a srde¢nimi
piihodami, malabsorpénim syndromem (porucha traveni a vstiebavani zakladnich zivin),
intoleranci glukézy, metabolickym syndromem, inzulinovou rezistenci, rendlni fibrotizaci
(zmnoZeni vazivové tkané€), reakci $tépu proti hostiteli po transplantaci krvetvornych
kmenovych bunék, poruchou kostniho metabolismu, ale i s poruchami centralniho nervového
systému, napi. Parkinsonovou chorobou. IS navic vyvolava oxida¢ni stres a snizuje mnozstvi
glutathionu, coz je latka detoxifikujici xenobiotika (latky cizi lidskému organismu). [48, 56, 57,
58, 59, 60, 61, 62]

Je tedy nezbytné u rizikovych osob pravidelné sledovat hladinu IS a snazit se o jeji
snizeni (optimalné alespoti na cca 190 pmol I moci a/nebo 19 pmol I krevniho séra). [55, 58]
V literatuie byly popsany zejména tyto moznosti eliminace IS:

e snizeni metabolismu tryptofanu ve stfevech (nizkoproteinovou dietou c¢i
konzumaci doplnku stravy/1é¢iv vyvazujicich indol ze stiev);
e optimalizace dialyzy.

Podrobnéji jsou jednotlivé strategie diskutovany v nasledujicich dvou kapitolach.

3.2.2 VyluCovani latek a funkce ledvin

Ledviny jsou parovy organ umistény v lidském téle v oblasti beder. Jejich funkei je
zejména exkrece ve vod¢ rozpustnych latek, kterych se télo potfebuje zbavit, pticemz dochazi
k vytvofeni moci (skladba moc¢i viz 3.2.4.1) a jejimu vylouceni. Kromé odstranéni
piebytecnych latek, nezddoucich metabolitii a toxickych sloucenin tak tento organ reguluje i
objem vody v téle. Dalsimi funkcemi ledvin je napf. udrzovani homeostazy, regulace

acidobazické rovnovahy, udrzovani slozeni krevni plazmy ¢i regulace krevniho tlaku. Mimo to
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se podileji na fizeni metabolismu vapniku v kostech, jelikoz preménuji vitamin D na kalcitriol,
ktery podporuje vsttebavani vapniku a fosfatl ve stieve. [63]

Pti selhdvani ledvin se odpadni produkty se hromadi v krvi a mohou byt pti¢inou otravy
organismu. Nedostate¢na funkce ledvin muze byt zjisténa na zakladé vySetfeni glomerularni
filtrace z dvacetictyfhodinového sbéru moci, ¢i analyzou koncentrace vybranych toxickych
metabolitl, napft. IS, vV jednorazové odebrané biologické matrici.

V piipadé selhani funkce ledvin je nezbytné odstranovat prebytecné latky a zplodiny
metabolismu jinym zptsobem, nejcastéji dialyzou. Tato separacéni technika vyuziva difize
nizkomolekularnich latek membranou, kterd je nepropustna pro velké molekuly. Separace
probiha smérem z roztoku o vyssi koncentraci do roztoku o koncentraci nizsi. [64]

Nejcastéji pouzivanymi jsou hemodialyza, hemodiafiltrace a peritonealni dialyza,
pficemz kazda je vhodna pro jinou skupinu nemocnych. Pfi peritonedlni dialyze ma pacient
natrvalo zavedenou hadicku do dutiny bfi$ni a sdm si do ni nékolikrat denné napousti specialni
Cistici roztok, na ktery se v prub&hu jeho pisobeni v téle navazou nezadouci latky a ktery je
po nékolika hodinach pacientem opét vypustén. Vyhodou této metody je jeji provedeni piimo
pacietem v domacim prostiedi, rizikem vSak moznost vzniku infekce dutiny bfi$ni.

Pti hemodialyze pacient pravideln¢ dochazi do hemodialyza¢niho stfediska, kde je mu
béhem nckolika hodin krev ocisténa od toxickych a nadbytecnych latek pomoci
hemodialyza¢niho ptistroje. Ten je pied kazdou dialyzou pies hadi¢ku napojen do specialni
spojky mezi tepnou a zilou, ktera byla pacientovi v minulosti chirurgicky vytvoiena
na piedlokti. Variantou hemodialyzy je hemodiafiltrace, ktera k ocisténi krve pouziva
propustné filtry a nasledna ztrata tekutin je doplnéna nahradnim roztokem. Diky tomuto
postupu je u¢innost o¢isténi krve od nezadoucich latek vyssi. [65]

Uremické toxiny, které se vazi na proteiny, vSsak nemohou piejit pies polopropustnou
dialyza¢ni membranu. Kromé IS sem tadime p-kresol, glyoxal, homocystein, leptin a dalsi.
Dochazi tak ke hromadéni téchto toxind v organismu a k naslednému snizeni kvality a délky
zivota pacientl. Ztohoto divodu je nutné vylepsSit dialyzacni moznosti, pfiCemz dle
provedenych studii neni dostacujici pouze navysit dobu trvani dialyzy ¢i zménit prittokovou
rychlost dialyzatu. [54, 66] Vaznost IS k albuminu je fizena elektrostaticky a van der
Waalsovymi silami. Disocia¢ni konstanta tedy zavisi na iontové sile, ziedéni a hodnoté pH
roztoku. K upravé pH dialyzatu je obvykle vyuzivan octan sodny. Posledni dobou je vsak ¢im
dal cCastéji testovan citrat sodny. Kromé toho, Ze je tato sloucenina schopna dobie redukovat
srazeniny na dialyza¢ni membrané, zvySuje iontovou silu dialyzatu. Citratové anionty se navic

véazi na albumin, ¢imZz muize dojit ke snizeni podilu IS vdzaného na tuto bilkovinu a tedy
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Kk lepsimu odstranéni toxinu z lidského organismu. Tato uprava dialyzy vsak casto neni
pro pacienty dostacujici, jsou tedy nadéle testovany 1 jiné moznosti odstranovani toxin z téla.

[54, 67]

3.2.3 Metabolismus latek v tlustém streve

Pro lepsi pochopeni vlivu vybranych typt dopliiki stravy/1éCiv na vstiebavani toxickych
metabolitti ve stfevech je Vv této kapitole popsano fungovani tlustého stieva a metabolismus
latek v ném.

Tlusté sttevo navazuje v téle na sttevo tenké a je posledni ¢asti travici trubice. Sklada
se ze slepého stteva, tracniku a kone¢niku. Mimo vstiebavani zbylych vitaminti a minerala
probiha v tlustém stfevé zejména vstiebavani vody a tedy zahustovani chymu (natravené
potravy se zaludeCnimi Stavami). Ten je nasledné¢ zformovan ve stolici (diky stfevni
mikroflofe) a vylouéen. [63]

Stfevni mikrobiom je komplexni ekosystém obsahujici 10krat vice bun€k nez je bunék
v lidském organismu a 100krat vice genti nez je obsazeno v celém lidském geonomu. Nékteti
védci se domnivaji, Ze stfevo funguje v lidském téle jako jakysi ,,druhy mozek®, ktery ovliviuje
v organismu mnohem vice procesu neZ je aktualné zmapovano. [68, 69] Funkci stievni
mikrofléry je zejména branit priniku nezadoucich organismt a latek, stimulovat imunitni
sttevni systém, inhibovat patogenni mikrofléru a v neposledni fadé produkovat vitaminy.
Choroby, uzivani 1€ki 1 nezdravy zivotni styl mohou mit na sloZzeni mikrobiomu
ve stfevé vyrazné negativni vliv. Prospésné mikroorganismy jsou potlaceny a dochazi
ke kolonizaci stieva patogeny (kampylobakter, salmonely, yersinie a jiné), potencialnimi
patogeny (klostridia, zejména toxicky Clostridium difficile, kandidy a dalsi) ¢i gramnegativnimi
bakteriemi (koliformni bakterie, enterobakterie, pseudomonady a jiné). [68]

O tom, jak dilezita je rovnovaha stfevni mikrofory, sveéd¢i kromé velké spotieby
probiotik a prebiotik téz vyzkum v oblasti transplantace mikrobiomu stteva, kdy je pacientovi
do slepého stieva aplikovana upravena stolice darce. Tento zakrok je urcen pacientim, ktefi
z n¢jakého divodu pfisli o vyraznou Cast stievnich mikroorganismii ¢i pacientim s nevhodnym
slozenim stfevni mikroflory majici vyrazn€ negativni vliv na zdravi pacienta. V takovém
ptipade je proveden proplach stfev a nasledna transplantace fekalni hmoty. [70, 71]

Je-1i snahou odstranit jen vybrané toxiny ze stfeva, je optimalnim feSenim podat
pacientovi lék, pfip. dopln€k stravy, ktery na sebe toxiny, resp. jejich prekurzory, ve stfevé

navaze, ale ostatni latky ani mikrofloru ze stfeva neodstrani. V poslednich letech je vétSina
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vyzkumu v této oblasti zacilena na AST-120, Ik obsahujici porézni uhlikové Castice
distribuovany pod obchodnim ndzvem Kremezin. Nékteré studie ukazuji, ze tento 1€k uéinné
vyvazuje indol ze stiev, nicmén¢ jednoznacné pozitivni a dostacujici efekt Kremezinu dosud

nebyl uspokojivé prokazan. [48, 72]

3.2.4 Stanoveni indoxyl sulfatu

IS je obvykle analyzovan v modéi, piipadn¢ v krevnim séru ¢i  plazmé.
Po predipravé biologické matrice (viz nasledujici kapitola 3.2.4.1) je mozné tento analyt
stanovit pomoci chromatografie (tenkovrstvé ¢i kapalinové) se spektrofotometrickou nebo
elektrochemickou detekci ¢i odpafovacim detektorem rozptylu svétla (ELSD). Hojné

vyuzivany jsou téz LC/MS metody. [47]

3.24.1 Izolace z biologické matrice

Mo¢ je nazloutla tekutina slabé kyselého pH tvotfena v ledvinach. Sklada se z vody
(cca 95 %), organickych latek (ptedevs§im mocovina, kyselina mocova a Kkreatinin) a
anorganickych latek (napt. chlorid sodny, fosfaty, vapenaté ionty). Fyziologicka koncentrace
IS je nejvyse 120 pmol I,

Vyhodou stanoveni latek v moci je jednoduchost této biologické matrice. Navic
samotny odbér moc¢i mize byt vyhodny pro pacienty, u kterych je z rtiznych divoda odbér krve
obtizny. Nevyhodu piedstavuji problémy spojené s obtizné standardizovatelnym sbérem moci.
V praxi je nejvice vyuzivan dvacetictyrhodinovy sbér moci, ptipadné jednordzovy vzorek ranni
moci, u néhoz je vSak vhodné vyslednou koncentraci sledované latky vztahnout na mnoZzstvi
piitomného Kkreatininu, které souvisi se ziedénim vzorku. Kreatinin je nejcastéji stanovovan
spektrofotometricky pti 500 nm po Jaffého reakcei, tedy reakci v zasaditém prostiedi s kyselinou
pikrovou. [73]

Sbirand mo¢ by méla byt uchovavana pii 4 az 8 °C a co nejdiive analyzovéna.
Nekolikahodinovym stanim, obzvlasté pak za laboratorni teploty, se mo¢ znehodnocuje
(rozmnoZenim bakteridlni mikroflory, rozkladem pfitomnych latek atp.). Neni-li mozné vzorky
sebrané moc¢i ihned métit, je optimalni je zamrazit minimalng pti -20 °C, vydrzi tak stabilni

po n¢kolik mésicu. [7, 74, 75]
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Stanoveni IS v krevnim séru je provadéno predevsim u pacientt, ktefi jiz vlivem selhani
ledvin neprodukuji mo¢. Nevyhodou je obtiznéj$i odbér a zpracovani matrice. Ve zdravém
lidském organismu je 1S obvykle obsazen nejvyse v koncentraci 10 pmol 1! séra. [49, 76]

Krevni sérum vznika po vysrazeni odebrané plné krve a nasledném odstranénim krevni
srazeniny, trombu. Zbyvajici nazloutla tekutina, sérum, je svym slozenim podobna krevni
plazmé, ale neobsahuje ani bunécné elementy (Cervené krvinky, krevni desti¢ky) ani koagula¢ni
faktory (fibrinogen).

Pro ziskéani séra je krev obvykle odebirana do zkumavek obsahujicich separacni gel
(ptipadné jiny typ separatoru). Po nékolika minutach se odebrand krev vysraZi a nasledné je
obsah zkumavek centrifugovan. Separa¢ni gel se béhem centrifugace posune do prostoru mezi
krevni srazeninu a sérum, ¢imz tyto dve slozky zcela oddéli. Sérum je bud’ do n€kolika hodin
(optimaln¢ do Sesti) analyzovano nebo zamrazeno pii-80 °C. Pfed analyzou je vhodné vzorky
deproteinovat a uvolnit veskery navazany indoxyl sulfat tak, aby bylo mozné co nejpiesnéji
stanovit hladinu 1S. Vyuziva se centrifugace séra bez pfidanych ¢inidel ¢i s ptidavkem

organickych rozpoustédel (zejména acetonitrilu) nebo kyselin. [77, 78, 79, 80, 81]

3.24.2 Analyza pomoci HPLC/ED-DAD metody

Elektrochemicka detekce ve spojeni s HPLC je popsana v kapitole 3.1.2.2. Pfedmétem
této kapitoly je pouze struény popis sestavy HPLC/ED-DAD, ktera byla vyuzita k detekci IS
V moci.

Eluat z kolony vstupuje do ED, ve kterém jsou redoxné aktivni latky oxidovany ¢i
redukovany, ostatni analyty nezménény, a nasledn¢ eluat pokracuje do DAD. Spojeni dvou
detektorti mtize byt s vyhodami vyuzitelné pro ziskani detailnéjsi informace o analytech, nebo,
jako pfi stanoveni IS a Kkreatininu, k simultanni detekci elektroaktivnich a elektroneutralnich
latek. [42, 46]

DAD patii mezi detektory spektralni, konkrétné spektrofotometrické. Tyto detektory,
na rozdil od ED, vyuzivaji fyzikalnich vlastnosti latek, konkrétné schopnosti latek absorbovat
ultrafialové nebo viditelné zareni (cca 200—800 nm). Nasledkem absorpce atomy a molekuly
vzorku piejdou do energeticky vyssiho, excitovaného stavu. Velikost absorpce, absorbance, je
piimo imérna koncentraci stanovované latky. DAD snimé celé spektrum v redlném case bez

preruseni chromatografické separace. [82, 83, 84]
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3.3 Nestabilni meziprodukty elektrochemickych reakci

3.3.1 Elektrochemie

Elektrochemie zkouma procesy probihajici na rozhrani elektrod a roztoku. Zakladem
jsou chemické zmény elektroaktivnich molekul zptisobené pienosy elektront. Tento proces
zaroven vede ke vzniku elektrického proudu, ¢ehoz Ize vyuzit napt. pti elektrochemické detekci
a kvantifikaci analyti obsahujicich elektroaktivni funkéni skupiny.

Obvyklymi sestavami jsou dvouelektrodové ¢i tifelektrodové usporadani.
Tiielektrodové obsahuje kromé pracovni a referentni elektrody navic elektrodu pomocnou.
Tento systém je vyhodnéjsi, protoze je efektivné odvadén proud z pracovni elektrody. Mezi
pracovni a srovnavaci elektrodou je tak mozné piesné zméfit hodnotu napéti ¢i mezi né vlozit
konstantni potencial a métit hodnotu proudu.

U dvouelektrodového usporadani dochazi pti zméné hodnoty vlozeného napéti pouze
ke zméné potencialu pracovni elektrody. Kvili odporu roztoku dochazi k ubytku napéti
z takové sestavy a méfeni hodnot napéti byvaji nepfesna. U nékterych miniaturizovanych
systému vsak jiné nez dvouelektrodové uspotradani neni z prostorového hlediska mozné. [85]

Miniaturizace je piesto obecné jednou z velkych vyhod EC. Jednou z moZnosti je napf.
vyuziti ekonomickych tisténych elektrod (PE). Ty jsou tvoieny specialni pastou, ktera je
nanasena ve vrstvach o tloust’ce nékolika desitek mikrometrii tzv. tlustovrstvou technologii.

[42, 86]

3.3.2 Chovani analytl na povrchu elektrod

Pracovni elektrody jsou vyrobeny nejcastéji z uhliku, zlata nebo rtuti, elektrochemicky
stabilnich materidli s Sirokym potencidlovym rozsahem. Elektroaktivni analyty se
na elektroddch oxiduji ¢i redukuji, diky ¢emuz dochédzi ke vzniku elektrického proudu.
Prochazi-li elektrodou proud, muze jeji potencial nabyvat hodnoty jiné, nez je jeji rovnovazna
hodnota, a dochazi tak k tzv. polarizaci elektrody.

V prubéhu redoxniho déje dochazi ke zvySeni/snizeni oxidac¢niho ¢isla molekul
obsahujicich elektroaktivni skupiny. Oxidace latek souvisi s odevzdavanim elektrond, redukce
S pfijimanim. Oba dé&je probihaji v systému vzdy soucasné. Mezi elektrodami tak béhem tohoto
déje dochazi ke vzniku Faradaického proudu.

Mezi elektrochemicky oxidovatelné skupiny patii napt. alkoholy, fenoly, aminy a

organokovy, zejména ferrocen, ktery je Casto pouzivan jako modelova sloucenina (viz Obrazek
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4, na némz je znazornén redoxni par ferrocenmethanolu, FcMeOH). Mezi redukovatelné
skupiny patii aldehydy, ketony, sulfoxidy, disulfidy, thiokyanaty, nitrily, organokovy,
nitrolatky, aromatické karboxylové kyseliny a dalsi. [42, 87]

-+

=N R

Fe(l Fe(ll
< ©
FcMeOH FcMeOH*

Obrizek 4 Redoxni par ferrocenmethanolu (FceMeOH/FcMeOH™)

3.3.3 Cyklicka voltametrie

Principem voltametrie je vlozit na pracovni elektrodu potencial, ktery se linearné¢ méni
s Casem v zavislosti na rychlosti a nasledné je sledovana proudova odezva v zavislosti na daném
potencialu. U cyklické voltametrie dochazi ke zméné potencialu mezi pracovni a srovnavaci
elektrodou, pfi¢emz potencial je linearné zvySovan od pocatecniho ke zlomovému potencialu
(tzv. doptedny scan). Nasledné je potencial linedrn€ snizovan ke kone¢nému potencidlu (jedna
se o tzv. zpétny scan), ktery je vétSinou shodny s pocatecnim potencidlem. Doptfedny a zpétny
scan tvoii jeden cyklus. Vysledkem méieni je tzv. cyklicky voltamogram, ktery zobrazuje
zavislost anodického a katodického proudu na hodnoté potencialu — viz Obrazek 5.

Cyklicka voltametrie je jednou znejCastéji pouzivanych metod pro zékladni
charakterizaci elektrochemickych reakci, ptipadné k ziskdvani dalSich informaci. Tato metoda

charakterizuje elektrochemickou aktivitu, redoxni potencidly i reverzibilitu redoxnich procesu.

[88]
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Obrazek 5 Znazornéni cyklického voltamogramu [89]

3.3.4 Hmotnostni spektrometrie ve spojeni s elektrochemii

Elektrody mohou byt v rtznych svych podobach spojeny s riznymi detekénimi
technikami fungujicimi na jiném neZ elektrochemickém principu. S vyhodami se vyuziva
spojeni se spektrofotometrickymi detektory, nuklearni magnetickou rezonanci ¢i hmotnostni
spektrometrii. Propojeni EC s MS nabizi rychlou, spolehlivou a detailni informaci
o metabolitech, které jsou elektrochemicky generovany a pomoci MS identifikovany
v jednom EC/MS systému. [42, 90, 91, 92, 93]

Principem MS je vstupujici latky nejprve ionizovat v iontovém zdroji a vzniklé ionty
nasledné separovat v hmotnostnim analyzatoru na zakladé poméru jejich hmotnosti a naboje
(m/z). Tonizace vyzaduje dodani potiebného mnozstvi energie. Existuje vice typu iontovych
zdrojii a n€kolik z nich bylo testovano pro spojeni MS s EC. V zac¢atcich pouZivani této techniky
byl testovan dnes jiz zastaraly termosprej (TSP), pozdéji chemicka ionizace za atmosférického
tlaku (APCI) a v mensi mife i nekteré dal$i zdroje. V soucasnosti je vyuzivana vyhradné
ionizace elektrosprejem za atmosférického tlaku (ESI). Tato ioniza¢ni technika je kompatibilni

s EC, protoze je vysoce citliva a spolehlivd i pifi nizkych pritocich, které jsou vhodné
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pro vysokou ucéinnost elektrochemickych reakci. Z elektrochemického pohledu navic ESI
predstavuje celu sloZzenou ze dvou elektrod, sprejovaci kapilary a MS. Je vSak nutné, aby byla
EC ucinné€ separovand od vysokého napéti ESI a aby pouzivané elektrolyty byly kompatibilni
s ESI-MS. Elektrosprejovani je vyvolano vlozenim vysokého napéti mezi kapilaru a vstup
do vakuované ¢éasti hmotnostniho spektrometru. Roztok je tak pii vystupu z kapilary
rozprasovan pusobenim elektrického pole. Vzniklé kapicky nesou na svém povrchu velké
mnozstvi naboji, ale pred vstupem do vakua MS z nich zustavaji uz jen jednotlivé ionty vlivem
odpafovani rozpoustédla a Coulombickych explozi. [94, 95, 96]

Spojeni EC s MS mize byt velmi uzitecnym nastrojem pro simulaci a studium
metabolismu xenobiotik, latek uméle vytvotrenych ¢lovékem. VétSina z nich je lipofilniho
charakteru, tedy obtizn¢ vyloucitelna lidskym organiSmem. Diky EC/MS je mozné predikovat
toxické latky vznikajici v lidském téle z xenobiotik pomoci simulace ,,jednoelektronovych
oxidaci oxida¢ni faze | metabolismu, ktera je v téle katalyzovana pomoci CYP. [97] Tento
instrument tak miZe nahradit testovani na zvifatech 1 vyuzivani jaternich mikrosomi. Vysledky

jsou navic dosazitelné ve velmi kratkém case. [98, 99, 100]

3.3.5 Typy EC/MS technik a jejich vyuZziti

Prvni EC/MS systém byl sestaven uz v roce 1971 Bruckensteinem a Gaddem [101] a
byl vyuzit ke studiu tékavych metaboliti generujicich se na porézni elektrodé, ktera byla
soucasti sestavy. Za posledni c¢tyfi desetileti byla publikovana Siroka Skala raznych
experimentalnich uspofadani vyuzivajici amperometrické cely v uspofadani ,,thin-layer nebo
,wall-jet, coulometrické cely v uspofadani ,,flow-through® i borem dopované diamantové
elektrody (BDD). Casto jsou vyuzivany jednorazové elektrody s konstantni vykonnosti a
moznosti rychlé a snadné vymény. Cely mohou byt spojené s MS, popt. s HPLC/MS ¢i CE/MS
pomoci kapilary z taveného oxidu kremicitého. Nejcastéji jsou tyto sestavy v soucasnosti

vyuzivany pro simulace lidského metabolismu vybranych sloucenin. [93, 96]

EC/MS usporadani

Piima detekce meziproduktli a rychle se rozkladajicich, nestabilnich metabolitd je
mozna diky on-line spojeni EC s MS pomoci kratké kapilary a nastaveni vhodnych podminek.
Tato technika mize slouzit ke studiu pfemén jednotlivych sloucenin i k identifikaci mist
v molekule, kde dochazi k oxidaci/redukci. Nejlepsi volbou je pfitom HRMS (MS s vysokym
rozliSenim hmoty). [102, 103, 104]
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Prvni spojeni EC/ESI-MS s ohledem na konstrukci cely a spojovaciho zafizeni
vzhledem k vysokému napéti elektrospreje uvedl v 90. letech VVan Berkel a jeho kolegové. [105]
Ukazali, ze ptimé spojeni EC a MS dovoluje elektrochemickou ionizaci neutralnich sloucenin,
studium elektrodovych reakci i posileni signalu diky zakoncentrovani iontd. Nasledoval nartst
poctu publikaci popisujicich EC/MS techniky, nejéastéji pro studium metabolismu a prab&éhu
redoxnich reakci. [97]

Nicméné nevyhodou piimého spojeni EC/MS je chybéjici separacni krok, tato technika

tak neni vhodna pro komplexni vzorky. [106]

EC/MS usporddani zahrnujici separaci pomoci kapildrni elektroforézy

Kapilarni elektroforéza (CE) separuje latky na zakladé jejich rozdilné pohyblivosti
v elektrickém poli, tj. dle rozdilnych elektroforetickych mobilit.

Kromé n€kolika off-line uspotfadani, pii kterych jsou analyty obsazené ve vzorku
podrobeny redoxnim reakcim a ziskany roztok je nasledné analyzovan pomoci CE/MS sestavy,
ktera neni propojena s EC, je vyzkum zaméfen hlavné na on-line sestavy. [107]

Matysik [108] popsal v roce 2003 elektrochemicky asistovanou injektaz (EAI) spojenou
s CE/MS, kterou v nasledujicich deseti letech s kolegy zdokonalil a pln¢ zautomatizoval.
K pokustim bylo vyuzito nékolik typt tisténych elektrod. [109, 110, 111] Nasledné tym vedeny
Matysikem vyvinul a optimalizoval on-line sestavu EC/CE/MS obsahujici miniaturizovanou
celu se zlatou PE [112] a uhlikovou PE. [113, 114]

EC/MS uspoiadani zahrnujici separaci pomoci kapalinové chromatografie

Off-line uspofadani EC a LC/MS je vyuzivano okrajové. Je vhodné pro generovani
stabilnich metabolitli a zejména pro analyty, které¢ je vhodné nechat reagovat po delsi dobu,
resp. pro takové, u kterych ma vyznam studovat dobu trvani elektrochemické konverze. [114,
115, 116]

On-line sestavy jsou pouzivany vyrazné Castéji, jelikoz je s nimi mozné zachytit
1 nestabilni meziprodukty elektrochemickych reakci. Navic neni tfeba feSit zachytdvani
produkti EC a jejich ptenos do LC/MS. Kapalinovy chromatograf mtize byt on-line zapojen
pfed EC ¢iza EC. V prvnim pfipad¢ jsou latky obsaZené ve slozité matrici nejprve separovany
a nasledné jsou elektroaktivni slou¢eniny oxidovany/redukovany. Ve druhém ptipadé dochazi

k separaci produktd elektrochemické reakce. [117, 118, 119, 120]
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4 PLAZMATICKE METANEFRINY

4.1 Experimentalni ¢ast

4.1.1 Pouzité chemikalie

e 1-oktansulfonat sodny, monohydrat, 99 % p.a. (Fluka, Buchs, Svycarsko)

e acetonitril, 99,9 % (Sigma-Aldrich, St. Louis, Missouri, USA)

e diethylamin, 98 % (Sigma-Aldrich)

e dihydrogenfosfore¢nan draselny 99 % p.a. (Lachema, a.s., Neratovice, Ceska republika)
e hydroxid amonny, 25 % p.a. (Fluka)

e hydroxid sodny p.a. (PENTA, Chrudim, Ceska republika)

e kyselina citronova, monohydrat, p.a. (Lachema, a.s.)

e kyselina ethylendiamintetraoctova, 99 % p.a. (Acros Organics, Geel, Belgie)
e kyselina chlorovodikova, 35 % p.a. (Lachema, a.s.)

e kyselina monochloroctova, 99 % (Sigma-Aldrich)

e kyselina octova, 99 % p.a. (Lach-Ner, Neratovice, CR)

e methanol, 99,9 % p.a. (Labscan, Gliwice, Polsko)

e standard 3-methoxytyramin hydrochlorid 99 % p.a. (Sigma-Aldrich)

e standard metanefrin hydrochlorid 98 % (Sigma-Aldrich)

e standard normetanefrin hydrochlorid 98 % (Sigma-Aldrich)

e vnitini standard 4-hydroxy-3-methoxybenzylamoniumchlorid 98 % (Sigma-Aldrich)

4.1.2 Pouzity material

Filtry:
e 47 mm Nylon Membrane Filter 0,22 um (Membrane Solutions, North Bend, USA)

e 25 mm Filter Nylon 0,2 um (Thermo Fisher Scientific)

SPE kolonky:
e Bond Elut AccuCAT (200 mg, 3 ml, Agilent Technologies, Santa Clara, USA)
e Discovery DSC-MCAX (100 mg, 1 ml, Supelco, Bellefonte, USA)
e Discovery DSC-SAX (500 mg, 3 ml, Supelco)
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Discovery DSC-SCX (500 mg, 3 ml, Supelco)

Discovery DSC-WCX (500 mg, 3 ml, Supelco)

Oasis MAX (60 mg, 3 ml, Waters Corporation, Milford, USA)

Oasis WAX (60 mg, 3 ml, Waters Corporation)

Oasis WCX (60 mg, 3 ml, Waters Corporation)

SCX (200 mg, 3 ml, Merck, Darmstadt, Némecko)

SOLA CX (10 mg, 1 ml, Thermo Fisher Scientific, Waltham, USA)

strata ABW (200 mg, 3 ml, Phenomenex, Torrance, USA)

strata SAX (100 mg, 1 ml, Phenomenex)

strata SCX (100 mg, 1 ml, Phenomenex)

Strio-D (30 mg, 1 ml, StrioChem Technologies, Inc., Rancho Santa Margarita, USA)
Strio-E (30 mg, 1 ml, StrioChem Technologies, Inc.)

AFFINIMIP® SPE Metanephrines - 3mL, 100mg sorbent (AFFINISEP, Val-de-Reuil,
Francie)

prazdné kolonky: 3mL Empty Fritted SPE Tubes (Supelco)

SPE sorbenty:

Bio-Rex 70, 100-200 mesh (Bio-Rad, Praha, CR)
Discovery DSC-SAX (Supelco)

Discovery DSC-SCX (Supelco)

Dowex 1X8, 50-100 mesh (Sigma-Aldrich)
Dowex 50WX8, 100-200 mesh (Sigma-Aldrich)

Dalsi vybaveni:

fritky Polyethylene Frits 3mL (Supelco)

nastroj pro stlaéeni sorbentu v kolonce 3mL (Supelco)

4.1.3 Pristrojove vybaveni

Chlazena centrifuga:

Sigma 3-16 KL (Sigma Laborzentrifugen, Osterode am Harz, Némecko)

Extrakce tuhou fazi:

zatizeni Visiprep SPE Vacuum Manifold (Supelco, Bellefonte, USA)
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Odparovani vzorki:

e aparatura sestavend z dusikové tlakové lahve, zafizeni pro redukci a kontrolu tlaku
plynu na tlakové lahvi, systému pro ¢isténi dusiku od pfipadnych necistot pomoci
aktivniho uhli a termobloku Multi-Blok Heater (Lab-Line Instruments, Bombaj, Indie)

pH metr:

o WTW 526/538 (Wissenschaftlich-Technische Werkstétten, Weilheim, Némecko)
s elektrodou BlueLine 28 pH (pH 0...14/-5...480 °C/Gel, SCHOTT AG, Mainz,
Némecko); kalibraéni roztoky pufri o pH 7,00+£0,01 a 4,01+£0,01 (Hamilton Duracal
Buffer, Bonaduz, Svycarsko)

Systém pro Upravu vody:
e IWA 20iol (WATEK s.r.0., Lede¢ n. Sazavou, CR)
Ultrazvukova lazei:
e Sonorex Super RK 510 (Bandelin Electronic, Berlin, Némecko)
Véhy:
e mikrovahy XP2U (Mettler — Toledo, Columbus, USA) s citlivosti 0,1 pg
e analytické vahy 870-61 (Mettler — Toledo) s citlivosti 0,1 mg

HPLC/ED:
e kapalinovy chromatograf UltiMate 3000 Series (Thermo Fisher Scientific)
e clektrochemicky detektor Coulochem III obsahujici analytickou celu Model 5011A a
kondicionaéni celu Model 5021 (ESA, Inc., Chelmsford, USA)
e clektrochemicky detektor ECD-3000RS s coulometrickym senzorem 6011RS
obsahujicim porézni grafitovou pracovni elektrodu a hydrogen-palladiovou referentni

elektrodu (Thermo Fisher Scientific)

4.1.4 Ptiprava roztoku

Roztoky standardi:
e Normetanefrin, metanefrin a 3-methoxytyramin:
Zasobni roztoky vSech tii standardii byly ptipraveny jejich pfesnym odvazenim pomoci
mikrovah, 1 mg do odmérné batiky o objemu 10 ml, a rozpustény v 0,2mol I* kyselin& octové.

Roztoky standardi byly uchovavany pfi teploté 4 °C.
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Kalibra¢ni roztoky byly dle potieby rozsahu koncentraci pfipravovany ze zasobnich

roztokd jejich postupnym fedénim 0,2mol I kyselinou octovou.

