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Seznam zkratek

CL
CTMAB
ECL
FDA

FIA
GC
HPLC

IC
Lab-on-chip

LC
LOD
LOV
MC
MIP
MSFIA

MTAS
TCFO
uv

chemiluminiscence

cetylirimetylamonium bromid

elektrochemiluminiscence

Food and Drug Administration (americka statni autorita v oblasti
regulace potravin a lé¢iv)

pratokova injekéni analyza (flow injection analysis)

plynova chromatografie (gas chromatography)

vysokol€inna kapalinova chromatografie (high performance liquid
chromatography)

infraervené zareni

analyticky system integrovany na ¢&ipu o velikosti nékolika
étvereénych centimetrd

kapalinova chromatografie (liquid chromatography)

limit detekce {limit of detection)

lab-on-valve

multikomutaéni metoda (multicommutation)

molecular imprinted polymer

prutokova injekéni analyza vyuZzivajici vice pistovych pump
(multisyringe flow injection analysis)

fotonasobi€ (photomultiplier tube)

restricted access material

relativni smérodatna odchylka (refative standard deviation)
smérodatna odchylka (standard deviation)

dodecylsulfat sodny

segmentovana prutokova analyza (segmented flow analysis)
sekvencni injek&ni analyza (sequential injection analysis)
sekvenéni  injekéni  chromatografie  (sequential  injection
chromatography)

minimalizovany analyticky system (micro total analysis system)
bis(2,4,6-trichlorofenyl)oxalat;

ultrafialové zareni
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1 Uvod

Neseparaéni prutokové metody, pritokova injekéni analyza (FIA) a
sekvenéni injekéni analyza (SIA), predstavuji inovativni zplasob automatizace
analytickych postupu [1-3]. Z historického hiediska se jedna o metody moderni,
jejichz rozvoj spada do konce druhé poloviny dvacatého stoleti. Starsi a také
nejrozsifené&jsi neseparacéni pratokovou technikou je FIA. Tok nosného proudu
je ve FIA usporadani kontinualni. Nosny proud se zde definovanym zpusobem
misi s proudy roztokd &inidel. K reakci analytu s éinidlem dochazi po vneseni
zony vzorku do systému a vznikajici produkt je unasen do detektoru. Na rozdil
od FIA je u moderngj8i techniky SIA tok nosného média nespojity
(diskontinualni). Mezi vyhody FIA a SIA patfi moZnost vyuZiti prakticky v§ech
znamych instrumentainich metod detekce. V souéasnosti se v pritokovych
metodach nej¢astéji pouziva UV-VIS spektrofotometricka detekce.

PfestoZe je jev chemiluminiscence (CL) znam jiz vice nez 2000 let, k
praktickému vyuziti CL v analytické chemii dochazi az ve 20. stoleti [4, 5]. V
klasickeé manualni CL analyze hraly hlavni roli CL reakce zaloZzené na oxidaci
luminolu a podobnych latek (lofin, lucigenin); €asto se jednalo ¢ nepiima
stanoveni (zhaSeni nebo zesilovani CL emise pifi oxidaci luminolu napf.
peroxidem vodiku). Vyvoj se dnes zaméiuje i na hledani novych CL reakci pro
piimé CL stanoveni, kdy dochazi k oxidaci analytu siinym oxida¢nim &inidlem
(napf. manganistanem, komplexy trojmocného ruthenia nebo ceri€itymi ionty).

Emise chemiluminiscenéniho zafeni je obvykle velmi kratkodobym
jevem, doprovazejicim rychlé chemické reakce. Proto je Zadouci, aby pfi CL
stanoveni dochazelo kvlastni CL reakci analytu s &inidlem co nejblize
detektoru. Pfinosem kombinace technik FIA a SIA s CL detekci je skuteénost,
Ze v prutokovych systémech lze ¢inidla se vzorkem smisit velmi rychle a
reprodukovatelné a prakticky okamzité dopravit lumineskujici zénu do
detektoru. Prutokové metody s CL detekci umoziiuji tedy uéinné fesit problém
zajisténi rychlého, citlivého a relativné selektivniho automatizovaného stanoveni
nizkych koncentraci analytl ve stfedné sloZitych matricich, coZ je d&asto
pfipadem pfi stanoveni obsahu G¢inné latky ve farmaceutickém pfipravku nebo
pit monitorovani zmén koncentrace Gcinné latky napf. v disoluénich testech.
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Tato disertaéni prace se vénuje problematice chemiluminiscenéniho
stanoveni farmaceuticky vyznamnych nebo biologicky uUéinnych latek
automatizovanymi pratokovymi metodami (pratokova injekéni analyza, FIA a
sekvengni injekéni analyza, SIA). Prace je koncipovana jako soubor

publikovanych &lanku s feSenou tématikou a rukopisu pfipravenych k publikaci,

doplnény pfislusnou teoretickou &asti a shrnujicimi komentafi.
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2 Cil prace

Cile prace Ize rozdélit na nékolik ukolu. Prvni z nich byl zaméfen na
zpracovani reSerSe, ktera se bude zabyvat metodami chemiluminiscenéniho
stanoveni farmaceuticky vyznamnych latek pomoci pritokové a sekvencni
injekéni analyzy publikovanymi od roku 2001. Tento {ikol navazuje na resersni
praci s podobnym tématem, kde byly zpracovany publikace uvefejnéné v
obdobi 1997 - 2000 [6].

V Gvodu experimentalni prace byly vytipovany vhodné farmaceuticke
latky pro chemiluminiscenéni SIA stanoveni. U vybranych l1ééiv verapamilu a
indometacinu vykazujicich v reakci s kompelxem trojmocného ruthenia (2,2'-
bipyridylruthenium(lil)) vysoky vytéZek CL bylo cilem vyvinout novou citlivou
metodu, ktera bude aplikovana na analyzu komeréniho pfipravku.

Pfi optimalizaci metod farmaceutické analyzy byl sledovan vliv pufrl a
rozpoustédel na chemiluminiscenéni odezvu. Studium rozpoustédel pfevainé
ze skupiny alkoholl si kladlo za cil otestovat vliv pfidavku dosud nepouzZivanych
rozpoustédel na vytéZnost chemiluminiscenéni reakce komplexu ruthenia a
manganistanu s verapamilem resp. endralazinem.

Vramci vyvoje pratokovych metod bylo dals§im cilem navrhnout
multikomutaéni metodu chemiluminiscenéniho  stanoveni pesticidu
chlorsulfuronu. Chemiluminiscenéni reakce byla zaloZena na oxidaci
fotodegradadnich produktu pesticidu (které byly ziskany on-line ozafovanim
roztoku analytu UV lampou pfimo v pritokovém systému) manganistanem
draselnym v kyseliné sirové.

Sekvenéni injekéni analyzu lze vyuzit jako nastroj automatizace testovani
kvality findlniho farmaceutického pfipravku. Snahou bylo vytvofit piné
automatizovany SIA systém pro sledovani uvolfiovani G¢inné latky z polotuhych
[éCivych pripravkh pfes membranu modelujici lidskou klzi, ktery by splfioval
regulatorni pozadavky (FDA). Tato prace byla souéasti projektu J. Kiimundové
a navazovala na vyvoj SIA analyzatoru pro stanovani liberaniho profilu masti
obsahuijicich kyselinu salicylovou [7]. Ukolem projektu bylo za&len&ni nékolika
Franzovych cel do SIA systému pro simultanni sledovani uvolfiovani Gginné
latky z masti z nékolika vzork( dle poZzadavkl FDA.
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3.1 Rozdéleni a charakteristika prutokovych metod

3.1.1 Automatizace analytickych metod

Stanoveni koncentrace latky vyZaduje v praxi navrzeni pifesné, spravné a
rychlé analyzy. Clovék vnasi do své prace kromé inovace a know-how i velkou
miru nepfesnosti a moZnosti chybovat. Casto zaleZi i na jeho psychickém stavu.
Navic, kazdy &lovék pracuje s jinymi zazitymi navyky. Farmaceuticky pruamysl si
nemuZe takovou nejistotu dovolit. PfestoZe existuji dopodrobna popsana SOP a
prace analytika se musi fidit zasadami spravné laboratorni praxe, lidska chyba
muzZe byt vyznamna. Vyvoj analytické chemie se snazi reagovat na tyto
pozadavky praxe tim, Ze jsou manualni operace automatizovany.

Vyhody automatizace oproti manualné provadénym metodam tkvi
v odstranéni lidského faktoru a tim zajisténi pfesného vysledku. DalSimi
vyhodami mohou byt zvySeni produktivity analyz, tedy zpracovani vysokého
poctu vzorkd a informaci za krat$i dobu, a sniZeni spotieby &inidel, které maiji
negativni vliv na Zivotni prostfedi. Zafizeni diskutovana v této praci jsou levna
na rozdil od v sou¢asnosti nejrozSifenéjsi analytické techniky, kterou je HPLC,

Automatizované metody mohou byt rozdéleny podle zplsobu provedeni
na diskrétni, robotické a pratokové [2, 3]. U diskrétnich metod jsou vzorek a
reagencie umistény v uréitych nadobkach (zkumavkach), jejichz obsahy jsou
mechanicky, napfiklad odstiedivou silou, smichany, pfemistény do nadobky,
kde je detektorem méfena analytickd odezva. Robotické metody napodobuii
manualni praci ¢lovéka, jsou to tzv. pocitatem kontrolované miniroboty.
VyuZivaji se zejména pfi manipulaci se zdravi $kodlivymi latkami jako jsou
napriklad radioaktivni materialy nebo karcinegenni latky. Pratokové metody jsou
zaloZené na davkovani vzorku a reagencii do nosného proudu {inertni nosny
proud &i roztok reagencii), ktery unasi vzorek nebo vznikajici produkt analytické
reakce k detektoru, kde je méfena analyticka odezva.

Pratokové analytické metody jsou rozliSovany die rliznych kritérii na
metody s kontinualnim a diskontinualnim proudem nebo na separaéni a
neseparaéni pritokové metody. Mezi klasické separaéni pritokové metody
bychom zaradili metody chromatografické, kde pfi kontinulnim toku mobilni
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faze (kapalné - LC nebo plynné — GC) dochazi na stacionarni fazi k rozdéteni
smesi.

Moderni technikou fadici se k separaénim metodam s diskontinualnim
tokem je sekvenéni injekéni chromatografie (SIC) [8, 9] vyuZivajici separaéni
kolony (pf. monolitické), které kladou toku mobilni faze mensi odpor nez bézné
¢asticové kolony u HPLC. Takové kolony mohou pracovat ve spojeni
s nizkotlakymi &erpadly. OdliSnosti u SIC oproti HPLC je napfiklad mozZnost
zménit smér toku mobilni faze (nosneheo proudu) béhem analyzy.

Neseparaéni pritokové metody predstavuji jednoduchy zplsob
automatizace bez moZnosti separace. Umoznuji analyzu vysokého podtu

vzorku a rozdéluji se dle kontinualnosti toku, viz kapitola 3.1.2.
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3.1.2 Priitokové neseparacni analytické metody

Prutokové neseparacni analytické metody jsou zaloZené na kontinuainim
nebo diskontinualnim toku nosného proudu, do kterého je davkovan (injekéné
nebo je aspirovan) vzorek, pfipadné i reagencie, a unasen smérem k detektoru,
kde je méfen zvoleny analyticky signal. Tyto metody muzeme rozdélit na:

¢ segmentovanou prutokovou analyzu (SFA)
o techniky nesegmentované prutokové metody
* kontinualni - prutokova injekéni analyza (FIA)
- multikomutaéni metoda
- technika multi-syringe
- MUTAS, lab-on-chip

+ diskontinualni sekvenéni injek&ni analyza (SIA)

(modifikace SlA: techniky lab-on-valve,
bead injection)

Segmentovana prutokova analyza (SFA) s kontinuainim tokem patfi mezi
nejstarsi pratokové neseparacni metody. Zde jsou sousedni zony vzorklt po
smichani s €inidlem oddéleny vzduchovymi bublinami, aby nedoslo k jejich
vzajemneému znedisténi [10]. Pro detekci je nutné dosaZeni reakéni rovnovahy,
coZ prodluzuje dobu analyzy (aZ 30 minut). Tato technika nasla uplatnéni
vklinickych a oceanografickych laboratofich. Pozdéji byla postupné
nahrazovana prutokovymi nesegmentovanymi technikami, jako napf.
prutokovou injekéni analyzou [11]. Vyhodou nesegmentovanych metod je
moznost odeditani analytického signalu, aniz by bylo dosaZeno rovnovazného
stavu reakce diky kontrolované parciaini disperzi a vysoce reprodukovatelné
dobé, kdy je tento signal sniman [11].

FIA analyzator je rigidni systém. Napriklad zména objemu vzorku
vyZaduje manualini zasah do systému. PruZnost hadicek peristaltické pumpy se
b&hem c&asu méni a je nutna jejich Castd vyména. Tyto nedostatky FIA
uspofadani vedly kvyvoji modern&jsi sekvenéni injekéni analyzy [12]

oznacované jako druh& generace FIA. Vzorek a reagencie jsou do nosného

proudu aspirovany pfes vicecestny selekCni ventil pomoci pistové pumpy
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(vyjimecné peristaltické) a zménou sméru toku jsou vzorek nebo vznikajici
produkt unaseny do detektoru.

Postupné od SFA pfes FIA a SIA dochazi ke snizovani objemu vzorku. U
SFA bylo zapotiebi az 2 ml vzorku, u FIA to jsou uz maximalné stovky pl a u
SIA desitky pl.

Dalsi techniky jako multikomutaéni metoda [13] a metoda s vice
pistovymi pumpami (MSFIA) [11] jsou odvozeny od techniky FIA.
Multikomutaéni metoda predstavuje obménu metody FIA. U multikomutaéni
metody jsou do klasického FIA systému zafazeny solenoidni ventily umoZiujici
snadnéjsi pfepinani nosného proudu a ¢&inide! ve vicekanalovych systémech.

Rozsifovani aplikace prutokovych neseparaénich metod piineslo potiebu
vytvoiit takove zafizeni, které by umozZnilo analyzu vzorku pifimo v misté
odbéru. Snahou bylo zmensit pfistrojové vybaveni systémi s kontinualnim
jednosmérnym tokem (na této bazi pracuje vétdina zafizeni uTAS -
mikroanalyticky systém, systém lab-on-chip) i miniaturizaci hardware u SIA
(Lab-on-valve — LOV, oznacovany jako tfeti generace FIA) [14, 15]. Tyto
systémy byly aplikovany napfiklad pfi analyze Zivotniho prostiedi a v bioanalyze
(analyza DNA, klinické analyzy, imunotesty). Srdcem systému LOV je nej¢astéji
Sesticestny selekéni ventil, pohonnou jednotkou je pistova pumpa s objemem
500 ul, kterd aspiruje vzorek a pfipadné reagencie do misici/reakéni civky.
Zmeénou toku dochazi Kk pfesunu vzorku/produktu chemické reakce do
vicellelové prutokové cely integrované se selekénim ventilem. U
spektofotometrické nebo fluorimetrické detekce je prutokova cela propojena
s pfislusnym detektorem pomoci optickych viadken.

Principem techniky ,bead injection” je manipulace s mikroéasticemi, které
jsou vpraveny do prutokového systému LOV a ve vybraném misté zachyceny.
Nasledné je pfes tyto mikroCastice injekéné vpraven vzorek, pii¢emZ anaiyt
reaguje s funk&nimi skupinami na povrchu &astic. Zachycené molekuly analytu
jsou bud piimo detekovany spektrofotometricky nebo jsou z mikrosfér vymyty
do detektoru. Na konci cyklu je povrh mikrogastic regenerovan nebo jsou
Castice UpIné odstranény [16].

Vgrafech 1, 2 je pfehled cetnosti publikaci popisujici vybrané
neseparaéni nesegmentované metody. Z pfehledu je patrny rostouci zajem
automatizace chemické analyzy pomoci pratokovych metod.
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Graf 1. Graf 2.
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Cetnost publikaci (osa y) v databazi Web of science (www.isiknowledge.com)
v desetiletich (0sa x) obsahujici slovni spojeni — sequential injection analysis (v
grafu SIA); flow injection analysis (v grafu FIA); lab-on-valve (v grafu LOVY);

multisyringe (v grafu MSFIA) a multicommutation (v grafu MC). Data do
31.prosince 2008.
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3.1.3 Priitokova injekéni analyza

0 e w

Pritokova injekéni analyza (FIA, 1975 J. R(iZicka a E.H. Hansen [1]) je
zaloZena na davkovani vzorku pomoci dvoupolohového davkovaciho ventilu do
kontinualniho toku. Nosny proud odnasi zénu vzorku do detekéni (pritokové)
cely [3], kde je méfena analyticka odezva. Vzorek se po nadavkovani postupné
rozmyva, jak je unaden do detek&ni cely. Disperze je aste¢na (parcialni), neni
dosaZzena rovnovaha. Pro praktické vyjadieni se vtomto pfipadé pouziva
koeficient disperze D [10], ktery je dan pomérem koncentrace vzorku pfed
nadavkovanim a koncentraci vzorku v uréitém misté FIA systému. Tento
parametr charakterizuje analyticky signal, ktery je nestaly, jak je produkt/vzorek
nesen a sniman stacionarnim detektorem (charakterizuje prichod vzorku
systémem hadiCek). Maly koeficient disperze je typicky pro systém bez
chemické reakce, s kratkou vzdalenosti mezi detektorem a davkovaci jednotkou
a svysokou pritokovou rychlosti, kdy vznikd ostry pik [2]. Diky
reprodukovatelnému pribéhu celé analyzy je =zajiténa dostateéna
opakovatelnost i bez dosaZeni rovnovahy reakce.

Obrazek 1. Schéma FIA analyzatoru

CARRIER - nosny proud; DETECTOR - detektor;, PUMP - peristaltické
terpadio; RC1, RC2 — reak&ni nebo misici civky; REAGENT 1, 2 — reakéni
Cinidla 1, 2; SAMPLE — vzorek; VALVE - dvoupolohovy ventil; WASTE - odpad.

Schéma FIA analyzatoru je uvedeno na obrazku 1. Pohonnou jednotkou
ve FIA systému je nejlastsji peristalticka pumpa, ktera vytladuje nosny proud a
reagencie pfes haditky do systému. Vzorek muizZe byt davkovan ruéné nebo
automaticky dvoupolohovym davkovacim ventilem. Objem davkovaci smyg&ky
udava objem vzorku a tudiz zmé&na objemu vzorku je spojend s vyménou
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smyé&ky. Pro dokonalej$i promiseni a pribéh reakce mohou byt v systému jesté
misicifreakéni civky. Analyticka odezva je méfena v pritokove cele, ktera je
soucasti detektoru, a muZe mit rizny tvar v zavislosti na pouZite detekeni
metodé.

Nejvice pouZivanou detekci ve FIA analyze je spekirofotometrie ve
viditelné a UV oblasti. Casté spojeni FIA je s luminiscenénimi metodami jako
fluorescence a chemiluminiscence. Obecné je mozné zapojit do FIA systéemu
jakykoli detektor. V literatufe bylo popsano spojeni FIA s detekci
turbidimetrickou, nefelometrickou, atomovou absorpéni, emisni a fluorescenéni
spektrometrii, elektrochemickymi metodami (potenciometrif, amperometrii,
voltametrii, konduktometrii), i dnes velmi popularni hmotnostni spektrometrii.
Geometrie pratokové cely se rizni podle pouzité detekéni metody [17].

FIA je aplikovana v analyze vzorku Zivotniho prostiedi. NejcastéjSim
objektem analyzy je pfirodni nebo upravena pitna voda, dale odpady, aerosoly,
rostlinné materialy, ale také slozky potravy, které ovliviuji zdravi lidi a zvifat
(napf. konzervacni latky). Metodou FIA jsou analyzovany napoje (ovocné
dzusy, miéko, vino), kde je Uprava vzorku pfed analyzou pomérné jednoducha.
Uplatnéni nalezla FIA v biochemické analyze (enzymatické a biochemické
senzory) a vchemické analyze latek pfitomnych v endogennich tekutinach
(krev, plazma, mo¢) a tkanich. Analyza takovych latek je sloZita vzhledem k
nizkym koncentracim a komplikovanym matricim, jez je &asto nutné pfed viastni
analyzou upravit [17, 18].

Pfisna kontrola kvality pifi vyrobé, distribuci a uchovavani
farmaceutickych pfipravkl jakoz i kontrola terapeutickych hladin I&€iv, sledovani
biodostupnosti léciva &i kontrola uZiti nezakonnych latek vyZaduje rutinni, rychlé
a jednoduché metody analyzy. FIA je jednou z metod, ktera tato pozadavky
splfiuvje [17, 18].

Pofizovaci naklady FIA analyzatoru jsou niz§i nez u dnes béiné
roz§ifené HPLC, pficemz FIA je charkierizovana dostateénou mirou
reprodukovatelnosti a spolehlivosti. Poget analyz za hodinu dosahuje i nékolik
set (obvykle se ale pohybuje od 60 — 180) [1]. Pfechod na stanoveni jiného
analytu v8ak vyzaduje modifikaci sestavy FIA, kterd se bohuZel neobejde bez
zasahu lidské ruky.
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3.1.4 Multikomutaéni metoda

Soudasti disertadni prace je v experimentalni &asti uveden vyvoj metody
automatizované pomoci multikomutaéni metody. Tato pritokova metoda je
rozvijena Spanélskymi a portugalskymi vyzkumnymi tymy.

Multikomutaéni metoda vychazi ze zakladd FIA a je zaloZzena na fizeni
toku pomoci malych trojcestnych solenoidnich ventili (obrazek 2). Objemy
vzorku a reagencii zavisi na dobé otevieni solenoidniho ventilu, ktery ma 2
polohy, ON a OFF. V multikomuta&nim zafizeni byva zapojeno vice takovych
ventilt pracujicich nezavisle na sobé.

Obrazek 2. Prace selekéniho ventilu

A
Out =
datector

fins: ¥

Dvé polohy selekéniho ventilu; ON — vzorek protéka do systému; OFF — tok je
pfesmérovan ze vzorku na nosny proud

ProtoZe solenoidni ventily jsou fizeny elektrickym impulsem {obvykle 12
V a 100 mA), je mozZné jednoduché ovladani pfesmérovani toku zautomatizovat
poditatem, ¢imZ se i zvySuje reprodukovatelnost analyz (omezeni lidského
faktoru). Dalsi vyhodou oproti FIA je vétSi flexibilita. Objemy vzorku a ¢inidel
jsou zavislé na ¢ase, po ktery je ventil otevien a ne na objemu davkovaci
smycky jako u FIA.

U muitikomutaénich metod je vyhodnéjdi umistit pohonnou jednotku
(napfiklad peristaltickou nebo solenoidni pumpu, pomoci které jsou vzorek a
¢inidla nasavany) za ventily. Nasavanim velmi malych objemi( se pfi pouZiti
peristaltické pumpy sniZuje reprodukovatelnost.

Tato metoda nachazi uplatnéni hlavné v analyze vod a rostiinnych
materialii. Nejcast&j$imi detektory jsou optické (spektrofotometrie v ultrafialové
a viditelné oblasti, chemiluminiscence, fluorescence, atomova absorpéni
spektrometrie) a elektrochemické detektory [13, 19].
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3.1.5 Sekvenéni injekcni analyza

Sekvenéni injek&ni analyza (1990, J. Ruzicka, G. Marshall) patii do
neseparaénich pratokovych metod a je zaloZena na podobnych principech jako
FIA. Vzorek podléha kontrolované parcialni disperzi, analyticka odezva je
obvykle méfena pfed dosaZenim rovnovahy reakce. Tok nosného proudu je
nesegmentovany, ale diskontinualni, je mozné jeho pfesmérovani, coz
usnadiuje pouziti riznych metod bez zmény geometrie zafizeni [12].

Obrazek 3. Struktura SIA zafizeni

NP

NP: nosny proud (nejCastéji voda), PP: pistova pumpa; MC: misici/reakéni
civka; SV: selekcni ventil (na obrazku deseticestny); D: detektor; O: odpad; Rs.a:
roztoky €inidel; V: vzorek.

Na obrazku 3 je znazornéno obecné schéma SIA systému. Srdcem SIA
zafizeni je vicecestny selekéni ventil, ktery je schopny synchronné pracovat
s pohonnou jednotkou, coZ je nejéastéji pistova pumpa s krokovym motorem.
Je pfesn&j§i nez peristalticka, ale maomezeny objem, vétsinou 5 ml.
Synchronni prace pumpy a selekéniho ventilu vyZaduje oviadani poé&itatem,
&imz je dosazeno Uplné automatizace. Vzorek je aspirovan pomoci pumpy do
systému pies jeden port selekéniho ventilu, podobné jsou nasavana i dal$i
ginidla nutna pro reakci. V hadiéce zény piiléhaji tésné k sobé&, tvofi tzv.

sekvenci (odtud sekvenéni injekéni analyza). Mezi pistovou pumpou a ventilem
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je umisténa civka, ve které dochazi k miseni zén vzorku a ginidel. Zarovei tato
civka zabranuje vniknuti Cinidel a vzorku do vnitfniho prostoru pistové pumpy.
Po zméné sméru toku je produkt unasen do detektoru (obrazek 4).

Obrazek 4. Schéma toku v sekvenéni injekéni analyze [16]

@®

.

l

o)
L

o

A: davkovani ¢inidla/vzorku; B: sekvence nadavkovanych zon; C: zména sméru
toku, reakce, vznik produktu; D: dekekce produktu

Do SIA systému muZeme zapojit kterykoli detektor podobné jako u FIA.
NejrozSifeng)si jsou optické detektory (UV a viditelna detekce, fluorescence,
chemiluminiscence, atomova absorpéni a emisni spektrometrie}) dale
elektrochemické detektory (voltametrie, potenciometrie, amperometrie).

Oblasti aplikace SIA zahrnuji analyzu zivotniho prostfedi, farmaceutickou
a biomedicinskou analyzu, analyzu potravin, monitorovani bioprocestt a
imonutesty.

V SIA se pritokové rychlosti prakticky neli$i od FIA a pohybuji se okolo 1
az 5 ml/min. Doba trvani jednoho méficiho cyklu v SIA vétsinou nepresahuje 30
s, coZ je srovnatelné s frekvenci davkovani ve FlA [20]. Diky nékolika volnym
poloham selekéniho ventilu 1ze zapojit do SIA systému rizné doplitkové moduly
(jednotky pro kapalinovou extrakci, dialyzu, difGzi plynu).

Zavedenim SIA se podstatné sniZuje spotfeba vzorku a &inidel (u FIA se
obvykle jedna o kontinualni ¢erpani nosného prudu i ginidel), coz je v souladu
s dnesnim trendem sniZovat zatéZovani Zivotniho prostiedi [21]. Dal$i vyhodou
a odlidnosti od FIA je jiz dfive popsany zplsob davkovani. Objem vzorku
davkovaného v SIA je dan ¢asem, po ktery je otevien pfislusny port selekéniho
ventilu. U FIA zavisi na objemu davkovaci smycky. Nutnost ovladani SIA

zafizeni pogitatem, pouZiti pistové pumpy s krokovym motorem a potieba
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sestavit kvalitni fidici program zvySuji cenu zafizeni, ale zarovefi se vylepsSuje

reprodukovatelnost ve smyslu omezeni viivu lidského faktoru na provedeni
analyzy.
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3.1.6 Soucasné trendy

Vlastni analyze Casto pfedchazi uprava odebraného vzorku, kterou Ize
rovnéZ zautomatizovat s vyuzitim koncepce FIA nebo SIA [22]. Technikou SIA
jsou realizovany napfiklad fedéni vzorku, fedéni standardu, separaéni procesy
jako difuze plynu a dialyza pfes vhodnou separaéni membranu, extrakce na
rozhrani kapalina-kapalina a kapalina-piyn.

Extrakce na rozhrani kapalina-kapalina probiha na zakladé hydrofébnich
interakci na tenkém filmu, ktery pokryva stény teflonové hadicky (extrakéni
civka). Organické rozpoustédlo, vodny roztok vzorku a eluéni &inidlo jsou
postupné aspirovany teflonovou extrakéni civkou. Organické rozpoustédlo
vytvaii tenky film na povrchu hadi¢ek a diky rozdilnym rychlostem toku
jednotlivych fazi dochazi k extrakci. Extrahovany vzorek je nasledné vymyt
eluénim roztokem [22].

K extrakci na pevnou fazi jsou vyuZivany materialy jako iontoménicové
pryskyfice, MIP, RAM [23] a ruzné hydrofobni polymery. Roztok vzorku
prochazi minikolonou, ktera je naplnéna vhodnym sorbentem; zde je analyt
selektivné zachycen, zakoncentrovan a poté eluovan vhodnym rozpoustédlem
pro naslednou detekci.

Neseparaénimi pritokovymi metodami lze ve vzorku v jediném
analytickem cyklu obvykle stanovit pouze jeden analyt. Zarfazenim
chromatografickych monolitickych kolonek do systému SIA vznikd novy typ
analyzatoru umoziujici na chromatografickém principu stanovit souéasné
nékolik analyti. Tato technika je oznadovana jako sekvenéni injekéni
chromatografie (SIC). Kromé klasickych vyhod SIA (nizké spotfeby vzorku a
¢inidel, miniaturizace, automatizace) se SIC liSi od HPLC programovatelnym
tokem a moznosti dal$i automatické manipulace se vzorkem [8, 9].

Pro analyzu nékterych vzorku (napf. zoblasti Zivotniho prostiedi,
monitoringu bioprocesu) je nutné provést analyzu v misté odbé&ru s malym
objemem vzorku. Proto je dal§im trendem miniaturizace analytického systému
(pfenosné analyzatory) na bazi FIA (lab-on-chip, pTAS), SIA (lab-on-valve).

Pomoci modernich pratokovych metod FIA a SIA je mozné
zautomatizovat testy kontroly kvality finalniho farmaceutického pfipravku jako
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disoluéni testy [24-26], studie liberaéniho profilu [27] (zapojeni Franzovych cel
do SIA systému), testovani biodostupnosti I&Giv [28].
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3.2 Luminiscencéni metody

Luminiscenéni metody se fadi mezi optické metody. Castice hmoty je
excitovana absorpci energie a prechazi ze zakladniho stavu do excitovaného.
Pii pfechodu ¢astice zpét do zakladniho stavu je uvolfiovano zafeni v oblasti
viditelného svétla, UV nebo blizké infradervené oblasti. Casticemi, které emituji
zafeni, mohou byt voiné atomy i molekuly. Tato kapitola se bude zabyvat
problematikou luminiscence molekul. Na bazi luminiscence atomu je zaloZena
napf. metoda atomové fluorescenéi spektroskopie. Mechanismus deaktivace
molekul byva sloZitéjsi, a to pfedevdim v dlsledku vibragnich deaktivaci
nezafivé povahy [29].

Luminiscence je obecné definovana jako studené emisni zafeni. Dle
zpusobu excitatniho procesu muZeme luminiscenéni procesy tfidit (shrmuti
v tabulce 1). Mnoho z téchto jevl bylo pozorovano a popsano v historii, napf.
chemiluminiscenci popisoval jiZ Aristoteles. Fluorescenéni analyza byla
prakticky vyuZivana az vdruhé polovingé 19. stoleti, chemiluminiscen¢ni

analyza az v druhé poloviné 20. stoleti {30].

Tabulka 1. Piehled luminiscenénich jevt [4]

Klasifikace

- e e a e Zpusob excitace
luminiscenénich jevu

Fotoluminiscence
(fluorescence a
fosfosercence)
Katodoluminiscence | B-Casticemi

Anodoluminiscence |a-Casticemi

Radioluminiscence |y-Casticemi nebo paprsky X
Kandoluminiscence |teplem, emise z hornin rozZhavenych do béla
Termoluminiscence |teplem, emise ze stfedné horkych hornin a krystall
Pyroluminiscence teplem, emise z atom( kovu v plameni
Triboluminiscence mechanicka excitace

Krystaloluminiscence | krystalizaci

Lyoluminiscence pfi rozpousténi krystalt
Elektroluminiscence |elektrickym vybojem

Galvanoluminiscence | béhem elektrolyzy

Sonoluminiscence pomoci ultrazvuku (roztoky)

UV zafenim, v oblasti viditelného svétla nebo v blizké
infracervené oblasti
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reakci v Zivych organismech nebo biclogickych
systémech
Chemiluminiscence | chemickou reakci

Bioluminiscence

Fotoluminiscenéni metody se rozliSuji na fluorescenci a fosforescenci.
Zpusob excitace absorpci zafeni je u obou jevu stejny (tabulka 1). Ob& metody
jsou zaloZeny na vyuziti tzv. sekundarnich emisnich spekter v UV a viditelné
oblasti, ktera vznikaji zarivou deaktivaci excitovanych molekul. Protoze vétsinou
dochazi k ztraté energie i nezafivym procesem (srazkova deaktivace), vinova
délka emitovaného zafeni je delSi nez excitovaného zafeni (nerezonanéni
fluorescence). Fosforescence se od fluorescence li§i delSim <&asovym
intervalem mezi ozafenim a ukonéenim emise [29]. Spin excitovaného
elektronu muze byt obracen, molekula se nachazi v tzv. tripletovém stavu
(obrazek 5). Prechod do zakladniho stavu probiha pomalu, coz je typické pro
fosforescenci. Tento stav ma nizdi energii neZ excitovany singletovy stav
charakteristicky pro fluorescenci a fosforescencni spektra jsou posunuta
k vy8Sim vinovym délkam nez u fluorescenénich. Doba existence excitovaného
tripletového stavu muzZe dosahnout i nékolika sekund. Pro porovnani u
singletového stavu (fluorescence) je doba existence 10° — 10% s [31].

Obrazek 5. Spin elektronu pii singletovém a tripletovém stavu [31)]

I I
I S

ground excrted excited
singlet state singiet siate tripket state

V analytické praxi ma fosforimetrie zatim vzhledem k naroéné pristrojové
technice podruZny vyznam [29].
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3.2.1 Fluorescence

Tato fotoluminiscenéni technika je zaloZena na excitaci molekul UV,
viditelnym zafenim nebo zafenim v blizké infradervené oblasti. Pfi navratu zpéet
do zakladniho stavu dochazi k vyzafeni energie vtéZe oblasti. Excitovana
molekula se nachazi v singletovém stavu a doba konverze na zakladni hladinu
je relativné kratka, nastava téméf okamiité. Pokud emitovane zafeni ma
stejnou vinovou délku jako budici zafeni, miuvime o rezonanc¢ni fluorescenci
vyskytujici se pouze u nejednodudsich dvouatomovych molekul. U ostatnich
molekul se uplatiiuji nezafivé deaktivaéni procesy, které jsou spojeny s vnitini
konverzi (zména vibrace molekuly) a vnéjsi konverzi molekuly (pfedani energie
srazkami excitovanych molekul), coZ |ze omezit ochlazenim ve prospéch zafive
deaktivace [29].

U fluorescence rozlisujeme 2 typy spekter: excitaéni a emisni. Excitacni
spektrum je zavislost intenzity fluorescence (méfené pfi konstantni vinove
délce) na vinové délce excitujiciho zareni. Emisni spektrum je zavislost intenzity
fluorescence na jeho vinové délce pii konstantni vinové dalce excitujiciho
zafeni. Emisni pasy se vétsinou jevi jako zrcadlovy obraz pasu absorp&nich.
Fluorescenéni spektra Ize pozorovat u latek snadno elektronicky
excitovatelnych (systém s 1 orbitaly) [29].

Fotoluminiscenéni spektra nalezia uplatnéni pfi identifikaci a pfi feSeni
struktur molekul (rozli§eni polohovych a prostorovych izomeru). Fluorimetricky
Ize stanovit fadu latek a to jak anorganickych tak pfedevsim organickych se
systémem konjugovanych dvojnych vazeb. Velkou vyhodou je vysoka citlivost
takovychto stanoveni. Signal je zna&né zavisly na pfitomnosti vediejSich latek
v matrici. Pfi stanoveni je nutna individualni kalibragni kiivka na zakladeé matrice

vzorku [29]. Fluorescence se s vyhodou uplatfiuje v prutokovych systémech, ale

vvvvvv
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3.2.2 Principy chemiluminiscence

Chemiluminiscence (CL) je zaloZena na emisi zafeni, ktera je vyvolana
chemickou reakci. Pokud takovd emise vychazi z Zivych organismu nebo
chemickych systému odvozenych od zivych organismu, nazyva se
bioluminiscence. Jev chemiluminiscence zaznamenava své analytické vyuZiti
teprve od druhé poloviny 20. stoleti [5]. Za tu dobu se stala chemiluminiscence
vyznamnou detekéni technikou v mnoha oblastech a ve spojeni s ruznymi
technikami.

CL je definovana jako emise elektromagnetickeho zafeni v oblasti
viditelného (nejCastéji), ultrafialového a blizkého infraderveného spektra
v pribéhu chemické reakce. intenzita CL neni konstantni, ale méni se s asem.
V prib&hu reakce se jeden zreakénich produkti dostdvad do elektronicky
excitovaného stavu a pfi navratu na zakladni hladinu dochazi k vyzafeni svétla.
ProtoZe je intenzita emise funkci koncentrace latek ucastnicich se CL reakce,
méfeni intenzity muzZe byt analyticky vyuzitelné {4].

Pro chemiluminiscenéni reakci musi byt spinény nékteré podminky. Za
prvé reakce musi byt exotermicka. Prubéh reakce musi byt pfiznivy k tvorbé
elektronicky excitovaného stavu. DeaktivaCni proces musi alespon z ¢asti
probihat formou emise fotonu (jinak je energie ztracena ve formé jinych
deaktivaénich procestl, jako jsou uvolnéni tepla, pfeména na vibraéni, rotaéni
energii,...). Chemiluminiscenéni reakce jsou vétSinou zaloZzené na vyméné

elektrony, dochazi k oxidaci nebo redukci stanovované latky nebo &inidla.

Intenzita CL emise zavisi na acinnosti vzniku elektronicky excitovaného
stavu (quantum yield). Tato Ucinnost je obvykle velmi nizka. Vy$Sich hodnot
Ucinnosti byva obvykle dosazeno u bioluminiscence. Vétdina CL reakci ma
u¢innost malou [4], piesto je mozZné je analyticky vyuZit. CL zavisi nejenom na
struktuie latky, ale i na jinych podminkach a substratech uéastnicich se reakce
jako jsou katalyzatory, teplota, pH a iontova sila a dielektricka konstanta
rozpoustédia.

Na rozdil od jinych optickych metod vCetné fluorescence je pro

chemiluminiscenéni metody charakteristicka absence primarniho zdroje zafeni.
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Diky tomu je analyticky signal zatizen relativné nizkym $umem a u CL metod je
dosahovano velmi nizkych limith detekce. Uvadi se, ze CL analyza je asi 10°
krat citlivéjsi nez spektrofotometrie a 10° krat citlivéjsi nez fluorimetrie [5]. Dalsi
vyhodou CL byva Siroky lineami rozsah stanovitelnych koncentraci analytu.
Nevyhodou je znaéna zavislost CL na reakénich podminkach a nepfili§ vysokéa
selektivita. S jednim chemiluminiscenénim Cinidlem mulZe reagovat vice latek
podobné struktury za emise CL. Tento nedostatek Ize kompenzovat spojenim
CL se separaénimi metodami jako je napfiklad HPLC a kapilarni elektroforéza
[32]. V t&chto pfipadech se pouZiva postkolonova CL detekce.

Chemiluminiscenéni detekéni zafizeni muze byt velmi jednoduché, napf.
fluorimetr s vypnutym zdrojem primarniho zafeni a citlivym fotonasobiCem.

CL je silné zavisla na &ase (obrazek 6) a tato zavislost se u ruznych
reakci lidi. MuZe se projevit jako kratky zablesk, ktery ihned vyhasina, nebo
déletrvajici emise svétla. Vétsinou ma ale rychly prubéh. Kritickym prvkem pfi
vyvoji pratokové metody s CL detekci je vdalenost bodu miseni vzorku s €inidly
od detektoru a celkova prutokova rychlost. Na obrazku 7 je zachyceno obvyklé
geometrické uspofadani misiciho mista a detektoru.

Obrazek 6. Casovy pribé&h intenzity CL reakce
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Obrazek 7. Poloha prutokové cely a d&asova kiivka intenzity CL
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Cerné vyznadena oblast pod kiivkou intenzity chemiluminiscence znaéi
detekovanou €ast zareni.

Je otadzkou, které latky budou schopny (napf. pfi oxidaci} poskytovat
chemiluminiscenci. Existuje empirickeé pravidlo: jestlize je latka nebo reakéni
produkt schopny fluorescence, pfi oxidaci ftéto latky s vysokou
pravdépodobnosti dojde k emisi CL zareni. AvSak toto pravidilo ma mnoho
vyjimek a proto je spolehliva predikce CL na zakladé této uvahy prakticky
nemozna [33].

V poslednich letech byla uplatnéna k predikci moznosti
chemiluminiscenéniho chovani latek pfi reakci s béznymi oxidaénimi Cinidly
matematicka metoda ,molekulové konektivity“. Byly jiz publikovany ¢lanky
Zabyvajici se predikci CL u lé&iv a pesticidu (UspéSnost pfedpovédi byla 93%),
u fenoll a polyfenoll (100 %) a u namelovych alkaloidu [34-37].

Pfi méfeni chemiluminiscence manualnim zpusobem (batch metoda) je
vzorek vpraven vstiiknutim do CL cely, ktera obsahuje mechanicky
promichavany roztok vhodnych reagencii. Cela je umisténa ve svételné
izolovaném boxu tésné u okénka fotonasobide. V tomto uspofadani je mozno
zaznamenat cely emisni profil CL reakce; jeho pribéh vsak silné zavisi na
zpusobu promichavani reakéni smési. Nevyhodou batch metody je nizka
produktivita analyz [4, 33]. U pritokovych metod prakticky nelze zaznamenat
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cely emisni profil CL reakce, ale diky znamym vlastnostem FIA a SIA lze
dosahnout vysoké opakovatelnosti a snadné automatizace méieni CL.

CL metody mohou byt rozdéleny podle povahy CL reakci na metody
pfimé a nepiimé. U piimych metod je CL uvoliovana vreakci analytu
s oxidacnim ¢&inidlem. Emitujici ¢astici mlze byt excitovany reakéni meziprodukt
vznikly z analytu nebo cinidla nebo pfidany pomocny fluorofor (napf. chinin
nebo rhodamin B), ktery emituje CL zafeni po pfijeti energie od meziproduktu.
Nepiimé CL metody jsou zaloZeny na znamych CL reakcich luminolu, lofinu
nebo lucigeninu s peroxidem vodiku. Analyt se zde CL reakce U¢astni neprimo
jako katalyzator nebo inhibitor.
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3.2.3 Neprimé chemiluminiscencni metody

3.2.3.1 Reakce luminolu

Luminol (o-aminoftalyihydrazid) je oxidovan v bazickém prostiedi (pH 10-
11). V prabéhu reakce vznika excitovany meziprodukt 2-aminoftalat*, ktery pfi
pfechodu do zakladniho stavu emituje pfebyteénou energii v oblasti viditelngého
zafeni (425 nm). Oxidaénimi d&inidly jsou nejcastéji peroxid vodiku,
manganistan, jodistan, N-bromosukcinimid, hexakyanoZelezitan. Schéma

reakce je znazornéno na obrazku 8.

Obrazek 8. CL reakce luminolu

NH, O NH, O NH, ©
NH Oxidation, OH- 0 0O light
NH  Catalyst, inhibitor, 0 o) (425 nm)
enhancer, cofactor
O 9] 0]
Luminol 3-aminophthalate 3-aminophthalate
excited state ground state

Tato reakce patfi k nejznaméjsim reakcim, s nejvyssi ucinnosti CL [4].

Analyt mlZe hrat dlohu inhibitoru, katalyzatoru, kofaktoru nebo
koenzymu (ionty kovi — Cu(il), Co(ll}, Fe(ll), Fe(ill}).

Na zakladé CL reakce luminolu byla stanovena oxidaéni Cinidla (pfimé
stanoveni pi. H0.) [38]; enzymy, légiva (viz. Pfiloha 1); a kovove ionty
katalyzujici tuto reakci (méd, kobalt, Zelezo) [33]. CL reakce s luminolem se
vyuZivd té2 pro stanoveni antioxidacni aktivity [39]. Antioxidanty schopné
vychytavat volné radikaly kysliku snizuji CL odezvu pii reakci luminolu.