Vnitini standard (I.S.):

Zasobni roztok I.S. byl pfipraven pfesnym odvazenim pomoci mikrovah 1 mg

hydrochloridu 4-hydroxy-3-methoxybenzylaminu (HBMA) do odmérné baiky o objemu 5 ml

a rozpustén v 0,2mol I kyseling octové. Roztok standardu byl uchovavan pfi teploté 4 °C.

Dle potieby byl dale fedén 0,2mol I kyselinou octovou.

Roztoky pro SPE piipravované vzdy bezprostifedné pred provedenim extrakce:

Fosfatovy pufr o pH 7: Do Erlenmayerovy baiky bylo odméieno 29,1 ml 0,1mol I
roztoku hydroxidu sodného a 50 ml 0,1mol I* roztoku dihydrogenfosfore¢nanu
draselného.

3% roztok hydroxidu amonného: Do Erlenmayerovy banky bylo odméfeno 6 ml

ultracisté vody, 6 ml 25% roztoku hydroxidu amonného a 36 ml methanolu.

Mobilni faze:

Mobilni faze byla ptipravena smisenim piipravenych roztokia A a B (1:1). Ke 2000 ml

smesi bylo pfidano 85 ml acetonitrilu. Roztok byl pfefiltrovan pies nylonovy filtr (0,22 pm)

a odvzdusnén v ultrazvukové lazni po dobu dvaceti minut.

Roztok A: Do odmérné bainky o objemu 1000 ml bylo navazeno 10 g kyseliny
monochloroctové, 3,1 g hydroxidu sodného, 1,1 g kyseliny ethylendiamintetraoctové
(EDTA) a 0,3 g monohydratu 1-oktansulfonatu sodného. Vse bylo rozpusténo v cca
900 ml ultra¢ist¢ vody apH roztoku bylo upraveno pomoci nasyceného roztoku
kyseliny monochloroctové na hodnotu pH 3,1. Banka byla doplnéna po rysku
ultracistou vodou.

Roztok B: Do odmérné banky o objemu 1000 ml bylo navazeno 0,5 g hydroxidu
sodného, 0,02 g EDTA, 23 g monohydratu kyseliny citronové a odméfeno 0,9 ml
diethylaminu. Vse bylo rozpusténo v cca 900 ml ultraéisté vody a pH roztoku bylo
upraveno pomoci nasyceného roztoku hydroxidu sodného na hodnotu pH 2,55. Banka

byla doplnéna po rysku ultracistou vodou.

4.1.5 Priprava sorbentu a popis pInéni kolonek pro extrakci

Sorbenty Dowex byly zakoupeny v sypké podobé¢ a prevedeny do cyklii v nasi laboratofi
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nasledujicim postupem:

Dowex 50WX8 — pievedeni do H* cyklu:
e promyti 3x 2 ml 3mol I* HCI,
e proplach demineralizovanou vodou do neutralni reakce — cca 2 ml,
e 3x 2 ml3mol I NaOH,
e proplach demineralizovanou vodou do neutralni reakce — cca 2 ml,
e 3x 2 ml 3mol I'* kyseliny octové,
e proplach demineralizovanou vodou na pH cca 7,3- 7,5 —cca 2 ml

Dowex 1X8 — ptevedeni do OH™ cyklu:
e promyti 3x 2 ml 3mol I"* NaOH,
e proplach demineralizovanou vodou do neutralni reakce — cca 2 ml,
e 3x2ml3mol It HCI,
e proplach demineralizovanou vodou do neutralni reakce — cca 2 ml,
e 3x2 ml3mol I* NaOH,
e proplach demineralizovanou vodou do neutralni reakce — cca 2 ml.

Mezi jednotlivymi kroky vzdy cca 20 min prodleva.

Ostatni sorbenty nebyly nijak upravovany. Plnéni sorbentii bylo provadéno pomoci
soupravy od firmy Supelco — viz Obrazek 6, na kterém je zobrazena jedna prazdna kolonka
,3mL Empty Fritted SPE Tubes“ obsahujici fritku, dale baleni fritek, nastroj pro stlaceni
sorbentu v SPE kolonce, sorbenty Discovery DSC-SCX (silny katex) a Discovery DSC-SAX
(silny anex) a tii ru¢né plnéné kolonky témito sorbenty (v levé dolni ¢asti obrazku).

Katex s anexem se smisi Vdaném poméru a vytvofena homogenni smés Se nasype
do kolonky (diky pfitomné fritce nepropadne skrz). Poté se do kolonky vlozi dalsi fritka, ktera
je nastrojem K tomu uréenym (viz Obrazek 6) posunuta az k sorbentu. Ten je diky pfitomnosti

této fritky zaroven silou stlacen.

4.1.6 Popis extrakce tuhou fazi

Sorbent SPE kolonky byl kondiciovan 2 x 2,5 ml 3% roztoku hydroxidu amonného,
2 ml fosfatového pufru o pH 7 a 2 ml ultracisté vody. VSe za vakua -15 mm Hg. Na mokry
sorbent byl aplikovan 1 ml vzorku krevni plazmy (pfipadné obohaceného standardy). Kolonka
byla nasledné promyta 2 ml fosfatového pufru o pH 7, 2 ml ultracisté vody a 2 ml methanolu.
Sorbent byl po promyti methanolem suSen za vakua -20 mm Hg po dobu cca dvou minut.

Na zavér byla provedena eluce 2 ml 3% roztoku hydroxidu amonného a sorbent byl dvé minuty
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susen. Eluat byl nasledné odpaten pfi teploté cca 60 °C v proudu dusiku do sucha. Pfed analyzou

byl odparek rekonstituovan 220 pl.

nastroj pro stlaceni sorbentu v kolonce

Obrazek 6 Souprava od firmy Supelco pro pfipravu ruéné plnénych kolonek

4.1.7 Chromatograficka analyza
Podminky analyzy vzorkt pomoci LC/Coulochem III po SPE byly nastaveny nasledovné:
e pratok: 0,7 ml min*
e piedkolona: UHPLC C18 4,6 mm ID Column (Phenomenex)
e kolona: Kinetex XB-C18 100 x 4,6 mm x 5 um (Phenomenex)
e teplota na koloné: 28 °C
e davkované mnozstvi: 150 pl
e potencidly vkladané na cely detektoru: E1: +100 mV
E2: -350 mV

Kondicionaéni cela: +400 mV
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Podminky analyzy vzorkti pomoci LC/ECD-3000RS po SPE byly nastaveny nasledovné:
e pratok: 0,5 ml min?
e predkolona, kolona i teplota na koloné totozné s nastavenim LC/Coulochem 111
e davkované mnozstvi: 100 pl
e potencialy vkladané na cely detektoru: E1: +400 mV
E2: -300 mV

4.2 Vysledky a diskuze

4.2.1 Optimalizace postupu izolace metanefrinu

Pfed analytickym stanovenim metanefrinli v plazmé je snaha odstranit co nejvice
interferujicich latek pritomnych v matrici. K tomuto Géelu byla zvolena extrakce tuhou fazi,
jejiz postup byl dlouhodobé a peclivé optimalizovan. Byly testovany ruzné typy SPE kolonek,
riznd rozpoustédla uzivand béhem SPE 1 zpisob jejich aplikace. V rdmci mé diplomové
prace [1] byla nejvhodnéjsi SPE kolonkou zvolena Bond Elut AccuCAT. Postup SPE
aplikovany ve zminéné praci, pfi némz bylo dosaZzeno nejvyssi vytéznosti metanefrint, byl
nasledujici:

Sorbent SPE kolonky byl kondiciovan 2 x 2,5 ml 1,3% roztoku hydroxidu amonného,
2 ml fosfatového pufru o pH 7 a 2 ml ultracisté vody. VSe za vakua -15 mm Hg. Na mokry
sorbent byl aplikovan 0,5 ml vzorku krevni plazmy (ptipadné¢ obohacené¢ho standardy).
Kolonka byla nasledn¢ promyta 2 ml fosfatového pufru o pH 7, 2 ml ultracisté vody a 2 ml
methanolu. Sorbent byl po promyti methanolem susen za vakua -20 mm Hg po dobu cca dvou
minut. Na zavér byla provedena eluce 1 ml 1,3% roztoku hydroxidu amonného a sorbent byl
dvé minuty susen. Eluat byl nasledné odpaten pii teploté cca 60 °C v proudu dusiku do sucha.
Pted analyzou byl odparek rekonstituovan 220 pl.

V ramci predlozené disertacni prace byly testovany rizné typy SPE kolonek a riizné
druhy SPE sorbentq, resp. jejich optimalni plnéni do zvolenych kolonek typu ,,3mL Empty
Fritted SPE Tubes“ scilem zvysit citlivost metody. Bylo provedeno srovnani vytéznosti
metanefrinlt testovanych komer¢nich kolonek 1 vSech smési sorbentli nadavkovanych
do kolonek. Tabulka 1 shrnuje porovnani v§ech testovanych komerénich kolonek a vybranych
smési — V mnozstvi a pomérech, pti nichz vykazovaly nejvyssi vytéznost. Vsechny byly
testovany v Sesti opakovanich totoznym postupem extrakce a analyzovany pomoci

LC/Coulochem Ill. Krevni plazma byla ziskdvana vyhradné z VFN.
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Tabulka 1 Vytéznosti metanefrinii ziskané pouzitim riznych typti SPE kolonek

U vsech typt vyjmenovanych kolonek aplikovan (vzdy v Sesti opakovanich) totozny postup
extrakce tuhou fazi (SPE) i analytického stanoveni normetanefrinu (NMN), metanefrinu (MN)
a 3-methoxytyraminu (3-MT) (kurziva oznacuje rucné plnéné kolonky, vzdy je uvedeno celkové

mnozstvi sorbentu a pomér obou typt sorbenttt).

Typ SPE kolonky/ Vytéznost (%)

Smés sorbentu v SPE kolonce NMN MN 3-MT
Bond Elut AccuCAT 85 96 77
Discovery DSC-MCAX 66 84 81
Discovery DSC-SAX 6 9 2
Discovery DSC-SCX 71 84 73
Discovery DSC-WCX 8 48 20
Merck SCX 42 37 54

QOasis MAX <LOD <LOD <LOD
Oasis WAX 35 41 22
Oasis WCX 40 42 25

SOLA CX <LOD <LOD <LOD
Strata ABW 80 88 79

Strata SAX <LOD <LOD <LOD
Strata SCX 72 80 43
Strio D 20 21 12

Strio E <LOD <LOD <LOD
300 mg Discovery DSC -SCX + -SAX (3:1) 93 101 84
400 mg Bio-Rex + Discovery DSC-SAX (3:1) 53 60 40
600 mg Bio-Rex + Discovery DSC-SAX (2:1) 57 69 38
600 mg Bio-Rex + Dowex1X8 (2:1) 57 64 40
500 mg SCX + Dowex1X8 (3:2) 65 73 51
500 mg Dowex50WX8 + Dowex1X8 (2:1) 16 19 19
400 mg Dowex50WX8 + Discovery DSC-SAX (3:1) 31 39 33
AFFINIMIP® SPE Metanephrines* 94 99 85

*Postup extrakce tuhou fizi (SPE) dle doporucent vyrobce:
Sorbent byl kondiciovan 1 ml fosfatového pufru o pH 7 a 2 ml ultracisté vody. Na mokry sorbent bylo aplikovano

1,5 ml roztoku vzorku krevni plazmy (pétkrat ziedény vzorek pomoci ultracisté vody). Kolonka byla nasledné
promyta 1 ml ultracisté vody a 0,5 ml 40% methanolu. Sorbent byl susen po dobu deseti sekund. Poté byla kolonka
promyta 0,5 ml methanolu a nasledné byla provedena eluce 1 ml 5% kyseliny octové v methanolu. Eluat byl
odpaften pii teploté cca 60 °C v proudu dusiku do sucha. Pfed analyzou byl odparek rekonstituovan 220 pl.

(Pii aplikaci naSeho postupu SPE byla vytéznost pouze cca 25 %.)

Nejvyssich vytéznosti bylo dosaZeno pti pouziti komerénich kolonek AFFINIMIP® SPE
Metanephrines a kolonek naplnénych 300 mg smésného sorbentu Discovery DSC-SCX a
Discovery DSC-SAX v poméru 3:1. Analyzované extrakty plazmy z MIP kolonek vSak

33



PLAZMATICKE METANEFRINY

obsahovaly interferujici latku, ktera se za podminek metody eluovala velmi blizko vnitiniho

standardu — viz Obrazek 7. Nebylo tak mozné spravné a piesn¢ plochu I.S. odecist.

Casti dvou chromatogram extraktu krevni plazmy:
e 7 kolonky AFFINIMIP® SPE Metanephrines

z kolonky s 300 mg smé&sného sorbentu Discovery
LS DSC-SCX a DSC-SAX v poméru 3:1

|
[\
H,_ﬂ/\/ H\-w__

SR

Obrazek 7 Porovnani eluce vnitiniho standardu po riznych typech SPE

V dalsSim kroku jsme se tedy podrobnéji zaméfili na optimalizaci smési sorbentl
Discovery DSC-SCX a Discovery DSC-SAX. Ke vS§em pokusiim byla vyuzita smésna krevni
plazma obohacena NMN, MN a I.S. na vysledné koncentraci vSech tii latek cca 5 nmol 1.
V pribehu analyz byly testovany rtizné postupy plnéni kolonek, napft. katex a anex v kolonce
oddélené¢ fritkou vs. homogenni smés katexu a anexu v kolonce. Ve druhém ptipade,

s homogenni smési, bylo dosazeno jednoznacné lepsich vysledka.
Nasledné byl testovan rozsah optimalniho mnozstvi SAX, resp. SCX, pro Sest zvolenych
pomért v tiisetmiligramové smési ve tfech opakovanich — viz Obrazek 8. Vysledky jsou
vyjadieny jako poméry ploch ST(NMN ¢i MN)/L.S. Z grafu je vidét, Ze nejvyssich vytéznosti

NMN i MN bylo dosazeno pii poméru 1:4 (SAX:SCX). Tento pomér byl déale vyuzivan
ke stanoveni optimalniho mnozstvi smési v kolonce — viz Obrazek 9.
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ENMN = MN

2,1 T

1,6

Koncentrace NMN/MN vztazend ke koncentraci I.S.

=

1,

0,6 n‘l‘l‘l‘l‘

1:2,3 1:2,8 1:3,3 4 : 1:6,5

Pomér SAX:SCX v 300 mg smési

Obrazek 8 Graf znazorfujici zavislost riznych poméra sorbentti na vytéznosti metanefrinti

(kazdy pomér sorbentli byl ptipraven 3krat, chybové usecky zobrazuji rozptyl hodnot)
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Obrazek 9 Graf znazornujici zavislost mnoZstvi sorbentu na vytéZnosti metanefrint

(kazdé testované mnozstvi bylo pfipraveno 3krat, chybové tiseCky zobrazuji rozptyl hodnot)
Dle zjisténych vytéZnosti je optimalnim mnoZstvim smési sorbentidi Discovery

DSC-SCX a Discovery DSC-SAX 300-320 mg. Z ekonomickych divoda jsme tedy ziistali

u plivodné zvolenych 300 mg.
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Samotny postup provedeni extrakce se od postupu publikovaného v diplomové praci [1]
lisi v n¢kolika parametrech. Jednou z provedenych zmén byla optimalizace slozeni elu¢niho
¢inidla. Dvouaptilndsobné navySeni koncentrace hydroxidu vedlo ke sniZzeni pfitomnosti
interferujicich latek v ziskaném extraktu. Dale pak bylo testovano dvojnasobné navyseni
objemu davkovaného vzorku (z 0,5 ml na 1 ml). Zvolené slozeni sorbentu v SPE kolonce
vykazovalo dostacujici kapacitu pro navySeny objem. Pfi zachovaném postupu
zakoncentrovani nasledujicim po extrakci (odpafeni eluatu dosucha a nasledna rekonstituce
220 pl mobilni faze) tak doslo ke zvyseni citlivosti metody stanoveni. Dal§i zménou v SPE
postupu bylo zavedeni filtracniho kroku bezprostfedné pied eluci, které vedlo k eliminaci
nékterych interferenci z matrice. Nylonovy filtr o priméru 25 mm a velikosti ¢astic 0,2 um byl
pted aplikaci elu¢niho rozpoustédla nasazen mezi kolonku a otvor do extraktoru — viz Obrazek

10. Kvuli ptitomnosti filtru v§ak bylo nutné dvojnasobné navysit objem elu¢niho ¢inidla.

Obrazek 10 Fotografie nylonového filtru umisténého pod SPE kolonkou

Pro doplnéni je jesté tieba zminit, Ze byla testovana stabilita odparki ziskanych po SPE.
Pokud jsou uchovavany pfi teploté cca 6 °C, jsou stabilni 1-2 dny. Po 1 tydnu koncentrace
metanefrind v odparku Kklesne zhruba na polovinu. Jakmile vSak odparek rekonstituujeme
mobilni f4zi, je stabilni pouze n¢kolik hodin (nejvyse deset).

V ramci snahy jesté vice eliminovat pfitomnost interferujicich latek ve vzorku, zlepsit
detekci analytl a soucasné Setfit analytickou kolonu byla testovana centrifugace krevni plazmy,
které byla zafazena v ramci piedipravy vzorkl plazmy pted SPE.
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Na zdklad¢ literarni reserSe bylo zjisténo, Ze optimalni je odstfedit plazmu pii 4 °C a
relativni odstiedivé sile (RCF) cca 1000-2000 g po dobu 5 az 15 min. Pro G¢inné odstranéni
proteinti je navic doporucovano piidat ke vzorku krevni plazmy deproteina¢ni ¢inidlo, napf.
silnou kyselinu (chloristou, trifluoroctovou, trichloroctovou, mravenci, chlorovodikovou,
metafosforeCnou), organické rozpoustédlo (methanol, ethanol, propanol, acetonitril), sil
vicemocného iontu (siran zine¢naty nebo méd’naty) atp. [36, 121]

V riznych kombinacich byla testovana RCF v rozsahu 1000-4000 g bez piidaného
Cinidla, s pifidavkem organickych rozpoustédel (acetonitrilu, ethanolu, methanolu) ¢i
s vybranymi kyselinami o koncentraci 4 mol 1 (HCOOH, HCI, HCIO4, HPOs, TFA).
Nasledovala SPE a analyza pomoci HPLC/ED. U vSech postupii deproteinace plazmy
S vyuzitim odstfed’ovani byla problémem ztrata vytéznosti zplisobena nejspiSe zachycenim
vétSiho €1 mensSiho mnoZstvi pfitomnych metanefrinli ve sraZening. NejvySSich vyté€Znosti
NMN a MN bylo dosazeno s piidavkem 4mol It HCOOH (v poméru 1:10, kyselina: plazma),
pti RCF 2000 g, 4 °C a dobé& odstied’ovani 15 min. Nicméné nasledujici extrakce na SPE
kolonkéch byla problematickéd. Odstfedénd plazma velmi Spatné€ prochdzela sorbentem. Doba
pro ptedupravu vzorku se tedy vyrazné navysila a vysledné vytéznosti metanefrinli naopak
snizily (cca o 10 %). A ani odstfedéni bez nasledné SPE neposkytovalo zadouci vysledky.
Od centrifugace vzorki plazmy pted SPE bylo tedy upusténo.

Optimalizovany postup predipravy vzorkii krevni plazmy urenych ke stanoveni
volnych metanefrinu byl vyuzit k vyrobé ,,FEO-kitu“. Tato ,,Souprava pro stanoveni volnych
metanefrinlt v plazm¢ metodou LC/ECD* obsahuje témér veskery potfebny material (SPE
kolonky, roztoky pro SPE, kalibra¢ni roztoky metanefrinu, roztok L.S., filtry pro SPE, mobilni
faze a manual v cesting) pro 100 analyz.

Notifikaci popsaného zdravotnického prostiedku zaslanou na Ustav v oblasti
zdravotnickych prostfedkil (ustav v rdmcei Statniho tstavu pro kontrolu 1é¢iv) vcetné veskeré
potifebné dokumentace (zejména Prohldseni o shod¢€) bylo vyrobku ptidéleno oznaceni CE.
Pro ,,FEO-kit* byl navic na Ufadu primyslového vlastnictvi (UPV) zapsan Uzitny vzor &islo
27 302 s nazvem ,,Souprava pro predipravu vzorkd krevni plazmy urcéenych ke stanoveni

volnych metanefrind.
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4.2.2 Optimalizace metody stanoveni metanefrin(

Vyvoj metody stanoveni zapocal jiz v mé diplomové praci [1] a v ramci predlozené
diserta¢ni prace byly provedeny navazujici rozsahlé optimalizacni postupy.

Kwvili zméné chromatografické kolony bylo upraveno (sniZzeno) mnoZzstvi organické
slozky v mobilni fazi tak, aby sledované analyty byly optimalné separovany od ostatnich slozek
ve vzorku. Diky zméné kolony bylo dosazeno uzsich elu¢nich kiivek a soucasné tak i lepsi
separace od ostatnich slozek obsazenych v krevni plazmé. Vyraznou vyhodou vsak bylo
zejména nepomeérné rychlejsi ustalovani této kolony pro analyzu.

Dale doslo k tpravé hodnot napéti vkladanych na elektrody detektoru. Optimalizace
téchto hodnot byla vZzdy provedena na zaklad¢€ vyhodnoceni voltamometrické kiivky prométené
za podminek metody na daném detektoru.

Vychozi podminky pro Coulochem 111 byly:

e +400 mV na kondicionacni cele,
e +100 mV na 1. mérné elektrode¢,
e -400 mV na 2. mérné elektrodé.
Finalni podminky v ramci validované metody s vyuzitim Coulochemu III byly:
e +400 mV na kondicionacni cele,
e +100 mV na 1. mérné elektrodé,
e -350 mV na 2. mérné elektrodé.

A pii pfechodu na novéjsi detektor, ECD-3000RS, byly hodnoty vlozeného napéti
zvoleny nasledovné:

e +400 mV na 1. mérné elektrodé,

e -300 mV na 2. mérné elektrodé.

4.2.3 Validace metody stanoveni metanefrinu

Optimalizovana metoda stanoveni volnych metanefrinii (normetanefrinu a metanefrinu)
Vv plazmé (pomoci LC/Coulochem III) byla v roce 2014 validovana a publikovana v ramci
diplomové prace Ing. Salfické. [122] O dva roky pozdéji byla validovana metoda stanoveni
volnych metanefrind (NMN, MN i 3-MT) v plazmé s vyuzitim UHPLC a zcela nového
elektrochemického detektoru ECD-3000RS. Tato validace je v ptedlozené praci popsana
Vv nasledujicich odstavcich. Shrnuti vysledkd jednotlivych testovanych parametrli nabizi
Tabulka 2.
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Tabulka 2 Souhrn vysledktl validace metody stanoveni volného normetanefrinu (NMN),

metanefrinu (MN) a 3-methoxytyraminu (3-MT) v krevni plazmé

Validacni Vysledek
parametr NMN MN 3-MT
Presnost RSD 9,4 % RSD 11,5 % RSD 14,6 %
Spravnost Vytéznost 114 %P, RSD 6,2 % Vytéznost 107 %°, RSD 6,1 % -
Vytéznost 112 %, RSD 7,0 % Vytéznost 111 %€, RSD 7,5 % Vytéznost 105 %€, RSD 8,9 %

Linearita® R?=0,9934 R? =0,9960 R? =0,9976

LOD 289 pmol I 21%pmol I 36 ¢ pmol I

LOQ 93 ¢ pmol I 71 ¢ pmol I 120 ¢ pmol I
Robustnost ano ano ano

& osm kalibracnich roztokit NMN, MN i 3-MT, analyzovany rozsah cca 0,25-200 nmol I* (tzn. 0,05-40 nmol I'* plazmy)
b{]ﬁzziologick)} level (NMN: cca 550 pmol I, MN: cca 300 pmol 1)

€ patologicky level (NMN: cca 38 nmol I'*, MN: cca 8 nmol 1%, 3-MT: cca 9 nmol 1)

4 42n. LOD ve vzorcich plazmy (pied zakoncentrovanim) je 13 pmol I't pro NMN, 11 pmol I pro MN a 16 pmol It pro 3-MT
€ tzn. LOQ ve vzorcich plazmy (pied zakoncentrovinim) je 19 pmol I'* pro NMN, 15 pmol It pro MN a 25 pmol I pro 3-MT
RSD = relativni smérodatna odchylka

LOD = mez detekce

LOQ = mez stanovitelnosti

Ptesnost metody byla hodnocena na zéklad¢é velikosti relativni smérodatné odchylky
(RSD) vicenasobné provedeného totozného postupu SPE téhoz vzorku obohacené lidské krevni
plazmy (koncentraéni hladina metanefrind cca 4,5 nmol ). Ke kazdému vzorku byl pfed SPE
té pridan 1.S. HMBA na arovni 4,5 nmol I"t. Vysledky byly pro vypocéet RSD vyjadieny jako
poméry ploch ST(NMN, MN ¢i 3-MT)/L.S. Pro NMN a MN je RSD zhruba na trovni deseti
procent, pro 3-MT bezmala 15 %, takové hodnoty byvaji u biologickych vzorkl bézné.

Pro vyhodnoceni linearity n¢kolika koncentracnich trovni metanefrinti bylo zvoleno
rozmezi, které pokryvalo naprostou vétSinu vSech testovanych vzorkid krevni plazmy
(na fyziologické i patologické urovni metanefrinti), tj. 0,05-40 nmol I plazmy. Celkem bylo
V tomto rozmezi analyzovano osm koncentracnich hladin. Jednotlivé vzorky byly pfipraveny
obohacenim totoznych vzorkt lidské krevni plazmy o kalibra¢ni roztoky ptipravené postupnym
nafedénim zasobniho roztoku NMN, MN a 3-MT. Linearita byla hodnocena na zakladé
korela¢nich koeficientii. Pro NMN byla zjisténa hodnota 0,9934, pro MN 0,9960 a pro 3-MT
0,9976. V porovnani s validaci metody pro NMN a MN provedené na LC/Coulochem III [122]
bylo dosazeno vyrazné lepsich vysledkt. Na Coulochemu nebylo s popsanou metodou mozné
dosdhnout linearity v takto Sirokém rozmezi, kalibra¢ni kiivka méla spiSe kvadraticky

charakter. Proto byla linearita posuzovana zvlast pro nizké (0,3-5 nmol I plazmy) a zvIast
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pro vysoké koncentrace metanefrint (7,5-15 nmol I plazmy), pfi¢emz korelaéni koeficienty
byly pro NMN 0,9877, resp. 0,9961, a pro MN 0,9894, resp. 0,9813.
Spravnost metody byla hodnocena na zaklad¢ procentické hodnoty vytéznosti (spole¢né
s RSD) analyz vzorkl s pfedem stanovenou koncentraci sledovanych analytd. Byly méfeny
komer¢ni vzorky lyofilizované plazmy s fyziologickou i patologickou urovni metanefrind
od firmy Chromsystems — ,,Endocrine Plasma Controls (lyoph.)*. Fyziologické urovné jsou
stanoveny na 546 pmol I* pro NMN, 304 pmol It pro MN a patologické na 38,2 nmol I
pro NMN, 7,6 nmol It pro MN, resp. 9,0 nmol I pro 3-MT. Vysledné vyt&éZnosti se pohybovaly
v rozmezi 105-114 % (RSD 6-9 %).
Dalsimi testovanymi parametry byly meze detekce a stanovitelnosti (LOD a LOQ).
K analyze bylo pfipraveno 5 koncentraénich hladin v analyzovaném rozmezi 50-300 pmol 1.
Jednotlivé vzorky byly pfipraveny obohacenim totoznych vzorka lidské krevni plazmy
o kalibra¢ni roztoky MN, NMN a 3-MT. LOD i LOQ byly nasledn¢ vyhodnoceny z vysledka
meéfeni statistickym programem QCexpert. I zde bylo dosazeno vyrazné lepSich vysledki nez
pii validaci s Coulochemem. Vysledné hodnoty se pohybuji pouze v fadech desitek pmol 1.
Pro stanoveni robustnosti bylo provedeno SPE jednoho vzorku obohacené lidské krevni
plazmy, analyzovana koncentrace metanefrint i I.S. byla cca 4 nmol I"!. Robustnost metody
byla ovéfovana zménou injektazniho objemu, zménou rychlosti pratoku mobilni faze, zménou
teploty na kolon¢ a zménou potencidlu analytické cely.
Standardni podminky byly:
e davkované mnozstvi: 150 pl,
e pratok: 0,50 ml min?,
e teplota na kolong¢: 28 °C,
e detekéni potencial: -350 mV.
Tyto podminky byly upraveny nasledovné:
e davkované mnozstvi: 140 pl,
e pratok: 0,55 ml min?,
e teplota na koloné: 30 °C,
e detekeni potencial: -375 mV.
Vsechny tyto parametry byly proméfeny v osmi kombinacich a vysledky vyhodnoceny
statistickym pocitacovym softwarem EffiValidation 3.0. Dle Dongova algoritmu byly vSechny

hypotézy piijaty, metoda je tedy viici testovanému robustni.
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Metoda byla certifikovana Ceskym institutem pro akreditaci (CIA).

Ve srovnani s detektorem Coulochem III bylo dosazeno zejména niz$ich mezi detekce
(cca 14krat). Dale bylo dosazeno linearity ve vyrazné $ir§im rozsahu koncentraci (navic s lepsi
hodnotou korelacniho koeficientu). Obrazek 11 zndzornuje zaznam analyzy vzorku pacienta

s vyuzitim LC/ECD-3000RS.
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Obrazek 11 Chromatograficky zaznam analyzy metanefrinti v krevni plazmé

- stanoveni normetanefrinu (NMN), metanefrinu (MN), vnitiniho standardu (I.S.) a 3-methoxytyraminu (3-MT)
validovanou metodou vyuzivajici LC/ECD-3000RS (parametry metody viz kapitola 4.1.7)

4.2.4 Porovnavani analyz vzorkl krevni plazmy

Validovanou metodou bylo na naSem pracovisti ve Vyzkumném tstavu organickych

syntéz (VUOS) analyzovano n¢kolik vzorkt lidské krevni plazmy ziskanych z 3. interni kliniky
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1. 1ékatské fakulty Univerzity Karlovy a VFN. Pro vyhodnocovani koncentraci metanefrinti
v téchto vzorcich v nasi laboratofi byla vyuzivana linearni kalibrace metanefrinii v plazmé.
Pti priprave kalibracnich bodl tedy bylo postupovano stejné jako pfti ptipraveé vzorkil. Ziskané
vysledky byly porovnany s vysledky dosazenymi na analytickém pracovisti VFN, kde maji

zavedenou vlastni metodu na stanoveni MN a NMN, viz Tabulka 3.

Tabulka 3 Srovnani vysledkt stanoveni volného normetanefrinu (NMN), metanefrinu (MN)

Ve vzorcich krevni plazmy vybranych pacienti

VUOS* VEN**
« NMN MN NMN MN
Vzorek C. 4 1
pmol | pmol |
101 295 1848 251 1609
102 5519 3305 5454 3503
103 13831 472 13934 426
104 1022 228 1023 208
105 978 294 918 269
106 9481 964 9415 995
107 4552 2980 4377 3020

* Analyzovano na naSem pracovisti ve Vyzkumném ustavu organickych syntéz.

** Analyzovano v laboratofi endokrinologie a metabolismu 3. interni kliniky
Ustavu lékaiské biochemie a laboratorni diagnostiky a Vieobecné fakultni
nemocnice v Praze (jimi vyvinutou a rutinné pouzivanou metodou).

Dale byly zméteny komer¢ni vzorky lyofilizované plazmy, ,,Endocrine Plasma Controls
(Iyoph.)“, v nasi laboratofi nasi metodou, ve VFN jejich i nasi metodou a Vv laboratofi Ustavu
klinické biochemie a diagnostiky FNHK jejich metodou, viz Tabulka 4.

Kazdy vzorek byl vZdy zméten 10krat a vSechny uvedené vysledné hodnoty jsou tedy
prumérem ziskanych hodnot. Pro vSechny analyzy bylo vyuzito spojeni LC/ED. Z porovnani
V tabulce je vidét, ze vysledky ziskané s vyuzitim ndmi vyvinuté metody jsou spravnéjsi. Navic
v zadné z laboratoti analyticky nestanovuji 3-MT, ktery indikuje metastazy tumoru

feochromocytomu.
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Tabulka 4 Porovnani vysledkt analyz vzorkti komeréné dostupné lyofilizované plazmy

S pfedem stanovenou koncentraci metanefrini mezi jednotlivymi pracovisti

VEN***
Vyrobce VUOS* FNHK** VFN VUOS
metoda metoda

pmol I'*
Fyziologickha NMN 5464109 579+38 737+59 486+49 584+43
hladina MN 304+61 325+30 239+46 213425 279430
Patologickh NMN  38220+7644 38312+3783 42327+4381 31730+3458 39383+3878
hladina MN 76051521 8071+774 7091+782 6655+670 7685+746

* Analyzovano na naSem pracovisti ve Vyzkumném ustavu organickych syntéz.
**Analyzovéano V laboratoti Ustavu klinické biochemie a diagnostiky FNHK (jimi vyvinutou a rutinng pouzivanou metodou).