3.2.3.2 Peroxyoxalatova reakce

Arylesteroxalat, bis(2,4,6-trichlorofenyljoxalat (TCFO) a bis(2,4-
dinitrofenyl)oxalat (DNFO), je oxidovan peroxidem vodiku a vznika nestaly
excitovany meziprodukt peroxyoxalat. PfebyteCnou energii 1ze pfenést na jinou
latku - fluorofor, ktery pfi pfechodu do zakladniho stavu vyzaii CL. TCFO je
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stabilngjsi, ale reaguje pomaleji nez DNFO. Oba substraty jsou ve vodé
nerozpustné a podiéhaji hydrolyze. Po pfidavku smési organickych
rozpoustédel nebo tenzidl je mozné stabilitu a rozpustnost zlepsit.

Tato reakce nadla uplatnéni pro stanoveni peroxidu vodiku,
fluorescenénich latek {porfyriny v moéi, dipyridamol a benzydamin hydrochlorid
v plazmé krys, flufenazin v moci a plazmé, fenoly) a pro stanoveni latek po
derivatizaci (aminokyseliny, karboxylové kyseliny, kabonyly, aminy — pf.
metamfetamin, katecholaminy — noradrenalin, adrenalin, dopamin, a dalsi latky)
[40].

3.2.3.3 Reakce sifi¢itanu
Pii oxidaci sifiéitanu silnymi oxidacnimi &inidly jako manganistanem nebo

Ce(lV) v kyselém prostiedi dochazi ke slabé emisi chemiluminiscence, ktera
miZe byt ovlivnéna nékterymi latkami. Za emisi zafeni je pravdépodobné
zodpovédny excitovany stav oxidu sifiCitého, jehoZ vznik je vysvetlovan
nasledujicim mechanismem:

HSO5 + oxidaéni éinidlo — HSO3'

2HSO;" — S;06% + 2H"

$:065 — S04 + S0,

S0, — SO, + hv

Energie excitovaného oxidu sifiéittho muizZe byt snadno pfedana
vhodnému fluoroforu (analyzovana latka). Tato reakce byla napf. ve spojeni se
sekvendéni injekéni analyzou vyuZita ke stanoveni lé€iv na bazi fluorochinolonu.
Chemiluminiscence je zde zesilovana ionty ze skupiny lanthanoidu [41].

3.2.3.4 Ostatni nepfimé CL reakce

Pro Gpinost jsou zde uvedeny jesté daldi CL reakce, kieré vSak ve
spojeni s pritokovymi metodami maji mensi vyznam neZ pfedchozi CL
systémy.

Reakce lofinu byla jednou z prvnich studovanych chemiluminiscengnich
reakci (1877). Podstatou je oxidace lofinu napi. smési peroxidu vodiku a
chiornanu nebo smési peroxidu a hexakyanoZelezitanu. Reakce je
katalyzovana raznymi anorganickymi ionty (AuCly’, Co?"). Emitované zafeni ma

Zluté zbarveni.
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Pfi reakci lucigeninu {(oxidace napf. peroxidem vodiku) v alkalickém
prostfedi se uvoliiuje zelené CL zafeni. Reakéni produkt je ve vodé $patné
rozpustny. Pro omezeni tvorby sraZeniny se pouZiva pfidavek tenzidu.
V pritokovych metodach se tato reakce kvuli adsorpci reakéniho produktu na

stény hadi¢ek pouZiva velmi zfidka [5].
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3.2.4 Primé CL reakce

Analyzovana latka je oxidovana stfedné silnymi nebo silnymi oxidanimi
ginidly za uvolnéni svételné energie. Nejbé&znéjdimi oxidacnimi Einidly jsou
manganistan v kyselém prostredi, komplex trisf(2,2’-bipyridyl)]ruthenium(lll} a
Ce(lV) v kyselém prostiedi.

3.2.4.1 Reakce manganu

Reakce manganistanu v kyselém prostiedi je nejrozSifenéjsi pfimou
chemiluminiscenéni reakci. V literatufe je mozné nalézt mnoho vykladu, ktera
gastice je zodpovédna za emisi zareni, napf. excitovany Mn(ll), jeho komplexy,
jednomocny kyslik nebo oxidaéni produkt analytu. Emitované CL zafeni ma
vinovou délku 734 £ 5 nm & 689 £ 5 nm pokud je v reakéni smési pfitomen
hexametafosfat [42]. VétSina autorl uvadi, Ze emitujici Castici je s nejvetsi
pravdépodobnosti Mn(ll}* [43, 44]. Toto tvrzeni vychazi ze zjiSténych
skuteénosti: 1) spektrum emise je ve vétsiné studii nezavislé na analyzované
latce, 2) Mn(ll) je prakticky vzdy identifikovan jako produkt reakce, 3)
chemiluminiscence je podobna fosforescenci Mn(ll) pfi nizkych teplotach a ve
fosfatovém skle [44].

Podobné jako manganistan i slouéeniny manganu s niZsim oxidacnim
stupném Mn{IV) a Mn{lll) mohou poskytovat chemiluminiscenci. Excitovanou
dastici je zde pravdépodobné opét Mn(ll)* [45, 46]. Tyto reakce se od CL reakci
manganistanu odlisuji pfipravou a stabilitou €inidla a selektivitou. Mn(1V), ktery
je znam ve formé nerozpustného MnO,, muze byt pfipraven v rozpustné formé
redukci Mn(VIl) za specifickych podminek. Pfipadné lze MnQO, imobilizovat na
vhodném sorbentu umisténém vreakéni civce a tuto civku zaélenit do
pritokového systému [45].

Kyselé prostiedi pfi CL reakcich manganistanu vytvaii nejé¢astdji kyselina
sirova nebo kyselina polyfosforeéna. V pripadé kyseliny polyfosforeéné je
popisovana horsi opakovatelnost CL méfeni ve srovnani s H,SO4 [44, 54].

Pro zvyseni citlivosti CL reakce manganistanu se pouZivaji jako
zesilovaée CL polyfosfaty (hexametafosfat sodny, polyfosforeéna kyselina,
pyrofosforeéna  kyselina), nizkomolekularni  karbonylové  slougeniny
(formaldehyd, kyselina mravenéi, glyoxal, glutaraldehyd) nebo tenzidy. U
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polyfosfati se pfedpoklada jejich stabilizagni uginek na meziprodukty CL reakce
(zvySuijici se s délkou fosfatového fetézce) [44].

Nékteré tenzidy pravdépodobné chrani mikroprostiedi v okoli emitujici
gastice vytvofenim micel nebo mohou pfispivat kusnadnéni pienosu
excitované energie z jedné ¢astice na vhodny fluorofor (Eastice zodpovédna za
koneénou emisi zafeni). Néktera rozpoustédla jako etanol, metanol, 2-propanol
zvysuji vytéZek CL reakce. Jejich loha neni zcela zfejma.

V literatuie Ize nalézt wvyuziti CL reakce manganistanu v oblasti
farmaceutické a klinické analyzy, analyzy vzorku Zivotniho prostiedi a potravin

[44].

3.2.4.2 Reakce komplexu ruthenia

Chemiluminiscence odvozena od reakce s komplexem ruthenia tris(2,2'-
bipyridyl)ruthenium(lll) byla popsana v roce 1966 [47]. Tento komplex neni staly
a je nutné ho pfipravit tésné pfed CL reakci ze stalejSiho komplexu tris(2,2'-
bipyridyl)ruthenium(ll). Zpusoby pfipravy komplexu trojmocneho ruthenia jsou
zalozeny na chemické, elektrochemické nebo fotochemické oxidaci komplexu
dvojmocného ruthenia. Elektrochemicka a chemicka oxidace se pouZivaji
castéji, ziejmé diky jednodussimu provedeni [48]. NejCastéji je komplex
ruthenia (Il) oxidovan ionty Ce (}V) nebo manganistanem v kyselém prostiedi.

Pfi oxidaci analyzované latky komplexem tris(2,2*-bipyridylyruthenium(liil)
vznika excitovana ¢astice tris(2,2'-bipyridyl)ruthenium(ll)*, ktera je zodpovédna

za emisi zareni okolo 610 nm:

[Ru(bipy)s] > — [Ru(bipy)s]** + &
[Ru(bipy)s]** + X — [Ru(bipy)s®*T* + Xox
[Ru(bipy)s®*T* — [Ru(bipy)s] > + hv

Do pritokového systému je bud® pfimo davkovano &erstvé piipravené
¢inidlo trojmocného komplexu ruthenia, nebo je stabilni dvojmocny komplex
v pratokovém analyzatoru oxidovan online ionty Ce(lV). Komplex tris(2,2'-
bipyridyl)ruthenium(ll) mize byt ukotven na vhodném nosi¢i v koloné a takto

zapojen do pratokového systému [48].
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Vétsina latek poskytujicich s komplexem tris(2,2*-bipyridyl)ruthenium(lIl)
CL reakci obsahuje ve své struktufe aminovy dusik (aminy, proteiny, alkaloidy).

Z latek, které neobsahuji dusik, jsou to oxalaty a nékteré karboxylové kyseliny
[47, 48].




=

Disertaéni prace Luminiscenéni metody
ﬁ

3.2.5 Bioluminiscence a elektrochemiluminiscence

Nejrozsifen&;jsi bioluminiscenéni reakce je zalozena na systemu luciferin-
luciferasa ziskaném ze svétluSek Photinus pyralis a moiskych bakterii Vibrio
harvey a Photobacterium fisheri. Enzym luciferasa katalyzuje oxidaci luciferinu
za pfistupu kysliku a ATP. Vlastnosti reakce a vysoka nukleosidova specificita
enzymu piedstavuji idedini analyticky systém pro stanoveni pfitomnosti ATP,
gim se prokazuje kontaminace mikroorganismy, potravinami a pfitomnost
lidskych stop na povrchu materialu [5].

Elektrochemiluminiscence (ECL) vznika pfimo nebo nepfimo jako
vysledek elektrochemického déje. Reaktivni ¢astice vytvorené elektrochemicky
interaguji bud mezi sebou nebo s jinymi latkami v roztoku v blizkosti elektrody
za uvolnéni svételné energie. ECL je kontrolovana potencialem vioZenym na
pracovni elektrodu. Mezi vyhody ECL patfi snizeni poctu a spotieby reagencii,
zvy$eni selektivity a zjednodus$eni konstrukce pratokovych metod, protoze CL
éinidlo vznika elektrochemicky. Elektroda muze byt soucasti detek&ni cely, ¢imz
je zajisténa maximalni citlivost. Nestabilni CL ¢&inidla mohou byt
elektrochemicky pfipraveny in situ jako napfiklad trojmocny komplex ruthenia,
pfipadné mohou byt CL reagencie elektrochemicky regenerovany [49].
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3.2.6 Aplikace

S analytickym vyuZitim chemiluminiscence se miZeme setkat v ruznych
oborech. Pomoci chemiluminiscence byly stanoveny jak anorganicke tak
predevsim organické latky.

V oblasti Zivotniho prostfedi nasla CL uplatnéni pfi monitorovani stavu
sivotniho prostredi, jako je kontroia koncentrace H2O; a Zeleza v mofské vodé i
kontrola stavu ovzdusi [50-52]. Diky citivym CL metoddm muze byt
monitorovana i velmi nizka hladina pesticidi v povrchovych vodach a tim
zkouman jejich vliv na ekosystém [53, 54].

Dalsi oblasti, kde se vyuZivd CL jevu, jsou klinické a biomedicinske
laboratofe (napf. stanoveni nukleovych kyselin a imunoanalyza). Existuji
komeréni kity a automatizované imunoanalyzatory pro testy in-vitro, které se
pouzivaji pro rutinni analyzy v klinické chemii, imunologii, toxikologi, virologii a
endokrinologii. Casto se vyuZiva znaceni pomoci akridiniumesteru a
sulfonamidt (CL reakce s peroxidem vodiku), kfenové peroxidazy (stanoveni na
bazi luminolu). CL se dale vyuziva ke stanoveni specifickych sekvenci DNA a
RNA [55].

Vyvoj chemiluminiscenénich metod ve farmaceutické analyze je
orientovan na stanoveni hlavnich Géinnych latek v Ié€ivém pfipravkuy,
farmaceuticky aktivnich latek pfitomnych v télnich tekutinach i tkanich.
Chemiluminiscenéni  stanoveni je spojovano pfedevSim s pratokovymi
metodami (FIA, SIA, multikomutaéni metoda, multisyringe), méné s béznymi
separaénimi metodami kapalinové chromatografie a kapilarni elektroforézy [56].
CL reakce je pii spojeni s kapalinovou chromatografii realizovana pfedevsim
jako post-kolonova. Nejast&jsimi CL reakcemi, které byly popséany v literatufe
ve spojeni s HPLC jsou reakce s luminolem (stanoveni katecholamini v mogi
[57], stanoveni amikacinu v plazmé a motci [58], stanoveni glukokortikoidu
v jatrech [59]), reakce s komplexy ruthenia (stanoveni fenothiazinovych derivatl
vmodi [60], stanoveni alkaloidl v maku [61]), peroxyoxalatové reakce [62],
nebo reakce pfimé (manganistan draselny [63]). Diky jednoduchému provedeni
CL detekce se uplatiiuje i elektrochemiluminiscence [59, 60, 64].
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S rozvojem prutokovych neseparaénich technik roste i zajem o CL
detekci. Analyza léciv ve stfedné sloZitych matricich jako jsou tablety a masti
nevyZaduje v pfipadé CL detekce témé&f Zadnou Upravu vzorku, protoZe
pomocné latky pfitomné v tabletach a mastovém zakladu obvykle neinterferuiji.
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3.3 Spojeni chemiluminiscence a pritokovych metod

3.3.1 Piistrojové vybaveni priitokové CL

Pritokovy FIA & SIA systém s CL detekci je sestaven z pohonné
| jednotky (peristalticka pumpa - FIA, pistova pumpa - SiA), misici nebo reakéni
civky, dvoupolohového (FIA) nebo vicecestného selek&niho ventilu (SIA) a CL
detektoru, pficem2 jednotlivé &asti systému jsou propojeny teflonovymi
hadickami. Tyto jednotky jsou obecné& soudasti pritokového systému bez
ohledu na to jakou detekéni techniku pouzijeme.

CL detektor se skiada z pritokové cely, krytu znemoziiujiciho prinik
svétla a viastniho detekéniho systému. Tvar cely a jeji umisténi vzhledem k
detektoru ma velky vliv na citlivost CL stanoveni. Intenzita chemiluminiscence je
pfimo Umérna objemu cely. Nejpouzivanaj§im typem je plocha spirdla na
obrazku 9 umist&na tésné pfed oknem detektoru, aby k nému bylo vyslano co

nejvice foton. Svétlo uvolnéné v reakeci z excitovaného meziproduktu, ktery
| pravé prochazi detekini celou, dopada na fotosenzitivni oblast detektoru.
Svételna energie je pfemén&na na elektricky signal, ktery mlze byt zesilen a

zaznamenan.

Obrazek 9. Schéma a fotografie chemiluminiscenéni cely
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Vzhledem k tomu, Ze CL reakce maji vétSinou velmi rychly prabéh, je
#adouci, aby bod, kde se misi roztok analytu s Cinidlem, byl co nejbliZze
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chemiluminiscenéni cely/detektoru. Materidl, ze kterého je cela vyrobena, musi
byt transparentni pro emitované svétlo. PouZivaji se cely ze skia, kiemene,
akrylatu, polyesterd nebo jinych plasti. Pro zvySeni citlivosti méfeni je mozZné
pouzit pomocna planami nebo dutd zrcadla, ktera odrazi vétsinu paprskd
smérem do detekéniho okna PMT.

Zakladni detektor pro mé&feni chemiluminiscence se nazyva luminometr.
Luminometr vétsinou neobsahuje monochromator, protoZze emitované svétlo
pochazi obvykle zjediného druhu excitované Castice a jiné slozky matrice
nereaguji pfi stejnych podminkach za vyzafeni svétla.

Detektor musi spliiovat tyto poZzadavky:

e M&l by umozriovat detekci svétla o rizné intenzité (od nékolika fotonl za
sekundu po desitky milion( fotont za sekundu)

vice (&asteéné UV i IC oblast). Vétsinou se citlivost detektoru meni

s vinovou déikou.

¢ Signal detektoru by mél byt umérny intenzité emitovaného svétla.

o Detektor musi zpracovat signal v co nejkratsi dobé, rychlost snimani
musi byt vysoka, aby zachytil chemiluminiscenéni pik. Tato podminka je
dileZita pro pifesnost metody.

Nejpouzivanéj$imi detektory jsou fotonasobi¢e. Diky pocitaci Ize
analyzator jednoduse ovladat, vystupy z detektoru rychle zpracovat a archivovat
je [4, 5]. K monitorovani intenzity CL je moZno vyuZit prutokovy (HPLC)
fluorescenéni detektor s vypnutym excitaénim zdrojem (UV lampou).

K ovladani SIA analyzatoru s CL detekci a sbéru a zpracovani dat je
nutno pouit poéitat. Vhodné ovladaci programy nejsou zatim vétSinou
komeréné dostupné. Néktera vyzkumna pracovisté si vytvofila viastni software
(program LabVIEW: Karlova Univerzita, Hradec Kralove [65], Deakinova
Univerzita, Geelong, Australie [66], Aristotelova Univerzita, Soluf, Recko - FIA
[671).
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3.3.2 Chemiluminiscence a priitokové metody

Chemiluminiscence je Casto spojovana se vdemi  modernimi
nesepara&nimi pritokovymi metodami. V grafu 3 a 4 je zobrazeno zastoupeni
publikaci vyuZivajicich chemiluminiscenéni detekci ve spojeni s jednotlivymi
metodami.

7 rederSe (kapitola 4.2), kterd shrnuje CL analyzu l&Civ pomoci
sekvendni a pritokové injekéni analyzy od roku 2001 do roku 2006, je zfejma

prevaha publikaci vyuZivajicich techniku FIA.

Graf 3.
Pratokové metody s CL detekci

Graf 4.
Pritokové metody s CL detekci
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Cetnost publikaci (0sa y) v databazi Web of science {(www.isiknowledge.com)
v desetiletich (osa x) obsahujici slovni spojeni chemiluminescence a —
sequential injection analysis; flow injection analysis; lab-on-valve; multisyringe a
multicommutation. Data do 31.prosince 2008.

Tabulka 2. Zastoupeni priitokovych metod s chemiluminiscenéni detekci

FIA SIA MC | MSFIA| LOV
Bez rozdilu detekce (%) 90,0 7.9 1,1 0,4 0,6
CL detekce (%) 90,1 6,3 2,4 0,8 0,4

Grafy 1 — 4 a tabulka 2 ukazuji pfiblizné stejné zastoupeni prutokovych
metod bez rozdilu detekce a s CL detekci.

gy “—
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Rozdil FIA a SIA uspofadani pro chemiluminiscenéni detekci je
v technice miseni vzorku a &inidla. Ve FIA je mozné smisit toky vzorku a Cinidla
velmi blizko detektoru, coZ je u rychlych reakci Zadouci. U SIA jsou vzorek a
ginidlo aspirovany v sekvencich za sebou a zménou sméru toku smichany a
premistény do detektoru. V SIA Ize lépe oviadat rychlosti a pfesnost davkovani
pomoci krokového motoru. Nejprve jsou vzorek a ¢&inidla aspirovany pomalu,
aby nedo$lo kreakci, a pak jsou rychle pfesunuty do detektoru. Pokud se
vyskytuje u dané CL reakce urcita CL emise u slepého vzorku, u techniky FIA je
mozné slepy CL signal korigovat pribézné (nastavit nulovou linii) pfi pratoku
ginidel a gistého nosného proudu detektorem, kdeZto u SIA je nutné provest
analyzu slepého vzorku a vlastniho vzorku zvlast, aby byl ziskan skutecny
signal analytu [1]. Naopak slozitéj$i systém s vice reak&nimi Cinidly (napf.
reakce ruthenia s online generovanym aktivnim &inidiem) se snadnéji realizuje

pomoci SIA.
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V této kapitole je podan strudny komentar ke 4 publikovanym pracim a 2
rukopisiim pfipravenym k publikaci. Uplny text véech praci je uveden v kapitole
5. PIné znéni abstraktt prezentovanych na védeckych konferencich je
v kapitole 5.7.

4.1 Pfehled publikovanych praci

Publikované prace:

1. K Mervartova, M. Catala lcardo, J. Martinez Calatayud, A fully
automated assembly using solenoid valves for the
photodegradation and chemiluminometric determination of the
herbicide Chlorsulfuron, Anal. Lett. 38 (2005) 179 — 194, IF' = 1,362,
Citace? 7x

2 J. Klimundova, K. Mervartova, H. Sklenafova, P. Solich, M. Polasek,
Automated sequential injection fluorimetric set-up for multiple
release testing of topical formulation, Anal. Chim. Acta 573-574
(2006) 366-370, IF' = 3,186, Citace? Ox

3. K. Mervartova, M. Polasek, J. Martinez Calatayud, Recent
applications of flow-injection and sequential-injection analysis
techniques to chemiluminescence determination of
pharmaceuticals, J. Pharm. Biomed. Anal. 45 (2007) 367-381, IF! =
2,761, Citace® 6x

4. K. Mervartova, M. Polasek, J. Martinez Calatayud, Sequential
injection analysis (SIA) - chemiluminescence determination of
indomethacin using tris[(2,2 -bipyridyl)iruthenium(lli) as reagent
and its application to semisolid pharmaceutical dosage forms,
Anal. Chim. Acta 600 (2007) 114-121, IF! = 3,186, Citace” 1x

Prehled - plakatova sdéleni a pfednaska:
1. J. Klimundova, K. Mervartova, H. Sklenafova, P. Solich, Automation of

release tests of topical semisolid preparations based on sequential

' Hodnota Impact Factor (IF) odvozena z citaci za rok 2007

? Citovani publikovaného &lanku jinymi autory dle Web of Science ke dni 16.5.2009
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injection analysis; 2. International Symposium on Scientific and
Regulatory Aspects of Dissolution and Bioequivalence, Atény, 3.
5.6.2005

2. K. Mervartova. D. Lopez, P. Hola, M. Polasek, Vyhledavaci studie

lIé¢iv poskytujicich vyznamnou chemiluminiscenci pfi oxidaci
manganistanem a p#i reakci s komplexem [Ru"(2,2%bipyridin)s]**,
34. Syntéza a analyza lé¢iv, Brno, 12.-14.9.2005, P57

3. K. _Mervartovd, J. Klimundova, H. Sklenafova, M. Polasek,

Automatizace sledovani liberace é¢iv z masti technikou sekvenéni
injekéni analyzy, 34. Syntéza a analyza léciv, Brmo, 12.-14.9.2005,
P56

4. K. Mervartova, J. Klimundova, H. Sklenafova, M. Polasek, Automated

SlIA-fluorimetric method for release testing of topical formulations
containing salicylic acid, Instrumental methods of analysis, modern
trends and applications (IMA05), Kréta, 2.6.10.2005, P-I-70

5. M. Polagdek, H. Tomanova, K. Mervartova, P. Solich, Rapid automated
evaluation of antioxidation/free radical scavenging activity of
natural substances by sequential injection technique (SIA) using
chemiluminescence detection system based of Fe(lll)-catalysed
luminol — hydrogen peroxide reaction, /nternational Chemical
Congress of Pacific Basin Societies PACIFICHEM, Honolulu, 15.-
20.12.2005 Abstr. No. 678

6. M. Poladek, M. Otapka, K. Mervartova, D. Lopez, Fully automated
SIMPLEX optimization of operational parameters (aspirated
volumes, flow rates and delay times) in sequential injection
analysis, 73. International Conference on Flow Injection Analysis
including related techniques (ICFIA), Las Vegas, 24.29.4.2005,
prednaska p.L-51

7. K. Mervartova, M. Polasek, SIA-chemiluminescence determination of

indomethacin in pharmaceutical formulations, 70. International
Conference on Flow Analysis, Porto, 3.—8.9.2006, P149
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8.

10.

11.

12.

13.

K. Mervartovd, M. Polasek, R. Hajkova, H. Sklenafova, SIA-
automation of release tests according to recommended guidelines,
Joint Meeting, Marburg, 4.10-7.10.2006, A015

K. Mervartova, M. Polasek, Influence of solvents on

chemiluminescence reactions with permanganate and trisf(2,2’-
bipyridyl)Jruthenium(lil) studied in sequential injection analysis,
14. International Conference on Flow Injection Analysis (ICFIA), Berlin,
2.9.-7.9.2007, P74

J. Smutek, M. Polasek, K. Mervartova, LabVIEW® -based

“SIAMPLEX” software for fully automated optimization of
computer-controlled operational parameters in SIA with
chemiluminescence, fluorescence or absorption
spectrophotometric multi-channel detection, 74. Iniernational
Conference on Flow Injection Analysis (ICFIA), Berlin, 2.9.-7.9.2007,
P81

Q. Pavlicek, K. Mervartova, M. Polasek, J. Cabal, Assay of
cholinestrerase activity by micro-SIA with lab-on-valve platform
using stopped-flow technique, 14. International Conference on Flow
Injection Analysis (ICFIA), Berlin, 2.9.-7.9.2007, P59

K. Mervartova, M. Polasek, D. Lopéz, J. Martinez Calatayud,

Chemiluminiscenéni stanoveni verapamilu v tabletach technikou
sekvenéni injekéni analyzy, 36. Syntéza a analyza léciva, Bratislava,
11.-13.9.2007

H. Sklenafova, Z. Homolova, K. Mervartova, M. Polasek,

Determination of verapamil using permanganate-induced
chemiluminescence in the sequential injection (SIA) system, 713.

International Symposium on Luminescence Spectromelry (ISLS),
Bolofia, 7.-11.9.2008, PO139.
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4.2 FIA/SIA a chemiluminiscence ve farmacii

Problematika stanoveni l6&iv ve farmaceutickych pfipravcich &i v télnich
tekutinach nebo tkanich technikou FIA a SiA s chemiluminiscenéni detekci byla
v minulosti zpracovana v nékolika pfehlednych publikacich {33, 68, 69). Jedna z
poslednich praci byla vydana v roce 2001 [69] a zahrnuje &lanky publikované
v obdobi 1997-2000. PfiloZzena reSersni prace jako#to soudast této disertadni
prace navazuje na publikaci [69] a shrnuje pfisluSnou tématiku za obdobi 2001-
2006. V této publikované redersni praci (Ptiloha 1) jsou metody rozdeleny dle
jednotlivych chemiluminiscen&nich systémi (nepifimé metody stanoveni —
luminol, sifi¢itan; pfimé metody stanoveni — manganistan, komplexy ruthenia,
ostatni oxidaéni &inidla a rizné chemiluminiscenéni reakce). V grafu 5 je
uveden prehled publikaci na tema chemiluminiscence a prutokové metody
v analyze |é&iv uvefejnénych v letech 2001 aZ 2008. Na redersni praci (Pfiloha
1) navazuje v Tabuice 3 ptehied FIA/SIA — CL metod s farmaceutickou
problematikou, publikovanych v letech 2007-2008.

Graf 5. Rozdéleni pouzitych CL reakci podle typll za obdobi 2001 — 2008
(celkovy potet publikaci 230)

O Luminol (89)

@ Manganistan {34}

0O sifigitan {19)

0 Komplex ruthenia {19)

B Ox HexakyanoZelezitan (11)
OO« Cer(IV) (10)

B Ox. N-bromosuccinimid (7)

[ Elekirogeneravané oxidanty {5)
M Jin ox &inidia (16)

B Ostatni (20)
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Jak wvyplyva zpfehledu, okruh prakticky vyuZitelnych CL reakci
v kombinaci s pritokovymi technikami je dosud pomérné uzky. Vyznamnym
problémem se jevi pomérné nizka selektivita u pfimych CL reakci, coz vsak
nemusi byt na zavadu pfi stanoveni Uginné latky v jednodussich
farmaceutickych pfipravcich. Zfejmé& proto se vétsina publikovanych praci
zabyva vypracovanim metod CL stanoveni uéinné latky ve farmaceutickem
ptipravku (nejvice tablety), ale je publikovana i fada praci hledajicich vyuZiti
v Klinické praxi (sloZitdj§i matrice). V nékterych publikacich bylo dosazeno
zlepseni selektivity diky pouZiti elektrogenerované chemiluminiscence nebo
pouZitim preseparacnich postupl pred viastni CL analyzou vzorku. Vyhodou
pritokovych metod je moZnost automatizace takovychto kroku pfed viastni
analyzou.

Selektivita CL analyzy muze byt zvySena napf. extrakci na pevnou fazi
(solid-phase extraction, SPE) pomoci tzv. ,molecular imprinted polymers®
(MIPs) (vti§t&na informace molekuly do polymeru). MiPs se pfipravuji
kopolymeraci funkénich monomeru a situjicich slozek za pfitomnosti
analyzované molekuly, &im2 vznika prostorova sit s pory velikosti analyzované
latky, ktera je po vytvofeni polymeru vymyta. MIP je vpraven do sklenéné
kapilary a zaélenén do prutokového systému (jako pritokova cela). Pfi analyze
je 2adana latka zachycena v pérech MIPu (dochazi k jejimu zakoncentrovani),
pfitem2 ostatni latky matrice nejsou zachyceny. Po vymyti pfipadnych
nezadoucich potencialné interferujicich latek je MIP se zachycenou
analyzovanou latkou vystaven pasobeni CL ¢inidel [70].

Automatizace je ve vét§iné praci dosaZena technikou FIA. Jen mensi
podet praci aplikuje SIA k automatizaci CL analyzy s vyuZitim pfimych CL
reakci manganistanu [71-74] a komplexu ruthenia [75, 76]. Kromé& konvencniho
zpUsobu vpraveni CL &inidel do systému (kontinualni ¢erpani ve FIA, aspirace
v SIA) byla popsana specialni technika ukotveni Cinidel na vhodny nosié¢ (napf.
polymerni ionex) [77, 65). lonex je podobné jako MIPs vpraven do miniaturni
kolony (sklen&né kapilary) a zaélenén do prutokového systému jako tzv. ,flow
sensor® nebo ,solid phase reactor’. CL Cinidlo je pak postupné vymyvano
nosnym proudem béhem analyzy. Vyhodami takovéto upravy jsou jednoduchost
a nizka spotieba ¢&inidel. Na druhou stranu musime poditat s uritou konecnou
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sivotnosti senzoru, protoZe se imobilizovana &inidla za néjaky Cas totaineé

vymyji (senzor se musi pravidelné obnovovat}.
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4.3 Chemiluminiscenéni stanoveni pesticidu chlorsulfuronu
pomoci priatokové multikomutacni metody

Chlorsulfuron patfi do skupiny herbicidu odvozenych od sulfonylmocoviny.
Molekula obsahuje 2 aromaticka jadra (substituovany benzen a triazin) a je méné
rozpustna ve vodé. Nezadouci zbytky chlorsulfuronu se mohou nachazet v pudach
a to ve velmi nizkych koncentracich.

Jeho stanoveni ve vodnych extraktech tudiz vyZaduje pouZiti dostatecné
citlivych metod. Stanoveni by mélo byt rychlé a provediteiné nejlépe v misté
odbéru vzorku.

Tyto pozadavky spliiuje spojeni pritokovych metod a chemiluminiscencni
detekce. Z prutokovych metod byla aplikovana metoda vyuZivajici solenoidnich
ventill = multikomutaéni metoda. Teoretické podklady, vyhody a nevyhody jsou
popsany v kap. 3.1.4.

Prace byla publikovana a je pfipojena jako Priloha 2.

4.3.1 Optimalizace metody

Chlorsulfuron byl oxidovan bé&Zznymi CL cinidly, v Zadné z testovanych
pfimych reakci vSak nebyl pozorovan vyuZiteiny chemiluminiscentni signal.
V publikaci [65] bylo prokazano, Ze |ze nékteré pesticidy degradovat pomoci UV
zafeni na fragmenty, které nasledné v reakci vykazovaly chemiluminiscenci

V nasi praci (Piiloha 2) byl do prutokového systému integrovan zdroj UV
zaieni, kolem néjZ byla obtotena hadi€ka analyzatoru. Pfes tento fotoreaktor
protékal vzorek pred reakci s pfislusnym CL &inidlem. Po otestovani béznych CL
oxidaénich &inidel (manganistan, Ce (IV), hexakyanozelezitan a bromsukcinimid)
byla pozorovana chemiluminiscence vreakci s manganistanem draselnym
v kyseliné sirové.

UV-degradace a nasledna chemiluminiscence zavisi na mediu, v némz je
vzorek pfipraven. Byl testovan viiv pH (octanovy pufr pH 4,8, fosfatovy pufr pH 7,0;
glycinovy pufr pH 3,8 a 8,6; amoniakalni pufr pH 9,4, tetraboritanovy pufr pH 10,5,
kyselina sirova; hydroxid sodny) a pfitomnost chemickych katalyzatorQ (Fe*, Fe**,
H,0,). U v8ech medii byla zaznamenana chemiluminiscence po UV-degradaci a

jen velmi slabd bez degradace. Vyrazné vy$8i intenzita CL oproti ostatnim
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tlumivym roztokim byla naméfena pfi pouZiti glycinového pufru o pH 9,6.
Vzhledem k tomu, Ze u boratového pufru o pH 9,6 byla pozorovana podstatné nizsi
intenzita CL, |ze pfedpokiadat, Ze se glycin G&astni CL reakce.

V literatufe  nachazime prace, které vyuZivaji vliv polyfosfatu
(hexametafosfatu) v reakci s manganistanem draselnym [72, 113]. Jako kyselé
prostfedi pro oxida¢ni ¢inidlo manganistan byla testovana jak kyselina sirova tak i
kyselina polyfosforeéna. Smérnice kalibratni piimky pfi pouZiti kyseliny
polyfosforeéné byla vyrazné vys$si (strma linearni zavislost) a kalibrace byla lineami
v celém testovaném rozsahu chlorsulfuronu (1-20 mg I'") na rozdil od kalibrace
ziskané s kyselinou sirovou, ktera se bliZila limité (linearni zavislost byla pouze pfi
nizkych koncentracich). Cely systém byl optimalizovan s obéma kyselinami.

Chemiluminiscence muze byt zesilena napfiklad povrchové aktivnimi
latkami, ovliviiujicimi stabilitu radikalt, které se ucastni vlastni CL reakce. Kromé
tenzidi byly testovany i latky ovliviiujici fotodegradaci. Zadna z testovanych latek
nepfinesla pfiznivy efekt na vytéZek CL reakce.

Vy$si teplota zvySuje kinetickou energii a ¢etnost ndhodnych srazek mezi
molekulami, coZ muize zpUsobit jejich rychlejsi deaktivaci. Proto byla teplota a
pritok sledovany spoleéné. Optimalni teplota pro systemy s kyselinou sirovou a
polyfosforeénou byla 80°C. Po fotodegradaci vS8ak bylo nutné ochladit reakéni
smés pritokem pies ledovou lazefi, aby nedoslo k poSkozeni Cerpacich hadi¢ek
peristaltickeho ¢erpadla.

4.3.2 Validace metody

Na obrazku 10 je znazornéna multikomutaéni aparatura a vstupni Cinidla za

optimalnich podminek.
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Obrazek 10. Optimalni podminky a multikomutacni analyzator pro stanoveni
chlorsulfuronu

Vysledkova &ast s komentai k publikovanym pracim a rukopistim

Glycin pufr Lampa

pHO.5 _@_V VLT 'SV, PT

Chlorsulfuron ] SV]
roztok

Voda 80°C

KMnO, 2:10°M
v kyseling sirové
1.8M

v

o

SV1-3 — solenoidni ventily;, PMT — fotonasobi¢ (photomultiplier tube), P —
peristaltickd pumpa; O - odpad

Tabulka 4 Prehled validaénich parametrQ

Validaéni parametr Vysledek Komentaf
Studovany rozsah 0,06-20mg "
Spravnost 95 - 109 % Realné vzorky balenych mineralnich vod.

Metoda standardniho pfidavku, Recovery

Presnost — opakovatelnost 34-38% RSD; n=19; koncentrace 0,4 a 1,3 mg [

Linearita 0,1-1,3mgl" Korelagni koeficient (R?) ziskan ze 6

- Korefaénf koeficient | 0,992 + 0,005 kalibracnich zavislosti

Limit detekce 0,06 mg{” Pro pomér S/N = 3
Selektivita Rusi Cu** a NOy Lze vyfesit zapojenim kolony s vhodnym
iontomé&nitem.

Vyvinuta metoda neni zcela selektivni. Pro odstranéni interferujicich iontl
byly vyuZity kolony Amberlite 200 (kationova, Sigma Aldrich), Duolite C20
(kationova, Probus) a Duolite A-102D (aniontova, Probus) v off-line reZimu.

Krom& vzorkdl balenych minerainich vod, kdy metodou standardniho
pfidavku byla potvrzena spravnost metody (95 — 109 %), byly testovany i vzorky
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pitné vody, vody ze studny a podzemni vody. Vtéchto pfipadech byla
zaznamenana systematicka chyba plynouci z interferujicich iontu. Pro stanoveni
takovychto vzorkl je nutné vyuZit separaci napfiklad pomoci testovanych
pryskyfic.

Vyvinutd metoda je citlivd a rychlad (26 stanoveni za hodinu), nezatéZuje
pfili§ Zivotni prostfedi diky nizké spotfebé Cinidel a umozZriiuje provést analyzu

v misté odbéru vzorku, protoZe prutokové zafizeni je pienosne.
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4.4 Automatizovany sekvencni injekéni analyzator pro sledovani
uvoliiovani lééiva z polotuhych topickych pripravku

Cilem tohoto projektu (viz publikace Pfiloha 3) bylo sestrojit automatizovany
SIA systém pro sledovani uvolfiovani léCiva z masti, &i gell. Jako modelova latka
byla zvolena kyselina salicylova v masti a jeji fluorescentni detekce. V praci [7]
byla uvefejnéna automatizace sledovani uvoliiovani kyseliny salicylové z masti,
kde byla vyuZita jedna Franzova cela zapojena do SIA analyzatoru.

Uvoliovani lédiva z polotuhého pfipravku dava komplexni informaci o
vlastnostech kone¢ného produktu. Timto testem jsou kontrolovany pfipadné zmény
ve vyrobnim procesu, vliv slozeni pomocnych latek nebo vlastni kvalita pFipravku.
Principem testovani je zjistit rychlost uvolfiovani 1éCivé latky pres membranu,
imitujici kuzi.

Franzova difuzni cela (doporu¢eni FDA) je specialné sestrojena oteviena
difizni komora skladajici se ze dvou &asti - donorové a akceptorové, které jsou
oddéleny membranou. V donorové &asti je mast nanesena na membranu, ktera
z opacné strany pfiléha k akceptorové &asti vypinéné meédiem, do kterého se 1&Civo
uvolfiuje. V pravidelnych intervalech se sleduje vzrustajici koncentrace léCiva
v akceptorovém médiu. Membana mizZe byt umeéla simulujici kizi nebo kuze
(testovani biodostupnosti).

Dle FDA [114] je doporuéeno sledovat uvolfiovani léCiva po dobu nejméné 6
hodin ze 6 vzorku {(cel), ze kterych je ziskan profil uvolfiovani (release rate). FDA
poZaduje minimalné& 5 vzorku (sampling). Testovani bez automatizace je Casové

naroéné a pracne.

4.4.1 Vysledky a diskuze

Speciadlné vyrobena Franzova cela pro tento projekt je zobrazena na
obrazku 11. Do vodni lazné temperovane na 32 °C byly ponoieny 3 cely. Pfi
rutinnim vyuZiti je mozZné zapojeni 6 az 9 Franzovych cel. Akceptorova Zast byla
vyplnéna fosfatovym pufrem pH 7,4 (je Zadouci, aby médium napodobovalo
fyziologické prostiedi, ale neméné duleZitym faktorem je rozpustnost sledovaného

l€¢iva v médiu).
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, Obrazek 11. Zapojeni Franzovy cely do SIA analyzatoru

Selekéni ventil

Pomocné desti¢ky

Hadi¢ky zajist'ujici cirkulaci

. _.-~| Donorova &ast

\ _-="7| Mast

e .-t Membrana

Akceptorova ¢ast s médiem

\ .--1 Michadlo

Peristalticka
| pumpa

V kaZdé cele bylo michadlo zajistujici neustalé promichavani akceptorového
média. Do cely byly zavedeny haditky SIA analyzatoru. Medium po celou dobu
testovani cirkulovalo pres tuto smy¢ku pohanénou peristaitickou pumpou tak, aby

odebrana ¢ast média odraZela koncentraci kyseliny salicylové v akceptorove ¢asti
a aby byl minimalizovan mrtvy objem.

Obrazek 12. Cely automatizovany SIA systém se 3 Franzovymi celami

Fe===================-= =i
I sv2 [e:--- D —>| 0
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N: nosny proud; PiP: pistova pumpa; MC: misici civka; SV: selekéni ventil; D:
detektor; O: odpad; PP: peristalticka pumpa; VL: vodni lazefi; PC: pocitag; S$1-S5
kalibraéni standardy; P: pufr

Kyselina salicylova byla detekovana fluorimetricky. Jeji stanoveni bylo piné
automatizovano véetné prabézné provadéné kalibrace na 5 standardech, jelikoZ
soudasti vytvofeného analyzatoru byl dal$i selekéni ventil umozZiijici aspirovat
piislu$né kalibracni standardy v naprogramovanych intervalech.

V ramci technologického testovani byly automaticky sbirany hodnoty
koncentrace uvolnéné kyseliny salicylové v patnactiminutovych intervalech po
dobu 6 hodin ze tfech paralelnich vzorkl. Z téchto méfeni byl sestaven liberacni

profil.
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4.5 Chemiluminiscencéni stanoveni lééiv metodou sekvencéni
injekéni analyzy

Metodou SIA sCL detekci byla
vyznamnych latek obsahujicich ve své molekule dusik s cilem vytipovat 1&Civa,

testovana skupina farmaceuticky
s vyuzitim pfimé oxidace
[Ru(bipy)s]**
generovanym online z [Ru(bipy)s]** oxidaci ionty Ce(lV) pfimo v SIA systému.

vhodna pro chemiluminiscenéni  stanoveni

manganistanem v prostiedi kyseliny sirové nebo reakci s
Prehled vysledkl testl je uveden v Tabulce 5.

Tabulka 5. Screening novych pfimych CL reakci

. Reakce Reakce
zev Vzorec .
Na s KMnO; | s [Ru(bipy)s]**
. 1. #adna
Acebutolol P J AN odezva
I ,.']-.H _ |
Antazolin i, w | - slaba odezva
I
Zadna .
Atenolol slaba odezv
° odezva a zva
,@ vysoka
. o0 odezva .
N It
Bopindolol e /\{I v metanoly | Slaba odezva
e i etanoiu
N O gy )
Chlorhexidin L,CF R | - slaba odezva
:lc&tonu]'
e 57 odezva velmi slaba
. .y l j_ p
Cimetidin CH»N/kN/\/S N v etanolu odezva
H H
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Clotrimazol oL zadna velmi slaba
@ odezva odezva
- Zadna .
Diltiazem odezva vysoka odezva
_ vysoka
. a N odezva ve .
Endralazin Q_JLM \ W vods a slaba odezva
etanolu
Fenpiverin . ~ ol zadna slaba odezva
O O odezva
~COOH r
Meo.. m vysoka
Indometacin - odezvav | vysoka odezva
AP etanolu
e s sdn
o zadna wx:
Metoprolol _/_@_/—g odezva vy3si odezva
n,c,o
Nafazolin ;g o ] velmi slabé
() A odezva
- Zadna -
Nefopam ! odezva vysSi odezva
o\\ ~CHy
uu’s\\o . 'd ;
. . o 2adna i
Nimesulid | “/‘ odezva Zadna odezva
oH vysoka
NH, odezva ve
Norepinefrin vode, vys$i odezva
HE metanolu a
H etanolu
. ‘ an zadna . 4.
Orfenadrin odezva stfedni odezva
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CH
0\/]\/ﬂ CH, ,
Pindolol Qg T - slaba odezva
HH 4
. - 2 - Zadna .
Pitofenon C_\“' ° stfedni odezva
W.coce odezva
0
Tetrahydrozolin Cb\f - Z4dna odezva
H
Me
Tramadol oM 2adna stiedni odezva
e odezva
Me
R | sadné
in : a .4
Tolazoli { NJ | odezva Zadna odezva
oeH, N
Verapamil so ct/\X@: slaba vysoka odezva
P ’ :O/\/ e odezva Y

—————

Na zakladé téchto vysledkl byly vypracovany metody SIA-CL stanoveni
indometacinu (viz publikace Pfiloha 4) a verapamilu na zakladé CL reakce s
[Ru(bipy)s]** (Pfiloha 5). Sekvenéni analyzator byl v obou projektech totoZny a je
znazornén na Obrazku 3.

4.5.1 Stanoveniindometacinu v masti a gelu

Publikovana SIA-CL metoda stanoveni indometacinu je uvedena v piném
znéni v Priloze 4.