*** Analyzovano V laboratofi endokrinologie a metabolismu 3. interni kliniky Ustavu 1ékatské biochemie a laboratorni
diagnostiky a VSeobecné fakultni nemocnice v Praze (jimi vyvinutou a rutinné pouzivanou metodou a pro srovnani
téz nami vyvinutou validovanou metodou).
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5 INDOXYL SULFAT

5.1 Experimentalni ¢ast

5.1.1 Pouzité chemikalie

e l-oktansulfonat sodny, monohydrat, 99 % p.a. (Sigma-Aldrich)

e dihydrogenfosfore¢nan sodny, monohydrat, 99 % p.a. (Sigma-Aldrich)
e hydroxid sodny, 98 % p.a. (Lach-Ner)

e kyselina ethylendiamintetraoctova, 99 % p.a. (Sigma-Aldrich)

e kyselina chlorista, 70% (Sigma-Aldrich)

e kyselina octova, 99 % p.a. (Lach-Ner)

e kyselina pikrova, > 98 % (Sigma-Aldrich)

e methanol, > 99,9 % (Sigma-Aldrich)

e standard indoxyl sulfat, draselna sil, > 98 % (Sigma-Aldrich)

e standard kreatinin, > 98 % (Sigma-Aldrich)

5.1.2 Pouzity material

Filtry:
e 25 mm Filter Nylon 0,2 um (Thermo Fisher Scientific)

5.1.3 P¥istrojové vybaveni

Chlazena centrifuga:

e Sigma 3-16 KL (Sigma Laborzentrifugen)

pH metr:

o WTW 526/538 (Wissenschaftlich-Technische Werkstitten) s nasazenou chloridovou
elektrodou SCHOTT (pH 0...14/-5...+480 °C/Gel, SCHOTT AG); kalibracni roztoky
pufrt o pH 7,00+0,01 a 4,01+0,01 (Hamilton Duracal Buffer)

Systém pro Upravu vody:

e 1WA 20iol (WATEK s.r.0.)
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Ultrazvukova lazen:
e Sonorex Super RK 510 (Bandelin Electronic)
Vahy:
e analytické vahy 870-61 s citlivosti 0,1 mg (Mettler — Toledo)

HPLC/ED-DAD:
e kapalinovy chromatograf UltiMate 3000 Series (Thermo Fisher Scientific)
e clektrochemicky detektor ECD-3000RS s celou 6011RS (Thermo Fisher Scientific)
e detektor diodového pole DAD-3000RS (Thermo Fisher Scientific)

5.1.4 Priprava roztoku

Roztoky standarda:
o [Indoxyl sulfat a kreatinin k analyzam vzorkit moci:

Zasobni roztoky obou standarda byly pfipraveny jejich pfesnym odvazenim pomoci
analytickych vah, zvIast’ 1000 mg kreatininu do odmérné banky o objemu 50 ml a zvlast’ 50 mg
IS do odmérné batiky stejného objemu. Nasledn& byly oba rozpustény v 0,2mol I* kyseling
octové a dale uchovavany pii teploté 4 °C. Kalibra¢ni roztoky byly dle potieby piipravovany
ze zasobnich roztok jejich postupnym fedénim 0,2mol I kyselinou octovou. Kalibra¢ni fada
IS byla vzdy vytvofena fortifikaci smésné moci kalibracnimi roztoky tohoto standardu.

o [Indoxyl sulfat k analyzam vzorkui krevniho séra:

Zasobni roztok standardu IS byl piipraven jeho piesnym odvazenim pomoci
analytickych vah, 50 mg do odmérné banky o objemu 50 ml, a rozpustén v ultracisté vode.
Ziskany roztok byl uchovavan pii teplot¢ 4 °C. Kalibra¢ni roztoky byly dle potieby
piipravovany ze zasobniho roztoku jeho postupnym fedénim ultracistou vodou. Kalibra¢ni fada

IS byla vzdy vytvorena fortifikaci smésného séra kalibracnimi roztoky IS.

Mobilni faze:
Mobilni faze k analyze vzorkit moci byly ndsledujici:
e MF A: Fosfatovy pufr obsahujici 7 g monohydratu dihydrogenfosfore¢nanu
sodného, 0,30 g IPC monohydratu 1-oktansulfonatu sodného a 0,05 g EDTA
v 1000 ml vodného roztoku. Hodnota pH pufru byla upravena na 7,3 pomoci
1mol I roztoku hydroxidu sodného.
e MF B: Methanol

46



INDOXYL SULFAT

Mobilni faze k analyze vzorkii krevniho séra byly nasledujici:

e MF A: Fosfatovy pufr obsahujici 3,5 g monohydratu dihydrogenfosfore¢nanu
sodného, 0,15 g IPC 2 0,03 g EDTA v 1000 ml vodného roztoku.

e MF B: Methanol

5.1.5 Popis prfedupravy biologické matrice
Uprava vzorkii moci k analyze:

2 ml lidské moci (bez ptidavku ¢i s pfidavkem IS) prefiltrované pies nylonovy filtr
(o priméru 25 mm a velikosti ¢astic 0,2 pm) byly smiseny s 1 ml 1mol I roztoku hydroxidu
sodného a nasledné s 1 ml nasyceného roztoku kyseliny pikrové. Po probéhnuti Jaffého reakce
(cca deset minut) byl ziskany ¢ervené zbarveny roztok analyzovan metodou HPLC/ED-DAD.
Uprava vzorkii krevniho séra k analyze:

350 pl séra bylo ptidano 350 ul ultracisté vody a 700 pl 7% kyseliny chloristé. Po péti
minutdch byly vzorky umistény do centrifugy chlazené na 4 °C a s RCF nastavenou na hodnotu
10 000 g na 10 minut. Ziskany roztok oddé¢leny od bilkovinné sraZeniny byl analyzovan

metodou HPLC/ED.

5.1.6 Chromatograficka analyza
Podminky pro analyzu vzorkit moci, kreatininu a IS byly nasledujici (HPLC/ED-DAD):
e mobilni faze: 95 % MFA a 5% MFB
e pratok: 0,4 ml min*
e kolona: Zorbax SB-C18 250 mm x 4,6 mm x 5 pm (Agilent)
e teplota na kolong: 20 °C
e davkované mnozstvi: 1 pl
e nastaveni detektoru: DAD: vinova délka 500 nm
ED: na grafitovou pracovni elektrodu bylo vlozeno

napéti +400 mV (vici palladiové referentni elektrod¢)

Podminky pro analyzu vzorkii krevniho séra a IS byly ndsledujici (HPLC/ED):
e mobilni faze: 85% MF A a 15% MF B
e pratok: 0,3 ml min?
e piedkolona: UHPLC C18 4,6 mm ID Column (Phenomenex)

e kolona: Kinetex XB-C18 100 mm x 4,6 mm x 5 um (Phenomenex)
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e teplota na kolon¢: 20 °C
e davkované mnozstvi: 10 pl
e nastaveni detektoru: ED: na grafitovou pracovni elektrodu bylo vlozeno

napéti +400 mV (vici palladiové referentni elektrod¢)

5.2 Vysledky a diskuze

5.2.1 Optimalizace postupu pfedupravy biologické matrice

Stanoveni IS v mocéi bylo cileno na jednordzové vzorky této matrice (ziskané
od dobrovolnikii z VUOS ¢i z FNHK), nikoli na dvaceti¢tythodinovy sbér, jak byva zvykem.
Bylo tedy Zadouci vztahovat zméfenou koncentraci IS na mnoZstvi kreatininu ve vySetfovaném
vzorku moc¢i. MnoZstvi kreatininu v této biologické matrici je pro kazdého ¢loveka specifické
v zavislosti na jeho zdravotnim stavu, fyzické kondici a mnoZstvi svalové hmoty. Zmény
koncentrace kreatininu tak odrdZzi zejména rozdilny piijem tekutin béhem dne, aktualni
ziedénost moci a tedy 1 miru zakoncentrovani sloucenin ptitomnych ve vzorku. [75]

Na zaklad¢ naSich méfeni je mozné stanovit mnozstvi kreatininu v moc¢i jednoduse
pomoci parametr rovnice piimky zméiené kalibracni fady standardu kreatininu v ultracisté
vodé&. Pfed analyzou je nutno kalibra¢ni roztoky i testované vzorky podrobit Jaffé¢ho reakci [73],
pii niz kreatinin zreaguje s kyselinou pikrovou v alkalickém prostiedi. Ziskané cervené
zbarvené roztoky (diky pfitomnosti kreatinin-pikratu) jsou analyzovany pomoci HPLC/DAD.

Otazkou vSak bylo, jak vtéchto roztocich zméfit soucCasn¢ 1 mnozstvi IS.
Spektrofotometricky by to bylo problematické z divodu moznych nezadoucich interferenci
pouzitych ¢inidel (k IS se ptidava napt. Obermayerovo ¢inidlo ¢i p-dimethylaminobenzaldehyd
[123]). Byla tedy zvolena elektrochemicka detekce, pomoci které 1ze IS jednoduse stanovit jak
v neupravenych vzorcich moci, tak 1 ve vzorcich po Jaffého reakci. Podrobnéji viz nasledujici

kapitola 5.2.2.

Vzorky krevniho séra byly ziskdvany z FNHK, kde vybrané vzorky krve odebirali
do zkumavek obsahujicich separa¢ni gel a po tficeti minutach je odstiedili pfi 2000 g (po dobu
10 min). Separaéni gel se béhem centrifugace posune do prostoru mezi povrch krevni sraZzeniny
a sérum, kde vytvoii stabilni barieru, kterd separuje sérum od vysraZzeného fibrinu a krevnich

bunék. Alikvoty séra byly uchovavany pti-75 ° C.
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Béhem optimalizace izolace IS z krevniho séra bylo vychdzeno z testovani riznych
podminek nastaveni odstfedéni krevni plazmy pro stanoveni PMN (viz kapitola 4.2.1).
K analyzam PMN se centrifugace neosvédcila z toho diivodu, ze dochazelo k vyznamnym
ztratam vytéznosti téchto latek. Nabizelo se tedy zkusit, jaké budou vysledky v ptipadé IS.
Ze vzorkl krevniho séra je zadouci pfed analyzou odstranit bilkoviny pro zvyseni selektivity i
citlivosti a zaroven uvolnit IS z vazby na albumin. Na zaklad¢ literatury [78, 79, 80] bylo
testovano odstfedéni séra bez pridanych Cinidel i s pfidavky kyseliny chloristé, kyseliny
mravenci a acetonitrilu vV riznych pomérech s RCF v rozmezi 4 000—10 000 g.

Optimalnim postupem, pomoci né¢hoz byl s vysokou vytéznosti ziskan IS a zaroven
eliminovany ostatni slozky vzorku, byl vyhodnocen piidavek ultracisté vody ke vzorku séra
(v poméru 1:1) a néasledny ptidavek 7% kyseliny chloristé ke smési (v poméru 1:1). Po péti
minutach byly upravené vzorky vlozeny do centrifugy nastavené na deset minut a 10 000 g

(viz kapitola 5.1.5).

5.2.2 Optimalizace metod stanoveni indoxyl sulfatu

Optimalizace HPLC/ED-DAD metody stanoveni IS v moci

Pro stanoveni kreatininu a IS v moci byla nejprve testovana kolona pouZzivana
ke stanoveni PMN (Kinetex XB-C18 100 x 4,6 mm x 5 um), nicméné pocateéni méfeni
SB-C18 250 mm % 4,6 mm x 5 um a ta se pro analyzy vzorki moci osvédcila.

V pocatcich optimalizace metody byl jako mobilni faze vyuzit bézné pouzivany
fosfatovy pufr obsahujici navic EDTA pro zadouci odstranéni stop tézkych kovil a zvySeni
citlivosti elektrochemické detekce. Hodnota pH pufru byla postupné zvySovana az na 7,3,
pii niZ byla odezva IS optimélni. Do MF bylo pfidano téz IPC pro zvyseni selektivity (jako pii
stanoveni PMN) a organicka slozku (konkrétné methanol), jejichz koncentrace byly
optimalizovany pro dosazeni separace elu¢ni kiivky IS od ostatnich sloZzek vzorku. ZvySovanim
koncentrace IPC dochazi k prodluzovani retenénich ¢asti sledovanych analytii. Vy$§i mnoZstvi
methanolu naopak vede k vyraznému snizeni retenénich ¢ast. Z ekonomického i ekologického
hlediska je vhodné obou sloucenin ptidavat do MF co nejméng. Veskeré slozky MF byly
pozménovany téz s ohledem na eluci kreatininu. Dle vysledkti obsahlé sady analyz obsahoval
jeden litr findlni MF 300 mg IPC a 5 % methanolu.

Po separaci slozek vzorku nasledovala elektrochemicka detekce. Hodnota vloZzeného

napéti na pracovni elektrodu byla optimalizovana (na +400 mV) na zakladé vyhodnoceni
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voltamometrické kiivky IS proméfené Vrozmezi —300 az +600 mV. Nasledné byl vzorek
podroben spektrofotometrické detekci. Proméfenim celého viditelného spektra pomoci DAD
byla ke stanoveni Kreatininu, resp. kreatinin-pikratu, zvolena vinova délka 500 nm.

Obriazek 12 znazornuje simultdnni analyzu vzorku moci a eluéni kiivky IS a kreatininu.

658 4

nA/ mAU DAD analyza kreatininu (Kre)
ED analyza indoxyl sulfatu (IS)

600 -

500

Kre IS

400

3004

2004

100 |

| L [\

] Y oAy N ]
o min
0.0 20 40 6.0 80 10.0 12.0 14.0 160 170

Obrazek 12 Chromatograficky zaznam analyzy indoxyl sulfatu a kreatininu vV moci

- stanoveni validovanou metodou vyuzivajici LC/ED-DAD (parametry metody viz kapitola 5.1.6)

Optimalizace HPLC/ED metody stanoveni IS v krevnim séru

Pro stanoveni IS v séru se dlouha kolona Zorbax SB-C18 250 mm x 4,6 mm X 5 pm
neosvedcila. Prvni méteni ukézala, ze bude vhodnéjsi pouzit kolonu kratsi, k analyzam tak byla
vyuzivana kolona Kinetex XB-C18 100 x 46 mm x 5um a MF bylo nutné znovu
optimalizovat. Hodnotu pH fosfatového pufru nebylo tieba upravovat, ¢imz doslo k uspote
Gasu. Mnozstvi IPC bylo snizeno na 150 mg a mnoZstvi methanolu naopak zvyseno
na 15 %. Pritok MF byl snizen z 0,4 ml min™ na 0,3 ml min’, aby byla separace IS optimalni.

Nasledovala elektrochemicka detekce vzorku. Dle opétovného prométeni
voltamometrické kiivky IS bylo ovéfeno, Ze vlozené napéti mize zistat na hodnoté +400 mV.

Obriazek 13 znazornuje analyzu vzorku krevniho séra a elu¢ni kiivku IS.
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Obrazek 13 Chromatograficky zaznam analyzy indoxyl sulfatu (IS) v krevnim séru

- stanoveni validovanou metodou vyuzivajici LC/ED (parametry metody viz kapitola 5.1.6)

5.2.3 Validace metod stanoveni indoxyl sulfatu

Vyvinuté metody uréené k detekci IS v moci i krevnim séru byly validovany. Piesnost
a spravnost obou metod byly stanoveny pro nizsi i vyssi trovné IS sledované v biologickych
matricich. A vSechny vysledky v pribéhu validace metody stanoveni IS v moci byly
vztahovany K mnozstvi pfitomného kreatininu. Vysledné koncentrace v moci tedy byly
uvadény v jednotkdch pmol mmol™. Pro nazorngjsi predstavu je zde pfilozena ziskand linearni
ptimka kalibra¢ni fady IS v moc¢i (Obrazek 14). Jednotlivé kalibra¢ni body IS byly pfipraveny
obohacenim smé&sné mo¢i na koncentrace v rozmezi 4-333 pumol 11 a kazdy vysledek byl
vztazen ke koncentraci kreatininu (16 mmol I't) pitomného ve zvolené smésné mogci. Soucasné
je pro porovnani priloZena i kiivka kalibra¢ni fady IS (6416 pmol 1) v séru (Obrazek 15).
Tato kiivka neméla linearni, nybrz kvadraticky charakter.

Shrnuti veskerych vysledki jednotlivych testovanych parametrti validace je uvedeno

ptrehledné v tabulkach — vysledky v moc¢i nabizi Tabulka 5 a vysledky v séru Tabulka 6.
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Obrazek 14 Linearni ptimka kalibra¢ni fady indoxyl sulfatu (I1S) v moci

Tabulka 5 Souhrn vysledkt validace metody stanoveni indoxyl sulfatu (IS) v moci

Validaéni Vysledek
parametr Fyziologicka hladina Patologicka hladina
Piesnost RSD 8,0 %" RSD 4,6 % ¢

Spravnost Vytéznost 101 %, RSD 8,8 % ° Vytéznost 100 %, RSD 11,6 % ©
Linearita® R? =0,9942

LOD 56 nmol I*

LOQ 84 nmol I
Robustnost ano

& Sest kalibracnich roztokii, analyzovany rozsah 1S cca 4-333 umol I moci
b fyziologickd hladina byla testovina na iirovni cca 60 umol I'* moci

® patologickd hladina byla testovana na tirovni cca 200 umol I'* moci

RSD = relativni smérodatna odchylka

LOD = mez detekce

LOQ = mez stanovitelnosti
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Obrazek 15 Kvadraticka piimka kalibra¢ni fady indoxyl sulfatu (IS) v krevnim séru

Tabulka 6 Souhrn vysledku validace metody stanoveni indoxyl sulfatu (IS) v krevnim séru

Validaéni Vysledek
parametr Nizsi koncentrace IS Vyssi koncentrace IS
Piesnost RSD 1,8 %" RSD 0,7 % ©
Spravnost Vytéznost 96 %, RSD 2,6 % ° Vytéznost 97 %, RSD 1,4 % ©
Linearita® R?=0,9993
LOD 1,5 umol I
LOQ 2,2 umol I
Robustnost ano

& devet kalibracnich roztokii, analyzovany rozsah 1S cca 6-416 umol I séra
bLoncentrace IS na tirovni cca 40 umol I't moci

“koncentrace IS na sirovni cca 250 umol I'* moci

RSD = relativni smérodatna odchylka

LOD = mez detekce

LOQ = mez stanovitelnosti
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K parametrim (LOD a LOQ) je jesté vhodné doplnit postup jejich ziskani. Obdobné
jako pfi validaci PMN se vySlo zkalibracni fady IS a vysledky métfeni byly nasledné
vyhodnoceny statistickym programem QCexpert. V ramci validace metody stanoveni IS v moci
byly analyzované roztoky v rozmezi 10-50 nmol 1! a u validace metody v krevnim séru byly
v rozmezi 2—-10 pmol I,

Pro stanoveni robustnosti byl vyuZzit obohaceny vzorek mo¢i nebo séra. Robustnost byla
u obou metod ovéfovana zménami vybranych parametri o 10 %.

Standardni podminky byly:

e davkované mnozstvi: 1,0 ul (pro moc¢) a 10 pl (pro sérum),
e pritok: 0,40 ml min? (pro mo¢) a 0,30 ml min* (pro sérum),
e teplota na koloné: 20 °C,
e detek¢ni potencial: +400 mV.
Tyto podminky byly upraveny nasledovné:
e davkované mnozstvi: 0,9 pl (pro moc) a 9 pul (pro sérum),
e priitok: 0,36 ml min™ (pro mo¢) a 0,27 ml min* (pro sérum),
e teplota na kolong: 22 °C,
e detekeni potencial: +440 mV.

Vsechny tyto parametry byly proméfeny v osmi kombinacich a vysledky vyhodnoceny

statistickym pocitacovym softwarem EffiValidation 3.0. Dle Dongova algoritmu byly vSechny

hypotézy piijaty, metoda je tedy vii¢i testovanému robustni.

Obé metody byly po validaci certifikovany CIA.
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6 PROPOJENI ELEKTROCHEMIE A HMOTNOSTNI
SPEKTROMETRIE

6.1 Experimentalni €ast

6.1.1 Pouzité chemikalie

e acetonitril 99,9 % (Sigma-Aldrich)

e ferrocenemethanol 99 % (ABCR, Karlsruhe, Némecko)
e hydroxid sodny >98 % (Sigma-Aldrich)

e isopropanol 99,8 % p.a. (Roth, Karlsruhe, Némecko)

e kyselina mravenc¢i 98-100 % (Merck)

e kyselina octova 99 % (Sigma-Aldrich)

e octan amonny p.a. (Merck)

6.1.2 Pouzity material

Filtry:
e 33 mm PES (polyethersulfon) Membrane Filter 0,22 um (TPP Techno Plastic Products
AG, Trasadingen, Svycarsko)

Jednorazové tenkovrstvé elektrody:

e tiSténa uhlikova elektroda (screen-printed carbon electrode) DRP-110 obsahujici
grafitovou pracovni elektrodu o praméru 4 mm, grafitovou pomocnou elektrodu a
argentchloridovou (Ag | AgCl) pseudoreferentni elektrodu (DropSens, Llanera,
Spanélsko)

o zlatd elektroda ED-SE1-Au sloZena ze zlaté pracovni elektrody o priméru 1 mm, zlaté
pomocné elektrody a zlaté pseudoreferentni elektrody (Micrux Technologies, Oviedo,

Spanélsko)

Kapilary z tavného kiemene, vnéjsi pramér (o.d.) 360 pm:
e vniini pramér (i.d.) 150 um (Polymicro Technologies, Phoenix, USA)
e i.d. 100 um (Polymicro Technologies)
e id. 75 pm (Polymicro Technologies)
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e id. 50 um (Polymicro Technologies)
e id. 25 pm (Polymicro Technologies)
e id. 15 um (Polymicro Technologies)

Dals$i material:
e PEEK (polyether ether keton) kapilary
e PEEK navleky/trubicky na kapilary
e brusné papiry (zrnitost 30 pum a 9 um)

6.1.3 Pfistrojové vybaveni

Injektazni pumpa:
e A-99 (Razel Scientific Instruments, SaintAlbans, USA) obsahujici sklenénou stiikacku

0 objemu 1 ml (ILS, Stiitzerbach, Némecko) a propojenou s celami PEEK kapilarou

Potenciostat:

e uAutolab III se softwarem NOVA 2.0 (Metrohm Autolab B.V., Utrecht, Nizozemi)

Pritokové cely ,,wall-jet*:
e komer¢ni polymethylmetakrylatova cela ED-FLOW-CELL s pratokovou komurkou
o pruméru 2 mm (Micrux Technologies)
e komerc¢ni polymethylmetakrylatova cela FLWCL s pratokovou komirkou o praméru
7 mm (DropSens)
e cela vyrobend z materidlu PEEK — konstrukéné inspirovana celou ED-FLOW-CELL
(dilna Univerzity Regensburg, Némecko)

Systém pro Gpravu vody:

e Milli-Q Advantage A10 system (Merck Millipore, Darmstadt, Némecko)

Ultrazvukova lazen:

e Sonorex Super RK 510 (Bandelin Electronic, Berlin, Némecko)

MS sestava:

e TOF-MS se softwarem MicrOTOF Control 2.3 (micrOTOF, Bruker Daltonics, Bremen,
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Némecko) vybaveny koaxidlnim ESI interface (Agilent Technologies)
s mikroskopickou kamerou (DigiMicro 1.3, dnt, Dietzenbach, Germany) urcenou

k monitorovani kvality ESI sprejovani

6.1.4 Priprava roztoku

Pracovni roztoky ferrocenmethanolu:

Vodny roztok FcMeOH byl ptipraven jeho rozpousténim v 50mmol I"! vodném roztoku
octanu amonného piti 45 °C po dobu 30 minut v ultrazvukové 1azni a naslednym filtrovanim
pies membranovy filtr (33 mm, PES, 0,22 um). Z pfipraveného 1mmol I'! roztoku byly dle
potieby pfipravovany 250pumol 1!, 50umol I, 25pumol 1! a 10umol 1! roztoky.

Organicky roztok FcMeOH byl pfipraven jeho rozpousténim v acetonitrilovém
roztoku 10mmol 1! octanu amonného a 1mol I'! kyseliny octové. Ze ziskaného Immol I
roztoku byl pfipraven 50umol I"! roztok FeMeOH.

Veskeré roztoky byly uchovavany pfi teploté 4 °C.

Nosna kapalina vzorki do MS:

e smgs ultraCisté vody (49,9 %), isopropanolu (49,9 %) a kyseliny mravenci (0,2 %)

6.1.5 Preduprava kapilar

Kiemenné kapilary byly vzdy zkraceny keramickym noZem na pozadovanou délku
(15-35 cm). Nasledné bylo na obou koncich kapilary opatrné¢ odstranéno nékolik milimetri
polyimidové vrstvy a konce byly opatrné zbrouseny do rovna (popt. do thlu 15°) pomoci

brusného papiru. Poté byla kapilara promyta ultracistou vodou.

6.1.6 Preduprava tiSténych elektrod

TiSténa elektroda je vlozena do adaptéru napojeného na potenciostat. Nasledné se
na elektrodu davkuje kapka pouzivaného pufru a po dobu jedné minuty je aplikovano napéti
1,3V.

6.1.7 Zakladni podminky testovani kapilar a pratokovych cel
Pritokova cela obsahujici zvolenou jednorazovou elektrodu je PEEK kapilarou

propojena s davkovaéem vzorku — injektazni pumpou (s nastavitelnou rychlosti pritoku),
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do niz je vlozena sklenéna stiikacka se zvolenym roztokem vzorku. Po elektrochemické
pfeméné vzorku na elektrodé je roztok odvadén zcely zvolenou kapilarou zasunutou
V ochranném tenkém PEEK navleku, prozatim pouze do kadinky (v nasledujicich pokusech
bude kapilara ustit do MS — ndzorné sestavy cel viz Obrazek 16). Tato Kkapilara je ptred
zahajenim analyz po dobu 10 min kondiciovana pomoci 0,1mol 1! roztoku hydroxidu sodného,

nasledn€ 5 min promyvana ultra¢istou vodou a na zavér 30—40 min pouzivanym pufrem.

MS

PEEK

MS navlek
(kapilara

uvnitr)

kapilara

e
.

I

XnJonu .,
(@]

&

Obrazek 16 Pouzivané sestavy komerénich pritokovych cel a elektrod

(A: prutokova cela ED-FLOW-CELL Micrux; B: pratokova cela FLWCL DropSens;
C: elektroda ED-SE1-Au; D: elektroda DRP-110)

6.1.8 Podminky EC/MS analyz

Roztok FcMeOH byl ptivadén na elektrodu v cele a nasledné odvadén do MS — viz
sestava popsana v kapitole 6.1.7). Cela byla pfipojena k potenciostatu, pomoci n¢hoz bylo
mozné volit hodnotu napéti na elektrod€. Signdl analyzované slouceniny byl vzdy nejprve

po dobu 180 sekund nahravan bez elektrochemické oxidace a nasledné bylo vlozeno napéti
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+400 mV po dobu dalsich 180 sekund. Pro zvoleni optimalni EC/MS sestavy byla sledovana
doba ptenosu vzorku od elektrody do MS (zptisob odeétu viz Obrazek 17) a mira oxidace

FcMeOH (v zavisloti na sledované intenzit¢).

zacatek

oxidace ’/—\t
£ \: i -
N I ! , v
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- i I
c !
— | 1j

A L “"."n- S l”

|
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Obrazek 17 Znazornéni sledované doby pienosu vzorku z cely do MS — At

6.1.9 Nastaveni hmotnostniho spektrometru
Veskeré MS analyzy byly provadény v pozitivnim méddu ionizace se zaméfenim na m/z
216,06. Optimalizované nastaveni bylo nasledujici:
e rozsah: 50-400 m/z
e parametry ESI:
o napé¢ti na kapilare —4 000 V
o tlak nebuliza¢niho plynu: 1,8 bar
o pritok susiciho plynu: 5,0 | min'?
o teplota susiciho plynu: 210 °C
e parametry optiky hmotnostniho analyzatoru:
o napéti na vystupu kapilary: 75 V
o skimmer 1: 253V
o hexapole 1: 23,0 V
o hexapole RF: 65,0 V
o skimmer 2: 23,0 V
o lens 1 transfer: 49,0 us

o lens 1 pre pulse storage: 5,0 us
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6.2 Vysledky a diskuze

6.2.1 Optimalizace elektrochemické pratokové cely

Cilem bylo sestavit takovy EC/MS systém (potazmo EC/CE/MS systém), ktery bude
schopen ve velmikratkém case generovat a urCit produkty elektrochemickych reakci
ve vodnych i organickych roztocich vzorki. Z toho diivodu byla vedle optimalizace prutokové
cely a elektrod neméné dulezitd téz optimalizace pouzité kapilary vedouci vzorek od elektrody
do MS vstupu (jeji uprava, délka, i.d., umisténi atp.). K veSkerym pokusim byl zvolen
ferrocenmethanol, ktery byva bézné vyuzivan jako modelova sloucenina pro elektrochemicky
vyzkum.

Prvni pokusy byly provadény s jednordzovymi uhlikovymi PE a kompatibilni celou
FLWCL DropSens. Kompletni sestava je popsana v kapitole 6.1.7. Cilem pokusu s touto celou
bylo optimalizovat:

e velikost prutoku vzorku
e rozméry kapilary

e pozici kapilary

Nejprve byly ptipraveny kapilary s i.d. 150, 100 a 75 um. Bylo testovano tésnéni sestavy
a moznost nastaveni nejvys$siho mozného pritoku (48 pl min?) na injektaZni pumpé, aniz by se
nékde v sestavé projevilo nezadouci podtékani roztoku vzorku. Také byly porovnavany oba
mozné typy ddvkovani vzorku — ptiivodni zapojeni (viz Obrazek 16) a opacné zapojeni (tj. shora
piivod vzorku pfimo na celu a odvod vzorku Sikmo vzhiiru). A byly otestovany dvé rizné
pozice cely — dnem doli a dnem vzhtiru.

Po otestovani cely na tésnost, sestaveni a zapojeni byla zvolena konfigurace znazornéna
a popsana v kapitole 6.1.7. Nadale bylo snizovano i.d. kapilary s cilem eliminovat mozné
nezadouci reakce v jejim vnitinim prostoru. Nejvice pokust bylo provedeno S optimalnim i.d.
50 um. V pogatcich testovani té&chto kapildr se uz pti velmi nizkych priitocich (5 pul min™)
objevily problémy s netésnénim sestavy a podtekdnim na rliznych mistech. Cela sestava musela
byt pted pokusy dokonale vysuSena, dale bylo potieba ptidat jedno drobné tésnéni do mista
vstupu PEEK kapilary do cely (konkrétné do ,,fittingu*) a nakonec i vyménit t€snéni umisténé
Obriazek 16 a cerny krouzek nachazejici se v sestavé vpravo nahote). Po této optimalizaci bylo

opét mozné dostat se na priitok 48 pl min™.
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Zavérecnymi pokusy uz bylo pouze odzkouseno, ze pii minimalnich prutocich (cca
4 pl min?) Ize pouzit i kapilaru s i.d. 25 um, a poté zapocala optimalizace s jednorazovymi
zlatymi tenkovrstvymi elektrodami a kompatibilni celou ED-FLOW-CELL Micrux.

Vyhodou druhé testované sestavy (Micrux) byla jeji lepsi tésnost pii pouziti kapilar
S niz§im vnitinim primérem, i s i.d. 25 um bylo mozné se dostat az na priitok 8 ul min™. Navic
predpokladem bylo, Ze by na cele mohly diky menSimu vyhrazenému prostoru probihat
elektrochemické pfemény rychleji.

Obe¢ testovné cely jsou ovsem diky materialu, z n€hoZ jsou vyrobeny, vhodné vyhradné
pro vodné roztoky vzorkd. V diln¢ Univerzity Regensburg tedy byla pro ucely dalSich pokusi
vyrobena cela, jejiz piedlohou byla perspektivngjsi konstrukce cely od firmy Micrux,
z materialu odoIného k organickym rozpoustédlim — PEEK polymeru, dopInéna silikonovym
tésnicim krouzkem na elektrodé. Vysledkem byla chemicky odolngjsi cela.

Dalsi pokusy s celami byly provadény uz ve spojeni s MS.

6.2.2 Optimalizace spojeni elektrochemické pritokové cely a MS

Pomoci cyklické voltametrie bylo stanoveno optimalni nastaveni potencialu oxidace
vodného 1 organického roztoku FcMeOH (dvojmocné zelezo je oxidovano na trojmocné)
na hodnotu +400 mV.

Prvni testovani a optimalizace EC/MS sestavy byly provadény s celou DropSens,
21 cm dlouhou kapilarou (i.d. 50 um) a s 25umol 1 roztokem FcMeOH v 50mmol I* pufru
octanu amonného. Nejprve bylo Zadouci ovéfit nejvhodnéj$i umisténi konce kapilary
v ochranném PEEK navleku vedouciho k elektrodé. V ramci cely bylo mozné, aby kapilara
s navlekem koncily v misté konce , fittingu®, popt. aby kapilara (resp. kapilara s navlekem)
kon¢ily az na dné cely — viz Obrazek 18. Posledné zminéna konfigurace (kapilara s PEEK
navlekem jsou zasunuty az k elektrod¢) poskytovala dle o¢ekavani nejlépe reprodukovatelné
zaznamy a diky redukci mrtvého ¢asu a objemu téz nejnizsi At (viz Obrazek 17) a nejvyssi
intenzitu oxidované formy ferrocenmethanolu.

Jelikoz byl vyvoj sestavy Casteéné inspirovan vyzkumem koleghi F. M. Matysika a
P. Palatzkého, ktefi v rdmci EAI vyuzivali kapilary zbrouSené na thel 10—-15° (na konci usticim
k elektrod¢), byly v prib&éhu optimalizace porovnany kapilary zbrousené do rovna s kapilarami
zbrou$enymi na thel 15°. V priubéhu testovacich analyz v§ak nebyl zaznamenan zadny rozdil,

nadale byly tedy kapilary brouseny do rovna.
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Obrazek 18 Ukazky zaznamt EC/MS analyz FcMeOH s riznym umisténim kapilary

(1: kapilara s ochrannym PEEK navlekem kon¢i na konci ,,fittingu* zaSroubovaného v cele;
2: kapilara je zasunuta az k uhlikové tisténé elektrodg, tj. na dno cely, PEEK navlek
kon¢i na konci ,,fittingu*; 3: kapilara i s PEEK navlekem jsou zasunuty aZ k elektrodg)

Provedena optimalizace EC/MS sestavy byla vyuzita u vSech tii typu testovanych
pritokovych cel. S kapilarou 0 i.d. 50 um bylo nasledné provedeno porovnani zaznamu analyz
vodného a organického vzorku pro rizné cely a rizné vysoké prutoky (Obrazek 19). Pro cely
DropSens a Micrux byl vzorkem 25umol I vodny roztok FeMeOH v 50mmol I pufru octanu
amonného a pro celu vyrobenou v dilné Univerzity Regensburg byl vzorkem 50umol I
organicky roztok FcMeOH v acetonitrilovém roztoku obsahujicim 10mmol 1! octan amonny a
1mol I* Kyselinu octovou. Stejna méfeni jsou zndzornéna téZ graficky — viz Obrazek 20.

U vSech cel bylo dosazeno At v fadu pouhych nékolika sekund. Vyssi pritoky vedou,
dle o¢ekavani, k niz8i At. Responzni charakteristiky jsou lepsi u cel typu Micrux diky vyrazné
mensimu objemu cely. Soucasné je vSak ziejmé, ze pii nizSich pratocich je dosazeno vyssi
ucinnosti elektrochemické pfemény, pravdépodobné diky déletrvajicimu kontaktu vzorku

s povrchem elektrody.
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Obrazek 19 Ukazky zaznamt EC/MS analyz FcMeOH s riiznymi celami a pritoky
(1: cela FLWCL DropSens; 2: cela ED-FLOW-CELL Micrux; 3: cela vyrobena v dilné Univerzity)
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Obriazek 20 Grafické zpracovani zavislosti rychlosti pritoku na odezvé signalu
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Nasledovalo porovnani vSech tii cel s kapilarou o i.d. 25 um. Tabulka 7 ukazuje, za jak
kratkou dobu (u obou cel typu Micrux) Ize detekovat oxidovanou formu FcMeOH. Na rychly
prenos vzorku do MS ma pravdépodobné vliv nizky mrtvy objem kapildr s id. 25 um.
Nevyhodou malého i.d. vSak miize byt vétsi nachylnost k pficpani kapilary a také nemoznost
prace s vy$§imi pratoky (nad 10 ul min™). Z tabulky je patrné, Ze tento typ kapilary neni vhodny
pro celu DropSens (pritok 8 ul min ani nebylo mozné vyzkouset kvili podtékani vzorku

na ruznych mistech sestavy).

Tabulka 7 Porovnani riznych pritokovych cel s kapilarou i.d. 25 pm

Doba pi‘enosu vzorku z cely do hmotnostniho spektrometru (s)
Pritok

(ul min)  Cela DropSens ? Cela Micrux 2 Vyrobeni cela P
typ FLWCL typ ED-FLOW-CELL (Univerzita Regensburg)
4 15,1 £2,0* 3,5+0,2* 2,4 +0,3*
8 - 2,2+0,2* 1,3+0,2*

& Vzorek: 25umol 1t vodny roztok ferrocenmethanolu v 50mmol I pufru octanu amonného

b \/zorek: 50umol 1" organicky roztok ferrocenmethanolu v acetonitrilovém roztoku 10mmol 17 octanu
amonného a Imol 1 kyseliny octové
* Provedeno pét méfeni za stejnych podminek

6.2.3 Aplikaéni moznosti EC/MS sestavy

Vyvinutd sestava je vhodna pro studium elektrochemickych reakci v jednoduchych
vodnych i organickych roztocich. Jeji hlavni prednosti je moznost velmi rychlé a ptimé detekce
produktli redoxnich reakci a to 1 velmi nestabilnich a rychle se rozkladajicich metabolitii,
protoze vznikajici slouCeniny je mozné detekovat uz do 2,5 sekundy. Navic pouziti
jednorazovych elektrod je vétsi zarukou spolehlivych vysledkii nez je tomu v piipadé
konvenénich elektrod pouzivanych dlouhodobé, u nichz hrozi jejich zaneseni a vyrazné
zhorSeni vysledkd.

Na zaklad¢ popsanych méteni jednoduchych elektrochemickych modeli je zfejmé, ze
zapocaty pokusy se zlatou tenkovrstvou elektrodou Micrux a kapilarou s i.d. 25 um inspirované
uspofadanim EAI/CE/MS (vyuzivajici pouze uhlikovou PE DropSens) s automatickou
injektazni jednotku. [111] V diln¢ Univerzity Regensburg byla vyrobena injektazni cela
pro elektrodu a zasobnik s elektrolytem. Prvni méfeni ukazala, Ze dostacujicim mnozstvim

vzorku k analyze je pouhych 10 pl, tedy Skrat méné nez u EAI/CE/MS sestavy.
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Zautomatizovanim a optimalizaci EC/CE/MS uspotadani Ize predikovat mnoho
metabolickych procesti probihajicich v lidském organismu a nésledné tyto procesy zkoumat.
Vyvinuta sestava je aktudln¢ pouzivana (s uhlikovymi i zlatymi pracovnimi elektrodami)
ke studiu oxidace nukleovych bazi, poSkozeni DNA a vlivu oxida¢niho stresu na ¢lovéka. [112,
113, 114] Vyhledové by mohla byt vyuzivana nejen k objasnéni metabolomickych procest, ale
také v dopingovych kontrolnich laboratofich k odhalovani novych prosttedki zneuzivanych

profesiondlnimi sportovci ¢i farmaceutickymi spole¢nostmi k vyvoji novych IéCiv.
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ZAVER
7 ZAVER

Predlozena prace cili na nové moznosti vyuziti analytickych metod a moderni
instrumentace. Je rozdélena do tii hlavnich ¢asti a nabizi Ctenafi tfi rizné thly pohledu
na vyuziti elektrochemie v klinické diagnostice a metabolomice.

Prvni ¢ast se zabyva volnymi metanefriny v krevni plazmé a diagnostikou
feochromocytomu, navazuji v ni na svou diplomovou praci. Je zde popsan pokrok v oblasti
pfesného a spravného stanoveni plazmatickych metanefrini, konkrétné metanefrinu,
normetanefrinu a 3-methoxytyraminu, pomoci elektrochemického detektoru ECD-3000RS,
optimalizace a nasledna validace metody i porovnavani vysledkti nasich méfeni s ostatnimi
pracovisti. Na§ vyzkum v oblasti diagnostiky feochromocytomu byl zakonfen sestavenim
kompletniho kitu pro stanoveni volnych plazmatickych metanefrinli s pozadovanou piesnosti,
spravnosti i citlivosti a pod &islem 27 302 byl pro tento kit zapsan Uzitny vzor na UPV.

V ramci druhé casti byl popsan dal$i vyznamny biomarker, indoxyl sulfat. Tato
sloucenina je dlouhodobé sledovana v ramci CKD, ale v poslednich letech se hloubéji zkoumaji
téz souvislosti mezi IS a stfevni dysbiézou, malabsorpcnim syndromem, intoleranci glukozy,
metabolickym syndromem, inzulinovou rezistenci, kardiovaskularnimi nemocemi, srde¢nimi
piithodami, poruchou centralniho nervového systému, renalni fibrotizaci, reakci $tépu proti
hostiteli po transplantaci krvetvornych kmenovych bunék, oxida¢nim stresem, poruchou
kostniho metabolismu a dal$imi zdravotnimi komplikacemi. IS je toxin, jehoz hladinu
Vv lidském organismu je potieba sledovat, zejména pak u vybranych rizikovych skupin pacientt.
V piedlozené praci je popsan vyvoj a validace metod stanoveni IS v mo¢i i krvi, konkrétné
krevnim séru. Kanalyzdm bylo vyuzito propojeni elektrochemického detektoru
se spektrofotometrickym.

Tteti ¢ast je vénovana elektrochemii samotné a jeji moderni roli v klinické diagnostice.
Je zde popsén zacatek vyvoje propojeni EC/MS slouzicimu ke generovani a velmi rychlému
stanoveni Siroké Skaly sloucenin, z n¢hoZ byla pozdéji vytvofena unikatni EC/CE/MS sestava.
Aplika¢nim potenciadlem sestavy je zejména metabolomicky vyzkum in vitro s minimalni
spottebou vzorku (v jednotkéch pl) i analytickych chemikalii. Instrument miize byt s vyhodami
pouzivan k detekci velmi nestabilnich meziproduktd redoxnich procest, ke studiu oxida¢niho
stresu a ruznych typt poskozeni DNA, kodhalovani dosud neznamych xenobiotik ¢i
k vyzkumu novych 1é¢iv.

Ackoli se diskutované elektrochemické piistupy lisi v mnoha ohledech (napf.

ve velikosti elektrod a zaroven 1 ve velikosti povrchu Ui€astniciho se elektrochemickych reakci,
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V mife U¢innosti redoxni pfemény, v instrumentaci, moznostech i limitech), ptedlozena

disertacni prace poukazuje na vysoky aplika¢ni potencial elektrochemie v moderni diagnostice.
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SEZNAM POUZITYCH ZKRATEK

At doba prenosu vzorku z elektrochemické cely do MS (transfer time)

3-MT 3-methoxytyramin

APCI chemicka ionizace za atmosférického tlaku (atmospheric-pressure chemical
ionization)

BDD borem dopovana diamantova elektroda

CE kapilarni elektroforéza (capillary electrophoresis)

CKD chronické onemocnéni ledvin (chronic kidney disease)

CYP cytochrom p450

CIA Cesky institut pro akreditaci

DAD detektor diodového pole (diode array detection)

EAI elektrochemicky asistovand injektaz (electrochemically assisted injection)

EC elektrochemie (electrochemistry)

ED elektrochemicky detektor (electrochemical detector)

EDTA kyselina ethylendiamintetraoctova (ethylenediaminetetraacetic acid)

ELSD odpafovaci detektor rozptylu svétla (evaporative light scattering detector)

ESI ionizace elektrosprejem za atmosférického tlaku (electrospray ionization)

FcMeOH ferrocenmethanol

FNHK Fakultni nemocnice v Hradci Kralové

HMBA 4-hydroxy-3-methoxybenzylamin

HPLC vysokoucinna kapalinova chromatografie (high performance liquid
chromatography)

HRMS hmotnostni spektrometrie S vysokym rozlisenim hmoty (high resolution mass
spectrometry)

IPC iontove parova chromatografie (ion pair chromatography)

IPC iontove parové Cinidlo

id. vnifni pramér

I.S. vnittni standard

IS indoxyl sulfat

LC kapalinova chromatografie (liquid chromatography)

LOD mez detekce (limit of detection)

LOQ mez stanovitelnosti (limit of quantification)
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MF
MIP
MN
MS
m/z
NMN
NP-LC
o.d.

PE
PEEK
PES
RCF
RP-LC
RSD
SAX
SCX
SPCE
SPE
TSP
UHPLC

UPV
VFN

VUOS

SEZNAM POUZITYCH ZKRATEK

mobilni faze

molekularné vtistény polymer (molecularly imprinted polymer)
metanefrin

hmotnostni spektrometrie (mass spectrometry)

pomér hmotnosti a naboje (mass-to-charge ratio)

normetanefrin

kapalinova chromatografie na normalnich fazich (normal-phase LC)
vngj$i pramer

tiSténa elektroda (printed electrode)

polyether ether keton

polyethersulfon

relativni odstfediva sila (relative centrifugal force)

kapalinova chromatografie na obracenych fazich (reversed-phase LC)
relativni smérodatna odchylka (relative standard deviation)

silny anex (strong anion exchange)

silny katex (strong cation exchange)

tiSténa uhlikova elektroda (screen-printed carbon electrode)

extrakce tuhou fazi (solid phase extraction)

ionizace termosprejem

ultravysokoucinna kapalinova chromatografie (ultra high performance liquid
chromatography)

Utad primyslového vlastnictvi

Vseobecna fakultni nemocnice v Praze (3. interni klinika 1. I€katfské fakulty
Univerzity Karlovy)

Vyzkumny ustav organickych syntéz
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deteloce, wremicloy toxin, mod, krevni sémm

Uvod

Sloucenina indoxyl swlfit (IS) je metabolitem trypto-
fanu, anunckyseliny nepnstadare].ne pro Ldsky orgamis-
mms. Metabolismms tryptofamu v téle probiha dvéma hiav-
nimd cestamd. Jednou cestou vznika mrz:ipmd‘nkt kynuge-
nin ktery je dale metabolizovan napf. na aminokoyselinn
alanin, vitamin nikotinamid nebo na vybrané neuro-
transmitery — kyselinn kynureovou, L:}muramm chinolinat
a dalii Dyuhon cestou venikd velmi dilefty neuso-
transmiter serotomin Tryptofan piijaty stravon se ve stievé
nedokaze dostatecné vstfebat, a je tudiz rozkladan stfevni-
nu bakteriemi na indol, z néhoZ po hydroxylaci a sulfatiza-
ci v jatrech vznika wremicky toxin IS (obr. 1). Tato toxicka
litka je wve zdravém fungujicim orgamismm vychytivana
ledvinami a edvadéna z téla moéi — mechanismem tubular-
i sekrece’™

Ve vzorcich moéi nebo krve, resp. lrevniho séra,
zdrawvjch oscb lze detekovat nizké hladiny IS — vmodi
vétiinou nejiyie 30 mg I, v séru je tato hodnota péthrat
az Zestloat miZ3i. VysE hladiny této latky jsou obvykle
zpiscbeny stievnd dysbidzou, mohou viak znafit 1 jiné
komplikace, nadory tlustého stfeva s poruchou pasaze
nevyjimaje. VyEs mnozstvi IS v lovi vétinon souvisi se
selhavanim ledvin. Tento toxin je jiZ nékolik let studovian
pravé v souvislosti s chronickym onemeocnénim ledvin, IS
podnécuje rendlni fibrotizaci, zmnoZeni vazivové thkané.
Pacienti s nefonkénini ledvinami vEdy vykazuyi zviiend
hednoty tohoto toximm, 10-80krat vyEsi oproti béné kon-
centraci, jelikoZ kasickou dialyzou (hemodialyzou & pen-
tonedlni dialyzou) je obtimé odstranitelny komili jeho silné
varnosti k proteinim, zejména albuminn. Z divodo vaz-
nosti na bilkoviny lze mnozstvi IS v kvl castecné ovlivmit
sloZenim piijimané potravy. I osoby s plné funkEnimi led-

Pivodni & metodicke price

VIlAL Vj,'hml_u vvsst hodnoty IS v krvi, obsalmje-l jejich
strava vice protemu

Mnohé studie pnukazup na to, Ze vyii koncentrace
IS v krvi maji mimo stievnd dysbidzo a chronicke onemoc-
néni ledvin souvislost 1 s kardiovasimlarmimi nemocemi
asrdeénimi  pithodani.  malabsorpénim  syndromem
(porucha travend a vstiebavand zakladnich Zivin), intoleran-
ci glukosy, reakel Sépu proti hostiteli po transplantaci
krvetvornych kmeneowvych bunék. poruchow kostniho meta-
bolisnm, ale 1 5 porechany centralnihe nervoveého systénm,
napi. Parkinsenovou chorobou. IS navie vyveolava oxidac-
i stres a smiFuje owmoZstvi glutathionn, latky detoxifiloujic
xenobiotika™™ . Je tedy nezbytné, zejména u rizikovych
pacientll, momtorovat mooZzstvi IS v organisom,

Opientaéni stanoveni IS vmoéi je bémé provadéno
pomoci Obemmeyerova testu, ktery cili na odhalend stfevnd
dysbiozy a toxémie. Analyticka stanoveni jsou optimalné
provadéna rovnéZ ve vzorcich modi kvili snadnosti odbém
této biologické matvice. U pacientd, Itefi v moé lomli
cnemocnéni ledvin neprodulayi, je nvtné k analyze IS
odebrat krev. Po separaci latek obsaZenych v biologicke
matrici, obvykle pomoci HPLC, je dle literatury™'™ IS
moné stanovit s vyuZitim spektrofotometrickeho deteloo-
m, elektrochemického deteltorn (ED), odpafovaciho de-
teltoru rozptyle svétla (ELSD) & pomwoci hmotnostnd
spektrometrie  (MS). Mez detekce (LOD) IS se
u spelirofotometrickych deteldors a ELSD pohyvbuje na
firovni jednotek, pfipadné desetin mg I", v ED na arovni
desetin a setin mg 1™ a u MS jeété cca o fad nize. Na na-
fem pracoviiti jsme zvolili ED z divodu jeho vysoké se-
lektivity, dostaéujici citlivosti asoufasné ni#dich ekono-
mickych nakladt v porovnini s MS. PouZiton pracovmi
eleltrodon ED byl porfzni grafit. Elektrody s rizoyou
modifikacenn vhliko (skelny uhlik, grafen, porézni grafit)
_ml;;me&predﬂoshmmﬂ} pro stanoveni IS i ostatnimi

A= o
II:I'L_%"‘T . - at‘ewn (

| i krnﬂ-t'ra
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Obr. 1. Metabolizmus: tryptofanu v travicom trakin
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Experimentalni ¢ast
Piistrojoveé vybaveni

WV ramei popsanych experiment’ byly vyugity analy-
tické wvahy XS205DU (Mettler-Toledo, Columbus, OH,
USA), uvltrazvpkova lazedi Soneorex Super BE 510
(Bandelin Electronic, Berlin, Némecko), systém na tpravm
vody IWA 20i0l (WATEK, Ledef nad Sazavou, CR). pH
metr WITW 338 (Wissenschaftlich-Technische Wetlstat-
ten, Weilhetm Némecko) s eleltrodow BlueLine 28 pH
(Schott, Mainz Némecko) a chlazend centrifuga Sigma 3-
16 EL (Sigma Laborzentrifugen, Osterods am Harz, MNé-
mecko).

K separaci a nasledné detelci byl pounzit viysckoudm-
a7y kapalinovy chromatograf (HPLC) UltiMate 3000 Series
5 eleltrochemickym  deteldorem (ED) ECD-3000B.S
s conlometrickym senzorem S011RS (porézni grafitova
pracovni elektroda; palladiova referentni eleldroda) a de-
teltorem diodového pole (DAD) DAD-3000RS (cela
HPFLC/ED-DAD sestava od Thermo Fisher Sciemtific,
Waltham MA TSA).

Pouzivané chemikalie a standardy

Pro potieby optimalizace a validace metod stanoveni
IS byla pouiivana draselnd sl indoxyl sulfatu (Eistota
=08 %; Sigma-Aldnch 5t Louis, MO, USA) a kreatimin
(amid N-methylguanidinoctowveé kyseliny, &istota = 98 %
Sigma-Aldnch). K pripravé vzoda a roztolad pro chroma-
tografické analyzy byl vyuzivin methanol (Eistota = 99.9
%; Sigma-Aldrich), EDTA (éistota 99 % pa; Sigma-
Aldrich), dihydrogenfosforeénan  sodoy  monchydrat
(Cistota 99% pa; Sigma-Aldrich), hydroxid sodoy
(Cistota 98 % p.a; Lach-Ner, Neratovice, CR). kyselina
octova (Cistota 99 % pa; Lach-Ner) monohydrat
l-oktansulfonate  sodnéhe (Gistota 99 % pa.; Sigma-
Aldrich). kyselina pibwova (Eistota = 98 %; Sigma-Aldrich)
a kyselina chlomista (Eistota 70 %o, Sizma-Aldrich).

Stanoveni indoxvyl sulfiato v moéi

Friprava roztokil

Kalibracni fada IS byla pfipravena fortifilaci smésné
moéi kalibraénimi roztoloy IS piipravenymu v 0.2meol r!
kyseliné octové v koncentraénim rozmezi 1-85 mg I
Eoneéné wvysledky stanoveni IS we vzorcich moéi byly
vztahovany na mnozstvi pfitomného kreatiniom. To byle
vypedtene pomoci kalibraéni fady lreatininn v ultrafisté
vodé.

Mobilni faze (MF) pouzivana pro clromatograficke
stanoveni byla sloZena z methanolu (MF B) a fosfatovéhe
pufiv (MF A) obsahujiciho 7 g monohydraty dihydrogen-
fosforeénanu sodného. 030 g iontové paroveho Eimidla
menchydratn  1-oktansulfonatn sodného a 0,05 g EDTA
v 1000 ml vodného roztelm. Hodnota pH pufiu byla upra-
vena na 7.3 pomoci 1lmol 1" rozioku hydroxidu sodného.

Pivodni a metodické price

FPriprava vzorku modi k analyze (Jaffého reakee)

Pro vlastni analyticke stanoveni byly odebriny 2 ml
piefiltrované lidskeé moéi (bez pridavim £i s piidavieem IS),
smiseny 5 1ml ImolI™ roztokn hydroxidn sodného
anasledné s 1 ml nasyeenéhe reztolm kyseliny pitwové. Po
probéhmuti Jaffého reakee (cca 10 min) byl ziskany Cerve-
né zbarveny roztok lyeatinin-pilyatn obsahujici téz IS
analyzovan metodow HFLC/ED-DAD.

Analvtické podminky stanoveni

Separace latek obsaZemych ve vzorcich modi byla
provadéna na chromatografickeé koloné Zorbax SB-C18
250 mm = 46 mm = 5 pm (Agilent Santa Clara CA
USA). slaz kteron protélala MF ve sloZeni 95% MF A
a5 % MF B rychlesti 0.4 ml min". V ramci speldrofoto-
metrickeé detekce byla sledovana vinova délka 500 nm (pro
stanoveni kreatininu). Pro deteloet IS bylo na porézni grafi-
tovou pracovid elektrodu vieZemo konstantnd napéti
+400 mV (viéi palladiové referentni eleltrodé).

Stanoveni indoxyl sulfatu v krevonim sém

Friprava roztokl

Kalibraénd fada IS byla pfipravena fortifilmci smésné-
ho séra kalibraénimi roztoky IS pfipravenymu v ultrafisté
vodé v koncentradénim rozmezi 10-110 mg ™.

MF pouiivani pro chromatograficke stanoveni byla
sloZena z methanole (MF B) a fosfitového pufin (MF A)
obsahujiciho 3.5 g monchydratu dihydrogenfosforeénamm
sodného, 0.15 g monohydrate 1-oktansulfonitn sodného
a 0,03 g EDTA v 1000 m! vodného roztoku.

Friprava vzorku krevnihe séra k analyze

K 350 pl séra bylo pfidano 350 pl ultradisté vody
a700pl 7% kyseliny chloristé. Po péti minutach byly
vzorky na dalfich deset minut wmistdny do centrifogy
chlazené na 4 °C s relativni centrifugacni silon nastavenou
na 10 000 g Ziskany roztok oddéleny od bilkovinmé sraZe-
niny byl analyzovan metodon HPLC/ED.

Analvtickeé podminky stanoveni

Sepatace latek obsaZenych ve vzoreich krevniho séra
byla provadéna na chromatograficke koloné Kinetex XB-
CI2100mm = 4. 6 mm = 5 um s pfedkolonon HPL.C C18
4.6mm D Column (obé Phenomenex Tomrance, CA,
USA). slaz kteron protélala MF ve sloZeni 85% MF A
415 % MF B rychlosti 0.3 mlmin~ . Na coulometrickou
celn eleltrochemického deteltom byle vicZeno napéti
+400 mV (viéi palladiové referentni eleltrodé).

Vvsledky a diskuse

Stanoveni indoxyl sulfate v moéi

Zpracovani vzorkai
K analyze mofi je obecné éasto pouZivan jeji dvace-
tictythodinovy sbér. Je-li sledovana latka stanovovina
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v jednorazové odebraném vzorkm moéi, je vhodné vysled-
non koncentraci této lafly vetahnout na mmoZzstvi piitom-
ného kreatininu z divodu rizné riedénosti modi. MuooZzstvi
kreatininu v této biologické matrici je pro kazdého clovéka
specifické v zavislosti na jeho zdravotnim stavn, fyzické
kondici a mnoZstvi svaloveé hmoty. U jednotlivee tak zmeé-
oy v koncentraci kreatininn odraZi zejména rozdilny pii-
jem tekutin béhem dne, a tedy rozdilné zakoncentrovani
slondenin piitemnych ve vzorkn moéi.

Na zakladé nagich poznatki je na rozdil od IS moFné
stanovit omeoZstvi kreatininn vmoéi jednodude pomoci
parametrl rovnice piimby rméfené kalibradni fady stan-
dardu kreatininu v ultradisté vodé. Pred analyzou byly tyto
kalibrafni roztoky itestované vzorky modi podrobeny
snadno proveditelné a rychlé Jaffého reakei™, kedy kreati-
nin reaguje s kyselinon pikvovou v alkalickém prostiedi.
Vazmkly cervené zbarveny lreatinm-pikrat byl detekovan
speltrofotometricky.

Naproti tomu speltrofotometrické stanoveni IS by
bylo problematicks z divodn outnosti pfidavim vwbranych
Cimidel (Obermayerove CJiuudle, thymel, p-dimethyl-
aminobenzaldehyd a daléi)™, coz by pravdépodobné ovliv-
nilo stanovend kreatinin-pikratu. Proto byla pounzita elek-
trochemicka detelce, pomoci které Ize IS stanovovat pii-
me v neppravenych vzorcich moéi 1 ve vzorcich po Jaffého
reakei.

Optimalizace HPLC/ED-DAD metody

WV petatcich vwvoje byla testovana koloma Kinetex
XB-C18 100 mm = 4.6 mm = 5 pm_ kterd se nam jiz ditve
osvédéila pro separaci sloZek v biologické matrici. Prvni
méfeni viak uldzala, Zze by bylo vhodné)d vyménit i za
delii kolonn C18. Byla zvolena Zorbax SB-C18 s rozméry
250 mm = 4 6 mm = 3 pm.

Daliim dilefitym krokem bylo pro tuto kolonu a cely
systém zvolit optimdini sloZeni MF. Pro ED je vhodné
pouzit pufrované prostiedi. Pro prvod polusy byl zvolen
béiné pounzivany fosfatovy pufr sloZeny z vodného roztolm
moenchydratu dihydrogenfosforeénann sodného, ktery se
osvédéil Hodnota pH pufru byla upravena na optimalnich
7.3 pomoci hydroxidn sodného. Tato hodnota pH byla
zvolena s ohledem na optimalni odezvu a separaci IS, Pii
elektrochemické detekei je vhodné do MF piidat EDTA
pro odstranéni stop t8#grch kovi a zvvieni citlivosti de-
tekece. Dald sloZkou MF je iontové parové Simidlo. Diky
podpofeni tvorby iontovich pard s nabitymi analyty byla
pii separaci IS vyrazné zviiena seleltivita. Posledni sloZ-
kou je organicka faze methanol MnoZstvi methanolun
a iontové parového éinidla bylo spoleéné = rychlosti privo-
ko MF kolonow sledovano a byl vvhodnocovan viiv téchto
zmén na separaci IS.

Vvhodou pouzitéhe HPLC/ED-DAD systémm je moZ-
nost speltrofotometrické 1 elektrochemické detelce slou-
cenin vjediné analyze vzorku moéi. Pro detelocl kreatimi-
nu, resp. kyeatinin-pilrdm. ve vzoreich byla zvelena spek-
trofotometrie a optimalnd vinowveu délkoun byla zvelena
hodnota 500 nm na zakladé proméfeni celého spekira po-
moci DAD. IS byl ve vzorcich detekovin pomeci ED
a optimalni hodnota viloZenéhe napéti na coulometrickom
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celu byla stanovena voltametrii s linedmim namistem poten-
cidly na zildadé wyhodnocend voltametricke kvl IS
(zavislost proudn vyvolaného eleltrochemickoun pfeménoun
IS na eleltrods na potencidly této eleldrody) v rozmezi =300
az +500 m'V na hodnotn +400 mV. Ukdzka chromatogra-
mu je vvedena na obr. 2. Je znazoména eludnd kitvka IS,
ostatni piky pochizeji pravdépodcbné z matrice modi,
nicmeéné nebyly blize identifikovany.

Validace metody

Po dokonéeni optimalizace byla provedena validace
metody stanoveni IS v moéi, pfifemZ kazdy vysledek byl
vztaZen k nmoZstvi piitcmného kreatininn. Opakovatelnost
méfeni. opakovatelnost analytické metody 1 jeji spravnost
byly wréovany pro fyziclegickou 1 patologickou hladinu
IS. Opakovatelnost méfend je pro obé hladiny 4.9 %. Opa-
kovatelnost metody je 5.0 % pro fyziclogickou hladinn
24,6 % pro patologickou. Spravnost metody byla vyhod-
nocena na zakladé viténosti ze vzorkl piipravenych pro
uréend opakovatelnosti metody. Pro fyziclogické koncen-
trace wychazela wytéznost 101.5 %, pro patologicke
99.7%. Korelafni koeficient lnearity v analyzovaném
koncentraénim rozmezi 1-85 mg I je 0,9942 (rovmice
vyadinjici vztah mezi pomérem ploch IS a lyeatininm
a pomérem koncentraci IS a kreatinimuy: 4 = 0,024 ¢ (mz 2™)
+ 0,151). Hodnota LOD pro stanoveni IS v moéi je 0,014

MEH prowd (na) |

-2

100§ Las |rmin|

Obr. 2. Chromatograficky zaznam stanoveni indoxy] sulfatu
(IS} v moe1; kolona Zorbax SB-C18 250 mm = 4.6 mm * 5 um
(Amlent); mobilni fazi A (95 %) byl fosfatony pufr o pH 73
{obsabujici v 1000 ml 7 g monohwdratu dibvdrogenfosforeénanu
sedneho, 0,30 g monchydratu 1-oktansulfonatu sedneho a 0,05 2
EDTA), mobilni fizi B (5 %) byl methancl; pritok mobilni fize
04 mimin™"; piistroj HPLC UltiMate 3000 Seres (Thermo
Fisher Scientific) s detektorem diodovebho pole DAD-I000ES
a elekfrochemickym detektorem ECD-3000ES obsabujicim celu
6011ES = vloZenim napétim +40{) mV (porézni grafitova pracov-
ni elekiroda; palladiova referentni elektroda)
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me "' a hodnota meze stanovitelnosti (LOQ) je 0.021 mg T
Obé tyte hodnoty byly vypodteny z kalibraéni pfimky po-
meoci statistického progranm QC Expert. Robustnost meto-
dy byla testovana vBEL étyviem faktorim Konkrétné v
zméné objenm divkovaného mmnoZstvi vzorlm, zméné
rychlosti protoku MF, zméné teploty na chromatograficle
koloné azméné detekfniho potencidlu. Byla prokazana
vysoka robustnost prezentované metody viéi viem testo-
vanym faktorim Popsand validovanid metoda byla nasled-
né vaoatem vyzkumneém pstavie alreditovana Ceskym in-
stitutem pro abreditac: (CIA) pod nazvem Stanoveni mo-
coveého mdikam a kreatininn pomoci UHPLC/ECD-DAD.

Analyza realych vzoriai

Vyvinutou metodon byly analyzovany vzorky ranni
moéi 19 zdravych dobrovelnikd a byl sledovan vztah mezi
mnozstvim piijatych bilkovin ve stravé a hladinom IS
v moéi. Osoby s viiim piijmem proteind vylufovaly vétéi
mmozstvi tohoto toxinw nez osoby s nizkoproteinovon stra-
VO

Pro uréeni hladiny IS u pacientd = poskozenynu ledvi-
nami, ktefi vz nevylucuji Zadnon moé & mimmalni mmoeZ-
stvi. bylo autné vyvinout a validovat metodu stanoveni IS
v kavi, konkrétné krevnim sém, které jsme méh k dispozici
od pacientti dochazejicich na dialyzu do Fakultnd nemocni-
ce Hradee Kralove (FIN HE).