Indolovy derivat indometacin patfi do skupiny latek s protizanétlivym,
analgetickym a antipyretickym Géinkem. Tato latka vtéle brani syntéze
prostaglandini Udastnicich se zanétlivé reakce ale i prostaglandinh dulezitych
k tvorbé ochranného povlaku v travicim traktu, coz zplisobuje drazdéni Zzaludeéni a
stfevni sliznice po peroralnim podani. Indometacin je dostate¢né lipofilni pro
vstfebani k(2i a muze tak zasahovat do postiZenych tkani lokainé. Pouziva se pro

l&&bu zanétlivych onemocnéni pohybového aparatu ve formé masti &i gelh.
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V ramci optimalizace byly testovany rzné koncentrace reakénich Cinidel a
jejich poradi pfi aspiraci do sekvenéniho injekéniho analyzatoru. indometacin neni
dobie rozpustny ve vodé, proto byla studovana i n&ktera b&zna rozpoustédla, ktera
byla jiz v literature popisovana u chemiluminiscenénich reakci [115], a to metanol,
etanol, aceton a acetonitril. Nejsilnéjsi CL odezva byla zaznamenana u roztoku
indometacinu v 50% etanolu.

Parametry sekvenéni injekéni analyzy (objemy aspirovanych zén, rychlost
aspirace a rychlost prutoku detektorem) byly optimalizovany soucasné pomoci
matematického modelu SIMPLEX.

Validace metody je shrnuta v Tabulce 6. Navrzenou metodou je moZno
davkovat vzorky frekvenci 180 vzorku za hodinu.

Tabulka 6. Piehled validaénich parametrd SIA-CL stanoveni indometacinu

Valida¢ni parametr Vysledek Komentar

Studovany rozsah 0,1-50uM Kalibraéni zavislost vtomio rozsahu lze
vyjadiit kvadratickou rovnici; korelacni
koeficient R= 0,9997

koncentraci indometacinu

Spravnost vyhovuje Porovnani s referenéni metodou — UV
spektrofotometrie / t-test

Piesnost — opakovaielnost 2,02-2,40% RSD: n=10; koncentrace 0,5a 7,0 pM

Linearita 0,1-10uM Kalibraéni kfivka ziskana ze stanoveni 5
standardnich roztoki, korelaéni koeficient
se pohyboval od 0,9984 do 0,9998 (8
linearnich zavislosti)

- Korelacni koeficient, R | 0,9991

Limit detekce 50 nM ProS/N=3

Metoda byla aplikovana na dva typy pfipravki, mast a gel. Obsah
indometacinu byl stanoven referenéni metodou [116] a vysledky porovnany
s vysledky ziskanymi CL-SIA metodou Studentovym t-testem. Nebyla nalezena
vyznamna odlisnost vysledku na hladingé vyznamnosti 95%. Pomocné latky
pfitomné v mastovém a gelovém zakladu testovanych pfipravkl stanoveni
nerusily. SIA-CL metoda je dostateéné robustni, citliva a rychla a proto vhodna pro

rutinni stanoveni indometacinu v masti a gelu.
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4.5.2 Stanoveni verapamilu v tabletich

Verapamil je blokator kalciového kanélu v burikach srdeéniho svalu, jenz
zplsobuje vazodilataci a sniZeni rychlosti vedeni vzruchu a zpomaleni sinusového
rytmu. VyuZiva se pfedeviim jako antiarytmikum a hypotenzivum. Na trh je
ptevazné distribuovan ve formé tablet (léky vazané na recept).

V ramci optimalizace byl kromé koncentraci reakénich Cinidel testovan viiv
pH a slozeni tlumivych roztokll na chemiluminiscenéni reakci verapamilu s
[Ru(bipy)s]a". Bylo zjisténo, Ze reakce v nepufrovaném prostiedi vykazuje jen velmi
siabou CL. Podstatného zvySeni CL bylo dosaZenc v prostiedi octanoveho,
jantaranového nebo ftalatového pufru. Plidavek fosforenanu do reakéniho media
zhasel chemiluminiscenci. Jako optimaini byl vybran octanovy pufr o pH 5,4.

Podobné jako pii stanoveni indometacinu byl testovan viiv rozpoustédla
(aceton, acetonitril, metanol a etanol) na intenzitu CL. Nejvy$si signal byl
pozorovan u roztokd verapamilu v 50% metanolu.

Valida&ni parametry navrfené SIA-CL metody stanoveni verapamilu jsou
uvedeny v Tabulce 7. Rychlost analyzy je srovnatelnd s metodou stanoveni

indometacinu.

Tabulka 7. Pfehied validagnich parametri SIA-CL stanoveni verapamilu

Valida¢ni parametr Vysledek Komentar
Studovany rozsah 0,01 - 20 pM
Spravnost vyhovuje Statistické porovnani s lekopisnou

metodou {117] t-testem.

Pfesnost — opakovatelnost 1,54 - 1,93 % RSD; n=10

Linearita 0,01 —20 uM Kalibraéni kiivka ziskana na zakladé

- Korelacni koeficient, R | 0,9997 méfeni 12 standardnich roztoko,

Limit detekce 10 nM ProS/IN=3

Navrienou metodou byly analyzovany tablety Isoptin 40 mg. Obsah
verapamilu byl paraleiné stanoven take referenéni lékopisnou metodou {117] a
vysledky nyly porovnany s vysledky ziskanymi SIA-CL metodou Studentovym (-
testem. Nebyla nalezena vyznamna odliSnost vysledkl na hlading vyznamnosti
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95%. Vysledky ziskané navrzenou metodou jsou spravné. Pomocné latky

v tabletach stanoveni nerusi.
Byla vyvinuta robustni, citlivd a rychla metoda pro rutinni  stanoveni

verapamilu v tabletach (viz Pfiloha 5).
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4.6 Vliv organickych rozpoustédel na CL reakce manganistanu a
komplexu ruthenia(lll) s vybranymi lééivy

V publikacich [118-121], které se zabyvaji stanovenim léCiv na zakladé CL
reakce s manganistanem nebo komplexem ruthenia(lll) je davkovany vzorek
pfipraven vjiném rozpoustédie nez ve vode nebo je testovan pridavek
rozpoudtédla do chemiluminiscenéni reakce. V nékterych pfipadech je pozorovan
jejich pozitivni viiv na vytéZzek CL [115].

Rozpoustédio elektrostatickymi silami pusobi na molekuly rozpusténych
latek, coz mulze ovlivnit stabilitu zakladniho a excitovaného stavu Castic
Géastnicich se CL reakce {4].

Pii chemiluminiscenénich reakcich manganistanu a komplexu ruthenia byla
v nékterych pfipadech pouzita rozpoustédla jako metanol [115, 118], etanol [119,
120], 2-propanol [121], aceton, acetonitril a dimethylformamid. Dal3i rozpoustedia
v této souvislosti v literatuie diskutovana nejsou. V ramci tohoto projekiu proto byl
studovan vliv vybanych rozpoustédel ze skupiny alkoholi a nékterych dalSich
béznych rozpoustédel na uvedené CL reakce. Seznam 22 testovanych

rozpoustédel je uveden v tabulce 8.

Tabulka 8. Testovana rozpousteédla

Primarni | Sekundarni i s . Nealkoholicka

alkoholy | alkoholy Terciarni alkoholy Dioly Polyoly rozpoustédia
1,2-ethandiol

Metanol : ;

Etanol 1 g:g;gg:gg:g: Aceton
1-propanol | 2-propanal |, o e . Glycerol Acetonitril
1-butanol | 2-butancl 2-metyi-2-propanol 1%_53::23:8: Polyvinylalkohol |Dimetylformamid
2-$e:ayll1-;|- 2 3-butandiol Dimetylsulfoxid
prop 1,4-butandiol

Légiva verapamil a endralazin byla vybrana jako modelové latky na zakladé
pfedchoziho testovani (kapitola 2.3) a byla rozpusténa ve smesich voda —

organické rozpoustédlo o rizném obsahu organicke slozky. U verapamilu byl
stanovovan vliv na CL s komplexem (2,2%-bipyridyl)ruthenium(lil) (pfi
optimalizovanych podminkach kapitola 4.3) i manganistanem draselnym. U
endralazinu byl studovan vliv pouze na CL reakci s manganistanem. Stanoveni
byla provedena na sekvengnim injekénim analyzatoru, viz obrazek 3. Intenzita
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chemiluminiscence pfi nastfiku vzorku ve smiSeném prostfedi byla porovnavana

s infenzitou signalu u vzorku IéCiva o stejné koncentraci ve vodném roztoku.

4.6.1 Vysledky a diskuze

CL intenzita slepého vzorku se meéni s pouzitym rozpoustédlem a jeho
koncentraci, proto byl sledovan vedle rozdilu signalu vzorku (S) a slepeho vzorku
(B) AI(CL) i jejich pomér S/B. Oba tyto parametry byly vztaZeny na stanoveni
analytu ve vodé (relativni AI(CL)* a (S/B)*}). Vysledky jsou uvedeny v piiloze 6.

Reakce endralazinu a manganistanu byla nejvice ovlivnéna rozpousiédly 2-
propanolem 80%, kde bylo pozorovano 120 nasobné zvySeni intenzity Al(CL)
oproti vodé, a 1,2-propandiolem 2%, u kterého byl celkovy signal endralazinu ku
slepému vzorku 3x vy$s$i neZ pfi stanoveni ve vodé. V obou téchto rozpoustedlech
byly pfipraveny nizké standardni koncentrace endralazinu. Kalibragni kfivka
sestrojena ze standardi v 80% 2-propanolu byla vtestovaném rozsahu témér

| linearni, kdezto kiivky standardni fady pfipravené ve vodé a 2% 1,2-propanediolu
| mély tvar polynomu (x%). Detekéni limit byl 5 krat nizsi s 1,2-propandiolem 2% nez
u vody a 2-propanolu 80%. Opakovatelnost stanoveni byla u vzorku v obou
rozpoustédlech lepsi nez ve vodeé.

Reakce verapamilu a manganistanu je malo citliva, rozdil v pouzitém
rozpouétédle je méné vyznamny. Vdruhé reakci s komplexem ruthenia byla
intenzita AI(CL) zvy$ena vice nez 4krat oproti vodé u dimetylformaimdu 40% a 1,2-
butandiolu 50%. Pomér celkového signalu verapamilu v 40 % 1,2-propanediolu a
slepého vzorku vzrostl 2,2krat oproti stanoveni ve vodé. Limit detekce verapamilu
v téchto tfech rozpoustédiech a ve vodé byl stejny. Podobné jako u reakce
endralazinu a manganistanu se zlep$ila opakovatelnost stanoveni oproti analyze
ve vodé.

Na CL reakci smanganistanem maji negativni vliv rozpoustédla bez
alkoholové skupiny a polyvinylalkohol.

Vliv rozpoustédel na limit detekce nebyl jednoznaéné prokazan. Pouze pifi
davkovani roztoku verapamilu ve 2% 1,2-propandiolu se hodnota LOD sniZila
pétkrat ve srovnani s vodnym roztokem verapamilu.

Kalibraéni zavislost lééiva méla strmé&jsi prib&h nez u analytu ve vodé.
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Abstract

Areview is presented on the state of the act of he chamiluminescence analysis of pharmaccuticals by the two mostrelevant awtomited controlked-
flow methudologies—Ilow-injection analysis (FLAY and sequential-injection analysis (81A). The current chemiluminomenric applications of FlA
and STA in pharmaceutical analysis are discussed with special emphasiz on the analytieal hgures of ment and sample matix characteristies. The
review jnvolving 211 references and covering papers published between 2001 and 2006 i< divided into several sections aceording w the fundamentat
types ol chemiluminescence systems employed
1 2007 Elsevier BV, All nights reservedl,

Kenworeds: Phanmaceuticals: Sequential-injection analvsis (51A 1 Fhwegection amalyses (FLA L Chenidimimescenee: Review

Conlents
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Ackm kedaciments i T o 0o e T o e R ‘ 379
Heloremwes ... .. B s 1Y TR A8 B R AT ey A B e M e e R LA D v L e e 3Ty
. Introduction light when returning 1o ils ground state. Normally the amaeunt

ol energy released during a chemical reaction dissipaies as beal.
Chemiluminescence (CLY is dehined as o process producing Therelore CL is not very common phenomenon.
electronragnetic (ulinviolet, visible or near-inCrared) radanon As writlen in review | 1] CL reached analytical attention in
as a result of 2 chemical reaction (usually an axidation} inwhich (e middie of 20 century when Erdey in 1937 studied the use
one of the reaction products ocetrs in un exeited state and cmits of several substances such as luminok, lophine und lucigenine as
volumetric indicators.
In comtrast to speetrophotomelry and Huorimetry. the absence

* Comespunding author, Tel: 420 95763301 fax, +420 495067164, of strong backgroumd light kevels in CL methods reduces noise
il crddress! Katerina Mersartova@eiaremn.cs (K. Mepartova). signals and feads w improved detection limits (betler sensitivity)

0721.7085/8 = see front matier © 2007 Elsevier B.V. All rights reserved.
doi: L0101 6/] jpbea, 200708015
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and wide lincar dymantic ranges. Moreover. ihe absence of the
light excitation source leads t a tow ¢ost and simple operation
of the instruments resulting in s simple. robust and cust-cllective
apparatus, Some shorteouiings of the CL procedures are similar
(o other speclfomelric syslems as, ¢.g.. limited selectivity due to
the Tact that usually agiven CL reageni gives positive response
a group of similar compounds rather than just toa single analyte.
Anvther drawhack is the dependence of the CL emission on
various environmental factors which must be controtled since the
inlensity of CL emission changes with time and thix cimission-
versus-lime profile can vary widely in different CL systems |2].
Al present the CL deteetion is applicd in many anatytical ficlds
such as environmental, biomedical, pharmaceutical. tood and
heverage, elc.. s can be found in recent lilerature.

There are two basic ways to measure the CL emission, namely
by the batch technique and in fow systems. In the baich metlh-
ods the sample or reagent solution s injected by 2 syringe
into a CL cell containing selution of appropriate reactants: this
cell should be placed as close as possible Lo the phetusen-
sor/photomultiplier detector window | 3]. In the batch CL mode
it is dilticult to achieve rapid and elficient mixing of reactants
and (he process is not easily astomated |21, On the uther hand,
in flow systems represented by How-injection analysis (FIA)
[4] and sequential-injection analysis (514 [3] the analyte and
the reagents How continuousky or in a pre-programined series
of flow pulses through manitold channels 1o the deiector How
cell where the CL emission is monilored. Several improvements
compared to the batch procedure can be pointed out. namely:
higher sample throughput. possibility of an-line preparation of
unstabie rengents. atomation of the system and reduced siwnple
and reagent consumption.

Characteristic feature of FIA and S1A techniyues is the ahility
ol automated elticient and reproducible mixing of small volunes
of sample and reagents. 1§ the mixing takes place as close as
possible (o the photodelector window even fast CL reactions
can be recorded. Since the timing of the mixing process is fully
reprodugible it is unneeessary o measure i whole CLemission
profile. Therelore with the development of F1A and SIA the use
of fast and reproducible chemiluminescence detection hecame
considerably atractive.

The theme of CL as analytical ool was processed in a mono-
grupl | 2] and the atvantageous murriage betwueen the continuous
flow techniques and the CL in pharmaceutical analysis has been
reviewed in a nwmber of articles 13,6.7). As (ar as the authors
hatow, (e tost recent review considering this topic appeared in
2001 [71 and 1t dealt with papers published during the period

NH, O NH

NH Oxidation. Ol

——
NH  Cuatyst, inhibitar,
enlumcer, cofictor

0 Q

| tninol

e}

I-aminaphthalate
excited siate

1997-2000. The present paper deils with papers wtilizing CL
detection conpled wilh SIA and FIA for the determination of
phurmaceuticals (drags) that were published during the period
20012006 {(May-June).

In the present review the methods are classiticd aceording 1o
the kind of the CL process to direct and indireet CL assays. In
the direet methods the CL is emitted due to direct interaction
hetween the analyte and CL reagent (usustlly a redox reaction}
whereas in the indireet methods the analyte merely influences
an indicator CL reaction and plays the role of an inhibitor or
sensitizer: typical indicator reactions wilized in Lhis indirect
assays arce based on the oxidation of luminol. fucigenin, lophine.
sulphite or peroxyoxalaies.

2. Luminol system

Luminol (S-aminophthalylhydrazide) is so far the most Ite-
yuently used CL reagent. The CL emissiom of luminol is hased
on its oxidation by hydrogen peroxide, hexacyunolerrue(th.
permanganate. N-bromosuccininiide (o N-chlorosuccininude),
periodate, dichromate, persulpliate.  dichlorocyanurate  or
trichloroeyanuric acid, chlorale and clectrogenerated  hypo-
hromite in alkaline medium (see Table 1. Acconrding to the
well-known mechanism the supposed emitier is exciled 3
aminophthalate anion whose maximum cImission occurs al
425am |2].

The relevance of 1he uminol as analvtical CL reagent does
not rely on the emission effiviency but on possibilities that many
different specics can influence the mechanism and the Kinet
ics of the indicator reaction (Fig. 11 The analyte can act as
enhaneer. imhibitor or catalyst whose concentration may influ-
ence the intensily or amount of emitied light,

For example enzymes such as pelyphenol oxidases {Irom
plant juice) are able to catalyze the oxitution ol nwno-, di- and
polyhvdeic phenols generating activated oxygen species (e.g.
superoxide rdical) reacting with Juminol with CL emission
Such enzymes obtained Trom raw apple juice were ulilized lor
the CL determination of adrenaline 15].

Some catalysts such as Cutil, Cotlly and FeI/Fe(1D were
implemented into the luminol/oxidam system to improve sensi-
fivity of the indireet assay. Thus Cudlly was used us 2t catalyst in
the determination of methimazole and carbimazole [917 these
drugs Tormed complex speeies with Cudlh) and thus inhih-
ited Cu(ID-catalysed laminol=hydrogen peroxide reaction: with
incrensing conceniation ol analyte equilibrium concentration
of Cutly diminished and this resulied i the decrease of CL

NH, O

I N o + It

. N —

| 2 fs) (425 nm}
Q

=

3-aminophthalate
eround siate

Fig 1 Luminol CL schene
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L systerns based o fhe oxidation of lnminal/F1LA

Analyle

Owddant s¥~lem: hexacvanolerre( 1y in

Adrenaline
Berberine
Captopil

Cefinstazole

Dipyrdamole
Dinbesilate
Duobesiline

Dubatamine

Dopaming
Dopamine

Daopamine
Foliv acid
Gallic aeid
Hydrazines
Dwlapaniide
TIsominzich
Ketotiten
Levoddopa
Methyldupa
Mutronidazole

Ornichzole

Paricetnal
Phemokunine
Promazine
Chiarpra-
nkLzine
Resurcinol
Rutin

Rutin

Salburamel
Thinmine

Activn ol the
wtaly le/chemical system

MIP. presence: lerracyunide
Inhibitar/solid-phase reactor
Enluncer: prescove;
lermoeyunide

Presence: ferrocynile

Enhancer
Tuhibiter
Innhimtorisolid-plase neawdtor

Enhancer. presence:
lerrocyanide
inabitor

Inlubitor

[nhibitor
Enhancerfsolid-phase reawtor
Enhancer

Inhibitor
[nhibirorfsolid-phase reactor
Enhancer

LCnhancers

Enhancer: presence:
ferrocyanide
Inhibitor

Inbibaror

Enbaneer

Inhibitee/solid-phase reacior
Enhancer: presence:
ferrocyanide

lohibdtarfsolid- phase reactor

Seusitizer: MIP
Inhibitortselid-phase reactor

Oxidant system: perindite inalKaline medinm

Adrenaline
Isoprenadine

Cephalosporing
Cefalexin
Cebwlor
Cedradine
Cufinlroxil

Cysteine

Duhesilate

Dopamine
Hydlealazine
Tsoniazid
Penliuridol
Peurarin

Reserpine

Ribwillavine

Enhancer/solud-phase reuctor

Enhaneers
Enhaneer
Inhibsitariolid-phase reactor

Enhancer

Enhancer. MIP
Lahancersolid-phiase reactor
Euhaneer

Euhancer

Inhahitorfsolid-phase reactoe

Endancerfsulub-phase rescton

alkaline mediuvm

Calibration range

S=100nM
Q05-MN n/ml
0. F =0 pefml

0.3-1.5ng/ml

0. 1-50ng/mt
th.2-16 wyfml
0.2 100 nghml

0. =100 ng/ml

4400 ng/nd
30100 and
S00-3000 ng/ml
2.0-800 ngfml
QU =15 pgefml
S—-1060nM

10 100 ngdm|
1 1O ngfml
0.01-1 pg/ned
0350 ng/ml
1-1Xkngiml
2-HXpM

0210 pgfml
A0-1000 ng/ml
Q.0 - | pghnl
0.05-15 pgfmlt
Q3-8 pg/ml

42920 ngrml
01-2 wwml

103K ng/ml
0.05-10 pg/ml

02-4+0pM

210 pg/ml
O 250 pstmil

fA11=1 p b
1U=60M3 pefand

0 =10ng/ml
2oN00nghnl
KAk 1000 M
TN LARTRR )
G A= 00 ng/ml

1.0=300 pghmi

=200 ng/ml

LODB

inM
002 n'ml

0.06 ng/ml

4 ngfmk

0,026 ng/ml

1. L4 ng/ml
Sng/ml

14 ngsml
X il
5.0nM

34 ngiml
035 ag/nd
5 Tughnl
0.12 g/l
037 g/l
015 pM

005 pgl
25 npiml
g mi

Fug/ml

Sng'mi

I3 ngiml
.03 pehml

0.35 ng/ml

1o ng/ml
a6 0

T Ongfml
Sthnpfml

a9agiml
04 nghnd
i ngfink
10ng/ml
Snbl

35 peimd

0.02ng/mi
Oongiml
42nM

9 2aghml
0 g/l

. 3ng/ml

002 ngfil

Rl
Throughput Sample Ruelerences
{samiplesi
Serum 113
Tublets 211
9«0 Pharmaceutivals 22
Resiclnes in [23]
pharmaceuticls
manufaiune
Pharaacuaticals 1241
3 Capsules 125]
-y Pharnicenti Itz 126}
anne
90 Tngection 1271
- Ingection 12%]
135 Ljections 129}
Ejection (R
) Plurmacenticals (B
- Tablets 34
Pharmaceuticals £33
o0 Tublets 134
L] Tablets {35
- Pharmacevticals [36]
Tablers [37.38]
Pharmaceuticals [RE]]
Tublels 4]
Lublets 141]
Lnjectons. urine. plasni {42]
= Tablets |+31
Tinchuges {+4]
Tabhets [EN]]
40 Pharmaceundals, human [46]
nwnne
- Urine 1471
30 Pharmaceuticals. hinman 1481
urinc
E14)
o0 [njections
[421
Pharmacenticals
- Tnjection [30)
120 Pharmaveitivals. human 151]
nnne
Injection [321
Flunwan urine 1531
) Tablets |54
Tabkets |55}
180 Nourislinent, mpections. 156]
human unne
120 Phanmaceotieals, 1571
hivlogacal B
12 Tablets, human unne [i%]
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f;lly‘c