Stanoveni indoxyl sulfate v krevoim séru

Zpracovani vzorkal

Ze vzorki krve, kyevni plazmy & krevniho séra je
zadouci pied analyzou odstramt billoviny pro zvyieni
selektivity 1 citlivosti a ziwoved wwolnit IS z vazby na albu-
min. K tomute géehs jsme zvolili roztok kyseliny chloristé
a naslednou centrifigaci.

Optimalizace HPLC/ED metody

Ee stanoveni IS v kyevnim sém byla zvolena kolona
Kinetex XB-C18 100mm = 46mm * 5 um Pf volbé
vhodného sloZeni MF jsme vychazeli z MF pouzité pro
stanoveni IS v moéi. kteron jsme optimalizovali. Hodnotu
pH pufiu bylo vhodnéji neupravovat a ponechat na 4.2,
EKoncentrace methanole byla navyiena, mmoZstvi iontove
parového éinidla nacpak sniZeno — viz kapitola Experi-
mentilni éast. Ukazka chromatogramm je uvedena na
obr. 3. Je znazorména eluéni kivka IS, ostatnd piky pocha-
zeji pravdépodobné z matrice séra. nicmené nebyly blize
identifikovany.

Falidace metody

Po dokonfeni optimalizace byla provedena validace
mﬂod}' stanovemi IS v krevnim sém. Dpal:of.-ate]ﬂnst mé-
feni je 2.4 % pro fyziologickoun hladinn IS a 0.7 % pro
patologickou. Opakovatelnost analytickeé metody je 1.8 %
na fyziclogické hlading 0.7 % na patologické. Spravnost
metody byla vyvhodnocena na zakladé wytéznosti. Pro fyzi-
ologické koncentrace je 96.3 %. pro patologickeé 97.1 %
Pribéh ivky kalibratni fady vsém v koncentradnim
rozmezi 1-110 mg I nebyl lineami, nybrz kvadraticky

Pivodni a metodické price

praud (nA) |
(e |

000
A
3000

00 | 11

o o ot o s =

& (min)
=341 % T T 3
0 0 41 60 8,0 f0.0

Obr. 3. Chromatograficky zaznam stanoveni indexyl sulfitn
(I%) v krevoim séru; kolona Einetex XB-C18 100 mm = 4.6 mum
* Spm s5pledkolomoun HPLC ClE8 46 mm D Column
(Phenomenex); mobilni faz1 A (85 %) byl fosfatovy pufropH 4.2
(obsabujici v 1000 ml 3.5 g monchydratn dihydrogenfosforeéna-
mu sodnshe, 0,15 g monchyvdratn l-oktansulfonatu sodného
20,03 g EDTA), mobilni fizi B (15 %) byl methanol; pritck
mobilni fize 03 ml min™"; pfistroj HPLC UltiMate 3000 Series
(Thermo Fisher Scientific]) s elektrochemickim detektorem ECD-
JOMES obsabwicim celu 6011ES s vloZenym napétim +400 mV
(porézni grafiteva pracovnl elektroda; palladiova referenimi elak-
troda)

(rovnice A (nA min) = —0,034 (¢ (mg ™)) + 9498 ¢
(mg 1_1} + 13,085). Korelatni koeficient v analyzovaném
koncentradénim rozmezi je 09903, LOD pro stanoveni IS
vsérn je 0,37 mg 1Y, LOQ je 0.56 mg 17! dle wpoéth pro-
granm QT Expert. Byla prokdzina téZz vysoka robustnost
metody stejoym postupem jako pro metodn stanoveni IS
v moéi. Popsana validovana metoda byla nasledné v nafem
V}'zhlmnem tistave akreditovana CIA pod nazvem Stano-
veni inditranm pomeci UHFLC/ECD-DAT.

Analyza realnych vzorkai
Popsancn HPLC/ED metodou byly analyzovany
smésné vzorky séra zdravyceh osob a vzorky séra dvanacti
pacienti FN HE odebrané pied dialyzou a nasledn# po ni.
Ve wvzorcich zdravych osob byle stanoveno mmozstvi IS
2.38+0,05 me I'". Koncentrace ve vzorcich od pacienth
jsou vvedeny v tab. L Dial}'zmam pacienti map natrvalo
zavedeny tE'pE'ﬂﬂDZ.‘l].ﬂ.‘l zhyat &1 katetr. diky cenmZz neni
odebrand jejich krve problematicke. Odbér pred dialyzou je
pacientim provadén standardné, aby mohla byt tato léceb-
na metoda dle vybranych faltord v kavi spravné nastavena.
Po dialjze byla krev odebrana znovu z divvodu vvhodno-
ceni Béinnosti zvolendho nastaveni lécebmé metody. Ve
vétiiné piipadt nedoilo ke sniZeni koncentrace toxinu IS
ani na polovimy, vnékterych mistala koncentrace stejnd &
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Tabulka I
Koncentrace indoxyl sulfat v irevnim zém stanovena v vybranych pacientt pied a po dialyze pomoci vyvinuté metody na
piistrojt HPLC/ED
Pacient &. Pfed dialyzoun Po dialyze Pacient &. Fied dialyzou Po dialyze
[me "] [me ] [me 1] [me 1]
1 58,905 45704 7 42 202 36,6202
53.4=04 20.2+0.1 33202 58203
37,5504 38204 28.1=0.1 26,103
532403 34105 576207 23,001
2 439205 20.4+0.2 8 28104 10.3=0.1
36.0=03 37203 333205 33,6203
42304 38103 35404 274201
46206 17.9+0.1 49102 26,5+0.1
3 82907 44 706 9 35,5205 61,704
61.7+0,5 552+04 26,405 30,4202
69209 40407 25003 234203
79907 422406 30.3=0.1 20,6204
4 34,6202 24103 10 05,007 22 8405
204201 25502 91311 90.4=14
26,903 21.8+0.1 87.4=10 75,109
45705 244202 90406 572403
5 489203 13703 11 558207 11.6=0.1
47,703 50,504 40106 329404
43102 30.1+0.1 34.0=03 24 8205
59.30.5 379403 44 4=03 19701
6 52 8+04 50,504 12 34906 32,202
499202 55103 33,4202 33.620.1
44004 41.9+0.2 36203 29904
57,603 35301 34103 24 5403
byla dokonce jeité vyiii po dialyze neZ pied ni z divedn LITEEATURA
zvyieni koncentrace bilkovin ve vzorkw oddialyzovanim
nadbvtecné vody z téla pacienti. 1. FilikH. Kilean D.: J. Anal Chem 69, 255 (2014).
2. Niwa T.: Nagova J. Med. Sci. 72, 1 (2010).
3. Matong B.: Zdklady lékarské chemie a biochemie
Zavér Galén, Praha 2010.
4. Leong 5. C., Sirich T. L.: Toxins &, 358 (2016).

V rameci predlozené studie byly validovany a nasledné 5. Hyspler ., '1'11:]1..'1 A Safrinel: E_. Moucka P.. Nyvl-
akreditovany metody stanoveni indoxyl sulfitn v moéi tova Z., Sroc]:llo'l.'aK Dus:lma—'Squm*a"S Zada.LZ
a krevnim sém. Moé je pfed analyzou uwpravena rychlon Dis. I"f'Iﬂfkf-'IS 2018, 3985861.

Jaffého reakei, ze séra jsou odstranény bilkoviny jednodu- 6. Marzocco S, Dal Piaz F., Dy Micco L., Torraca 5.,
ch¥m postupem precipitace. Pomoci validovanych metod Sirico ML L., Tartaglia D, Autore G., Di Tono B
lze vobou biclogickich matricich stanovit hladionn IS Blood Punf 33, 196 (2013).
v relativné kratkém fase s dostaéujici pfesnosti i spravnos- 7. Niwa T.. v kmize: Uremic Toxins (MNiwa T., ed.), kap.
ti, a sledovat tak zmény koncentrace tohoto toxinu 4. str. 53. J. Wiley. Hoboken 2012.
v lidském organismm. Diky tomm je moiné nadile hledat 8. Mabrlikova A, Barek J. Vyskodl V. Naveatd T
zpiisoby, jak z téla Gfinné odstranit tento nebezpeény to- Chem Listy 112, 605 (2018).

0. Yoshikawa D.. Ishiit H, Sozuki 5, Takeshita K|

mn, ktery zphsobuje viiné zdravotni komplikace a zhorfu-
je zdravotnd stav pacienti.
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trochemical Determination of Toxic Indoxy] Sulfate in
Biolegical Matrix

The study is focused on optindzation and validation
of methods for determination of toxic indeoxyl sulfate in
hman urine and blood serum Samples were analyzed
wsing HPLC/ED-DAD system after the biological matrix
had been pretreated. Validated methods were successfully
tested on samples from healthy pecople as well as from
dialyzed patients. The aim was to monitor both indoxyl
sulfate levels and impact of various methods for elimina-
tion of this toxin from patients with renal disease.

Eeywords: indoxyl sulfate, HPLC, electrochemical detec-
tion, wremic toxin, urine, blood serum
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ABSTRACT

The knowledge of metabolic pathways and biotransfor mation of xenobiotics, artifidal substances foreign
to the entire biological system, is crucial for elucidation of degradation routes of potentially toxic sub-
stances. Nowadays, there are many methods to simulate xenobiotic metabolism in the human body
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focus is placed on the coupling of electrochemistry to mass spectrometry, which is still a relatively new
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technique are illustrated and critically reviewed.
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1. Introduction

Electrochemistry (EC) is a very broad field with many applica-
tions, especially in biological and biomedical areas. EC is often used
as a means of detection for liguid chromatography (LC) and in
hiosensors. Compounds are oxidized or reduced on the surface ofa
working electrode with an applied voltage. Hence, it is possible to
selectively detect and determine electroactive compounds, Such
selectivity can be a big advantage in many cases, especially in cases
of complex mixtures [12]. Moreover, electrochemical cells can be
coupled with other detection technigues, such as diode array
detection, fluorescence spectroscopy, or nuclear magnetic reso-
nance (NMR) spectroscopy [3—7]. Interfacing of EC with mass
spectometry (MS) (EC/MS) is still a relatively new development
[8—13].

During the last three to four decades, the range of methods and
applications of elect rachemistry coupled on-line or off-line to mass
spectrometric methods, first using thermospray (TSP)—MS and
since the 1990s, especially electrospray ionization (ESI)—MS, has
dramatically increased. In retrospect, TSP—MS generally featured
high flow rates, which is not as amenable for coupling EC/MS.
Analytes pass through the electrochemical cell very fast and
therefore the conversion efficiency can be very low. On the other
hand, ESI-MS provides high sensitivity and reliability at low flow
rates, Moreover, this ionization method is quite compatible with EC,
because the essence of this technique is a set of reactions related to
charge transfer. Consequently, when combined, both the mobile
phase (MP) for ESI-MS and the MP for EC should contain volatile
buffers [10,13—16].

However, there are alzo some problems in EC/ESI—MS coupling,
The electrochemical system mus be suitably decoupled from the
very high voltage (usually up to 6 V) used in ESL Combinations of
currents in EC and currents in ESl can be a problem because of side
reactions. In addition, higher concentrations of electrolytes used as
MF in EC (usually up to 0.1 mol L™ ') can cause fouling of the at-
mospheric ionization interface. Higher electrolyte concentrations
in the MP can also suppress ionization efficiency for ESI-MS.
Moreover, every ESI device itself is an electrochemical cell and
analytes can be oxidized/reduced in the capillary [14,15,17].

Monetheless, there has been a steady increase over the last

decade in the number of publications that describe ECMS appli-
cations. By now, this technique has successfully been used in many
different research areas, including dmg metabolism studies
[9,11,12,18,19], prediction of stability, toxicity and environmental
persistence of compounds [2,310,11,13—15,19—-21], determination
of unstable metabolites [1922] and last but not least, peptide,
protein and nucleotides research [2,4591012—1421]. For the
latter, such studies include investigations on disulfide bond
reduction [23,24], peptide and protein cleavage [25—30], electro-
chemical tagging [31-35], metalloproteins [2936], hydrogen/
deuterium exchange (HDX) [E37], endogenous or exogenous
reactive oxygen species (R0OS), and oxidative stress [12,13,38 39].
The most recent contributions (since 2014) to EC'MS are summa-
rized in Table 1.

EC/MS coupling can provide rapid, reliable, and detailed infor-
mation on possible metabolites, which are generated and identified
in the same system. A direct determination of intermediates and
short-lived, unstable metabaolites is possible, if EC is connected to
M5 using a short capillary and suitable conditions are established in
the system. This technigue is also useful for determining the
sensitivity of a substrate towards oxidation, as well as for identi-
fying oxidatively labile sites in a molecule — regions where oxida-
tions are likely to take place [911,13,19,21 38,4042 ].

EC coupled to MS features simple, versatile, and efficient
instrumentation. Simulations are relatively easy to conduct. Ex-
periments can be tuned in terms of electrode material, cell design,
applied potential, and solvent conditions. Moreover, automation of
the whole EC/MS system is possible. There are no test animals and
hiohazard risks are largely minimized [9,10,12,13,19,21,22 40—42].

Some additional challenges still remain to be addressed. First,
data evaluation can be laborious and time consuming. Second, re-
actions initiated via direct hydrogen atom abstraction (O-deal-
kylation, aliphatic hydroxylation) cannot be simulated because of
too high oxidation potential. Third, the stereochemistry induced by
different enzymes cannot be obtained without modifications of the
electrode surfaces. These systematic challenges add to those pro-
cess challenges mentioned previously with regard to the physical
coupling of EC to MS [10,19,39.40].

In this review, we focus on xenobiotic metabolism, and the
possibility of using EC/M5 as a complementary technique to
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hiological studies to glean useful information about such processes.
First, we present the background of relevant metabolism processes
arising from xenobiotics and the actions of the Cytochrome P450
(CYP) enzymes. Next, we describe different experimental arrange-
ments and fields where this technigque can be used. We show
possihilities of xenobiotic metabolism prediction and a comparison
of expenments with EC/MS vs. other means of simulation (usage of
hepatocytes or microsomes, chemical simulation with metal-
loporphyrins, use of laboratory animals, etc.). Examples of appli-
cations from the literature are presented. Finally, we discuss future
prospects of the EC/MS coupling.

2. Xenobiotic metabolism

Xenobiotic metabolism is a biochemical modification of (lipo-
philic) substances through enzymatic pathways into easiby excreted
(hydrophilic) metabolites. It is an important process for the
detoxification of the human body from artificial poisonous com-
pounds, namely xenobiotics [43 44],

21. Xenobiotics

Xenobiotics (from the Greek xenos “stranger” and bios “life”) are
artificial substances foreign to a biological system. These com-
pounds are primarily products of human activity (environmental
pollutants, drugs, food additives, etc.). They can be introduced into
living organisms in many different ways — inhalation, transdermal,
ororally, among others, The fate of compounds in the human body
is kmown as ADME (absorption, distribution, metabolism, and
excretion). Most xenobiotics have lipophilic character, hence it is
difficult to excrete them from the body. More lipophilic substances
are accumulated in cell membranes and in fat tissue. A conversion
of lipophilic substances to hydmophilic products is necessary for
detoxification of organisms. However, the metabolism of xenobi-
otics can also lead to the formation of toxic metabolites
[10,12 43—46].

22 Metabolism in the human body

The metabolism of xenobiotics is divided into three phases. In
phase I, foreign compounds are transformed in the liver into more
polar metabolites containing hydrophilic functional groups (hy-
droxyl, amino, carboxylic, etc.). This is caused by oxidation re-
actions (altematively dehydrogenations, hydrobysis, or reductions)
catalyzed by enzymes, especially by CYP (see Fig. 1 and section 2.3)
[910,12,13,19.40,43—4547]. The modified compounds may be
excreted directly by kidneys or bile, but more often they undergo a
phase Il metabolism step. In a few cases, the reactive intermediates
can bind to cellular macromolecules (such as proteins and DMNA)
and cause toxicity, immune response, and diseases, A large number
of foreign compounds are destroyed by oxidation. For example,
ethanol is converted to acetic acid, which is relatively benign,
whereas methanol iz converted to formic acid, which is toxic
[10,44,46,48],

In phase I, conjugation reactions (glucuronidation, sulfation,
glutathione conjugation, methylation, acetylation, and condensa-
tion) are catalyzed by transferase enzymes, such as glutathione 5-
transferase (GST). The metabolites from the previous phase react
with hydrophilic conjugation agents (endogenous compounds),
such as glutathione, glucuronic acid, or sulfate, and increased po-
larity adducts are created. These products are more easily elimi-
nated from the body in phase I [91012,13,1940 43—-45]. The
problem is, if the conjugation agents are depleted, reactive me-
tabolites may readily bind to cellular macromolecules, where they
can cause severe damage, including tissue necrosis, cellular

apoptosis, and chemical carcinogenesis [124546].

Polar compounds may be further processed in phase Il and
consequently they are excreted, mainly in urine or bile. Nonbio-
degradable xenohiotics are accumulated in the fat tissue and can
seriously harm the health of a human [19,40 43 46].

2.3 Cytochrome P450

CYP represents a large family of heme containing proteins
(incorporating also a coordinate cysteine), which typically catalyze
phase | reactions, including a varety of oxidations (mainly hy-
drmoxylations, epoxidations, heteroatom oxidations/dealkylations,
dehalogenations, and alcohol oxidations). This group of enzymes
was named in 1962 by Sato and Omura [49], based on the attribute
that CYP contains a chromophore, which absorbs light at 450 nm
[19.45 47).

Mowadays, more than 500 forms of these monooxygenases have
been found. They are localized in many tissues of the human body,
but especially in the liver, intestines, lungs, and kidneys. They are
also present in the brain, heart, or in nasal mucosa, Subcellular
localization of these enzymes is primarily in microsomes [19,45,47].

24 Simulations of xenobiotic metabolism

The knowledge of the metabolic pathways and the biotrans-
formation of xenohiotics are crucial for elucidation of degradation
routes of new active compounds and potentially toxic substances,
as well as for determination of the stability of environmental pol-
lutants, Mowadays, there are many methods to simulate xenobiotic
metabolism in vitro. Hence, at least initially, one can avoid, for
example, an administration of radioactively-labeled compounds to
laboratory animals (in vivo testing) [9,12 41].

In vitro models for xenobiotic metabolism should precisely
simulate processes in the human liver where the biotransformation
of xenobiotics takes place. Therefore, the well-established methods
are generally based on CYP enzymes onginating from the liver,
Commonly used models are primary hepatocytes, liver homoge-
nates with hepatic enzymes, and especially, liver microsomes. They
are created from the endoplasmic reticulum of cells and the activity
of CYP is high in these organelles. Thus, in vitre studies are often
hased on the incubation of xenobiotics (mostly drugs) with human
or rat liver microsomes, followed by isolating and detecting the
metabolic products, These applications have been well character-
ized and documented [9,10,12,13 40,41,50-53].

Another possibility for simulating metabolism is the use of in
silice expert systems. These systems are based on computational
modelling of metabolic reactions. Thus, they can be useful for
predicting how chemicals might behave in living systems.
Commercially available systems include TIMES, META, and
METEOR. However, most in silico expert systems are based on an-
imal databases. Hence, there may be significant differences when
results are extrapolated to humans [54—-56].

Chemical simulations of xenobiotic metabolism are possible
using appropriate metalloporphyrins as surrogates of the heme-
containing active center of CYP. Porphyrins are important macro-
cyclic tetra pymroles in biology. The parent structure of all porphy-
rins consists of four pyrrole units linked by four methine bridges.
Two of the four-ring nitrogens carry protons and there are eight
positions at which substitution can occur with side groups. Met-
alloporphyrins are formed by a combination of a porphyrin and a
metal ion, eg., Fe'', Cu®", Ag", or Mn>". They are found in the
oxygen camrying proteins such as hemoglobin and in a vanety of
vital enzymes, especially those involved in biological oxidation and
reduction. Since the active center in CYP contains iron as the metal
ion, it is obvious that iron complexes are the most commonly used

92



4

Table1

L Poriychovd, KA. Schug [ Analytica Chimica Acta 293 (2017) 1-21

The mast recent contributions to the coupling of electrochemistry /mass spectrometry.

Type of EC/M% system

General scope of the study

Type of Anahyte

MNotable performance metrics

EC inherenty
present in ESI-MS

EC/MS

EC/MS

EC/MS

EC/MS

EC/MS

EC/MS

EC/MS

EC/MS

EC/MS

EC/MS

EC/MS

EC/MS

EC/MS

EC/MS

EC/MS

ECHLC/MS

EC/LC/IMS

ECHLC/IMS

Characterization of the reducing
potencies of natural antioxidants

Electrochemical maction efficiency of
potassium frrocyanide; dopamine and

hydmgquino ne coidation

The identification of drug metabolites
generated electrochemically in order to
study simulated metabalic pathways
Structural analysis of recombinant

monocdonal antbodies
Identification of fleeting

electmochemical reaction intermediates

Benzimidazole ring formation from a

quinoneimide species

Investigation of several electrochemical
reactions with biological relevance in

the agueous phase, such as nitrosothiol
reduction, carbohydmate oxidation, and

carbamazepine coddation

Analysis of large and heavily disulfide-

bonded proteins

Sdy of the cotidation behavior of
sulfur-containing amino acids and

glutathione
Creidation of NN-dimethyl-p-
phenylenediamine

Sirmulation of the cxidative metabolism

of methimazole

Utilization of an EC/PESFMS set-up

Probing protein 30 structures and
protein—substrate interactions using
EC-assisted isotope labeling cmoss-

linking MS

Generating metal ionadducts oforganic

compounds - elecroc hemical
activation of the pesticide

cyproconazole in a soil solution matric
viaformation of its adducts with Ag and

Cu cations

Identifying electmochermical reaction

intermediates

Electrochemical reactions at liguid/
liquid interface, mechanism sudy of
oxygen reduction at water/oil interface

Simulation of the reductive metabolizm
of biologically important nitro aromatic

miolecules

Screening of short-lived and potentially

toxic drug metabolites

Electrochemical coidation of

fesoterodine and identification of its

oxidation products

Matural antioxidants (eg., -
tocopherol, retinol, melatonin,
and gallic acid)

Potassium fermeyanide,
dopamine, and hydmguinone

Psychostimulants and their
metabaolites

An intact monoclonal antibody

Tranzient diiimine
intermediates resulting from
electme hermnical cxidations of
uric acid and xanthine

Acebutolol

Mitrozothiols, saccharides, and
carbamazepinge

A therapeutic lgGi-antibody
and nerve growth factor-f

Cysteine, N-acetyloysteine,
methionine, and glutathione

NN-dimethyl-p-
phenylenediamine
The antithymid drug
methirmazole

f-lactoglobulin A, ubiguitin,
and cytochmme C

Peptide SLIGKV-MNHz,
somatostatin-14, o
lactalbumin, and calmodulin-
mastoparan complexes

The pesticide cyproconazole

Triphenylamine, uric acid,
glutathione disulfide, NN'-
dimethywoydi phenylamine,
and di-p-tolylamine

Choygen at water 'oil interface

(and a tetraphenylporphyrin as

the catalyst of reactions)

3-trifluo romm et hgl-4-
nitrophenol, niclosamide, and
rii luta rmide

Chlorpromazine, clozapine, and

amodiaguine

The antimuscarinic drug
fesotemdine
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Solid-phase extraction was used for pretreatment of
complex samples. Alow injecton (or LC) coupled to

Qg TOF-MS {in positive mode) was used for experiments.
Used eler trodes were made of conductive diamond, glassy
carbon, or platinum.

Abattery-operated flow-through thin-layer

electroc hemical cell was coupled to ESI-FTICR-MS (in
positive mods ).

Used electrodes were made of glassy carbon or BOD. The
ionization of all compounds was achieved with a helium-
hased FAPA source. QIT-MS was used for the detecton
Anelectrochemical cell was coupled directly to ESI source
and FTICR-MS equipped with a 15 T magnet.

Aspray of analyte microdroplets was directed toa
*“waterwheel” working elecrode set-up composed of a
mound mtating platinum working electrode pardally
immersed in an aqueous electrolyte solution
Microdroplets were consequently directed into the
Orbitrap mass analyzer.

A coulometric cell was used for coddation reactions.
UHPLO/ESIQTOF-MS (in positive mode ) was used to
identify oidation products in the presence and absnce
of glutathione. Chemical structure elucidations of the
products were performed by HRMS and MMR.

A gold disc working electmode was used for nitrosothiol
reduction and saccharide oxidation. A glassy carbon
working electrode was used for carbamazepine ooidation
Redox products flowed out of the cell via a fused silica
connection capillary directly into a DESI-MS.
Electrochemical reduction of sarmples was integrated into
an on-line HOX-MS workflow:. Used electrochemical cell
was equipped with a titanium elecrode. Products were
separated by UHPLC and subjected to QTOF-MS

Direct combination of reagentiess electrochemical
oxidation and MS in the presence and absence of cisplatin

On-line EC/LSDESI-MS (in positive mode) system with an
electroc hemical thin-layer floer-through cell was used.

A coulometric flow-through cell equipped with a porous
graphite working electmode was coupled on-line to ESI-
MS

A TO0-800 V voltage was applied across the cell to drive
the separation of a mixture of f-lactoglobulin A, ubiguiting
and cytochrome C. After separation, PESI-QgQLIT-MS was
used.

Athin-layer electrochemical flow cell containing a
diamond working electrode was coupled to LSDES-QTOF-
ME.

The electrochemical device consisted of two static parts
and one rotatable part. Used working electrodes were
rmade of silver, copper or gold wire. The device was on-
line connected to ESI-T-MS.

A flat surface with pomus carbon tape was used as the
working electrode. One set-up had the conducting carbon
tape in the form of agrooved inclined plane, theother one
wias in the form of a flat plane that had the conducting
carbon tape as its front surface. DES]-MS was used.

An Y-shaped dual-channel microchip as an
electrochemical cell and an ionization device to couple
with MS to monitor oxygen reduction reactions at liguid/
liquid interfaces. Reaction products were directed from
the outlet of the Y-shaped channel into ESI-LIT-M5.
Aflow-thmough electmochemical cell was directly
connected to HRMS. Binding of the nitroso metabalite to
glitathione was demonstrated using LC(ESFHRMS.
Amicmofluidic electrochemical chip was coupled on-line
to E5I-MS or LC/ESFMA The chip was equipped with a
working platinum electmde.

Samples underwent a cyclic voltarmmetry at a stationary
and rotating disc glassy carbon electrodes or time
dependent linear sweep voltammetry. UHPLC ESI-QTOF-

[176]

[1z1]

[138]

[177]

[178]

[78]

[120]

[164]

[166]

[167]

[179]

[180]

[181]

[182]

0]

[183]
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Table 1 {continued |

Type of EC/MS systern General scope of the smdy Type of Analyte Matable performance metrics Reference
M5 set-up was used for analyses. The mechanism of the
electrochemical coddation has been confirmed by on-line
EC/MS with porous glassy carbon electrode.

EC{LC)MS In-vma determination of selected Antibiotics (e.g., amaoxicillin, Electrochemical cxidation of samplex ( phase | |165]
chemotherapeutics and their cefotaxime, and moxifloxacin - metabolism) and addition of ghitathione for follow-up
electrochemical products in reactions (phase |l conjunction | were performed using
Comparison to in-vive approach working electmode made from glassy carbon, BDD, gold, or

platinum. For direct BC/MS analysis, ESI-0OgQ-MS st-up
was used.

EC off-line combined Study of oddation mechanisms of Hanthohumaol Electrochemically assisted oxidation was off-line [184]

with LOMS xanthohurmal combined with UHPLOES-QTOF-HRMS and jon mohility
M5

EC/LCMS Prediction of tansformation products  Diclofenac and metoprolal A BDD working electrode used for cxidation was on-ine [20]
in water appearing after czonation coupled to ESI-TOF-MS (in positive mode for metoprolol

and in negative mode for diclofenac)

EC/LCMS Simulation of the reductive metaboliem 3-trifluoromethyl- 4- Carbon microfiber elecrodes were used for reduction.  [139)
of a pesticide in fish nitrop henol Samples after pretreatment were transferred to

autosampler vials and stored at — 20 *Cunt] LC/ESI-HEMS
analysis.

EC/LCMS Synthesis of phamacentical oxidation Fesotemdine fumarate The electrochemical synthess was performed in a cell [171]
products containing a working electrode made from tubular

reticulated glassy carbon Analytical HPLC and preparative
HPLL were used. Compounds were detected by a single
quadrupole MS or UV detector.

EC/LCMS Electrachemical generation of selegiline The drug selegiline Two types of working electrodes were applied, glassy [185]
metabolites carbon and BDD. A flow eledrochemical cell was coupled

an-line to reversed phase LC linked to DED-RS.

EC/LCMS Comparison of Tidy photocatalysis, Buspirone, promazine, A working electrode of porous graphite was used for [6Z]
electrochemically assisted Fenton testosterone, and 7- redox reactions. UHPLOESIOg)-MS was used for on-line
reaction, and direct electrochemistry  ethoxyooumarin maonitoring of products during EC potental mmps.
for simulation of phase | metabolism Further analyses of products were performed with
reactions of drugs UHPLO/ES-QTOF-MS.

EC/LCMS Electrachemical protein cleavage Proteins bovine insulin and A microfluidic electrochemical cell with an integrated [163]

chicken egg white lyszyme BDOD working electrode was used in front of IE—NMS/ M5,

EC/LCMS Electrachemical oxidation of 5- S-hydroeymethyl tolterodine,  Cyclic and differential pulse voltammetry at glassy carbon [186]
hydroxymethyl tolterodine and the active metabolite of electrode and controlled potential electmolysis at platinum
identification of its codidation products  antimuscarinic drugs gauze electmde were performed. Electrolyzed solutions

were analyzed using UHPLOESI-QTOF-MS.

EC/LC /NS Peptide and protein modification, Glutathione, glutathione dimer, On-line dual (ceddative and reductive) electmochemisory  [141]
separation and identification (eg. ooytocin, insulin, and coupled to LC and ESI-HRMS was presented. Two liquid
reduction of disulfide bonds, benzoquinone streams were combined, with one containing a disulfide,
identification of obtained free thiol which was reduced to the respective thiol in an
groups, and direct tagging of electrochemical cell hased on a titanium waorking
electrochemically generated free electrode. The other stream contained phenaol, which was
cysteines) electrochemically activated to benzogquinone on a BDD

waorking electrode.

EC/LC /NS Imestigation of the cxidative The animal feed additive The cell consisted of a BDD working electrode was [142]
transformation of roxarsone roxarsone | 3-nitro-4- coupled to HIUC and ESI-ICP-HRMS (in negative mode .

hydroxyphenylarsonic acid)

EC/LCMS Electrachemical coidation of chicoric  Chicoric acid Sample undensent an electrochemical coddation (in the  [187)
acid and identification of oxidation presence of ghitathione) using cyclic voltammetry and
products chronoampemmetry at a glassy carbon electrode.

Products were separated by UHPLC and identifiad by M5

EC/LCMS Simulation of hictransformation The arganop hosphate Oxidative products were produced by a BDD electrode,  [188]
reactions of chlorpyrifos insecticide chlompyrifos separated by HPLC and on-line detected by ESI-MS.

Furthermore, LC-MS/MS and FTICR-HREMS were used for
imvestigation

EC/LCLNVMS Imvestigation of the cxidatve stability (253%5)-24 diphenylmethyl M- The electrochemical oxidationwas performed using a cell [189)
of active pharmaceutical substances | 2-mmet hoooy- 5~ propan-2-y1) consisting of a planar working electrode from glassy

benzyl|-1-azabigyclo| 2.2.2) carbon. The cell was connected to HPLC system, which

ortan-3-aming wascoupled to adisde army detector and subsequently to
MA An automated electrochemical platform, two LC
pumps, and a dual-leop injection method were used.

EC/LC/MS and EC/CE/MS Simulation of the metabolic fate of Alkaloid harmane, a naturally  An electrochemical cell (containing a BDD working [170]
dmgs ooourring monoamineoddase  electrode ) was directly connected to ES1-TOF-MS (in

inhibitor positive mode). A5 a separation technique, LC ar MACE
were used.
EC/LCIMS and Characterization of the oxidative Guanosine-3¥ 5'-gylic BDD and screen-printed carbon electmodes were used. [164]
EAIJCE/MS behavior of cydic nuclectides mionop hosphate, Generated products were analyzed by LC coupled to ESI-
adenosined”.5 -oydic HEMS. A= an alternative, EAINCE/MS set-up was used for
mionophosphate, and cytidine- product generation and identfication.
¥ % -yclic monophosphate
LOEC/MS Structural analyses of proteins/peptides Protein/peptide mixture [101]

that contain dizsulfide bonds

zample
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Table 1 (continued )

Type of EC'MS systern General scope of the study Type of Anahite Motable performance metrics Reference
Samples were sepamated using UHPLLC and subsequenty
were reduced in an electrochemical flow cell. Products
were analyzed by DESI-MS.
LCJECMS In-depth characterization of protein Ribonuclease B, B-lactoglobulin  LC systemn was hyphenated to an electrochemical cell with [140]
dizulfide bonds a ttanium-based working electrode, which was coupled
to ESIFTICR-MS
EAICE (NS Simulation of the cidative attack of  The nucleoside guanosine and A fully autornated laboratory-made EAL cell with an 28]

guanosine and 8-oxo-T 8-
dihyd roguanosine

the oxidation product &-oon-
71.5-dihydroguanoszine

integrated buffer reservoir and a compartment holding
srreen-printed electmdes was used for the injection, CE
was used for the separation, and ESI-TOF-MS for
detection.

BDD = Boron-doped diamond.

CE = Capillary electropharesis.

DEDI = Dielecric barrier discharge ionization.

DES| = Desorption electrospray ionization.

EAl = Electrochemically assisted injection.

EC = Electrochemistry.

ESl = Electrospray ionization.

FAPA = Rowing atmospheric pressune afterglow.
FTICR = Fourier transform ion cycotron resonance.
HOX = Hydrogen jdeuterium Exchange.

HILKC = Hydrophilic interaction liquid chromatography.
HPLC = High-performance ligquid ¢ hromatography.
HR = High resolution

ICP = Inductively coupled plasma

IT = lon trap.

LC = Liquid chromatography.

UT = Linear ion rap.

L5 = Liguid zample.

MS = Mass spectrometry.

MNACE = Monagueous capillary electrophoresis.
NMR = Mudear magnetic resonance.

PES] = Probe electrospray ionization

) = Quaduole

g = Tandem quadruale.

g} = Triple guadrupale

TOF = Time-of-flight.

UHPLC = Ultra high-performance liquid chromatography.
LV = Ultraviolet.

structures. Metalloporphyrins are able to catalyze a broad range of
CYP-mediated reactions, including epoxidation, aliphatic and aro-
matic hydroxylation, or cxidation of heteroatoms [50,57—59].

Another biomimetic model system for studying of xenobiotic
metabolism is the Fenton reaction. Fenton's reagent is a mixture of
hydrogen peroxide and a ferrous salt. This reagentis able to oxidize
varous organic substrates via highly electrophilic hydroooyl radicals
generated by the Fenton reaction. Hydroxyl radicals are produced
when one electron of Fe*! is transferred to hydrogen peroxide,
which results in the oxidation of Fe* to Fe*" and oxygen atoms are
reduced to hydroxyl ions. The use of a Fenton system in on-line
setups seems to he promising in situations, such as high
throughput screening of drug candidates. However, further studies
are still needed to develop this technology [ 60—63].

It is also possible to use light-harvesting mechanisms in com-
bination with CYP enzymes for simulations of xenobiotic meta-
bolism. Lght-driven oxidation has predominantly featured
bacterial CYP enzymes, from sources such as Bacillus megaterium or
Mycobacterium tuberculosis. CYP enzymes in these systems are
exposed to visible light irradiation, which helps drive the catalytic
oycle [G4—67].

If an electrode is used as an electron-supply source, it is called an
electrochemical ly-driven enzymatic system. CYP molecules are
immobilized (using, for example, surfactant films, polyion layer-by-
layer films, or nanoscale lipid bilayers) on the electrode, and thus
they can act as biosensors for the detection of xenobiotic meta-
bolism. This system also enables one to monitor the electroactivity
of enzymes. Itis possible to couple such a system to other analytical

technigues, such as LC/MS, to obtain a more complete picture of the
system. However, application of this system is not free from diffi-
culties, The slow diffusion of a substrate to the electrode surface can
be limiting, and structural changes of enzymes during immobili-
zation can occur |64 68 69].

Mone of these briefly described models can fully mimic xeno-
biotic metabolism in viva, Model systems cannot provide a com-
plete quantitative survey of the situation in a natural redox system.
However, some of them seem to be promising, especially on-line
methods, By using on-line methods, it is possible to screen ADME
rapidly and directly detect short-lived species [ 12,1922 70].

Lately, there has been a steady expansion in different EC/MS
applications. By now, this technique has been used in many areas
(in both industry and academia), often coupled with separation
technigues, such as LC or capillary electrophoresis (CE) [70,71]. The
main research area has been simulation of the oxidative phase |
metabolism (catalyzed by CYP). Within these simulations, “one-
electron oxidation” (e.g., N-dealkylation, dehy drogenation, alcohol-
oxidation, S-oxidation, and P-oxidation) can be mimicked. A good
correlation between EC/MS and the application of human or rat
lver microsomes, the most commonly used in vitro models for
simulations of xenobiotic metabolism, has been observed in many
cases [12,9-11,13—-16,18,21,22,24 35 27 37 38 40—42,61,72—-90].

Motonby phase |, but also phase [l metabolism can be simulated.
Several articles [1,2,9,13,14,38,75,90] describe EC/MS technigues for
study of the conjugative phase Il process. Such expenmental de-
signs incorporate transferase enzymes, which are added to the
system by a syringe pump in continuous flow, or they can be
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immobilized on magnetic microparticles.

EC coupled to MS has been also used, for example, in dmg
development for elucidation of new chemical entities metabolism
[19,15,22 B4 91], in doping control laboratories for clarification of
the biotransformation pathway of potential performance-
enhancing therapeutics [10], and in forensic toxicology for fast
generation of metabolites relevant to illicit drugs [9,13].

In the next sections, different experimental arrangements used
in EC/MS are described and particular applications of these ar-
rangements are delineated.

3. Instrumentation and hardware

EC/MS can be a very useful instrumental tool to simulate and
study xenobiotic metabolism. A vast array of different experimental
arrangements has been published in the last 35 years. The first EC/
M5 set-up was established already in 1971 by Bruckenstein and
Gadde [72]. Volatile intermediates and products were studied using
an on-line coupling of a porous platinum electrode and the gas-
inlet system of a mass spectrometer. Since the 1980s, also off-line
electrochemical batch reactors have been used for EC/MS studies.
This technigue was first described by Shono et al. [72] in 1980
(published in 1981). A home-made cell was used for experiments.
However, an electrochemical flow-through cell coupled on-line to a
mass spectrometer, with or without a separation technigue, is
currently the most commonly used means for simulations of
metabolism reactions. The main configurations used in experi-
ments with EC/MS are depicted in Fig. 2. In the following sections,
each will be described in more detail.

Studies using EC coupled to MS have been performed with
amperometric thin-layer or wall-jet electrochemical cells, Howev-
er, the most commonly used are boron-doped diamond (BDD)
working electrodes and coulometric flow-through cells, usually
constructed from porous glassy carbon working electrodes and
maintenance-free solid-state reference electrodes. Coulometric
cells measure the change of generated potential, unlike ampern-
metric cells, which measure the generated current resulting from
redox reactions. Nowadays, EC implemented in microchips and
microfluidic devices seems to be a very promising [9,64,92 93].

Porous flow-through cells have a very high active surface area
{estimated to be in the cm® range) and exhibit almost quantitative
electrochemical conversion, which is only affected by the flow rate
(=10—500 pL min ') to a minor extent. The distribution of flow is
minimal in coulometnic cells. Porous flow-through cells are prac-
tically maintenance free. Monetheless, they can be clogzed by small
particles and it is not possible to clean the electrode material
manually. Therefore, a suitable filter must be placed in front of each
electrochemical cell in system [9495].

Amperometrc cells have a solid smooth planar working elec-
trode surface where the electrochemical conversion takes place.

Hg 1 Structure of the active site of Cytochrome PAS0.

The cleaning of electrodes is simple. The cell volume is low and the
response time is very short. Moreover, these cells have a lower
noise level and therefore higher sensitivity in comparison to
coulometric flow-through cells. Monetheless, these cell types
exhibit only partially electrochemical conversion. Lower flow rates
have to be used to achieve higher conversion rates in the thin-layer
cell {~10 pL min~'). One of the main drawbacks of amperometric
cells is electrode passivation. The working electrode can be easily
deactivated as a result of accumulation of reaction products and
contaminants. This deactivation depends on the nature of the
electrode and adjusted conditions (eg., applied potential and pH).
It leads very often to lower reproducibility, Up to now, ampero-
metric cells have been mainly used in off-line batch experiments.
However, thin-layer cells offer the implementation of different
working electrode matenals, which might be useful for the inves-
tigation of further applications. A very promising matenal for the
amperometric electrodes is BDD. It has larger electrochemical po-
tential window in agueous solutions than glassy carbon. In addi-
tion, BDD is chemical imert and stable even in aggressive
environments [95—97].

The design of different cell types is shown in Fig. 3. Each cell is
equipped with three electrodes, specifically a working electrode, a
reference electrode, and a counter electrode. The oxidation poten-
tial is set between the working and counter electrodes. The
coulometric tubular cell has a large working electrode surface area
which is surmrounded by the eluent flow. The arrangement of the
amperometric thin-layer cell enables the eluent flow to be in the
same level as the working electrode surface. On the contrary, the
working electrode of the amperometric wall-jet cell is positioned
opposite to the eluent flow. Therefore, these cells are more sensitive
and self-cleaning compared to thin-layer cells. The porous flow-
through cell has a very large working electrode surface area and
the eluent flow goes through this porous cell. Hence, the electmo-
chemical conversion efficiency is very high, as mentioned before
[95—98].

MS is an analytical technique that ionizes chemical species and
sorts the ions based on their mass-to-charge ratio. The apparature
consists of ion source, mass analyzer, and detector. The ion source
ionizes the components of an analyzed sample. lons are subse-
quently transported to the mass analyzer and separated before
detection. Vanous ionization methods have been used in EC/MS
couplings, TSP transfers ions from the liquid phase tothe gas phase
in a heated capillary. This method enables rapid acquisition of in-
formation and is not limited by chemical or ion noise. Monetheless,
this lonization method is characterized as having low sensitivity.
This drawback can be suppressed, for example, if nebulization is
adjusted to generate smaller droplets and/or less volatile ions are
vaporized at lower rates.

Other ionization methods used in EC/MS set-ups are atmo-
sphenc pressure chemical ionization (APO) and desorption elec-
trospray ionization (DESI). In AP, primary ions are produced in
the gas phase through the application of a corona discharge to a
nebulized heated solvent spray at atmospheric pressure. This
method is useful especially for analysis of less polar compounds
with lower molecular mass, but it is not usable for lonization of
hiomolecules. DESI is a combination of ESI and desorption ioniza-
tion techniques. The coupling of EC and DESI is quite simple. Both
parts can be connected with a very short piece of capillary, hence
the post-column dead volume is very small. Moreover, there is no
problem with potentials, because the voltage used for spray ioni-
zation is much higher than the potential applied to the electm-
chemical cell. DESI can be successfully used for ionization of large
proteins and protein complexes [8,10,299—101].

As mentioned before, the EC/MS coupling has been demon-
strated to the greaiest extent in combination with electrospray
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ionization—mass spectrometry, because this ionization method is
well compatible with EC, unlike, for example, hard ionization
methods [13—16]. ESI-MS provides high sensitivity and reliability
at the low flow rates reguired for high elecirochemical reaction
efficiency [74]. It is suitable for the generation of ions from highly
polar compounds and biomolecules. From the electrochemical
point of view, the ESI source represents a controlled-current high
resistance cell consisting of two electrodes, the capillary emitter
and mass spectrometer (the cell is often grounded after the inlet to
the high vacuum mass spectrometer ). As an altemative configura-
tion, many CE/ESI-MS set-ups place the high voltage in the M5 and
ground the spray needle, rather than vice versa, to avoid the
interaction between the ESI voltage and the CE voltaze. The two
electrodes are connected by the power supply and by a series of
resistors consisting of the electrochemical contact to the solution,
the solution resistance, the resistance at the solution—air interface
and in the gas-phase, and the charge neutralization at the counter
electrode [21,102]. A schematic view of an electrospray ionization
source is shown in Fig. 4

3.1 Electrochemistry/mass spectrometry

Direct coupling of EC with MS, eg., using a capillary {see Fig. 2A),
allows for potential-dependent abundance determination of reac-
tive oxidation products or intermediates. Chemical information
about the species formed during elecorochemical reactions is
gained in real time. For this purpose, high resolution (HR) MS is the
best choice [19,40,104].

In the 1980s and 1990s, on-line EC/MS systems with TSP-MS
have been used. Hambitzer and Heitbaum constructed a three-
electrode cell connected to TSP-MS; the electrolyte was conduct-
ed from the working electmde into the heated capillary of TSP
Their first research in this area was published in 1986 [99], and
additional studies followed in the 1990s [ 105,106]. Other studies in
the simulation of xenobiotic metabolism using EC/TSP-MS have
been performed by Getek et al. [75] and Volk et al. [76,107].

Since the 1990s, TSP has been slowly replaced by ESL Van Berkel
et al. presented many different arrangements of on-line coupling of
EC and ESI-MS [108—112], They also illustrated how the electro-
spray source can be characterized as a controlled-current electro-
Iyticcell[ 102,113 ]. In 2004, Van Berkel and Asano [ 14] described EC/
ESI—MS coupling with a three-electrode controlled potential elec-
trochemical flow cell However, a comrect set-up of the on-line
system is very important to avoid some difficulties, such as the
coupling of currents between the electrochemical cell and the
electrospray needle, or adsorption of analytes on the electrode
surface. This adsorption is caused not only by properties of the
investigated compounds and solvent composition, but also by the
electrode material and the applied potential. Nezatively charged
species adsorb on the elecirode surface at positive potentials, while
positively charged species adsorb at negative potentals. It is
possible to release adsorbed ionic compounds, if the electrode
polarity ischanged [19,112,114,115]. Moreover, The ESI high voltage
and backward current must be considered in ECJESI—MS coupling.
One or more ground points can be inserted or the same potential
can be applied at both the electrochemical cell and electrospray
needle to avoid problems with the presence of interfering currents.
Experimental conditions should be chosen so that mass spectro-
metric detection of electrochemical reactions generated during the
ionization process are limited [ 108,116—119].

Since the 1990s, not only ESI has been used in EC/MS in-
struments, but also vanous ambient ionization methods have been
implemented, as well [77,101,120,121]. In general, ambient ioniza-
tion methods are charactenzed by the separation of the sample and

the ionization energy. Such arrangements can provide greater
flexibility for in situ monitoring of surfaces and other media [122].
DESI, mentioned previously, is one of the most popular ambient
ionization techniques, which has been developed. Brown et al
[121] reported a new ambient ionization method for the mass
spectrometric detection of fleeting reaction intermediates in elec-
trochemical reactions utilizing a "waterwheel” working electrode
setup. It was composed of a mound rotating platinum working
electrode that is partially immersed in an aqueous electrolyte so-
lution. As the working electrode was rotated, a 1 mm thick layer of
liquid film developed on the electrode surface, forming the
“waterwheel”. Above it, 2 custom spray probe directed a spray of
analyte microdroplets to the surface of the working electrode.

However, the main disadvantage of such an EC/MS system is
that it is missing a separation step. While it may be possible to
better detect short-lived intermediates, this armngement is suit-
able only for simple systems, where the separation of compounds is
not needed. If separation is demanded, then coupling to CE or LC
can be a viable altemative,

32. Electrochemisoy/mass spectrometty coupled to capillary
electrophonesis

CE separates ions according to their electrophoretic mobilities.
Aqueous buffer solutions without organic solvents are utilized.
Hence, separation conditions for this technigue can be made to
closely mimic those in a physiologically-relevant environment
[123,124]. Realization of a suitable CE/MS5 interface, which provided
optimal performance of both components, was an issue for a long
time. In 1988, Smith et al. [125] introduced the sheath-flow inter-
face. Such an arangement usually involves a commercially avail-
able coaxial sheath-liquid ESI sprayer. The sheath liquid is an
electrolytic bridge, which enables the grounding of the eleciro-
phoretic current via the stainless-steel tubing. In addition, the
sheath liquid provides an optimal flow of used solvent, which is an
important condition for stable spray characteristics. The ESIsprayer
is nsually also grounded in the electrospray circuit. In this way,
interference between the two high-voltage circuits (CE and ESI) is
avoided [72,124]

The coupling of EC/MS to CE can be achallenging task. Analytes
separated by CE have to carry charge to enable a separation based
on differences in electrophoretic mobilities. Alternatively, the
separation of neutral species requires the use of additives (eg.
surfactants) that can camry them through the separation column.
However, ESI-MS has limited compatibility with surfactant-
containing solutions. Another concept to consider is the electro-
chemical conversion of redox active species prior to CE separation,
where the compatibility of backgound electrolytes with ESI—MS is
less of an issue [71,126,127].

Besides a few off-line approaches, the main focus of research has
been on advancing the on-line concept. In 2003, Matysik first
described  electrochemically-assisted  injection  (EAI)/CE/MS
coupling [72]. An exemplary arrangement of this technique can be
described as follows. The capillary inlet was close to an electrode in
an electrochemical cell. Only a drop of sample solution (50 pl) is
needed for experiments with this device. After the injection step,
the capillary inlet was placed in a vial containing the separation
buffer and the separation voltage was applied [102,127—-130]. A
schematic of the EAI device and the CE/ESI—MS set-up is shown in
Fg. 5

In 2013, Matysik et al. [127] developed a fully automated EAI
injection device, Three different carbon-based screen-printed
electrodes, including unmodified carbon, carbon-nanofiber, and
reduced graphene-oxide formats, were used. The results il lustrated
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Fig. 3. Design of electrochemical cells: (A) tubular; (B) thindayer; (C) wall-jet; (D) flow-through; and (E) dual working flow-through. Adapted from Ref. [97).

the patential of EAI/CE[MS in screening of electrode materials with
various electrocatalytic properties.

3.3, Electrochemistry/mass spectrometty coupled to liguid
chromatography

LC, espedially HPLC, has been used as the separation technigue
in many EC/MS applications due to its simplicity of coupling with
MS. The off-line coupling is applicable for the targeted generation
and conjugation of stable metabalites that are supposed to be
incubated or left to react over a given time period. However, the on-
line arrangement is used much more often, because it enables a
direct detection of intermediates and metabolites without a long-
time delay. In Fig. 6, general EC/ESI-MS arrangements, with and
without separation steps, are shown. For the on-line EC/LC/ESI—MS
coupling, an additional integrated switching valve is necessary for
independent adjustment of EC and LC conditions [12].

The first example of the on-line coupling of EC/LC/MS was re-
ported by Volk et al, in 1989 [107]. Products of electrooxidation
reactions in a porous working electrode flow cell were separated
using LC and subsequently analyzed by TSP-MS. In the 1990s, the
same group used this EC/LCTSP-MS set-up for further research
activities [80,131). hwahashi et al. [132133] used a similar
arrangement for the investigation of electrochemical reactions.
However, they exchanged the thermospray interface for ESL After
oxidation reactions, products were separated and determined by

ESI—MS. In 2001, Karst et al. [134] published the hyphenation of
HPLC, electrochemical conversion, and M5 using ESI and APCI in-
terfaces. Many other studies using EC/LC/MS have been published
since the beginning of the 21st century [981-8391,135-140]. In
2009, Karst and Lohmann [9] illustrated an on-line electrochem-
istry/fenzyme reactor/LC/MS system for simulation of xenobiotic
metabolism, GSTwas used as a catalyst for reactions. Their ECJGST/
LC/MS arrangement is shown in Fig. 7.

In 2011, Dolezal et al. [42] published on-line HPLO/EC/ESI-MS
set-ups, as depicted in Fig. 2C and D, for detection and character-
ization oxidation products. In the same vear, Karst et al. [E5] illus-
trated EC/LC{ESI—MS apparature containing a simple am perometric
thin-layer cell equipped with a BDD working electrode. Baumann,
Karst et al. [83] published their EC/LC/ESI-ion trap MS" arange-
ment (Fiz. 8) to identify metabolites of a radiotracer, and to deter-
mine metabolites in body fluids and cell extracts from in vive
studies with both nonradioactive and radiocactively-labeled isatin.
The major radioactive metabolite occurring in vive was successful by
identified using this approach.

Lately, the coupling of EC, LC, and M5 has been further investi-
gated. New applications have been tested and new approaches have
been tried. Cai et al. [101] described advantages of ultra high-
performance liquid chromatography (UHPLC) connected to ECS
DESI—MS. Using UHPLC, they achieved faster separation and higher
sensitivity, in comparison to conventional HPLC Moreover, the
dead volume was minimized, because the electrochemical cell was
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Fiz. 4. Schematic view of an electrospray ionization source in the positive ionization mode connected toa mass spectrometer (M5 ). Adapted from Ref. [103].

connected easily to DESI-MS with a short piece of capillary. In 2017,
Karst et al. [ 141] presented a new hyphenated technigue, featuring
on-line dual electrochemistry [LC/ESI-MS. Reduction and oxidation
are combined, thus two working electrodes were used (titanium
and BDD). The same research group [ 142 ] described EC coupled to
hydrophilic interaction LC {HILIC) and ESI-MS. This arrangement
enabled both estimation of metabolite polarity and identification of
isomeric products.

34 Minigturized systems

The use of electrochemistry can be inherent to the ESI-MS
source (“in-source” arrangements, MICTOSpray emitters, etc.) or EC
can be implemented into microchips and microfluidic devices
which can then be coupled to the ESI-MS interface.

If an electrochemical system is integrated into the ESI—MS, it is
possible to gain control over reactions at the ESI emitter electrode
and thus monitor redox reactions more effectively, Several research
articles about this topic were published in the past 15 years
[14,15,115,117,143—157]. Van Berkel et al. [14] tested the inherent
electrochemistry at the emitter electrode in ESI—MS, controlled by
a three-electrode electrochemical cell into the controlled-current
electrospray emitter circuit. Two different basic cell designs were
investigated, specifically planar flow-by working electrode and
porous flow-through working electrode designs. The developed
three-electrode controlled-potential electrochemical cell incorpo-
rated into ESI-MS and using a porous flow-through working
electrode was further studied also by Kertesz et al. [ 142 ], Van Berkel
and Kertesz [118] demonstrated the utilization of the electro-
chemistry inherent to electrospray using the porous flow-through
electrode at the upstream ground contact or at both the upstream
ground contact and the high-voltage emitter contact in ESI—MS. In
2006, they [15] also presented advantages of controlled-current
electrochemistry-ESI with a two-electrode emitter cell. They
concluded that a simple and inexpensive battery and resistorcircuit
used with a two-electrode emitter cell provided the same basic
electrochemical capabilities as a three-electrode emitter cell
controlled by a sophisticated floated potentiostat. In 2008, Maut-
jana et al. [145,146] presented experiments using the ESI-MS in-
strument with a cone-shaped capillary inlet. Two years later, Lloyd
and Hess [154] described corona discharge initiated electro-
chemical electrospray ionization (see Fig. 9). This selective

technique induces the “in-source” fragmentation of a range of
molecules that complex transition metals. In 2014, Plattner et al.
[157] presented a controlled-curmrent EC/ESI-MS assay. A flow-
injection system was combined with MS.

In comparison, completely independent EC cell units have other
significant advantages, such as enormous reduction of sample
volumes and analysis time, possibility to manufacture portable
lowr-cost units with low electricity consumption, and finer regula-
tion of electrochemical reactions of interest. This type of EC can be
favorably coupled on-line to ESI-MS [1288158-163]. Liljlegren
etal. [160] described one type of the on-chip combination of ECand
ESI-MS. An array of gold microcoil electrodes was incorporated
into a polydimethylsiloxane microflow channel equipped with an
ESI emitter. The transfer times were only 0.6 and 1.2 s for flow rates
of 1.0 and 0.5 pL min ", respectively.

In 2009, Odijk et al. [162] designed a microfluidic microreactor
chip for electrochemical conversion of analytes, containing a plat-
inum working electrode, a palladium reference electrode, and
counter electrodes. Using this chip, cyclic voltammograms were
measured in volumes of 9.6 nL. Using the EC/LC/MS combination
and a flow rate of 1 pL min ', an on-line conversion of 97% was
obtained. One year later, this research group [88| presented an
integrated three-electrode electrochemical cell on-chip with high
analyte conversion rates. The electrochemical cell contained a
platinum working electrode, counter electrodes, and an irdium
oxide pseudo-reference electrode. In 2012, Odijk et al. [39] reported
a novel design of a miniaturized three-electrode electrochemical
cell (see Fig. 10). The intemal volume was 175 nL A working elec-
trode and a counter electrode were placed in two separate channels
to isolate generated reaction products. In 2016, Van den Brink et al.
[163] described a microfluidic electrochemical cell with an inte-
grated BDD working electrode coupled to MS. The internal volume
of the cell was only 160 nL

4. Applications

Different types of EC/MS coupling have been used in a wide
variety of different applications. The main research area has been
simulation of xenobiotics metabolism. The other prominent use has
been in protein research. Publications describe peptide and protein
cleavage due to electrochemical oxidation, which is also useful for
protein surface mapping. Other articles illustrate advantages of EC/
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MS coupling for disulfide bond reduction, hydrogen/deuterium
exchange, and electrochemical tagging of redox sensitive peptides
and proteins [6,7,145,163]. This can be useful in the search for new
biomarkers. Moreover, labeling changes properties of peptides and
proteins, which is useful for improving sample preparation, HPLC
separations, MS detection, and quantitation [11,32—353839].
Several research articles describe applications related to simula-
tions of the attack of DNA or RMA by endogenous or exogenous ROS,
and simulation of various DMNA lesions, either resulting from attack
of ROS or from adduct formation between endogenous bio-
molecules and xenobiotics [9,19,22 2737 38].

4.1. Applications of electrochemistry/mass spectrometTy

On-line EC/MS is suitable for optimization of the electro-
chemical conditions and it can provide a very rapid answer as to
which potential should be used for optimum yield of the desired
product. The simplicity and speed of this system make it a useful
tool in xenobiotic metabolism research [19.40,104], In the first
research article using EC/MS, volatile intermediates and products of
the reduction of NO; in 0.1 M perchloric acid were studied [73].
Since the 1980s, EC/MS coupling has been further investigated and
new applications have been tested. Shono et al. [72] simulated N-
dealkylation of four neuropharmacologically active drags, namely
lisunde, diazepam, methysergide, and imipramine. Getek et al. [75]
studied acetaminophen and simulated both phase | (oxidation
catalyzed by CYP) and phase Il metabolism of this compound. The
phase Il was mimicked by the conjugation of added glutathione (or
cysteine) with the oxidation products of acetaminophen.

Further studies in the simulation of xenobiotic metabolism us-
ing EC/MS has been performed by Volk et al. [76] and particularly,
by Jurva and Bruins. One EC/MS system [74] featured a working
electrode from porous graphite for electrochemical conversion of
analytes, such as lidocaine, 7-ethoxycoumarin, and an enantiomer
of the dopamine agonist, 2+ N-propyl-N-2thienylethylamino )-5-
hydroxytetralin. These compounds were injected with an injec-
tion loop and passed through an electrochemical cell connected to a
potentiostat. Oxidation products were then easily detected by
ESI—MS.

Van Berkel et al. [108,110] used EC/ESI—MS5 for a variety of ap-
plications: lonization of neutral analytes for detection by ESI—MS;
study of (short-lived) products of electrochemical reactions:
determination of metals {using coupling anodic stripping voltam-
metry); and investigation of soluble products from the anodic
polymerization of aniline in Hx0 and H20/CH30H ( 1/1 vfv) with
ammonium acetate. It has also been demonstrated that an

electrochemical cell with electrodes under potential control can be
used for sample preconcentration and cleanup for both organic
[111,112] and inorganic [ 109] compounds, In 2003, Jurva et al. [40]
presented a comparison between ECMS and CYP-catalyzed
oxidation reactions. CYP-catalyzed reactions initiated by one elec-
tron oxidation, such as N-dealkylation, S-oxidation, P-oxidation,
alcohol oxidation, and dehydrogenation, could be successfully
mimicked by the EC/MS system. On the contrary, it was not passible
to simulate reactions initiated via direct hydrogen atom abstrac-
tion, such as O-dealkylation and hydroxylation of unsubstituted
aromatic nings. The oxddation potential of these reactions is usually
too high to be electrochemically oxidized. Van Berkel and Asano
[14] also described the controlled oxidation of reserpine using a EC/
ESI—MS coupling. The indole alkaloid, reserpine, is often used to
test the spedfications of ESI—MS.

Besides ESI—MS5, ambient ionization methods, such as liquid-
sample DESI and flowing atmospheric pressure afterglow (FAPA),
have been used to couple between EC and MS [77,101,120,121].
Special applications could be realized using these interfaces, such
as studies of disulfide bond-containing proteins and peptides and
their differentiation from those without disulfide bonds, investi-
gation of electrochemical reactions on electrode surfaces, and some
others. In 2015, Brown et al. [121] illustrated a new ambient ioni-
zation method utilizing a “waterwheel” working elecirode setup
for M5 detection of fleeting reaction intermediates in electro-
chemical reactions. This technique provided the ability to monitor
electrochemical reactions on the time scale of milliseconds, which
can be then used to elucidate mechanisms of many redox reactions.
Data that showed the formation of a diimine intermediate of the
electrochemical oxidation of urc acid that has a lifetime in solution
of 23 ms was presented, as well as data that provided evidence for
the formation of a similar diimine species fromthe electrooxidation
of xanthine, which had not been previously observed.

Mowadays, EC/MS coupling is still used for simulations of
metabolic pathways, mostly those catalyzed by CYP; there are
several recent examples [78,164—168]. Chipiso and Simoyi [164]
observed oxidation of methimazole. They concluded that some of
the generated species were similar to metabolites within the
framework of both in vitre and in vive studies. Zabel and Weber [ 78]
studied the oxidation behavior of sulfur-containing amino acids,
cysteine, N-acetyloysteing, methioning, and glutathione by EC/MS.
Mechanistic oxidation routes were successfully confirmed. More-
over, new reactions were monitored. On the basis of results,
cisplatin has a highly significant impact on the redox reactivity of
sulfur species. Szultka-Mlynska and Buszewski [165] used EC/MS
coupling for simulations of metabolism and for the determination
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Fig. 5. (1) Schematic view on electrochemically-azisted injection: (A) Screen-printed electrode, (B) capillary, (C)injection for CE/MS; (2] Capillary electrophoresis (CE)jelectrosp ray
ionization—mass spectrometry (ES1-MS) is carried out using a grounded spray needle arangement. Reprinted with permision from Ref. [104 |
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of electrochemical products of selected chemotherapeutics, spe-
cifically antibiotic drugs, such as amaoxicillin, cefotaxime, flucona-
zole, linezolid, metronidazole, and moxifloxacin, The experiments
consisted of electrochemical oxidation and subsequent addition of
glutathione for follow-up reactions (phase Il metabolism). Oxida-
tion reactions, dehydrogenation, and N-demethylation were
observed. The results comrelated well with those from in vive ex-
periments. Thus, it is possible to use the EC/MS technigue for the
prediction of biological metabolism of therapeutic drug moni-
toring, as well as for pharmacokinetic studies.

42, Applications of electrochemistry/mass spectrometry coupled to
capillary electrophoresis

CE is suitable especially for analysis of biological compounds,
because the separation conditions for this technique can be main-
tained close to those in a physiological environment, as previously
mentioned. ECJCE[MS, especially the EAI/CE/MS coupling, can be a
useful technique for investigation of numerous complex processes.
EAl was first described in 2003 [71,79,123,124].

Since 2003, Matysik et al. have used the EAI/CE/MS arrangement
to study the electrochemical oxidation of various ferrocene de-
rivatives [127,129,130]. In 2013, the same group [128] developed a
fully automated EAI injection device. The arrangement was used for
mechanistic and guantitative studies of the reduction of 4
nitrotoluene. In the next year, Scholz et al. [38] presented the first
bioanalytical application of EAI/CE(MS. They simulated the oxida-
tive metabolism of guanosine. A comparison of metabolites formed
under alkaline, neutral, and acidic conditions was presented. In
2016, they [ 169 published the EAIJCE/MS set-up for the simulation
of the oxidative metabolism of cyclic nucleotides.

Karstet al. [170] investigated the metabolic degradation of drugs
using EC coupled to nonagueous CE (MACE)/ESI-MS and HPLC[ESI-
MS. Both separation techniques were compared in their study.
The MNACE[ESI-MS coupling was used for the first time in this
research area, and this technique can provide additional
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Fig. 9. An experimental set-up of comna discharge ((D) induced electrochemical
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process, Fe was regenerated. The surface interaction is critical for the formation of the
radical ions and for their subsequent fmgmentation. Reprinted with permision from
Ref. [154].

information about possible metabolites. A naturally ocoumring
monoaminooxidase inhibitor, harmane, was investigated in that
study. When the CYP-catalyzed oxidative metabolism of harmane
was simulated, the combination of HPLC and MACE enabled the
detection of 37 products in total ( six of them were detected only by
the NACE/ESI-MS set-up). Importantly, the different reaction con-
ditions involved for the two separation technigues affected the fate
of metabolites.