Rutin
Thimmine

Action of the
anadvieichemival aysten

Inhihatarfsobid-phiase reactor

Inhibitur/solid-phase reactor

Oudant system: hydrogen peroxide in alkaline mediam

Acetylsp
ramycin
Aunkacin
Amoxicillin
Asithromycin

Captopril
DicthyIstilbe-
el
Domperidone
Estrogens:

Estrone

Estradiol

Extric)
MMethimazole
Carbimasnle
Rispendon
Theanmune

Ortidant systein: polussinm periiinganale n Pk mediom

Doxycvehne
Oreymetinsetline

Parncetamol
Terbuialine

Other oxidunl sysicims
Ackenine

Adrenaline

Aminomethyl-
hensoe

awid
Amnophylline
Asgorbre acid

1-Cystcine

Catecholamines
Adlrenaline

Noradrenaline
Liuprenabine
Dopamine
Chlompromazme

Clindamycm
Cobalamine

{B2)
Gentanticin

Columicer

inhitator. caralysi: Cutll)

A .
Intwhitor: sensitizer; Co=*"
Enhancer

Enhancer
Enhancer: catalysi: Cotlly

Cnhancer
Catalysi: terrasulfonaed
wanganese plihalecyanine

Inhibitors: catalyst Cuill

Canalyst
Enhancer

Intubiter
Inhibitor

Inhibitor
Enhancer

System; luminol-dichrome
in alkaline mediom,
sensalizes: sodinm
dudecylsenzene subfonale

Adrenaline=luminol-polyphenol

oxiduse
{nhibitors of heminol-N-
bromosuccinimide

Analytes reduce Fet* 1 Fe3*
which is detected with
Tuminol-Qa. determination
of mixsture

Inhibitor of
funminol-potassivm chlvgate

fon prr

Calibratien ringe

0.1=-3ng/ml
134700 nM
0,002 ngfnl
9.89-20 ppfml
S0 ng/ml

0.5~ 1000 pgfml

3300 ngfml
0.4 pM

0.03=1.0 pg/md

0=l M

0.09-1.0pM
0.3-2.00M
2-100 ppiml
3-120 pyind
10T pe/mil
(LUS-X wpfin)

S-S000 mghml
1.88=-200 ag/ml

25-250nM
0.5-300) ngfinl

04382420 nM

1025 ppfinl
002§ pgiml
0.0-T pfiml

0.06—6 p /il

D 440 pg/ml

005-10 pg/ml

chlorpromusme=tetrehlorouurate 111

Intubiuon,
Iumin=myoghihin
Enhancer. luminol—disolved
nxyEen

Sensitizer: electrouxishation

PYOg ITTRTT P

=T ng/ml
(L2=1 200 pyefm|

1 .24 ngfml

LOD

013 ae/m
1.0nM

3 pgfnl

297 pefml
2.7 nglml
1104 pg/ml

Ingfl
6420M

Slagml

M

7.2nM
Al

I ppfml

2 ngml

4 pfiml
N4 pyphnl

2.(hnghnd

|

A oag/ml |69).
1.2 ng/ml [T0]
10nM

(117 ng/ml

1.246nM

0.2 pp/nl

7.00g/ml

34 ug/ml
003 ppiml

0.2 pgfmd

0.2ng/ml
L4 ngfml
0.7 ng/ml
4 ng/ml
fng/mi
103 ng/ml

S ig/ml

0 % nef/ml

Throughpua
t~amplesi)

[
1tH)

120

120

180
20

120

120
i

i

w

260

12

120

Saimple

Tuhicts. human urihe
Tablets. mjection,
lutin uring

Pharmawenticals, lnman
urine. seruny
Pharmaceurivals
Capsules

Injections. hunian urine
and semum

Tablets

Tablets

Tablets, serum
njections, lap waler

Tabets
Tahlets

Tablets. mjections

Pharmaccubicals
Drops

Pharmaceutivals
Pharmaceuticals, plasma
and wime

Human serum

[njections

Plas

Pharmaceuticals. human
i

Tupections

Tuhlets, mjections, aome
Capsules
Ingestion, tablels, hunkin

<erLmE Wi, oeg. tish
Injecuon

Relerences

|58
[16}
1591
{60!
[ol]

jo2]

[63]
oy

6]
165]

19

166]
167

5
169.70]

71
172]

173

I7H

(13}
1771
il

1781
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Table ) (Cespinenedd §
Analyle Activn ol the Culibration range LOD “Fhiroughput Sample Refercnces
amalytcfehemival system (amplessh)
lodide Use of gas ditTusion. G110 pp/ml - &l Tables. liguic medicine 114}
ondation 1o ivline which
reacted with luniinol
Isemiasid fshubitor of 1. 4-5500ng/ml 048 ng/ml - Tubleis 179]
hanitwl=-KaFe(CN
a1 Sensitizer electroxidation 4= p M 220kl - hgectiom |s0]
ol luminol
Isomiasul Enhanver lumimol=sudiim 4=200ng/inl (DY 2g/mitly 63 Tablcts 811
dichloranovyanurate (DY or
wichlororoeyanurie aod (T)
O [THI g/l (T Ing/miT)
Tsoniazid Enhancer of hminol-N- $-3000 np/midDy gl ol Tablets i1
bromosuccinimicde (yor
N-chlorosuceintinide (1D
H-2N0ng/ml D Fng/mitih
Levadopa Sensitizer: ¢leclrocyidation 042000 g/ ml 0.2 ng/mi - Pharmaweuticals |83}
of luminel
Miledipine Enhancer of luminol -sodiam 0550 pyfiml 0T gl - Tublets (B2
persulline
Narfloxacin Sensitizer: ¢lectrouxidation Q6 ]=200 pg/md +ong/mi Pharmaceuticals, urine [%5]
ol lummol
Novalgin [nhibitor of 0.03-50ng/ml (LO2 ngdinl of} Tablets 1171
(metamizele) funinel—dichromate/solid-
plise
resglor
Ribavirin Enhancer of luminol—sodinm 0.01-1.0 ppfiml A ngfml - Pharmaceuncals 18%6]
persulfate
Thinmine By Inhibitor, 0=t pgfml 1 2ng/ml - Tublets %71
luminol=clecirogenermed
Briy™

intensity. A metal cation Torming an metalphibalocymine or
metaiporphyrin complex may act as a CL catalyst as demuon-
strated with Co(ll) in the CL assay of dicthylsuilbestrol [10].
The catalytic effect of Cotlly was also used inihe CL determi-
nation of vitamin By~ (cobataming [11] afier releasing CoilD
from the vitamin molecule by acidilying the analyte solution,

The selectivity of CL analysis can be improved by solid-phase
extraction with specilic recognition using molecular imprinted
polviners {MIPs) in continuous-llow analytical methodologies.
Appropriate MIPs are prepared by copolymerization of lunc-
tional monemer with cross-linker in the presence of template
malecules o produce three-dunensional network polymers.
Removal of the template molecules results in a unctional poly-
meric matrix with recognition sites complementary in size.
shape and functionality o the emplate molecule. The MIP
is packed in u glass whe that serves as a flow cell. The ana-
ivie {template molecule) is adsorhed (pre-concentrated) in the
flow cell and (he other substances exeept of e analyle are
washed out. This MIP technigue has been employed for the
selective CL determination of adrenaline with use ol hexacyano-
ferrute( T hexacyanolerraic( 1) reagent 112] and other drugs
(see Tubles 1. 3 and 3).

Another way of fncreasing sehkeetivity of CL determination
is the use of solvent extraction in micellar aqueous-organic
systems. A good example is the CL determination of
ehlorpromazine hydrochloride [13]. which is based on the

dichloromethane selvent extraction of ion-pair complex of
tetrachloroauratet111) with chlorpromazinivm cation and lumi-
nol CL detection in o reversed micellar medium fonned by
the cationie surfactant cetylirimethylammonium: bromide in o
dichloromethanc—yetohexane-aqueous carbonate butler sys-
tem. The jon-pair complex produced a CL signal when it entered
the reversed micellar water poul.

A gas-dillusion low-injection (GD-FD system was designed
for selective CL determination of iodide. Todide was oxidized
w0 clementary iodine in a donor sircam (oxidant + watee): the 12
dilfused through a PTFE membrane into an acceplor stream ol
iodide solution and reacted with a stream ol luminod to produce
CLI4].

Use of subsirle-specitic enzymes is another possibility for
attaining selectivity of CL ussays. Selective CL determination
ol beta-glucose | ES] was based on the on-line oxidation ol gl
cose by glucose oxidase in the presence of dissalved iwolecular
uxyuen resulling in the formation of hydrogen peroxide which
reacted subsequently with luminoel.

Besides conventienal aspiration or pumping the reagents m
the FIA or SIA system. special lechnigue Tor introducing CL
reagents has been devised. Reagents were separately innnobi
lized on a suitable support (resing and they wore suceessively
eluied in the low maniold during the analysis. The resin was
packed into acolumn (flow sensor or solid-phase reactor) placed
at the merging paint of analyte. carrier or sdher reagenl sireams
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[16=18]orjustin front of the detection window [ 19]. The advan-
tages of such system are operational convenience, simplicity of
detection devices as well as lower reagent consumplion. On the
other hand the capacity of the column packing is limited, the
innmobilized reagents are spent after some Gme and the colnn
packing must he renewed (shorter tletime of the sensor).

A secondary CL emission phenomenon was observed in
determination of menadion [20]. After finished CL reaction
hetween luminol and excess of patassium periodate, the ana-
fyte menadion was added and so-called secondary CL emission
was vbserved. The oxidized tonm ol menadion presumably trans-
fers its eneray 1o once deactivated 3-aminophtalate which again
appears in excited state, When retumming Lo the ground state the
energy emitted is proportional to concemrativn off menadion.

The CL methods using luminol as reagent were proposed
for the assay of various pharmaceuticals with dilferent strue-
tures and pharmacological elliects. Phencthylamine group drugs
are typical representatives of such analyles detenmined (see
Table 1.

3. Sulphite system
The reaction of sulphite with strong oxidants such as per-

mamganate. Ce(VY in 2eid media and clectrogenerated Mi[1T)
is accompanicd by a weak CL that can be sensitized by some

Takle 2

UL swstems hased on sulphite viidatinn/F1A

organic compounds (see Table 2). The excited species Tormed
by the vxidation of sulphite is probably sulphur dioxide |88-90]
in accordance with the following mechanism:

HSO3™ + oxidant — HSO;*
IHSOL® — 52067 +2HT
S0 = SO +50:*

S02* — SO+ 4 he

The energy of the excited $O2* moleeule cun be casily trans-
ferred 1o a Muorescent molecule (Nuorephore).

The sulphite CL system was especially useful in determi-
nation of Nuoroguinetencs. The CL signal can be considerably
enhanced in the presence of trivalent lanthanoid tamily ion (L)
[£9.91-94] as abserved in the CL determination of the quinolone
() erapelloxacin |89 Inthe absence of Ll the transter of energy
from SO-* 10 Q resulied i subsequent emission of lumines
cence of Q. In the presence of L1 a complex with yuinolone
LIQ) was tormed. The energy from SO2* was transterred suc-
cessively o ligand (yuinolone} and (hen by an intramotecular
energy-transter provess to L1 the energy of LGy was emitled
at characteristic wavelength of the LE there Th* 49t 546 and
590 nm).

Analyee Oxidation system/iechnigue Calibragen range
Benzimides: Aciliv CellVy LOG-2.5 pgml
Suipirich:
Sultuprichs k125 pehml
Tinpride 1L =1 5 pyfimb
Ciprotloxacin scilie CellY ), sensitizer: T 9 (=000 oM
Dexamethazone Electrogencrated M I1T) =10 pg/ml

Flusroyuincolones
Levotoxacin
Moxilloxacin
TrovaHoxacin

Cirepattuxavin

Lomedloxacin

Muetoprolsl
Nortloxacin

Olloxacin

Papaverine
Papaverine

Fipemidiv acid
Pipemidi wvid

Sparfloxacin

Acklic CetIV 1, sensitizer Fn'

Eu'*

'

Acidic Cet V). sensitizer: Th'
Acudic CerlVy

Unejrraciinded sample. CeliV) in
HCI. sensitizer: Th™

CetlV) an salphuric acid

Acidic CetlV), seasitizer: Th*

PhO: n ~ulphuric

ag plhalid-phase reactor
Acudic permuinganate
Acidie CetlVy

Perninganate in
tetraphosphoric acid

Souium bismuthate in sulpluric
acidiolid-phase reactor
UVeirrudiated <imple. acidic
CetlV sensitzer: T

0535 pnl

132240 pyfinl

DLAHIR-LLE g/l
0.05-2 pghul

0 —=h( pew/mt

DRTELE LTS

WOLS-7 3 uM
Yo XM

1210 pfml

0210 M
O g=1trpM

00 ] =81 prarfond
L 1-10 ppfml

=10 pM

Reference

LOD Throughput Samphe
tsimpleshil
00pg/mi 180 [0
- peiiml 150 Tablers, vapsubes,
ampoules, urine, plasima
00 peiml 1
22phi Tublets. capsules E
70 ng/ml Pharmaceuticals ||
0L il Tabkts %3]
0033 pg/md
(LO0R pg/m)
0.0 pfinl Tublets and human urine 591
Fng/ml 2 Svnihetiv samyle. onine (R
2200 Tublets, serun, vrine |94
4.70M 180 Tablets. human urine | 1CKH
45pM Capsules. huntn serum, d]]
uramw
THinghml Taiblen. capsule. injection 96l
M Tahlets 185]
870 Pharmaceuticals sind [0
Budogical {lvids
30 agnd Tablets Lio2)
62 ng/ml ol) Tablets 195)
25nM - Tithlet cupratles [w3]
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A sulphite—sodium hismuthate {oxidant) CL system was
used for determining pipemidic acid [95] in acidic medium,
Sodium hismuthaie was immobilized inside a CL Aow cell as
a solid-phase oxidint, Pipemidic acid is o Quorogenic com-
pound that could sensitize the weak CL enussion from the
sulphite—bismuthite reaction. A similar solid-phase reaction
systemn was proposed for the CL assay of ofloxacin [906] (1u-
orophory with immaobilized lead dioxide as oxidant.

4. Direct CL methods

Recently special auention was paid to looking for
new direet CL reactions. Generally. the CL reagent s 2
strong or moderate oxidant such as  potassium - perman-
manate. ris( 2.2 -bipyridine ruthenivin¢ 11D complex. potassium
hexacyunolerratet [TD, CedI V), hydrogen peroxide, oxygen or V-
hromosuccinimide mmong others. Other less frequemly used CL,
reagents are bromine or sodium hypochlorite. The CL emis-
sion ¢an be usually enbanced by using a catalyst, an orgamzed
medinm or a sensitizer.

The direct CL stratey has attracted the atlention of some
authors [ 103, 104] dealing with molecular connectivity caleula-
tions applied 1o predict the CL behavior of organic substances,
pharmaceaticals and pesticides when reacting with conimon
strong oxidants in higuid phase and (irst non-cmpirical rule for
the prediction of the CL behavior of organic compounds was
devised. The success in prediction was about 934 for CL behav-
ior ol pharmaceuticals and pesticides and 100 [or phenols
and polyphenols, The caleulations were also applicd w0 ereot
alkaloids {1053] and a review [106] concerning this opic was
publistied.

.41 Oxidation with potassium permanguanate

Potussiuen permanganate is the most common exidant used in
CL reactions; recently cephalosporin and penicillin ¢lass antibi-
wlics appear among the drugs determined most frequently with
this reagent by the FIA-CL wehaique (see Table 3), The emit-
ling molecule is under discussion, A comprehensive review by
Hindson and Buarnetlt concerning o wide range ol analyticul
applications of permanganate in CL reactions | 107) postulmed
excited Ml or its complexes. singlet oxygen, sulphur dioxide,
Nuorescent oxidation products ol the analyle. ete. us Cl-cmitting
species. A lurther article was devoted to investigation ol the ori-
gin ol CL in systems involving Motlih, MadIVyand MagVIHin
phosphate selutions | 108], It was conlirmed that the emitter is
clicited from the oxidant and that it is most probably the excited
Mu Ty,

Hudging by the nimber of published articles sulphuric acid or
polyphosphoric acid is the preferred medivm for penmunganite-
based CL reactions. However. the suitability of sulphuric or
polyphosphoric acid is also subjeet ol controversy. The opli-
miztion of the acidic medium mostly shows that the use
of sulphuric acid leads to betler reprodueibility. The role of
polyphosphoric acid is double: on one hand. it provides the
required acidic medivm for the oxdation. and on the other hand
tuets a8 promoter of the CL sinee it most likely stabilizes reac-

tion intermediates [ 109]. Sionitarrole is played by poly phosphate
(hexametaphosphate) in sulpburic acid mediom [110.111].

The presence ol chemical additives such as sensitizers or
orgamized media can increase the emission inteasity even by
several orders of magnitude. Some suclactants { Tween 60 {109,
henzalkonitm chloride [112]) protect the microenvironment off
CL amilter through femigion of micelles or they can Lawili-
Late energy teanster [109]. Theee are some other chemicals of
non-surfaciang character, such as B-cyclodextrin, that alse pro-
teet the cimitter and minunize the non-clectromagnetic emission
pathway during relaxation of the cxeited species f113).

On the other hond, there is varicty of uilier substances
which ¢an increase the CL intensity. Many Nuorophores have
beeniesied and propused in dilferent drug determinations. Qui-
nine [112.114=L116] and formic acid [117] were utilized as
fluoraphores where the energy from excited state of interme-
diate or product 1s transterred 10 this lNuorescing compound
which is the final cmitter {ghutaraldehyde [118). Tormalde-
hyde [119=125]). Cephalosporines | 126] were determined by
pennanganate-induced CL enhanced by glyoxal as sensitizer.,

Anattempt wis made 1o solve the problem of CL drug deter-
mination in complicated niurices such as human sernnm by using
on-line selid-phase exteaction and S1A with CL detection | 110].
The authors detenmined salbutamol that was initially adsorbed
trom the matrix on @ cartridge packed with silica-gel {modificd
with carboxylic acidy and then efuled by sudphuric acid: the CL
determination of eluted salbutamol was perfosmed by oxidation
with permanganate in sulphuric acid medium.

The translormation of non-chemiluminescent compounds
into chemiluminescent inennediates by prior UV-ieradiation is
a real possibility how 1o achieve CL reaction. Photo-induced
CL was employed for the determination ol chloramphenicol
[127] and sulphonamides [128]. A screening test [or the devel-
opment of photo-induced FIA-CL of pharmacenticals has been
also reported [129].

4.1.2. Oxidation by (2.2"-bipyridine utheniumg 1)
cennplex

A frequently  applicd  CL reaction  uses  ise2.2'-
bipyridineyrutheniumdil) complex (Ruibipy)a™*) as reagent.
This rather unstable molecule should be Treshly prepared just
prior the reaction or in site. A variety of methods have been
empluyed to obtain active Rughipy 1™ by oxidation of relatively
stable Ruthipyin®* including chenmicat., photochemical and
clectrochemical oxidation [ L43]. An analyte is oxidized hy the
Ru(bipy)s** 1o produce cxcited [Rucbipya®* | specics emitting
CL at around 6G0nm | 143].