4.3. Applications of el ectrochemistry,/mass spectrometry coupled to
liguid chromatography

In the 1980s and 1990s, Volk et al. [107,131] used elecirochem-
istry on-line coupled to HPLC/TSP tandem mass spectrometry to
provide insight into the solution-phase decomposition reactions of
electrochemically generated oxidation products. They successfully
separated and identified oxidation products of a series of purines.
The same system was further used by the same group [E0] to
compare the enzymatic and the electrochemical oxidation path-
ways of uric acid. Both enzymatic and electrochemical reactions

WE
RE CE Chip
-2
ulfrmin
Analyte

yielded the same intermediates and products. High conversion ef-
ficiencies in the electrochemical process were advantageous for
elucidation of their structures using MS. hwahashi et al. [132,133]
used a similar arrangement for the investigation of electm-
chemical reactions of a tryptophan metabolite and 3-
hydroxyanthranilic acid  HPLCJEC/MS  analyses of 3-
hydroxyanthranilic acid were performed to identify the respective
peak compounds, Representative mass specira observed in this
work are shown in Fig. 11 Iwahashi et al. exchanged the TSP
interface for ESL After oxidation reactions, the products were
separated and determined by ESI—MS. This technigue is very useful
in organic chemistry for both small and large molecules, The uti-
lization for macromolecules is possible because ESI is a soft process
where fragmentation is negligible during ionization. Unlike TSP,
ESI-M5 can produce abundant multiply protonated ions. Addi-
tionally, the coupling of HPLC with TSP-MS is not as straightforward
as the coupling with ESI-MS. An electrolyte (typically ammonium
acetate) must be added to the solvent if TSP is used. Mowadays, ESI
is routinely used for most of applications.

In 2001, Karst et al. [134] published the hyphenation of HPLC,
electrochemical conversion, and MS. Ferrocenecarboxylic acid es-
ters were synthesized, separated by reversed-phase HFPLC, and
coulometrically oxidized prior to single quadrupole MS analysis
using ESI and APCI interfaces, In 2007, Karst and Lohmann [82]
illustrated a direct detection of reactive metabolites of model
compounds using an on-line coupling of EC/LC/MS. Amodiaquine,
amsacrine, and mitoxantrone, which are all known for readily
binding to cellular macromolecules after metabolization by CYP,
were the model compounds, EC/LC/MS results were compared to
those from rat liver microsome incubations and the methods were
shown to be highly complementary. For example, N-dealkylation
and N-oxidation of amodiaquine were successfully simulated by
electrochemical oxidation reactions, as well as the formation of an
aldehyde. Twoyears later, that group [9] simulated oxidative phase
I catalyzed by CfP and conjugative phase [l metabolism of tor-
emifene. An enzymatically catalyzed phase Il reaction was suc-
cessfully implemented into the on-line system, in addition to an
electrochemical phase | simulation. GST was added as a catalyst for
the reactions. The use of transferases is crucial for simulation of
phasze Il metabolism.

In 2010, Baumann et al. [84] used an EC/LC/ESI—MS system to
predict the oxidative metabolism and discover new metabolites of
triclocarban ( TCC). Results were confirmed by in vitro studies with
human and rat liver microsomes. Reactive quinone imines formed
from hydroxylated metabolites of TCC were discovered. The re-
activities of the new species were demonstrated by their covalent
binding to glutathione and macromaolecules, using f-lactoglobulin
A as a model protein. The research article explained the in vive
protein binding of, to date, unidentified TCC metabolites. However,

~4kV

Fig. 10. Schematic overview of a set-up with an elecirochemical chip. A syringe pump introduces analyte into the chip, elecirode potentials are controlled by a potenticstat, the
electroechemical chip is connected to a micmchip elecirospray ionization. Reprinted with permission from Ref. [89).
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neither microsomal studies nor the data obtained by the EC/LC/MS
simulation could completely depict all of the in vivo processes.

Dolezal et al. [42] detected and characterized R-rmoscoviting
oxidation products using on-line HPLC/EC/ESI-MS. R-roscovitine
underwent N-dealkylation, hydroxylation of the aromatic side-
chain, dihydroxylation, methoxylation, and dimer formation
Structures of six major products were elucidated using MS and
compared to previously identified R-roscovitine in vitrofin vivo
metabolites, Most of them evinced similarity due to the same re-
action type. In a similar vein, Karst et al. [85] reported an investi-
gation of the biotransformation pathway of the drug verapamil
using EC/LC/ESI-MS. The axidative metaholism catalyzed by CYP
was successfully mimicked and results were compared with those
from in vitro studies, specifically from incubations with rat and
human liver microsomes. The data obtained by the purely instru-
mental technique correlated well with those from microsome
exXperiments.

In 2011, Baumann, Karst et al. [83] published their EC/LC/ESI-MS
arrangement to identify metabolites of a radiotracer and to deter-
mine metabolites in body fluids and cell extracts from in vivo
studies. The major radioactive metabolite ocouring in vive was
successfully identified using this approach. Mour-Nigjeh et al
[86,87] used EC/LC/MS to mimic the oxidation of lidocaine, N-
dealkylation and 4-hydroxylation products were generated. The N-
oxidation product was obtained by electrochemical oxidation at
constant potential in the presence of hydrogen peroxide. Square-
wave potential pulses may also be applicable to modulate the
selectivity of electrochemical reactions with other drug compounds
in order to generate oxidation products with greater selectivity and
higher yield based on the optimization of cycle times and poten-
tials. This collection represents some important work, which has
considerably widened the scope of using direct electrochemistry-
based oxidation reactions for the imitation of in vivo oxidative
drug metabolism.

In 2015, Bussy and colleagues published two research reports
using EC/LC/MS. First, was a study to simulate the oxdation of
acebutolol [138]. Two supporting electrolytes, ammonium acetate
and lithium acetate, were tested in the experiment. Oxidation
products in the presence and absence of glutathione were identi-
fied and a correlation between the supporting electrolyte nature
and oxidation product formation was established. Acebutolol was
oxidized to quinoneimide species and to additional species only
with ammonium acetate (not with lithium acetate) as the sup-
porting electrolyte. However, side reactions occurred. The quino-
neimide species was converted to a benzimidazole ring product in
the presence of ammonia. In the second work [139], a nitro
reduction metabolite as a standard for a LC/MS-based quantitative
assay was generated using an electrochemical cell. This approach
was further used to quantify reductive metabolites of the pesticide
3-trifluoromet hyl-4-nitrophenol reductive metabolism in several
fish species. 3-trifluoromethyl-4-aminophenol was the main
metabolite. They concluded that the level of reductive metabolism
of the pesticide could be related with sensitivities to this com-
pound. Moreover, secondary reactive metabolites associated with
toxicological effects were observed. According to resulis of this
research, further investigation of 3-triflucromethyl-4-nitrophenol
metabolism and possibilities for its binactivation are still needed.

In 2016, Switzar et al. [140] characterized protein disulfide
bonds using an on-line LC/EC/ESI-MS platform. Retention times
were used for identifying both intra- and interpeptide disulfide
bonds. Peptides were characterized in two different proteins, 8-
lactoglobulin and ribonuclease B. In 2017, Karst et al. [141] pre-
sented on-line dual electrochemistry/LC/ESI—MS, where reduction
and oxidation were combined. Low molecular mass disulfides and
peptides were investigated. Protein disulfides were reduced and
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right. Elsevier, 1999

phenols were oxidized during their experiments. Moreover, the
developed method was tested for insulin. It was confirmed that it is
suitable also for larger biomolecules containing disulfide bonds.
Monetheless, further optimization, especially related to efficiency of
the electrochemical reactions, was needed. The same research
group [142] described EC coupled to HILC/ESI-MS. The animal feed
additive roxarsone was oxidized, both phase I and phase 11 meta-
bolism were simulated, and potential transformation products
were identified. Separation by HILIC enabled both estimation of
metabolite polarity and identification of issmeric products. Various
potentially toxic metabolites, not only with arsenic but also without
arsenic, were ohserved. Moreover, EC/MS was used for reactivity
estimation towards free cysteines in biomolecules and two poten-
tial reactive intermediates of roxarsone were revealed
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4.4, Applications of minigturized systems

As mentioned before (Chapter 34 ), EC can be inherent to the
ESI—MS source (as in “in-source” amrangements, microspray emit-
ters, etc.) or EC can be implemented into microchips and micro-
fluidic devices which can then be coupled to the ESI-MS interface.
The “in-source” EC systems are particulardy well suited for the
detection of extremely short-lived species and various applications
have been tested. Van Berkel et al [14118] oxidized 34-
dihydroxybenzoic acid and reserpine and reduced thionine to
demonstrate the utilization of the electrochemistry inherent to
electrospray. In 2006, they [15] also used 3,4-dihydroxybenzoic
acid and reserpine to present advantages of controlled-current
electrochemistry-ESI with a two-electrode emitter cell. This cell
system provided not only oxidation reactions (of reserpine) in
positive ion mode (or reduction in negative ion), but also reduction
of analytes | methylene blue) in positive ion mode and oxidation (of
3 4-dihydroxybenzoic acid) in negative ion mode by simply altering
the potential of the working electrode.

Two years later, Mautjana et al. [145] presented HDX experi-
ments with dopamine and cysteine using the ESI-MS instrument
with a cone-shaped capillary inlet. This configuration allowed
efficient collection of radially segregated ions generated in ESI and
therefore the sensitivity of measurements using the cone-shaped

capillary inlet was very high. Oxidation pathways observed in the
instrument were relevant to biological reactivity of dopamine (see
Fig. 12) and cysteine. High flow rates applicable for this configu-
ration can be useful for direct coupling of electrospray and micro-
column separations. The same group [146] used the same
instrumentation (electrospray with a cone-shaped capillary inlet)
for unic acid oxidation and thus, for enhancing the sensitivity of uric
acid detection. Megatively charged urate ions were oxidized during
positive ion mode to neutral radicals, which formed the unc acid
dimer. This dimer and the unoxidized acid were detected.

The interactions by metal ions with biological species is also an
important topic of study. Prudent et al. [151] investigated the
interaction of copper ions with peptides using electrospray micro-
emitters. One contained a platinum electrode using a copper
electrolyte solution with a peptide sample, the other one was witha
sacrificial copper anode in a water/methanol solution containing
only a peptide. They demonstrated that a sacrificial metal electrode
coupled to microchip—ESI—MS can be used for the study of metal
complexation. In related work, Uoyd and Hess [154] described
corona discharge-initiated electrochemical electrospray ionization
as a suitable technique for a range of molecules that complex
transition mefals. Unlike electron capture dissociation or electron
transfer dissociation, where ions are generated by the addition of
an electron (reduction), corona discharge-initiated electrochemical
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Fig. 12 Dopamine oxidation in positive ion mode of electrospray ionization-mass spectrometry. Reprinted with permision from Ref. [145] ( Copynight, Wiley, 2008)
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electrospray ionization creates an electron deficient species. Hence,
fragmentations observed in this study were unigue. Rare dissoci-
ation pathways were present in radical oxidation reactions using
Cu-complexes. Due to the metal complexation, it is possible to
fragment nucleosides, glycopeptides, and phosphopeptides into
diagnostically useful ions.

In 2014, Plattner et al. [157 ] compared controlled-potential and
controlled-current ESI-MS. In the controlled-potential arrange-
ment, only redox-active systems can be studied. Oxidation prod-
ucts, however, show redox activities themselves. Determination of
reducing potencies is more relevant for characterization of such
compounds. This aspect can be analyzed by the controlled-current
ESI-MS set-up. Plattner et al. presented the controlled-curmrent
ESI—MS assay as a tool for the characterization of the reducing
potencies of natural antioxidants (e.g., a-tocopherol, resveratrol,
retinol, melatonin, and gallic acid). A comparison of the reducing
potencies in wine samples is shown in Fig. 13. Directly, electro-
chemical properties of electrospray was used for reduction of
tested substances. A flow-injection system was combined with MS
in most of cases. LC was used to process complex samples and solid-
phase extraction was used for pretreatment of the complex sam-
ples. Unwanted redox reactions in ESI-MS could be suppressed by
redox buffers (eg., glutathione), which are oxidized in the ESI
EMmiter.

Inhibition [%]

EC cell units implemented into a microchip or a microfluidic
device have other significant advantages. For example, a wider
range of electrochemical reactions may be studied on microchips.
Liljegren et al. [160] used the on-chip combination of EC and
ESI-MS for the investigation of oxidation products of dopamine.
They demonstrated that this experimental arrangement can be
very useful for fundamental electrochemical investizations, as well
as for applications based on the use of electrochemically controlled
sample pretreatment, preconcentration, and ionization steps prior
to MS.

In 2009, Odijk et al. [162] designed a microfluidic microreactor
chip for electrochemical conversion of analytes. Using this chip,
cyclic voltammograms were measured in volumes of 9.6 nL (the
intemal volume of the main channel) and the electrochemical
metabolism pathway of amodiaquine was studied. As a primary
advantage, the consumption of sample and chemicals was minimal
in these experiments. Results were similar to those obtained with
conventional cell systems. The chip is very suitable for conversion
of small and fast reacting ions. Monetheless, accuracy was not
sufficient due o small varations in the flow velocity, On-line and
on-chip cyclic voltammaograms recorded at different flow rates are
illustrated in Fg. 14, An added contribution of convection to the
measured cumrent was observed with increasing flow rates. One
year later, this research group [ B8] presented an integrated three-

0 5 10

Time [min]

Fig. 13. Comparison of the reducing potencies of chromatographic fractions using contmlled-current electrochemistry inherently present in electrospray ionization-mas spec-
trometry and with amodiagquine as indicator molecule. Reprinted with permission from Ref. [157] ( Copyright, Springer, 2014).
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Fig. 1. Cyclic voltammograms moorded in a solution containing 2.5 mM Emocyanide, 25 mM ferricyanide, 0.1 M KNO3 and 2 mM phosphate buffer using a chip with a working
electrode area of 2.4 mm”. Scan rate was 20 mV 5. a) No-flow, b) 0.1 mL min~", and c) 0.25 mL min~". Reprinted with permission from Ref. [162] { Copyright, Royal Society of

Chemistry, 200697

electrode electrochemical cell on-chip for purposes of drug meta-
bolism studies. They mimicked the oxidative drug metabolism re-
actions catalyzed by OYP enzymes that normally occur in the
human body. With the chip, different reaction products of both rat
liver cell microsome and human liver cell microsome incubations
were observed. In 2012, Odijk et al. [29] described an electro-
chemical chip coupled to ESI-MS for simulation of drug meta-
bolism, specifically that of mitoxantrone. At an oxidation potential
of 700 mV, all known oxidative metabolites were observed. Using
this chip, conversion rates were close to 100%, while the maximum
flow rate was set at 8 pL min~ L. Higher flow velocity caused leak-
ages because of too higher pressure in the developed microfluidic
system.

In 2015, Van den Bnnk et al. [90] illustrated novel screening
methods using an electrochemical chip coupled on-line to MS or
LC/MS, to generate phase I and phase II drug metabolites and to
demonstrate protein modification by reactive metabolites. The
short transit time (approximately 4.5 s) between electrochemical
oxidation and M5 detection allowed for detection of a short-lived
radical metabolite of chlorpromazine, which was too unstable to
be detected using previously established test routines. In addition, a
fast way to screen candidate drugs was established by recording
real-time mass voltammograms, These could be used to identify
drug metabolites that formed upon oxidation, by applying a linear
potential sweep in conjunction with simultanecus detection of
oxidation products. Furthermore, detoxification of electrochemi-
cally generated reactive metabolites of paracetamol was mimicked
by their adduct formation with the antioxidant glutathione. Finally,
the potential toxicity of reactive metabolites could be investigated
by the modification of proteins, which was demonstrated by
modification of carbonic anhydrase | with electrochemically
generated reactive metabolites of paracetamol. With this series of
experiments, the potential of this electrochemical chip as a com-
plementary tool for a variety of drug metabolism studies in the
early stages of drug discovery was demonstrated. One year later,
they [163] described a microfluidic electrochemical cell, which
exhibited reduced adsorption of peptides and proteins. Efficient
electrochemical peptide bond cleavage of proteins bovine insulin
and chicken egg white lysozyme was observed in this microfluidic
cell coupled to MS.

5. Summary and outlook

EC/MS coupling represents a fast, versatile, automatable, effi-
cient, reliable, and “green” approach Instrumental arrangements

discussed in this review are useful for rapid optimization of elec-
trochemical conditions [22,.40,104 |, guantification of metabolites
[213222540], almost real-time monitoring of even potentially
unstable products [89,99], small scale synthesis of standards
[213162022171], and sample preconcentration and cleanup
[109,111,112160]. Generally, EC/MS has been usually used for
charactenization of short-lived intermediates emerged during
xenobiotic metabolism, which is simulated by EC, or tomake ions of
compounds with low polarity for signal enhancement in MS. This
coupling has been demonstrated to the greatest degree as EC/
ESI—MS. In most of cases, an electrochemical cell, mainly coulo-
metric flow-through cell, is coupled to ESI-MS. Several publica-
tions have illustrated integration of an electrochemical system into
ESI-MS, some others independent EC cell units implemented intoa
microchip or a microfluidic device. Nonetheless, these arrange-
ments are suitable only for simple systems, where the separation of
compounds is not needed. If separation is demanded, then coupling
of EC/MS through the use of CE or LC is more desirable. Coupling of
EC/MS with chromatographic techniques is the most complex
arrangement. It can be used for complex analytical problems in
which high selectivity is needed. It is also well suited for quanti-
tative analysis. EC/LC/MS is a promising tool for the identification of
both reactive and stable metabolites in drug development and
research [82,172].

The number of various applications of EC/MS is still increasing.
In March 2017, already the 4th international workshop on EC/MS
(EICheM5), related mainly to metabolite generation and identifi-
cation, environmental fate of xenobiotics, simulation of advanced
oxidation processes, preparative scale EC/MS, and peptide and
protein adducts, took place in Miinster, Germany. The previous
workshops were held in 2011, 2013, and 2015 [173].

As still new pharmaceuticals are produced, new compounds are
used as doping in sport, and new substances are discovered, reli-
able metabolism simulation of all these xenobiotics is needed.
Improving of EC/MS set-ups could be useful for the pharmaceutical
industry, for doping control laboratories, but also for research
groups looking for new substances. Using EC'MS coupling, a tar-
geted synthesis of reference standards is possible. Another prom-
ising field might be the elucidation of antioxidant pathways. In the
future, improvements in miniaturized arrangements could be
beneficial to speed experiments and to decrease the amounts of
used chemicals and standards. Some special miniaturized devices
could be utilized for fieldwork. A further evaluation of altemative
cell designs could be likewise an important topic.

106



18 L Fortychovd, KA. Schug { Analytica Chimica Acta 993 (2017} 1—21

Aclknowledgements

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

References

1] RJ. Flanagan, [. Perrett, R. Whelpton, Electrochemical Detection in HPLC:
analysis of Drugs and Poizons Royal Sodety of Chemistry, London, 2005,

|2] BE. Erickson, Product Review: electrochemnical detectors for liquid chroma-
tography, Anal Chern. 72 (2000) 353A—357 A

|3] L Lin, Z. Suo, |. Zheng, Simultaneous determination of four compounds in
Sanjing Shuanghuanglian Oral Liguid by high performance liguid
chromatography-diode aray detection-electrochemical detection, Chin |.
Chromatogr. 24 (2006) 247-250

4] A Sinchez-Ortega, MUC Sampedro, N. Unceta, MA. Goicolea, R.J. Bamio,
Solid-phase microextraction coupled with high performance liguid chro-
matography using on-ine dicde-array and electrochemical detection for the
determination of fenitrothion and its main metabaolites in environmental
water zamples, |. Chromatogr. A 1094 (2005) T0—T6

[5] M. Dias, F. Hudhomme, E. Levillain, L Perrin, ¥. Sahin, F) Sauvage,
C Wartelle, Electrochemistry coupled to fluorescence spectroscopy: a new
versatile appmach, Elecrochemn. Comme 6 (2004 ) 325-330

[6] M. Voicescu, [. Rother, F. Bardischewsky, C.C. Friedrich, P. Hellwig,
A combined fluorescence spectroscopic and elecrochemical approach for the
study of thioredoxins, Biochemistry 50 (2011) 1724

7] H Simon, D. Melles, 5. hoquoilleat, P. Sanderson, R Fazzemoni, L. Karst,
Comhbination of electrochemistry and nucdear magnetic resonance spec-
troscopy for metabolism smdies, Anal. Chem B4 (2012) 8777-8782

|&] PH. Gamache, DF. Meyer, MC. Granger, N Acworth, Online
elecrochemical-lc-MS technigues for profiling and characterizing metabo-
lites and degradants, in: R Ramanathan (Ed.}, Ma= Spectrometry in Drug
Metabolism and Pharmacokinetics, John Wiley & Sons, Inc, Hoboken, 2004,
pp. 275293,

[9] W. Lohmann, L. Karst, Electrochemistry meets enzymes: instrumental on-
line simulation of cidative and conjugative metabolism reactions of tor-
emifene, Anal Binanal. Chem. 394 (2009) 13411348

|10] H.Faber, M. Vogel, L. Karst, Electrochemnistry/mass spectrometry as a tool in
metabolism studies—a review, Anal. Chim. Acta B34 (2014) 9-21.

|11] T. Hoffmann, . Hofmann, E. Klumpp, 5. Kippers, Electrochemistry-mass
spectmmetry for mechanistc studies and simulation of coddation processes
in the emvironment, Anal. Bioanal. Chern. 399 (2011) 1859—1868.

|12] %.Jahn, U. Karst, Electrochemistry coupled to (liguid chromatography) | mass
spectmmetry—ourrent state and future perspectives, |. Chromatogr. A 1259
(2012) 16—48.

|13] H.P.Permentier, AF. Bruing R Bischoff, Eledrochemistry-mass specrometry
in drug metabolism and protein research, Mini Rev. Med. Chem. & {3008 )
4656

|14] GJ. Van Berkel, K.G. Asano, M.C Granger, Controlling analyte electmchem-
istry in an electmspray ion source with a three-electrode emitter cell, Anal.
Chem. 76 (2004) 1493—1499,

|15] V.EKertesz, .. Van Berkel, Expanded use of a battery-powered two-elecrode
emitter cell for electrospray mas spectrometry, |. Am. Soc. Mass Spectrom.
17 (2006) 953 —961.

[16] C Zettersten, K. Lomoth, L Hammarstrém, PR Sjoberg, L Nyholm, The
influence of the thin-layer flow cell design on the masc spectra when
coupling electrochemistry to elecrospray ionisation mass spectrometry.
I Electroanal Chern. 580 (2006) 9099,

[17] 5. Liu W] Griffiths, ]J. Sjoeval., On-column elecirochemical reactions
acoom panying the electrmspray process, Anal Chem, 75 (2003) 1022—-1030.

[18] A Baumann, W. Lohmann, B. Schubert, H. Oberacher, U. Karst, Metabolic
studies of tetrazepam hased on electrochemical simulation in comparizon to
in vive and in vitre methods, | Chromatogr, A 1216 (2009) 31923198

[19] W Jurva, Electrochemistry On-ine with Mass Spectrometry: [nstrumental
Methods for in Moo Genemtion and Detection of Drug Metabaolites, Disser-
tation, University of Groningen, 2004

[20] H.Faber. H. Lutze, P.L Lareo, L Frensemeier, M. Viogel, T.C. Schmidt, U. Karst,
Liquid chromatography/mass spectrometry to study oxidative degradation
of emvironmentally relevant pharmaceuticals by electrochemistry and
ozonation, | Chromatogr A 1343 (2014) 152154,

[21] H. Oberacher, F. Pitterl, &L Erh, . Plattner, Mass spectrometric methods for
monitoring redox processes in electmochemical cells, Mass Spectrom. Bev. 34
(2015) 64—92

|22] J. Roeser, Electrochemical Cheidation and Cleavage Peptides in Binanalysis.
Mechanistic Aspects & Method Development, Dissertation, University of
Groningen, 2013,

23] A Kmj, H]. Brouwer, M. Reinhoud, | F. Chervet, A novel electrochemical

method for effident reduction of disulfide bonds in peptides and proteins

prior to M$ detection, Anal Bioanal Chem. 405 (2013) 9311-9320

5. Micolardi, M. Giera, P. Kooijman, A. Kraj, J.F. Chervet, AM. Deelder,

Y.EM. Van der Burgt, On-line electrochemical reduction of disulfide bonds:

improved FTICR-CID and -ETD coverage of oxytocin and hepcidin, |. Am. Soc.

Mass Spectrom. 24 (2013 ) 19801987

[24

|25] J.Roeser, M.FA. Alting, H.P. Permentier, AF. Bruins, R Bischoff, Bomn-doped
diamond electrodes for the electmchemical oxidation and cleavage of pep-
ddes, Anal. Chem. 85 (2013) 6626—6632

|26] ]. Roeser, HF. Permentier, AP. Bruins, B Bischoff, Electmchemical cocid ation
and cleavage of tymsine- and tryptophan-containing tripeptides, Anal.
Chem. 82 (2010) 7556—T565.

|27] H.P. Permentier, L. Jurva, B. Barmso, AP, Bruing Electrochemical cocidation
and cleavage of peptides analyzed with on-line mass spectrometric detec-
tion, Rapid Commun. Mass Spectrom. 17 (2003) 1585-1542

[Z8] DJ. Walton, CJ. Campbell, F.G. Richards, | Heptinstall, Electromddative
nitration of phenols at copper electrodes, Electrochim. Acta 42 (1997)
3400-3507.

[29] G. Kendall, HJ. Cooper, ]. Heptinstall, PJ. Derrick, 0. Walton, LR Peterson,

Specific eledrochemical nitration of home heart Myoglobin, Arch. Biochemn.

Biophys. 392 (2001) 169-174.

H.P. Permentier, AF. Bruins, Electrochemical oxidation and cleavage of

proteins with on-line mass spectrometric detection: development of an

instrumental alternatve to enzymatic protein digesion, |. Am Soc. Masc

Spectrom. 15 (2004) 1707-1T16

|31] C Roussel, L Dayon, M. Lion, T.C. Rohner, |. josserand, | 5. Rossier, H fensen,
H.H Girault, Generation of mass tags by the inherent electrochemistry of
electmspray for protein mass spectrometry, | Am. Soc Mass Spectrom. 15
{2004) 17671774,

|32] T.LC Rohner, | 5. Rossier, HH. Giranlt, Ondine elecrochemical tagging of
cysteines in proteins during nanospray, Electrochem. Comm 4 (2002
G5 —T00.

|323] C Roussel, L Dayon, H. ensen, H.H. Girault, On-line cysteine modification for
protein analysis: new probes for elecrochemical tagging nanospray mass
spectrometry, | Electroanal. Chem, 570 (2004) 187—194,

|34] L Dayon, C. Roussel, M. Prudent, N. Lion, HH. Girault, Onine counting of
cysteing residues in peptides during electrospray ionizatdon by electro-
generated tags and their application to protein identification, Electropho-
resis 26 (2005) 238—247.

|35] L Dayon, C Roussel, HH Girault, Probing cysteine reactivity in proteins by
maszs spectrometric BC-tagging, |. Proteome Res, 5 (2006) 793—800.

|36] KA. Johnson, BA Shira, L Anderson, 1]. Amster, Chemnical and on-ine
electmochemical reduction of metalloproteins with high-resolution electro-
spray ionization mass spectrometry detection, Anal. Chem T3 (2001)
BO3 808

|37] 5. Mysling, R Salbo, M. Ploug, TJ.D. Jargensen, Electmochermnical reduction of
disulfidecontaining proteins for hydrogen/deuterium exchange monitored
by rmass spectrometry, Anal. Chemn. 86 (2013 ) 340-3 45

|38] R Scholz, P. Palatzky, F.M. Matysik, Simulation of ocidative stress of gua-
nosine and B-ooco-78-dibydmganosine by elecmochemically  assisted
injection—capillary electrophoresis—mass  specirometry, Anal. Bicanal.
Chem. 406 (3014) GBT—604

|39] PH. Gamache, D.F. Meyer, M.C Granger, LN. Aoworth, Metabolomic appli-
cations of electrochemistry Mass spectrometry, |. Am. Soc. Mass Spectrom.
15 (2004) 171 7-1726.

[#0] L. Jurva, HV. Vikstrom, L Weidolf, AF. Bruins, Comparison between elec-
trochemisory mass spectrometry and oytochrome PAS0 catalyzed oxidation
reactions, Rapid Commun. Mass Spectrom. 17 (2003 ) 800810

|41] 5. Jahn, & Beuck, I. Méller, M. Thevis, L. Karst, Using electrochemistry for
metabolite simulation and synthesis in preventive doping research: appli-
cation to the Bycal $107 and the PPARG-agonist CWI1516, Anal Methods 5
[2013) 1214-1224

[42] M. Karady, 0. Mowdk, A. Horna, M. Stmad, K Dolezal, High performance
liguid chromatography-electmochemistry-elecrospay  ionization  mass
spectrometry (HPLOEC/ESI-MS) for detection and characterization of
roscovitine oxidation products, Elecroanalysis 23 (201 1) 2898—2005.

|43] UM. Zanger, Introducton to dmg metabolism, in: P. Anzenbacher,

LM, Zanger (Eds.), Metabalism of Drugs and Other Xenobiotics, Wiley-WCH,

Weinheim, 2012, pp. 287284,

Z Knejzlik, |. KiE, T. Ruml, Mechanismuos vstupu xenobiotik do arganiano a

jejich detoxikace, Chem. Listy 94 (2000) 913918

|45] P. Anzenbacher, E. Anzenbacherovd, Drug-metabolizing enzymes — an
overview, in: F. Anzenbacher, UM. Zanger { Eds.), Metabolism of Drugs and
Other Xenobiotics, Wiley-V/(H, Weinheim, 2012, pp. 3-7.

|46] M. Stiborova, Envimonmental pollutants, in: P. Anzenbacher, U.M. Zanger
(Eds.). Metabolism of Drugs and Other Xenobiotics, Wiley-V(H, Weinheim,
2012, pp. 639—641.

|47] EP. Guengerich, Cytochmomes P45, in: P. Anzenbacher, UM. Zanger (Eds),
Metabolism of Drugs and Other Xenobiotics, Wiley-VH, Weinheim, 2012,
pp- X728, 47.

|48] J. Brent, K. McMartin, 5. Philipps, C Aaron, K Kulig, Fomepizole for the
treatment of methanol poisoning, M. Engl. |. Med. 344 (2001) 424—429

|49] T.Omura, B Sato, A new cytochmome in liver michromes, |. Biol. Chem 237
(1962) 1375-1376

|50] W. Lohmann, U. Karst, Biomimetic modeling of cxidative drug metabalism,
Anal. Bioanal Chem. 391 (2008) 7996,

|51] EFA. Bandon, CD. Raap, I Meijerman, [H. Beijnen, |.H.M. Schellens, An
update on in vitro test methods in human hepatic dmg biotmnsformation
research: pros and cons, Toxicol Appl. Pharmacol. 189 (2003) 233—246.

|52] . Pelkonen, M. Turpeinen, | Unsitalo, A Raotio, H. Raunio, Prediction of
drug metabolism and interactions on the basis of n Wme investigations, Basic

|30

44

107



L Partychovd, KA. Schug { Analytica Chimica Acta 93 (2017) 1-21 @

Clin. Pharmacol. Toxicol. 96 (3005) 167175

53] M. Plant, Strategies for using in vimroe screens in dmg metabolism, Drug Dis-
cov. Today 9 (2004) 328-336.

|54] SA Kulkarni, | Zho, 5 Blechinger, In siflice technigques for the study and
prediction of xenobiotic metabolism: a review, Xenobiotica 25 (3005)
955073,

[55] V.K. Gomhbar, ]J. Alberts, K.C. Cassidy, B.E. Mattioni, MA. Mohutsky, In silico
metabolism smdies in drug discovery: prediction of metabaolic stability, Curr.
Comput -Aided Drug Des. 2 (2006) 177-188.

|56] J. Kirchmair, M]. Wiliamson, .00 Tyzack, L. Tan, P} Bond, A. Bender,
RLC. Glen, Computational prediction of metabolism: sites, products, SAR,
Pa50 enzyme dynamics, and mechanisms, | Chem. Inf. Model 52 (2012)
B17-648.

|57] J. Bernadow, B. Meunier, Biomimetic chemical catalysts in the oocidative
activation of drugs, Adv. Synth. Catal 346 (2004) 171184

|58] M.C Feiters, AE. Rowan, BJ.M. Nolte, From simple to supramolecular oyto-
chrome P4A50 mimics, Chem. Soc. Rev. 20 (2000) 375384

|59] D. Mansuy, A brief history of the contribution of metalloporphyrin models to
cytochrome P450 chemistry and oxidaton catalysis, CR Chim. 10 (3007)
Jaz2-413.

|60] HJH. Fenton, Ceidation of tartaric acid in presence of iron, |. Chem. Soc 65
(1894 ) B99-010

|61] T. johanssan, L. Weidolf, L. Jurva, Mimicry of phase | drug metabolismn—novel
methods for metabolite characterization and synthesis, Rapid Commun
Ma= Spectrom. 21 (2007) 2323—-2331.

|62] M. Ruokolainen, T. Gul, H. Permentier, T. Sikanen, K. Kostiainen, T. Kotiaho,
Comparison of Tik, photocatalysis, electmochemnically assisted Fenton reac-
tion and direct electrochemistry for simulation of phase | metabolism re-
actions of drugs, Eur. |. Pharm, Sd. 83 (2016) 36—i4

|63] % Goldstein, D, Meyerstein, G. Czapski, The fenton reagents, Free Radic. Biol
Med. 15 (1993) 43 5—445,

[64] P. Mowak, M. Woeniakiewicz, P. Koscielniak, Simulation of drug metabo lism,
Trends Anal. Chemn. 59 (2014) 42—49.

|65] M. Katn, D.Nguyen, M. Gonzalez, & Cortez, S E. Mullen, LE. Cheruzel, Regio-
and stereoselective hyd reecylation of 10-undecenoic acid with a light-driven
P450 BM3 biocatalyst yielding a valuable synthon for natural product syn-
thesis, Bioorg. Med. Chem. 22 (2014) 56875691,

[66] M.H. Tran, [ Nguyen, S Dwaraknath, . Mahadevan, G Chavez, A. Nguyen,
T. Dao, 5. Mullen, T.A Nmyen, LE. Cheruzel, An efficient light-driven P450
BM3 biocatalyst, |. Am. Chemn. Soc. 135 (2013) 14484 —1 4487,

|67] K. Jensen, PE. Jensen, BL. Moller, Light-driven cytochrome pd 50 hydroxyl-
atons, ACS Chern. Biol. 6 (2011) 533530

|6&] E. Schneider, DS, Oark, Cytochrome P4 50 {OYF) enzymes and the develop-
ment of CYF hiosensors, Biosens. Bioelecron. 39 (2013) 1-13.

|69 ] %.Krishnan, |.B. Schenkrnan, |.F. Rusling, Bioelectronic delivery of elecrons to
cytochrome PA50 enzymes, |. Phys. Chem. B 115 (2011) 8371-8380.

[70] W. Lohmann, K. Ditzer, G. Gotter, $M. Van Leewwen, L. Karst, On-line
electrochemistry/ iquid chromatography/mass spectrometry for the simo-
lation of pesticide metabolism, |. Am. Soc. Mass Spectrom 20 (3009)
138145

[T1] M. Cindricc FM  Matysik, Coupling elecrochemistry to  capillary
electrophoresis-mass spectrometry, Trends Anal Chern 70 (2015) 122127,

|72] T. S$hono, T. Toda, N. Oshino, Prepamtion of N-dealkylated drug metabolites
by electrochemical simulation of biotransformation, Dmg Metab. Dispos 9
(1981 481 -4 B2

|73] 5. Bruckenstein, RR. Gadde, Use of a porous electrode for in s mass
specrometric determination of volatile electrode reaction products, |. Am
Chem. Soc. 93 (1971) 793704

[74] U. Jurva, HV. Vikstrdm, AF. Bruins, In vime mimicry of metabalic cxidation
reactions by elecrochemistory' mass spectrometry, Rapid Commun. Mass
Spectrom. 14 (2000) 529-533.

[75] T.A. Getele, T.A McRae, |.A Hinson, Utlity of solution electrochemistry mass
spectrometry for investigation the formaton and detection of hiolgically
important conjugates of acetaminophen, |. Chromatogr A 474 (1983)
245-256.

[76] KJ. Volk, LA Yost, A, Bmjter-Toth, Electrochemistry on line with mass
spectrometry. Insight into biological redox reactions, Anal Chem. 64 (1992)
21A-33A

[77] P.Liw Q. Zheng, HD. Dewald, B. Zhow, H Chen, The study of electrochemistry
with amhbient mass spectrometry, Trends Anal. Cher. 70 (2015) 20-30

|78] R. Zabel, G. Weber, Compamative study of the ocidation behavior of sulfur-
containing amino acds and glutathione by electrochemistry-mass spec-
trometry in the presence and absence of dsplatin, Anal. Bicanal. Chem. 408
(2016) 1237-1247.

[79] FM. Matysik, Electrochemically assisted injection — a new appmach for
hyphenation of electrochemistry with capillary-hased separation systems,
Electrocherm. Commun 5 (2003) 1021-1024.

|80] KJ. Volk, BA Yost, A Brajter-Toth, On-line mass spectrometric investigation
ofthe perooidase-catalysed oxidation of uric acid, | Pharm. Biomed. Anal 8
(1990) 205215

|81] M. Van Leeuwen, B. Blankert, | M. Kauffmann, L Karst, Predicion of do-
zapine metabolism by on-line eledrochemistryliguid chromatograp by fmass
specrometry, Anal. Bioanal. Chemn. 382 (2005) 742-T50

|&2] W. Lohmann, 1L Karst, Generation and identification of reactive metabolites
by electrochemistry and immobilized enzymes coupled on-line to liguid

chromatography/ mass spectrometry, Anal. Cherm 79 (2007) 6831—6830,

|83] A Baurmmann, A. Faust, M.P. Law, MT. Kuhlmann, K. Kopka, M. Schifers,
L. Karst, Metabolite identification of a radiotracer by electrochemistry
coupled to liquid chromatography with mass spectrometric and radioactivity
detection, Anal Chem. 83 (2011) 5415-5421.

|84] A Baumann, W. Lohmann, T. Ros, K.C Ahn, B.D. Hammock, L. Karst
M.H. Schebh, Electrochemistry-mass spectrometry unveils the formation of
reactive riclocarban  metabolites, Drug Metah Dispos. 38 (2010)
2130-2138

|85] &.Jahn, A. Baumnann, |. Roscher, K. Hense, B. Zazzemoni, L. Karst, Imvestigation
of the biotransformation pathway of wverapamil using electmchemistry)
liguid chromatography/mass spectmometry—A compamatve stady with liver
cell microsomes, |. Chromatogr, A 1218 (2011) 92109230,

[BE] E. Mouri-Migjeh, H.F. Permentier, R. Bischoff, AP. Bruins, Electrochemical
oxidation by sguare-wave potential pulses in the imitation of oxidative drug
metabolism, Anal Chem. 83 (2011) 55195525

|87] E. Mouri-Migjeh, AP. Bruins, B Bischoff, HF. Permentier, Electmcatalytic
oidation of hydmgen peroxide on a platinum electrode in the imitation of
ocidative drug metabolizm of lidocaine, Analyst 137 (2012) 46098 —4 702

|88] M. Odijk, A. Baumann, W. Olthuis, A. van den Berg, 1. Karst, Electrochem-
istry-on-chip for ondine conversions in dmg metabolism studies, Biosens.
Bioelectron. 26 (2010) 15211527,

|89] M. Odijk, W. Oithuis, A. van den Berg, L. Ciao, H. Gimult, Improved commer-
sion rates in drug screening ap plications using miniaturized electrochemical
cells with Frit channels, Anal. Chem. 84 (2012) 9176-9183.

|90] FT.C. Van den Brink, L Biter, M. Odijle, W, Olthuis, U Karst, & van den Berg,
Mass spectrometric detection of short-lived drug metabolites generated in
an electrochemical microfluidic chip, Anal. Chem. 87 (2015 1527-1535.

[91] U. jurva, HV. Wikstrim, AP. Bruins, Electrochemically assisted Fenton re-
action: reaction of hydrooyl mdicals with xenobiotics followed by on-line
analysis with high-performance liquid chromatography/tandem mass spec-
trometry, Rapid Commun. Mass Spectrom. 16 (2002) 19341940,

|92] SA Ozkan, LC with electrochemical detection Recent application to phar-
maceuticals and biological fluids, Chromatographia 66 (2007) 3-13.

|93] C.F. Bakman, C Zettersten, PR Sjoberg, L Myholm, A setup for the coupling
of a thin-layer electrochemical flow cell to electrospray mass spectrometry,
Anal. Chem. 76 (2004) 2017-2024

[94] T. Gul, R. Bischoff, H.F. Permentier, Electrosynthesis methods and ap proaches
for the preparative production of metabolites from parent drugs, Trends
Anal. Chem. 70 (2015) 58—66.

185] M.C Santarnaria, MM. Barambio, A% Arribas, HPLC techniques with elec-
trochemical detection. in: A. Escarpa. M.C. Gonzilez, MA. Lopez (Eds.).
Agricultural and Food Elecroanalysis, John Wiley & Sons Lrd, West Sussex,
2015, pp. TT-81.

|96] W. Lohmann, A Baumanmn, L. Karst, Electrochemistry and lc—MS for
metabolite generation and identification: tools, technologies, and trends,
LCGC Eur. 13 (2010) 612

|97] Antec, Design of electmchemical cells, Accessible from: hieps: | fense.
myantecoom . accessed Aprl 2016.

@8] ]S. Fritz, D.T. Gjerde, lon Chromatography, John Wiley & Sons Led, West
Sussex, F009, p. 06

|99] G.Hambitzer, | Heithaum, Electmochemical themmospray mass spectrometry,
Anal. Chern. 58 (1986) 1067—1070,

[100] AL Yergey, CG. Edmonds, LAS. Lewis, M.L Vestal Liquid Hromatograp hy/
Masz Spectrometty: Technigues and Applications, Springer Science & Busi-
ness Media, 2013,

[101] ¥. Cai, 0. Zheng, ¥. Liu, L Helmy, |.A. Loo, H. Chen, Integration of electmmo-
chemistry with ultra-performance liquid chromatography/mass spectrom-
etry, Eur. |. Mass Spectrom. 21 (2015) 341-351.

[102] CJ. Van Berkel, F. Zhow, Chamacterization of an elecirospray ion source as a
controlled-current elecrolytic cell, Anal Chern. 67 (1995) 2016—2023,

[103] KA Schug, Solution phase enantioselective recognition and discrimination
by electrospray ionization — mass spectrometTy: state-of-the-art, methods,
and an eye towands increased throughput measurements, Comb. Chem.
High. Throughput Screen 10 (2007 301-316

|104] F.Falatzky, Electrochemically Aszisted Injection for Capillary Electrophoresis
Time-of-flight Mass Spectrometry: Novel Instrumental and Methodical De-
velopments, Dissertation, University of Regensburg, 2013.

|105] G. Hambitzer, | Heithaum, I. Stassen, Electrochemical termospray mass
spectromettyanodic oxidations of N N-dialkylaniines, |. Electroanal Chern
447 (1998) 117124

|106] C. Hambitzer, |. Heithaum, . Stassen, Electrochemical thermospray mass
spectrometty instrumentation for coupling eledtmchemistry to mass spec-
trometry, Anal. Chern 70 { 1998 ) 838 —842

[107] K] Volk, A Yost, A Brajter-Toth, Characterization of solution-phase and
gas-phase reactions inon-line electrochemistry—thermaospray tandem mass
spectrometTy, |. Chromatogr A 474 (1989) 231-243.

|108] F Zhow, GJ. Van Berkel Electrochemistry combined an-line with electm-
spray mass spectrometry, Anal. Chem. 67 (1995) 3643—36449.

[109] JR. Pretty, G.J Van Berkel, Electrochemical sample pretreatment coupled on-
line with electrospray mass spectmometty for enhanced elemental analysis,
Rapid Commun. Mass Spectrom. 12 (1998) 1644—1652

[110] H Deng, GJ. Van Berkel, Electrochemical polymerization of aniline investi-
gated using on-line electrochemistry/electrospray mass spectrometry, Anal.
Chem. 71 (1999) 42844203,

108



20 L Fortychovd, KA. Schug { Analytica Chimica Acta 993 (2017) 1-21

|111] H.Deng, GJ. Van Berkel, Thin-layer elecrochemical flow cell coupled ondine
with electrospray-mass spectrometry for the sudy of biological redoo re-
actions, Elecroanalysis 11 {1999 ) 857865,

[112] K. Pretty, H. Deng, DE. Goeringer, GJ. Van Berkel Electrochemically
modulated preconcentraton and matrix elimination for organic analytes
coupled on-line with electrospray mass spectrometry, Anal. Cherm, T2 (2000
2066—2074

[113] G J.Van Berkel, F. Zhou, Electrospray as a controlled-current elecrolytic cell:
electrochemical ionization of neutral analytes for detection by electrospray
mass spectrometry, Anal. Chem 67 (19495) 30583064

[114] |.F.Mom, G]. Van Berkel, C.C. Enke, RLB. Cole, M. Martinez-Sanchez, |.B. Fenn,
Electrochemical processes in eledrospray ionizabon mass spectrometry,
J- Mass Spectrom. 35 (2000) 939052

[115] H. Girult, B. Lin, L. Qiao, H. Bi M. Prudent, M. Lion, M. Abonnenc, Electro-
chemical reactions and ionization processes, Eur. | Masc Spectrom. 16
{2010) 341349,

|116] 5. Liu, W] Griffiths, |. Sjovall, On-column elecrochemical reactions acoom-
panying the electrospray process, Anal. Chem, 75 (2003) 1022—1030

[117] FA Ochman, L Konermann, Effects of ground loop currents on sgnal in-
tensities in electrospray mass spectrometry, |. Am. Soc. Masc Spectrom. 15
(2004) 17481754,

|118] GJ. Van Berkel, V. Kertesz, Expanded electrochemical capahiliies of the
electrospray ion source using pomus flow-through elecrodes as the up-
stream ground and emitter high-voltage contact, Anal. Chem. 77 (2005)
BO41-B049,

[119] C. Zettersten, On-line Electrochemistry Electrospray lonisation Mass Spec-
trometry, Dissertation, University of Uppsala, 2009,

[120] W.I Looi B. Brown L Chamand, A. Brajter-Toth, Merits of anline electro-
chemistry liquid sample desorption electrospray ionization mass spec-
trometry (EC/LS DESI MS), Anal Bioanal. Chem. 408 (2016) Z2X7-2238.

[121] T.A Brown, H. Chen, RN, Zare, dentification of fleeting electrochermnical re-
action intermediates using desorption electrospray ionization mass spec-
trometry, | Am. Chem. Soc. 137 (2015) 72747277,

[122] H. Chen, G. Gamez, . Zenobi, What can we learn from ambient ionization
technigques? | Am. Soc. Mass Spectrom. 20 (2009) 1947-1963.

[123] RLD. Smith, DR Goodlet, |.H. Wahl, Capillary eledtmophoresis — mass spec-
trometry, in: J.P. Landers (Ed.), Handbook of Capillary Electrophoresis, CRC
Press, Boca Raton, 1994, pp. 185206

|124] M. Cindric, F.M. Matysik, Hyphenation of electrochemistry with mass spec-
trometry for bioanalytical studies, in: FM Matysik (Bd.), Advances in
Chemical Bioanalysis, Springer, Heidelberg, 2014, pp. 237260,

[125] RLD. Smith, C]. Barnaga, HE. Udseth, Improved eledrospray ionization
interface for capillary zone electrophoresis-mass spectrometry, Anal. Chem.
60 (1988) 1948—1952

[126] . Mark, K. Scholz, F.M. Matysik, Electrochemical methods in conjunction
with capillary and microchip electrophoresis, |. Chromatogr A 1267 (2012)
A5—64.

|127] R. Scholz, M. Matysik, A nowvel approach for the separation of neutral
analytes by means of elecorochemically assisted injection coupled to capil-
lary electrophoresis-mass spectrometry, Analyst 136 (2011) 15621565

[1Z8] P. Palatzky, A. Zdpfl, T. Hirsch, F.M. Matysik, Electmochemically asdsted in-
jection in combination with capillary electrophoresis-mass specrometry
{ EAlLE-MS |—Mechanistic and quantitative sudies of the reducton of 4-
nitrotoluene at varous carbon-based screen-printed electrodes, Electro-
analysis 25 (2013) 117-122.

|12] P. Palatzky, FM Matysik, Development and characterization of a nowel
semiautomated armngement for electrochemically assisted injection in
combination with capillary electmophoresis dme-of-flight mass specrom-
etry, Eledrophoresis 33 (2012) 26802604

[130] P. Palatzky, F.M. Matysik, Development of capillary-hased SECM probes for
the chamcterization of cell arangements for electrochemnically assisted in-
Jjection, Electroanahysis 23 (2011) 50-54.

[131] KJ. Volk, A Yost, A Brajter-Toth, On-ine mass spectrometric insights into
electrochemical reactions: ocxidation of thio purines, |. Electrochem. Soc. 137
(1990) 1764—1771.

|132] H. Ilwahashi, T. Ishii, Detection of the oxidative products of 3-
hydroocykynurenine  using  high-performance  liguid chromatograp -
—electrochemical detection—ultraviolet abeorption detection—electron spin
resonance spectrometry and high-performance liquid chromatography-
—electrochemical detecion—ultraviolet absorption detecion—mass spec-
trometry, | Chromatogr. A 773 (1997 23-31.

|133] H. hwahashi, 3-Hyd moopanthranilic acd-derived compounds formed through
electrochemical oxidation, | Chromatogr B 736 (1999) 237245,

[134] G. Diehl A. Liesener, 1. Karst Liguid chromatography with post-column
electrochemical treatment and mase spectrometric detection of non-polar
compounds, Analyst 126 (2001) 285—200.

[135] K. Tahara, E. Makii, . lijima, ¥. Abe, M. Mochizuki, On-line liquid chroma-
togmphy and circular dichroism detection of steren-isomers of ¢-tocopheml
dervatives generated by an electrochemical reaction, Anal Sd. 24 (2008)
035038,

|136] W. Lohmann, H Hayen, Ll Karst, Covalent protein modification by reactive
drug metabolites using online electrochemistry/liquid chromatogmaphy/
mass spectrometry, Anal. Chem. 80 (2008) 97 14-97149.

[137] D.Falck, [5.B. de Vlieger, M. Giera, M. Honing, H. Irth, W.M.A. Niessen, ]. Kool,
On-line electrochemistry—hinaffinity screening with parallel HR-LC-MS for

the generation and characterization of modified p38s kinase inhibitors, Anal.
Bioanal. Chem. 403 (2012) 367—375.

[138] U. Bussy, U. Jurva, K Boisseau M. Andresen-Bergsirim, V. Silvesire,
M. Galland, D Jacquernin, M. Boujtita, Unexpected benzimidazole ring for-
mation from a quinoneimide species in the presence of ammonium acetate
as supporting electm lyte used in the coupling of elect e hemistry with mass
spectrometry, Rapid Cormmun. Mass Spectrom. 29 (2015 456 —460.

[139] L. Bussy, YW Chung-Davidson, K. L, W Li, A quantitative assay for reduc-
tive metabolism of a pesticide in fish using electrochemistry coupled with
ligquid chromatography tandem mass specrometry, Environ. 5o Technaol. 49
{2015) 4450—4457.

[140] L. Switzar, & Micolardi, | W. Rutten, 5.A] Lesnik Oberstein, A. Aartsma-Rus,
¥.EM.van der Burgt, In-depth chamacterization of protein dizulfide bonds by
online liquid chromatogaphy-elecrochemistry-mass specrometty, . Am.
Soc. Mass Spectrom. 27 (2016) 50-58.

|141] L. Bhter, LM. Frensemeier, M. Viogel L. Karst, Dual reductive/oxidative
electrochemistry/liquid chromatography/ mass spectrometry: towands pep-
tide and protein modification, separation and identification, |. Chromatogr. A
1479 (2017) 153-160

|142] LM Frensemeier, L Biter, M. Vogel, L. Karst, Investigation of the oxidative
tansformation of roxarsone by electrochemistry coupled to hydrophilic
interaction liguid chromatograp hyfmass spectrometry, |. Anal At Spectrom.
32 (2017) 153161,

[143] V. Kertesz, GJ. Van Berkel M.C Granger, Study and application of a
controlled-potential Electrochemistry—Elecirospray emitter for electrospray
mass spectrometry, Anal. Chem. 77 (2005) 4366—4373.

|144] E. Peintler-Krivan, GJ. Van Berkel, V. Kertesz, Minimizing analyte electmo bysis
in elecrospray ionization mass spectrometry using a redox buffer coated
emitter electrode, Rapid Commun. Mass Spectrom. 24 (2010) 1327-1334.

[145] M.A Mautjana, |. Estes, |.R. Eyler, A Brajter-Tath, Antioxidant pathways and
one-glectron axidation of dopamine and cysteine in electrospray and on-line
electrochemistry electrospray ionization mass spectrometry, Electroanalysis
20 (2008) 1950—1967.

|146] M.A. Mautjana, |. Estes, [R. Eyler, A. Brajter-Toth, One-elecron oxidation and
sengtivity of uric add in on-line elecrochemistory and in electrospray ioni-
zation mass spectrometry, Electroanalysis 20 ( 3008) 2501 -2508.

[147] N.A Mautjana, D.W. Looi, |.R. Eyler, A Brajter-Toth, Sensitivity of positive jon
mode electrospray ionization mass spectrometry (ESL MS) in the analysis of
purine bases in ESl MS and on-line electrochemistry ESI MS (EC/ESI ME),
Electrochim. Acta 55 (2009) 52-58

[148] M.A Mautjana, DW. Looi, |.B. Eyler, A Brajter-Taoth, Sensitivity of positive ion
mode eedrospray jonization mass specorometry in the analysis of thiol
metabolites, Electroanalysis 22 (2010) 7984,

[149] DW. Looi, LR Eyler, A Brajter-Toth, Electrochemistry-electrospray ioniza-
tion FT ICR mass spectrometry (EC ESI MS) of guanine—tyrosine and gua-
nine—glutathione crosslinks formed on-line, Electmchim. Acta 56 (2011)
26332640,

[150] M. Prudent, C Roussel, HH. Girault, Electmochemical genemation of Cu (1)
complexes in agueous solitons studied by on-line mass spectrometry,
Electrochem. Comrmurn. 9 (2007) 2067207 4

[151] M. Prudent, HH. Girault, On-line elecrogeneration of copper—peptide
complexes in microspray mass spectrometry, | Am. Soc Mass Spectrom. 19
{2008) 560-568.

[152] M. Prudent, |.5. Rossier, M. Lion, H.H. Girault, Micro fabricated dual sprayer for
on-line mass tagging of phosphopeptides, Anal. Chem. B0 (2008)
2531-2538

[153] M. Prudent, HH. Girault, The role of copper in oysteine cxidation: study of
intra- and inter-molemlar reactions in mass spectrometry, Metallomics 1
{2009) 157165,

[154] J. Dowd, 5. Hess, Peptide frazmentation by corona discharge induced elec-
trochemical ionization, |. Am. Soc. Mass Spectrom. 21 (2010) 2051-2061.

[155] G.Van Berkel, V. Kertesz, Using the electrachemistry of the eledrospray ion
spurce, Anal Chem. 79 (2007) 55105520

|156] M. Abonnenc, L. Qian, B Liu, HH. Gimult, Eledrochemical aspects of eec-
trospray and laser desorption fionizaton for mass spectrometry, Annw Rev.
Anal. Chemn. 3 (2010) 231-254

|157] S.Flatiner, R Erb, |.P. Chervet, H. Oberacher, Studying the reducing potencies
of antoxidants with the electrochemistry inherently present in electrospray
ionization-mass spectrometty, Anal Bioanal. Chem 406 (2014) 213—224.

|158] F.T.G. Van den Brink, W. Olthuis, & van den Berg, M. Odijk, Miniaturization of
electrochemical cells for mass spectrometry, Trends Anal. Chem. 70 {2015)
A0—a4a.

|159] L. Nyholm, Electrochemical techniques for lab-on-a-chip applications, Ana-
lyst 130 (2005) 599—605.

|160] G.Lljegren, A. Dahlin, C Zettersten, | Bergquist, L Nyholm, On-line coupling
of a microslecrode array equipped poly!dimethylsiloxane) microchip with
an integrated graphite electrospray emitter for electmspray ionization mass
spectrometry, Lab. Chip 5 (2005) 1008—1016

|161] G. Liljegren, M. Fomgard, C Zettersten, |. Pettersson, M. Svedberg,
M. Herranen, L. Nyholm, Onine electrochemically contmolled solid-phase
extraction interfaced to elecrospray and inductively coupled plasma mass
spectrometry, Analyst 130 (2005) 1358—1368

[162] M. Odijk. A Baumann, W. Lohmann FT.G. van den Brink. W. Olthuis,
L. Karst, A van den Berg, A microfluidic chip for eledrochemical comersions
in drug metabolism studies, Lab. Chip 9 (2009 ) 16871693

109



[163]

[164]

[163]

[1&6]

[1&7]

[1EE]

[1&9]

[170]

[171]

[17z]

[173]

[174]

[175]

[176]

77

[17&]

L Partychavé, KA. Schug | Analytica Chimica Acta 993 (2017) 1-21 n

ET.G. van den Brink, T. Zhang. L Ma. J. Bomer, M. Odijk. W. Olthuis,
HP. Permentier, R. Bischoff, A wvan den Berg, Electrochemical protein
cleavage in a microfluidic cell with integrated boron doped diamond elec-
trodes, Anal. Chem. 88 (2016) 9190—0198,

K. Chipiso, LH. Simoyi, Electroc hemistry-coupled to mass spectrometTy in
simulation of metabolic cxidation of methimazole: identification and char-
acterization of metabolites, |. Electroanal. Chern. 761 (2016) 131—-1400

M. Szultka-Mlynska, B. Buszewski, Electrochemigry-mass spectrometry for
in-vitre determination of selected chemotherapeutice and their electmo-
chemical products in comparison to in-vive approach, Talant@ 160 (2016)
BO4—T03.

Y. Cai, P. Liu, MA. Held, HD. Dewald, H. Chen, Coupling electrochemnistry
with probe electrospray ionization mass spectrometry, ChemPhysChem 17
{2016) 1104—1108.

. Zheng, H Zhang, & Wu H. Chen, Pmbing protein 30 structures and
conformational changes using electrochemistry-assisted isotope labeling
cross-linking mass spectrometry, | Am. Soc. Mass Spectrom. 27 (2016)
BE4—BT5

T.A. Brown, Dizsertation, Coupling Electmochemistry and Desomption Elec-
trospray lonization Mass Spectrometry to Observe Transient Elecrochemical
Intermediates, Stanford University, 2016

M. Cindric, M. Vojs, F.M. Matysik, Characterization of the oxidative behavior
of cyclic nudeotides using elecrochemistry—mass spectrometry, Electro-
analysis X7 (2015) 234—-241.

| Roscher, H. Faber, M. Stoffels, 0. Hachméller, | Happe U. Karst,
Monagueous capillary electrophoresis as separation technique to support
metabolism studies by means of electrochemistry and mass specirometry,
Electrophoresis 35 (2014 ) 23862301,

& Torres, R. Brown, R Szucs, [M. Hawkins, G. Scrivens, A. Pettrnan, D. Kraus,
ME. Taylor, Rapid synthesis of pharmaceutical oxcidation products using
electrochemistry: a systematic study of N-Dealkylation reactions of feso-
terodine using a commerdially available synthesis cell, Org. Process Res. Dev,
19 (2015) 1596—-1603.

G. Diehl, U. Karst, On-line electrochemistry—MS and related technigues,
Anal. Bicanal Chemn. 373 (2002) 390398,

Research Group of Prof. Or. Uwe Karst: EIChehs, 5™ nternatonal Waorcshop
on Electrochemistry/Mass Specdrometry, Sponsored by Antec S, 2017,
Accessible  from:  hitps: ) fwaww uni-muenster defChemie.ac karst jelchems.
htrnl (accessed April 2017).

DWW, Looi, L Iftdkhar, A Brajter-Toth, Electrochemical attributes of electm-
chernistry in tandem with electrospray mass spectrometry, Electroanalysis
26 (2014) 319-327.

M. Smoluch, P. Mielczare, E. Reszke, G M. Hieftje, |. Silberring, Determination
of psychostimulants and their metabolites by electrochemistry linked on-
line to flowing armospheric pressure afterglow mass spectrometry, Analyst
139 (2014 4350—4355.

S Micolardi, AM. Deelder, M. Palmblad, YE. van der Burgt, $tructural analysis
of an intact monodonal antibody by online elecrochemical reduction of
disulfide bonds and Fourier transform ion cyclotron resonance mass spec-
trometry, Anal. Chemn. 86 (2014) 53765382,

M. Lu, ¥ Liw, B Helmy, GE Martin, HD. Dewald, H. Chen, Online investd-
gation of agueous-phase electrochemical reactions by desorption electm-
spray ionization mass spectrometry, |. Am Soc Mass Spectrom. 36 (2015)
1676—1685

E. Trabjerg. RU. Jakobsen 5. Mysling, 5 Christensen, TJ. Jargensen,
K.D. Rand, Conformational analysis of large and highly disulfide-ctabilized
proteins by integrating online electrochemical reduction into an optimized
H/D' exchange mass spectrometry workflow, Anal Chem. 87 (2015)
BEBD—BEBE.

[179] | Rklovd Dyirtovd M. JakL T. Mavratil, |. Cvatka, 0. Pafes, An elecirochemical

[180]

[181]

device generating metal jon adducts of arganic com pounds for electmspray
maszs spectrometTy, Electrochim. Acta 211 (2016) TET-793.

H Cheng, X Yan, .M. Zare, Two new devices for identifying eledrochemical
reaction intermediates with desorption electrospray ionization mass spec-
trometry, Anal. Chem. 89 (2017) 319131498

5] Lin, ZW. Y, L (iao, B.H. Liu, Electrochemistry-mass spectrometry for

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

110

mechanism study of copgen reduction at water/oil interface, 5d. Rep. 7
(2017) 1-8

LL Bussy, Y'W. Chung-Davidson, K. Li W. Li. Phase | and phase Il reductive
metabolism simulaton of nitro ammatic xenobiotics with electrochemistry
coupled with high resolution mass spectrometty, Anal Bioanal. Chem. 406
{2014) 7253—T260.

P. Knterova, |. Skopalova, L. Kudera, | Hrbat, K. Lemr, Electrochemical
oxidation of fesoterodine and identification of its oxidation products using
liquid chromatography and mass spectrometty, Electrochim. Acta 159
{2015) 131—134,

LF. Guido, D0, Carvalho, |. Tiborsky, |. Skopalovd, HM. Saldanha, P. Bednar,
Study of electrochemnical oxidation of xanthohumol by ultra-performance
ligquid chromatography coupled to high resolution tandem mass spectrom-
atry and ion mobility mass spectrometry, Chromatographia T8 (2015)
12331243,

P. Mielczarek, M. Smoluch, [H. Kotlinska, K. Labuz, T. Gotszalk, M. Babij,
P. Suder, |. Silberring, Electrochemical generation of selegiline metabolites
coupled to mass spectrometry, |. Chromatogr A 1389 (2015) 96—103.

P. Knferowd, |. Skopalowa, L Kufera, |. Taborsky, H. Svecovd, K. Lemnr,
P. Cankaf, P. Bartik, Electrochemical oocidation of 5-hydrooymethyl ol ter-
odine and identification of its oxidation products using liquid chromatog-
raphy and mass spectrometry, Electrochim, Acta 215 (2016) 617-625.

EF. Mewair, R. Abdel-Hamid, P.A. Kilmartin, Mechanism of chicoric acd
dlectrochemical cidation and identification of oxidation products by liquid
chromatography and mass spectrometry, Elecroanalysis 29 (2017)
B50—860

T.F. Mekonnen, L. Panne, M. Koch, Electrochemnistry coupled online to liquid
chromatography-mass spectrometry for fast simulation of biotransformation
reactions of the insecticide chlorpyrifos, Anal. Bisanal. Cherm. 4049 [2017)
3359-3368

S Torres, R. Brown, T. Zelesky, G. Scrivens, R Szucs, |M Hawkins,
MLE. Taylar, Electrochemical oxidation coupled with liguid chromatograp by
and mass spectrometry to study the ceddative stability of actiwe phamma-
ceutical ingredients in solution: a comparison of off-line and on-line ap-
proaches, |. Pharm. Biomed. Anal. 131 (2016) 71-74.

Lenka Portychova received her M5 from the Department
of Analytical Chemistry at the University of Pandubice in
2013, 5he has been employed in research companies for 5
years. Since 2014, she is a Ph.D. student in the Department
of Analytical Chemistry at Palackyf University in Olomouoc,
Czech Republic. Her research has been focused on modern
instrumental techniques  diagnostic  analysiz  and
biomarkers.

Kevin A Schug is Professor and Shimadzu Distinguished
Professor of Analytical Chemistry in the Department of
Chemistry and Biochemistry at The University of Texas at
Arlington in Arlington, Texas USA. He earned his Bachelor's
degmee in Chemistry from the College of William and Mary
im 19498 and his Ph.D. Degree in Chemistry from Virginia
Tech in 2002 under the direction of Prof. Harod McNair.
He performed post-doctoral research with Prof. Wdfgang
Lindner at the University of Vienna in Austria and joined
U.T. Arlington in 2005 He and his group use a variety of
sample preparation, chmmategraphy, mass spectmmetry,
and spectroscopy technigues to solve problems in the
analysis of complex systems.