The CL is generated by the reaction with a1 reductant (Xre)
as follows:

oxidation of Ruthipy)s*™ — Ruibipyi’™* e~
Ru(hipy);‘“" + Xeed = [RUbIpY); ¥ + Xox

[Ru(hipy);"""l* — Ru{hipyh:"' +hve
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Table 5
Oiher CL methunbs/FIA
Awlvie CL reactiondspecial lectiniyae Cabbrulion rnge LOD Throughpul Sample Reference
(amples/hy
Owadation by terricyanidde in alkaline media
Cimetidine Sensitizer: Tween 80 01500} pg/ml 20 ng/ml - Tablets. injections [164]
Dihvdralazine Sensitizer: eosin Y 00223 pefml 12 nghnl Tablets jlos)
Dobutamine 0.5 100 il 0.3 pgiml Medicine [166]
Ergonovine Solid-phase reactor 0.003- 1.0 pghul 6 ng/ml Injevtions, urine 1167]
Ergut alkaloids Sensitizer: dioxane. 70°C 0.1-5(H g/l 0.6 pefml 73 Tablets 1103]
(Ergotimine}
Fuliv mwid - 0l=21 peiml 03 pgiml 30 Pharmaceuticals [168]
[~oniazid 0.05-2 patml 000 pehiml 120 Plsrmaceuticals 1 169]
Rifanpin - L 1=30 p/ml no6pe/ml - Capsules. veustilla 11704
Rutin Sensitizers ethanol 1=t /ml O34 pe/ml 60 Pharmsiceuticuls (LAl
Terbutaline Sensitizer: wsdamine 6G (L 1=1.2 py/ml U067 pgfil - Tablets 1172
Tyrosine Sensitizer: formic acid. 1010 pfinl 50 ng/ml g Svathetic 11131
orzatised medinm formulation
iB-cyclodexiring
Oxidation by Cadd Vi in acidic media
Cephalexin Temperature degradation of 0.1-1pe/ml 0,06 pfinl Capsules. blets 1173
wnafyte. sensitizer: dudanine
6
Cepirdine Thermal degradation of 0.1 =10 gl 005 ppht - - Capsules 1174)
analvie, sensitizer; hodamine
Lt
Chlorpromazine Sensitizer: dwdanine 6G (=10 pgfinl 6.5 mefrod - Tablets, injection, 1173]
plasma, urme
Fleraxacin Semsitizer: TH™ 240 M 0.83nM - Tablets, urine 1176]
Lomefloxacin Sensitiver: todamine 6G 0115 wgiml 00epgiml - Capsubes 1177
Perphenazie - 0A=T0 il RO nghml - Tublets 1178]
Pewrarin Sensitizer: thedamtine 6G 13800 ngfml .84 n'ml 120 Injection [179]
Phentobunine Sensitizer. rhaxkunine 6G | =400 Al O nghml Ijectron, higlogcal | 180]
s
Thizzides; Indapamide UNsirradistion 0.5-12 ppfml 65 Pharmaeeuticah (3]
Metolazone 1,5-12 pp/mt
Hydrofume thraide (15— 2 pgfml 0406 i
Chlvthalidone VA= 2 pp/nid 0005 pefmi
Bendrollumethiaznde
Hydrochlorothazide 0,5-5 pefnk
Oxidation by ¥-bromasuccmimide in alkaline media
Aadrenaline 6-2{1) pug/ml & pgfinl 40 Pharmaceuticals 11%2]
Amine acids: Glyeine Inerensed reactivity by humic 1-30 pg/iml 0.2 pyfml 113 Emulsion, injectjon 1183§
acid
Arpinine 0.25 ppfml
Meloxivam Sensitizer: Huorescein 0.22=28 uM 770M 144 Pharmaceuticals [154]
Mettornnn Sctisiheer: uorescem, OL007=30 il 2. 3l ik PFharmiaesuticals | 185]
lensoachives
cetyltrimethykmnwniunm
hrimide
Morox yudine Presence aff 01 =1E8) il 30 neiml E Tablets j186]
dichlorufiunresceis.
cetylrimethylammonivm
vhiloride
Phenfermin Sensitizer: Huongseein (LOOG=10 pughinl 2ughul o0 Taldets [1¥7]
lomsoactives
celybtrimethykummonium
Phcatormin Semsilizer: Ioreseein, (00 =300 g/l A3 nefiml Tublets {188]
lensuactive
velylirinwthylimmoniuni
bponmide
Electrogeme rined oxidants
Amidopyrine Ml 0.5- 1K 0.2 pgfml Ingectinns [1sy]
(=Aminopyrine,
Aminophenizan)
Capropril Mudklh W3- M snM - Tablets 1160]
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Tuhle 5 {Crattimied )

Analyte CL reactiondspevial technique Calibration rmige LOD Throughpn Samiple Referenwe
tsamples/hy
Captopri Al in acidic mediom 0.02=11) ppfml 6 pg/ml ol Pharnmacewtivils 161
Dexanicthusute Coilliyin <vlphure acnd 1=20 pgfiml 02 ppml - Injections [ 162y
Chloretucycline 1CWHIO) > 0.1=100) il 53 ngfmi 60 Urine [163]
Other oxidants
Analgin ¢Metamuzal) Oxidation by mangancsc LOd=1 mg/ml 27 pgdml 120 Dissalution wesis of 1189
tiuxade i acidic medim, tablets
sensilizers odanine
GG/ o sensor
Ascorhie il Oxidation by soluble Mutl V. 00620 pM D0 p M “Taldets. injections [190}
sensitizer: formalkdehyde
Hemin Oxiddation by HaOn in NaOH. 1.R86=-560 M sS6pM 100 Tablers, animal [t
stizer: Rhodamine B. Mood
sonlinnn dodecyl sulphate
Idapamiide Oxidation by soluble Mn(IV), 0.U2-3.0pg/ml Sng/ml - Urine [192]
sensitizer; formaldehyde,
MIP
Taspizuend Oxadaton by periodate in 1 510 upimil Niepeinl 120 Dissolutivg tests of 1193]
tahlets

basic medivm

In recent years chemical oxidation of Ruthipyh™ o
Ru(hipyj_z3+ hag been achieved with CeV) in acidic medimmn,
permanganate in acidic medium or hy Jead dioxide as oxidams
{sce Table 4.

The drugs determined with Rugbipyie™ as reugent contain
typicully nitrogen in their sirctire (mainly heterocyclic com-
pounds and primary. secondary and lertiary amines} excepl ol
naproxen which is derivate of 2-arylpropionic acid ( prolen).

Generation of Rughipy):™ was carried out by photochemical
axidation of Rughipy 1™ (involving UV-irrudiation in the pres-
ence ol peroxodisulphate) in the CL detenmination of L-cysteine
and t-cystine [ 1441 Dircet CL determination al cysitine was
possible whereas cystine had (o be preliminarily transformed 1o
cysleine by using a reduction column,

Electrochemically genersted Ru(hipyn” was used lor the
CL determination of antibiotic celadroxil [145]. The Now ccil
of the proposed system contained a platinum working electrode,
a silver chloride reference electrode and a steel needle as an
auxiliary elecirade. Cetudroxil was oxidized by Ruttnpy)z e
generated from Ruthipy)s* insituon the surface ol the platinum
elecirode,

£.0.3. Other oxidation CL reactions

1n addilion to permanganate and Ruthipy 1™ some other oxi-
dancs, namely [Fe(CNYo ¥, M-bromasuceinimide or periodate
in alkaline medium or Ce([V), manganese dioxide and soluble
manganese(|¥) in acidic medium were ulilized as reagents in
CL assay ol drugs (see Table 5},

Some CL resctions can oceur ol the surface ol an clec-
trode when the CL reagent (often an unstable species) is
produced from a passive precursor in a flow system. Such
cleciro-chemiluminescence analyses are characterized by pood
sensitivity but they may suffer lrom some drawbacks such as
clectrde Touling. narrow linear runge due o small area of the

working clectrode, poor repeatability and complicated design
ol the clectrochemicab/CL low cefl. In the recent years the
clectrogenerated oxidants applied in the CL amalysis of drugs
were hydrogen peroxide 138 MucID 159,160 Agdh [161],
Co(llly [162] and [CutHIOa 1P~ [163].

5. Miscellaneous reactions

This scclion is dealing with CL assays that could not be
included in the previous sections because the nature ol the CL
reaction wtilized is ditferent (Table 6). Song and coauthors [ 194]
devised o CL methud for the assay of fluoroguinolones that
enhanced weak CL Trom peroxynitrous acid (nitrite + hydrogen
peroxide in acidic medium). The peroxynitrous acid was |
converted inlo & metastable excited species OHOON?®. Fluo-
roquinolenes served as energy-transier species responsible Tor
CL cmission.

The oxidation al peroxyoxalie by hydrogen peroxide
gives an mtermediate which may trapsfer its energy o other
molecules, The reaction is suitable for determination ol fu-
arophores or compounds labeled with fluorescent tags. Thus
albumin 193] was derivatized oll-line with fluorescamine in
acetone and bis(2 4.6-trichlorophenyloxalate {in acetonitrile)
wis oXidized with hydrogen peroxide to fonn an intennediate
which translerred s excitation energy W (he Fabeled aibumin in
the presence ol sodium doedecy) sulphate and imidazole {bases
such as imidazole, pyridine. TR1S and tricthy lkunine culalysed
the peroxyoxalate CL reaction).

Another CL reaction was used Yor the delermina-
tiom of ethamsylate (2.5-dihydroxybenzenesultonic acid with
diethanolamine) |196]. This analyie is hydrolyzed in alkaline
medium to 2.35-dihydroxyhenzensublosate and diethylamine.
A strong CL was gencrated in the presence of  dis-
sofved oxyzen, Tween 80 and rhodamine 6G (energy-transfer
reagent).
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6. Conclusions

Chemiluminescence is a very altractive deteclion technique
mostly due to the instrument simplicity, low-detection lim-
its andd wide calibration ranges. At present the “marringe™ of
CL detection and automated flow lechniques such as FIA and
SIA stimulated more extensive use of CL in drug manalysis,
Other flow methodelogies not considered in this review (multi-
commutation, muhi-syringe. stopped-fHow. multi-punmping, ete.}
have not yet conlributed signiticantly to the analysis of drugs.

The discovery of new direct selective CL reactions can poten-
tiadly increase the number of analytes of pharmaceutical interest
which could be delermined through chemiluminescence, To sue-
ceed inosuch developments a deeper know ledge of mechanisms
al the CL reactions is pre-requisite. In the authors™ opinion fur-
ther progress in the lield of clectro-chemiluminescence concept
can probably comribute o further improvement ol selectivity
ol CL assays, while wider implementation of awtomated on-line
separation techniques in this sense is straightforward.

Muost of the reported CL drug assays ure perlfonmed by means
ol lab-made Aow luminometers which makes diflicult compar-
ison of 1he analytical nuinbers of merit of methods devised in
different labornories. Morcover. a CL reuction which could be
used as i CL standard still remains a challenge opened to CL
rescarchers.
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A Fully Automated Assembly Using
Solenoid Valves for the Photodegradation
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Abstract: This paper presents a new photochemiluminescent system for the determi-
nation of chlorsulfuron in water samples. The light from a low-pressure mercury
lamp is used as a clean, reproducible, and inexpensive “reagent” for the derivation
of the pesticide, performed in glycine buffer at pH 9.5. Then, the photo-products
from irradiation are oxidized by permanganate in sulfuric acid solution. The oxidation
reaction was favored by using high temperatures. A comparative study and discussion
about the use of polyphosphoric acid instead of sulfuric acid in the oxidation reaction is
also presented,

The use of solenoid valves allows for the easy, complete automation of the process
with low sample and reagent consumption. The calibration graph was linear over the
range 0.1-1.3mg L~ of chlorsuifuron, the limit of detection was 0.06mgL ™", and
the throughput was 25h '}, The proposed method was applied to the determination
of the pesticide in spiked mineral water samples.

Keywords: Chlorsulfuron, photochemiluminescence, pesticides, solenoid valves
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INTRODUCTION

Chlorsulfuron (CLS), 2-chloro-N-[4-methoxy-6-methyl-1,3,5-triazin-2-yi)-
amino-carbonyl]benzenesulfonamide (see structural formula), is a herbicide
ol the sulfonylurea family. The significance of this compound tamily lies in
the following two facts: (a) a high toxicity, which allows the use of relatively
low application rates; and (b) a short lifetime in soil [e.g., 2—8 weeks for CLS
(Brown, 1990), the principal degradation mechanism for which, particularly in
acid soils, {s hydrolysis].

Cl OCHs
O O Q
ﬁ—NH—é-NH N

=l

Most reported methods for the determination of CLS involve its chroma-
tographic or electrophoretic separation, in addition to its previous extraction
(usually by SPE). Specially prominent among the most recent determinations
are those in drinking water by HPLC-SPE (Zhu et al. 2002): river water by
GC-MS (Ludvigsen and Lode 2002); environmental materials (Voyskner
and Townsend 2002) and rainwater (Bossi et al. 2002) by SPE-LC-MS:
water samples by GC-SPE (Berrada, Molto, and Font 2001); and soils by
supercritical fluid chromatography-atmospheric pressure chemical ionization
mass spectromelry (Dost et al. 2000) and capillary electrophoresis
(Menzinger et al. 2000). However sensitive and precise, these methods
require the use of sophisticated, expensive equipment, which makes
advisable the development of more affordable aiternatives.

Immunoanalytical techniques, which are based on the antigen—antibody
interaction, are both specific and sensitive; although they are readily imple-
mented, they can also be very expensive. The specific techniques used in
this context include fluorescence polarization immunoassay (Eremin et al.
2002) and enzyme-linked immunosorbent assay (ELISA) (Chigrin et al.
1989; Kelley et al. 1985).

Some authors have also used differential pulse polarography to determine
sulfonylureas, CLS included (Concialini, Lippolis, and Galletti 1989).

Coly and Aaron explored the irradiation of CLS with UV light for analytical
purposes. By using an appropriate photoreaction medium, strongly fluorescing
derivatives can be obtained. The first derivative of the UV fluorescent spectrum
has been used to resolve binary mixtures of CLS with suifomethuron-methyl
(Coly and Aaron 2001) and metsulfuron-methyl (Coly and Aaron 2000), using
the zero-crossing method. This pesticide has also been determined in a direct
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manner in a micellar medium, both batchwise (Coly and Aaron 1999a) and by
Aow injection analysis (Coly and Aaron 1999b). The application range for the
Jatter two methods is 1-720 gL ™" (LOD 0.5 pg L™y and 3-252ugL™!
(LOD 0.2 ng L"), respectively.

The UV irradiation products of CLS have been studied by several authors.
Interest in this topic has been aroused by the fact that light constitutes a
straightforward, clean, economic, reproducible means for the in situ control
of various pollutants (Caselli, Ponterini, and Vignali 2001; Maurino et al.
1999).

To the authors’ knowledge, this is the first chemiluminescence-based
determination of CLS to be reported and also the first using “multicommuta-
tion” continuous-flow methodology for its automated quantitation.

EXPERIMENTAL
Reagents and Apparatus

All reagents used were anaiytically pure, unless stated otherwise, and prepared
in water purified by reverse osmosis and then deionized (18 M{)-cm) with a
Sybron/Barnstead Nanopure 1 (Jefferson City, Missouri, U.S.A.) water puri-
fication system provided with a fibber filter of 0.2 um pore size. The chlos-
sulfuron was from two commercially available solid formulations, from Dr
Ehrenstorfer (98.5% purity, Augsburg, Germany) and Riedel-de Haén
(99.8% purity, Seelze, Germany). Other reagents used were: KMnQ,,
H.SO,, KsFe(CN)4, NaCl, FeNO; - 9H,0, Triton X-100, dimethylformamide
and Na.B,05- 10H-0 from Panreac (Barcelona, Spain); Polyphosphoric acid
from Riedel-de Hagén (Madrid, Spain); Ce(NH,)2(NO3)s, NH3, NasHPO,,
NH,Cl, Fe(NO3)3-9H,0 and sodium acetate from Probus ( Barcelona,
Spain); H,0,, ethanol and acetonitrile from Merck (Madrid, Spain);
KH.PO,, NaOH, HC! and acetic acid from J. T. Baker (Paris, France);
sodium dodecyl sulphate and hexadecylpiridinium chloride from Fluka
(Madrid, Spain); glycine and acetone from Guinama (Valencia, Spain).
Exchange resins: Amberlite 200, strongly acidic, size 16-50, from Sigma
(Madrid, Spain); Duolite C20, strong cationic, and Duolite A-102D, strong
anionic, [rom Probus (Barcelona, Spain).

The flow manifold depicted in Fig. I, consisted of a PTFE coil of 0.8 mm
i.d.: a Gilson (Worthington, OH, USA) Minipuls 2 peristaltic pump provided
with pump tubing from Omnifit; and, three solenoid vaives Model 161T031
(Nresearch, Northboro, MA, USA). The photoreactor consisted of a 173¢cm
length and 0.8 mm i.d. PTFE tubing helically coiled around a 15W low-
pressure mercury lamp (Sylvania) for germicidal use. The flow cell was a
fat-spiral quartz tube of 1mm id. and 3cm total diameter backed by a
mirror for maximum light collection. The photodetector work-package was




| . Pilloha 2
Diserta¢ni prace

182 K. Mervartova, J. M. Calatayud, and M. C. Icardo

Channel 1 Lam 7

Channel2 —— Vv,

Channel 3
Channel 4
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20 sepments: 12 s 100 seconds 15 segments; 135 s
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Figure 1. Flow assembly optimized (top). Channel 1: photodegradation medium

(glycine buifer at pH 9.5); Channel 2: aqueous solution of chlorsulfuron; Channet 3:
carrier (water) at 80'C; Channel 4: oxidant (KMnQ; 2-10°molL"! in H.SO,
1.8mol L '). Flow rate: 10mL min~'. P peristaltic pump; W: Waste; B: ice water
bath; PMT: photomultiplicr tube; V: solenoid valve; Lamp: 2 15W low-pressure mer-
cury lamp (Sylvania) for germicidal use. The photoreactor consisted ofa 173 ¢m length
and 0.8 mm i.d. PTFE tubing helically coiled around the lamp. The solid line in the
solenoid vaive represents the pathway of the flow in OFF position, and the broken
line corresponds to the ON position. Bottom, optimized insertion profile to obtain
the analytical outputs.

a P3IOCWADSF-29 Type 9125 photomultiplier tube (PMT) supplied by
Electron Tubes operating at 1280 V; it was located in a laboratory-made
light-tight box. The output was fed to a computer equipped with a counter-
timer, also supplied by Electron Tubes.
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as an independent commutator ON/OFF (Catald-Icardo, Garcia-Mateo, and
Martinez-Calatayud 2002; Garcia Mateo, N.D.; Rocha et al. 2002) and the
complete cycle can be described in terms of N*(#y,£5), where ¢, is the time
interval in ON position, ¢; corresponds to the OFF mode; and N is
the number of the repeated ON/OFF sequences. The system configuration
was the same during the whole empirical work; only the ratio #,/t; and N
were varied. The pump is placed after the detector, being sample and reagent
solutions aspirated to the flow-cell at flow rate 10mL min™" (the flow rate
was measured for the pure water carrier stream). The position of the peristal-
tic pump in the multicommutation manifolds different Lo the parent method-
ology (FIA), is obliged to avoid overpressures when a valve is in the OFF
position and avoiding the flow of the solution. The alternative when the
“usual” pump position in the flow assembly is preferred, requires use of a
higher number of solenoid valves. A cold water bath was nesting in the
way detector-peristaltic pump to prevent noncontrolled changes in the flow
rate due to the effect of high temperature on the pump tubing when a high-
temperature water bath is required for the chemical system.

The insertion profile in the finally proposed flow manifold was as follows:
(a) valve VI segmented the analyte solution with glycine buffer at pH 9.5
(proposed as the suitable photodegradation medium) leading these segments
to the photoreactor. During each microinsertion, V1 was ON (0.5 s (aspiration
of chlorsulfuron) and, deactivated during 0.1 s (valve OFF, aspiration of the
buffer). During the required interval (N 20 or 12s) for the process, valve
V3 was ON, allowing the peristaltic pump to aspirate chlorsulfuron and
medium. This time interval also allowed cleaning of the internal walis of
the photoreactor to avoid sample cross contamination, Next 100s period,
the UV-photodegradation stopped flow interval, afl valves were in the OFF
mode. Then valve V2 was activated to allow the stream of the oxidant
solution, which was divided in microsegments in V3 and alternated with
microinsertions of the resulting photofragments of chlorsulfuron: 15 (0.7,
0.2). This generated the chemiluminescent emission in the flow cell; and,
when baseline was reached again (circulating pure water), a new cycle
started; total time 141 s.

Preparation of Solutions

Preparation of Samples

Mineral water samples from different origins were spiked with chlorsulfuron
standard solution of 10mgL™" to obtain five solutions containing chlor-
sulfuron into the dynamic range of application (0.1-1.3 mg L™ "). The added

amount found was compared with the amount to determine evidence of
constants or proportional systematic errors.
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Preparation of Stock Solutions

Stock solutions of chlorsulfuron (10 or20mg L™ ') were prepared by weighing
and dissolving the exact required amount of pesticide; then it was dissolved in
pure water with the help of an ultrasonic bath and magnetic stirring. The
resulting solution was stable for 3 days in the refrigerator and protected
against light. The working standard solutions were freshly prepared by
diluting the stock solution in the appropriate volume of waler. All freshly
prepared solutions of pesticides were also protected against room light.

RESULTS AND DISCUSSION

The proposed assembly consists of two distinct parts in terms of chemical
and flow-related variables, namely: (I) the CLS photoreaction manifold and
(I1) the derivatization manifold, where a strong oxidant is used to generate
the chemiluminescence. The operation of the two parts was optimized
separately.

Influence of the Reaction Medium on the Photodegradation of
Chlorsulfuron

The photodegradation of chlorsulfuron was previously studied by some
authors (Coly and Aaron 1999, b, 2000, 2001; Caselli et al. 2001; Maurino
et al. 1999): 1o the authors’ knowledge, however, neither the substrate nor
its reaction products have to date been determined using a chemiluminescent
reaction.

Based on our previous experience (Catald Tcardo et al. 2003a, b; Segarra
et al. 2003), we chose sulfuric potassium permanganatc for the preliminary
photodegradation assays, among the strong oxidants recommended in the lit-
erature as the most suitable for generating the chemiluminescent response.

Figure 2(a) shows the chemiluminescence emission intensities obtained
by irradiatinga20mg L™ I solution of chlorsulfuron in various media including
buffers at pH 3-10.5; Fe(1l) (10‘5 mol L) and H4Q- (0.05%) (both of which
are used in the photo-Fenton reaction (Bauer and Fallmann 1997; Huston and
Pignatello 1999); and Fe(I1f) (10”5 mol L™ 1), which is an efficient photo-
catalyst (Catastini et al. 2002). As can be seen from the figure, only the
glycine buffer (pH 8.6) resulted in a significantly increased analytical signal
relative to the pure water as medium. Further tests with the buffer at a
variable pH from 8.6 to 10.5 {Fig. 2(b)] provided a plateau between pH 9.2
and 9.9 in the response, so pH 9.5 was adopted as optimal.
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Figure 2. Elfect of the medium on the chlorsuifuron photoreaction. (a) (top): All tested
media, Broken line corresponds (o the pure water signal. The used bulfers for the differ-
ent pH tested values were as follows (pH, buffer): 3, glycine and HCI; 4.8, acetie-ucid
and sodium acetate; 7.0, HoPO; and HPOj ; 8.6, glycine and NaOH; 9.4, NH; and
NHT; and, 10.5, sodium tetraborate und NaOH. (b) (bottom): DilTerent pH solutions
prepared with the butfer glycine and NaOH.

Optimization of the Oxidant

The suitable oxidant (chlorsulfuron in 20mg L ™" concentration) was estab-
lished by testing: permanganate and Ce(IV) (both in a sulfuric acid
medium), and hexacyanoferrate(IIl) and N-bromosuccinimide (both in an
NaOH medium). The choice was permanganate on account of it provided
the strongest signal, 30% greater than that provided by ferricyanide, and
also bearing in mind it has been found to provide grealer sensitivity, selectiv-
ity, and reproducibility than ferricyanide (Chivulescu et al. 2004).

Based on the analytical literature, usually sulfuric acid is the medium
of choice for using potassium permanganate as oxidant in direct

93




Y

Disertaéni prace Priloha 2
[ ———————— ]

186 K. Mervartovi, J. M. Calatayud, and M. C. Icardo

chemiluminescence-based methods. However, polyphosphoric acid is known
to promote the emission of permanganate, as shown in the determinations
of different pharmaceuticals (Abbott, Townshend, and Gill 1986; Amiott
and Andrews [997; Christie et al. 1995; Alwarthan and Townshend 1986;
Deftereos, Grekas, and Calokerinos 2000; Mitsana-Papazoglou et al. 2000).
After a series of empirical assays, and under identical conditions, the use
of 3, 5, or 7% polyphosphoric acid with a chlorsulfuron concentration of
20mgL."" was found to provide a chemiluminescent signal up to 9.2 times
stronger than that obtained with 2.0 mol L ™' sulfuric acid. However, polyphos-
phoric acid also provided high blank signals and lower reproducibility. Other
empirical approaches provided poor results; although the slope was much
greater with polyphosphoric acid, the responses obtained at low pesticide con-
centrations were quite similar. Because our primary interest was to determine
small amounts of analyte, we chose Lo use both media (sulfuric and polyphos-
phoric acid) in parallel in order to identify that yielding the best results.

Optimization of the Oxidant Concentration and Oxidation Medium

Figure 3 illustrales the effect of the polyphosphoric and sulfuric acid concen-
trations. With polyphosphoric acid, the response peaked at a concentsation of
0.5~ 1%: however, the blank signal increased with decreasing polyphosphoric
concentration. In order to avoid an adverse effect on the limit of detection, we
chose a 2% polyphosphoric acid concentration for subsequent work. On the
other hand, the analytical signal increased with increasing sulfuric acid con-
centration throughout the studied range. A concentration of 2.0molL™" was
selected in order o avoid using too concentrated solutions and, hence,
causing potential deterioration of the manifold.

The response to the concentration of permanganate was identical with
both media (SmgL.~" of chlorsulfuron), and a permanganate concentration
of 6- 107> mol L™ was adopted.

Effect of Sensitizers and Surfactants

The chemiluminescence emission of analytical systems based on the direct
oxidation of the analyte can be enhanced by using a sensitizer or a micellar
medium (Catald Icardo et al. 2003a). We studied the following substances
in this work: 25% ethanol, 5% dimethylformamide, 0.5% formic acid, 25%
2-propanol, 25% acetonitrile, 0.5% acetone, 1.2% and 0.2% sodium dodecyl-
sulfate (SDS), 0.06% Triton X-100, 1.2% B-cyclodextrin, and 10™* mo] L™
quinine sulfate. Hexadecylpyridinium chloride (0.2%), benzalkonium
chloride (0.6%) and N-cetyl-N,N,N-trimethylammonium chloride {0.2%)
were only tested with SA, as it had previously been found to form a precipitate
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Figure 3. Effect of the concentration of polyphosphoric acid (APP} and sulfuric acid
(AS) used as medium for the oxidation with permanganatc.

with PPA under similar batch conditions. All substances used in these tests
were prepared in glycine buffer at pH 9.5. Only small increases were
observed, except for ethanol, which increased both the analytical signal and
the blank signal; due to that, the use of any lested substance was discarded.
Similar results were also observed with sulfuric acid, by the presence of
B-cyclodextrin or quinine sulfate.

Influence of the Photodegradation Time

The effect of UV light exposure times {rom 10 to 240 s was examined with the
flow stopped. A Smg L~ solution of chlorsulfuron and glycine buffer at
pH 9.5 as photodegradation medium were used for this purpose. The signal
was found to increase linearly with increasing exposure time from 30 o
90 s and then level off. An irradiation time of 100s was chosen in order (o
ensure an adequate insertion rate.
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Combined Influence of Temperature and Flow Rate

Temperature can have a relatively complex effect on chemiluminescent
systems (Garcia-Mateo, N.D.). In principle, a temperature rise can decrease
the emission intensity through an increased probability of deactivation via
external conversions. However, chemiluminescent reaction can be affected
by temperature in both thermodynamic and kinetic terms. If the temperature
increase affects the reaction kinetics—by accelerating the chemiluminescent
process—then the optimum flow rate will also be affected by the temperature
change. For this reason, the two variables were optimized jointly. The temp-
eratures studied were room level (20°C), 40, 60, and 80°C. and the flow rates
examined were 8, 10, and 11 mL min™". Of the 12 possible combinations, a
temperature of 80°C in conjunction with a flow rate of 10mL min~' was
found to provide the best results with both sulfuric and polyphosphoric
acid. The use of higher temperatures was avoided in order to prevent
bubbling in the system.

Optimization of the Insertion Sequence

The optimization of the insertion profile allows one to obtain the N*(#}.f>) com-
bination for each solenoid valve that will ensure optimal computer-controlled
mixing of the sample and reagents. The optimization sequence was as follows:
initially, #, {viz. the size of the chlorsulfuron segment) was varied on constancy
of t+; then. 11 (the size of the glycine buffer) was changed at a constant ¢, value:
finally, the size of both segments was changed simultaneously while keeping
the 11/t ratio constant. N (number of ON/OFF cycles) was kept at a
constant, large enough value in all cases in order to ensure that the volumes
of sample and medium sufficed to fill up the photoreactor zone und provide a
smali excess to flush the reactor walls and avoid sample carryover—or,
when inserting the irradiated sample and the oxidant, (o ensure thorough
mixing ol the sample while avoiding wasting reagents. The aspiration
sequence for the sample and photoreaction medium selected in terms of sensi-
tivity and selectivity was 20%(0.5,0.1), i.e., aspiration of the sample for 0.5 s
and of the photodegradation medium lor 0.1's, the sequence being repeated
20 times.

The selected photodegraded sample oxidant insertion sequence (i.e., the
switching sequence) differed for each acid used as oxidation medium. Thus,
the optimum sequence with polyphosphoric acid was 15*(0.6,0.2) (i.e., aspira-
tion of the irradiated pesticide for 0.6s and then of the oxidant for 0.2 s, the
sequence being repeated 15 times); with sulfuric acid, the optimum
sequence was 15%(0.7,0.2) (i.e., aspiration of the irradiated pesticide for
0.7s, followed by aspiration of the oxidant for 0.2s, the process being
repeated 13 times).
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Reoptimization of Chemical Variables

The increased working temperature used and the successive optimization tests
resulted in substantial blank signals, especially with polyphosphoric acid.
New tests involving different low concentrations of pesticide and polyphos-
phoric acid were conducted; although the slope of the curve increased with
increasing polyphosphoric acid concentration and the chemiluminescence
signal was found to be inhibited at low chlorsulfuron levels. However, due
to the low reproducibility of the analytical signals, it was impossible to
work in the parts-per-billion range. This and the swong blank signals
obtained led us to discard polyphosphoric acid as the suitable medium.

The influence of the sulfuric acid concentration was studied over the range
1.0-2.5mol L™', using chlorsulfuron concentrations of 0.1-1.0ppm, and a
sulfuric acid concentration of 1.8 mol L™' was adopted as optimal. Then, the
effect of permanganate concentrations from 107> to 8- 107> mol L ™' was exa-
mined, and 2- 1077 mol L ™" was chosen as optimal, as it provided an emission
maximuin at low analyte concentrations.

Phetodegradation of CLS and Reaction Products

Photochemical studies of multichromophore systems have aroused much
interest in recent years. Chlorsulfuron is a sulfonylurea with two photoactive
chromophores, namely, a substituted benzene ring and an s-triazine. Caselli
et al. (2001} studied the photochemistry of chlorsulfuron and used HPLC-
UV to determine the major photoproducts obtained by irradiating. The
excitation of benzene (280 nm) causes the elimination or substitution of the
chlorine, whereas the absorption of the triazine chromophore (2534 nm)
results in an energy transfer to the suifonylurea bridge and in the cleavage
of the molecule. Although the particular chemical environment and irradiation
conditions can alter the photodegradation pathway and its resulting products,
because we used a low-pressure mercury lamp with an emission maximum at
ca. 254 am, the product of the irradiation and subsequent oxidation generating
the chemiluminescence observed some compound produced via the latter
pathway (viz. a sulfonamide or an s-triazine derivative). In support of this
hypothesis is the well-known chemiluminescence of suifonamides upon
oxidation with acid permanganate (Pasekova et al. 2001).

Analytical Figures of Merit
The proposed method allows chlorsulfuron concentrations between 0.

and 20mgL ™' to be determined. The analytical signal and the CLS
concentration are related by the following second-order polynomial
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equation: / = —85.489C” + 1626.3C + 444.14 (+* = 0.990). The response of
chlorsulfuron was linear over the concentration range 0.1-1.3mgL™".

The reproducibility of the slope of the calibration curve (or relative
standard deviation in experiments performed in different days), was deter-
mined by using two commercially available solid formulations of the
analyte from (a) Dr Ehrenstorfer (98.5% purity) and (b) Riedel-de Haén
(99.8% purity). The mean slope from five independent calibrations of chlor-
sulfuron (a) obtained using fresh solutions was / = 2260C — 66 (i~ = 0.991,
rsd = 8.4%). That for six curves for chlorsulfuron (b) was / = 2750C — 256
(= 0.992, rsd = 4.8%).

The rsd for the peaks, which is a measure of repeatability and reproduci-
bility, was determined by using reagent (a) in 20 consecutive insertions of the
same solution of 0.4 or [.3mgL™" chiorsulfuron. The experiment was
repeated on four differemt days, the mean rsd obtained being 3.8% at
04mgL~" and 3.4% at 1.3mgL™" chlorsulfuron. The limit of detection,
which was taken to be the lowest pesticide concentration that yielded a
signal equal to the blank signal plus three times its standard deviation, was
0.06 mg L ™' and was also determined using the reagent from Dr Ehrenstorfer.
The time needed to obtain each transient signal as a peak was 141s, so the
throughput was 25 samples/h. The sample and reagent volumes required to
obtain a peak were 860 and 820 pL, respectively.

Table | shows the results of the study of potential interferences with the
proposed method as applied to agueous samples. Solutions of various anions
and cations containing 0.6 mg L™ chlorsuifuron were used for this purpose.
The relative errors listed in the table indicate the differences between the

Table 1. Study of interfering compounds, for 0.6 mgL~" of chlorsulfuron

Concentration R.e., Concentration R.e.,
Interferent mgL~! o Interfercnt mgL " o
K+ 300~ -(1.32 ol 770" -1.39
Na* 500° -1.39 S03” 500" +5.08
Ca* 200 -493  CH,COO~ 500* +2.26
NHF 30 —4.57 HCOy 500° ~0.74
Mgt 100 -3.18 NO3 0.05 -7.40
Nj*+ 1 +1.10 H.PO; 200 —4.95
Zn*t 90 543 NOT 1 - 1.66
Cu’* 0.01 +12.1 NO; * 50 -4.80
Cute 3 +1.78

"Maximum assayed concentration.

“Afer pretreatment with Duolite A-102D.
*After pretreatment with Duolite C 20.
R.e.. relative errors,
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signals provided by insertions of such solutions and one containing the same
concentration of pesticide in deionized water. When the error exceeded 5%, a
lower concentration of the potential interferent was tested.

Only nitrite and nitrate, which are photoactive (Mikuska and Vecera 2002;
Gil-Torrd, Garcia-Mateo, and Martinez-Calatayud 1998), among the anions
studied were found to interfere with the determination. Among the cations,
Cu®* posed the most severe interference, as it provided a chemiluminescent
response under the operaling conditions used. Therefore, for application to
water samples, the two anions and the cation shouid be removed by passage
through appropriate ion-exchange resins. We tested Amberlite 200 (cationic),
Duolite C20 (cationic), and Duolite A-102D (anionic) for this purpose. The
exchangers were prepared by packing Omnifit 5cm x 4 mm i.d. methacrylate
chromatographic columns with the resins. Prior to use, each column was con-
ditioned by passage of a 0.1 M NaOH or HCI solution. Their performance
was checked with nitrate and cupric solutions; the signals provided by the
reference solution (0.6mgL ™" chlorsulfuron) were compared with those
yielded by identical solutions additionally containing the ion concerned. As
can be seen from Table 1, the results were favorable.

Application to Water Samples

The applicability of the proposed method, based on a photoreaction and the che-
miluminescence phenomenon, was checked by analyzing samples ol mineral
water of two ditferent origins with the optimized system based on sulfuric per-
manganate as oxidant. All samples were spiked with five different amounts of
chlorsulfuron within the linear range of the method (viz. 0.25, 0.50, 0.75, 1.00,
and 1.25mgL™"). A linear regression of the concentrations added against
those provided by the proposed method exhibited a unity slope and a zero
intercept with three degrees of freedom and the 95% confidence interval; there
were, therefore, no signs of proportional or systematic errors. The average recov-
eries were 109% and 95%, and no sample pretreatment was required.

CONCLUSIONS

The photoreaction—chemiluminescence binomial was, for the first time,
successfully used in this work to determine chlorsulfuron in water, Samples, in
a glycine buffer, are irradiated with a low-pressure mercury lamp for 100, and
the irradiation product is oxidized by permanganate in a sulfuric acid medium
to obtain chemiluminescent emission that is detected by a photomultiplier tube.

We cxplored the use of polyphosphoric acid instead of sulfuric acid in the
oxidation reaction. Polyphosphoric acid can play a twofold role here, as it not
only provides the acid medium required for the analyte to be oxidized but also
facilitates light emission. Although it proved more sensitive than sulfuric acid
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(it provided calibration cusves with greater slopes), il resulted in less reproduci-
ble peaks; also, blank signals were very large, and the response at low analyte
concentrations was no better, or even worse, than that obtained with sulfuric acid.
A discussion about the possible irradiation products is also included.
Finally, the use of solenoid valves allows the easy, complete automation
of the process with low sample and reagent consumption.
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Abstrat

A fully atomaned sequential injecton analysis (SIA) deviee Tor simullinesus release tesing of multiple omtment samples wis devised aned
applied to the release testng of an ointment contaiing salicylic avid as an active substance. The SIA system consisted of a bi-directional Sml
syringe pump. two 8-position sclection valves, auxiliary peristaliic pump, uorescence detector and three Franz cells maintaned a 32 °C (water
bath}. The omtment sample was placed on top of a synthetic Millipore GTTP polytearhonate) membrane (thivkness M um, pore size 0.2 ) of
the Franz cell containing 15 ml of agueous phosphate buffer of pH 7.4 as the acceptor liquid. The samples of the acceptor liguid (50 pul) were
aspirated s 15 min intervals for the period of 6 h lrom cuch of the 3 cells and dispensed 1o 2 fluorescence detector o determine the concentration of
satlieylie acid texertation at 297 noand cnussion at 4035 nmd. The volume of the aceeptor medium taken tor analysis was awtomiticalty replenished
aller each measurement, The calibrition curse was rectilingar for 1100 pg ml =" of salicylic acid. The device allowed simultaneous monitoring of
the relcase tests tor up to six cells including avtomated computer-aded evalvation of the release profile parameters
© 2006 Elsevier B.V. All rights reserved.

Kevwaids: Awtomation: Release: Sequemial injection: Saficylic acid; Fluorescence

I. Introduction

In our previous communication | 1] dealing with the avtoma-
tion of relemse studics of salicylic acid by sequential injection
analysis (STA) concept the release of the active substance lrom a
semsolid pharmaccutical preparation was studied by an exper-
ment based on the gwidelines of FDA {2 and QECD [3]. The
automated measurenent was carried out with a single double-
walled Frang cell linked to the SIA system.

The aim ol the present paper is W improve substantially the
stmiple system 1] by devising a novel automated SIA-haved
device lor performing such wests (including on-line release data
processimg and exaluationhw ith several Franz type cells simufta-
neously. Contrary Lo previous work the ditfusion cells employed
are single-walled and they are pliced in 2 water bath with
thermostat 1o maintain the same wemperiure during the whole
expermment. The new system complies well with technological
guidelines reguiring six replicites for one batch release measure-
ment [2.3]. Itis preferable to utilize a system nvolving several

* Cormesponding auther Fax: +32049 521 U718
E sl aeddress: solich@tat.cuni.cz (P Solich),

(MI3-26707% — see Tront matter 83 2006 Clsevier BV All rights reserved.
doi 10 10 B/ aca, 2006,04.012

Franz cells and to test both batches in the same run te ensure
that the conditions during the test are the same for both batches
compared.

Sequential injection analysis SIA |4 was imtroduced by the
research geoup of Ruzicka and Marshail in 1990 and s now o
well established analytical low techniyue. The SEA wechnigue is
especially suitable for performing long-term autonyic analysis
15-121.

The pedormance of the automated S[A device Tor carryimg
oul simultaneous release tests with three or more Fraaz cells
proposed in the present paper was examined with Belosalic
oinment contuning 3% salicvlic acid as the active substance,
Salicyhe acid (2-hwdroxybenzoic acid) belongs 1o the group
of non-steroidal ant-inflammatory deugs, Externally. it is used
Tor the treatment of acne, in higher concentrations it acts ax a
keratolvtic therapeutic agent. We used native fluorescence ol sal-
wvlic acid for its detection texcitation wavelength 297 nm and
emission at 405 am as described earlier j13]).

2. Experimental materials

The Tormulaion tested was Belosalic dermal vintment
30 (Belupo Pharmaceuticals and Cosmetics Lud.. Koprivoica,
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Croatia) that contains 3% of salieylie aeid and 0.05% of
betamethasone. The standands of salicylic acid were oblained
from Bochemie Group. Herbacos Bolarma Ltd.. Czech Repub-
lic. All solutions were prepared from Millipore Mili-Q RG
ultra pure water. A stock solution of salieylic acid (1 mg mi=h)
was prepared by dissolving the appropriate amount of the drug
in phosphate buffer pH 7.4 under sonication: it was stored i un
amber glass botle in a refrigerator. Diluted working solutions
were prepared daily by appropfiate diluion ol the stock selution
with the same phosphate builer.

The phosphate buffer was prepared by dissolving laTgof
sodium hydrogen phosphate and 1.00¢ of potassium dihydro-
aen phosphate in 500 ml of waters the pH was adjusted to 74
by phosphoric acid. 0.3 1o} of a surfactant solation was added.
the bufter was sonicated Tor 5 min and degassed by purging with
helinm for 10 min, The surfactant solution was prepared by ditut-
ing one drop ol dish washer Jar plus (P&G - Rakona as.. Curech
Republicy in S0 ml of waler.

A Millipore GTTP polytcarbonate) membrane with pore size
0.2 wm and thickness 10 m was applied in the release studdies.

A carrier solution was prepared by treating 300 ml of ulira-
pure water with 0.5 ml of the surfactant solution (sce above).
The catrier solution was sonicated for 5 min and degassed by
helivm for 1 min.

3. Apparntus

The S1A system for release testing is depicted in Fig. 2. 1t
was asscmbled avound the FlAlab 3500 (FlAlab [nstruments.
USA1 SLA analyzer comprising 4 5 ml piston pump. peristalic
pump and an cight-port selection valve. Auxiliary cight-port
<election valve (Vici Valeo [nswuments Co. Int.. USA) served
as an “auto-sampler” Tor introducing calibration standard solu-
tioms. Fluorimetric FTAlab PMT-FL detector with D-1000-CE
UV light source was conneeted as a detection unit. The detee-
tor was eqguipped with an Edmund Industrial Optics seeondary
cmission (ilter (385 nm): the Huorescence signal integration tine
; 200 ms. A lab-made pnly(mc(h_\'Imcu\crylatcJ water bath
was designed (0 accommuodite up b ning Franz cells and a
termostat (heating immersion circulator Economy scries ED.
Iulabo Labortechnik GinbH. Germany) maintaining the Franz
cells {three pieces in real experiments) 32 2C. The waler bath
was perched on o Variomag POLY 15-position magnelic stirrer
{USA).

All wibing of the SIA system was made of PTFE. 4k Q.51 mm.
The volume of the tubing connecting the sanpling port of selec-
tor valve SV I and the contluence point of the Y-piece (see Fig. 1)
was approximately 6 pl.

The Fran cells (Fig. 1) with calibrated internal volume of the
acceplor companiment of 15 ml weee manulactured in a glass
workshop (Faculty of Pharmacy. Charles University. Hradee
Kralove, Czech Republic).

Wil

4. The measuring protocol and the SIA system

The samples of acceptor liquid from the Franz cell were aspi-
rated through the Y-picce(Fig. | yand dispensed into the low cell

ﬁuhing esuring cirgptation I

.+-] Donor compartment

Y picce

[
.

oo+ Omtment

L= 7| embrane

=] Aceeptor compartment with
acceptor Mnd

[ Stirring bar l

Fig. L. Integration of Franz cell. §V1: selection valver PP: peristalic pump.

of the luorescence detector. The peak height ol the Tuorescenes
signal was proportional to the concentration of salicylic acid.
The commercial FiAlab software supplied with the SIA ana-
tyzer allowed automatic calibration with standard solutions of
salicylic acid introduced through selector valve 3V2 (see Fig. 1)
and cakculation of the analyte concentration after cach aceeplor
liquid aspiration.

4.1. Release festing

Initially. the membrane wis conditioned in the phosphate
hufter of pH 7.4 (liberation medium) for 30 min. This interval
is shorter compared to 1 b (ef, our previous paper 111 sinee we
have Found experimentally that suieh reduction of the condition-
ing time does not affect the releise profile or lag-time.

Thereafter the sample of the cintment under study was spread
onto the membrane ta form a wniform layer tilling the whaole
likeration aperture defined by a circular opening cut in the
polyimethylmetacrylate) auxiliary slabs (Fig. 1). The prepared
membrane was lixed between the slabs of the Franz cell, which
was then pliced in the water hath and the measurement wis ini-
tiated. Tn an interval of 5 min the second and third conditioned
membranes with samples of oiniment were mounted on the other
Franz cells. The time sequence of operations that provessed Jur-
ing the analysis are summarized in Fig. 3. The entire liberation

5P

Fig 2. Scheme of the proposed liberation system. CS: cammier sirenn: SP-syringe
pumpz RC: reaction coil: SV1: selection valve: SV 2 additiomal selection vaive
s detector: Wi waste: PP: peristaltic pump: WH: water Dbath: BS: butfersolutn,
15 stamlard solutions of salicylic acid for catibration: selection vidves | and
3, detecton, perisultic punp and syrinpe pung were controlled viz computer
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F2A { FIA

FIA
L L L L
o 1 S 1
i o
15 ki) 25 30mn

Fig. . Time sequence of operations. b1 F1. B3 brung cell -3 1 inihiaton
{the membmne with the sample mounted onte the aeeeplor comparientl, A
wample of aceeptor licaid aspisated and mwisuired

1est ook & hand afterwards the mensurement of calibrabon stan-
Jards and automated caleulation of the release prafiles for all
three vintment samples followed.

The SIA procedure was controlled via computer program
comprising two cycles:

e Collection of the release data from three Franz cells. The
selection valve SV 1 that was active during this slep (~wilching
among the three Franz cells) was linked 1o the detector via the
ausiliary selection valve SV An auxiliary peristaltic pump
was wilized to circulate the acceplor medium hetween the
Franz cells and appropnate ports of SV 12 the pump was auto-
maticalty stopped when the sample of the seeeptor medium
wis asparated into the holding coil wf the STA system. Alter-
wards the taken volume of awceptor medium was replenished
hy the same volume of buller solution BS via une pont of
the selection valyve SV 1 (see Fig. 21 This program loop was
repeated 24 times.

o Washing of the ports berore calibration auxd the calibration.
The port 8 of sclection valve SV was connected with the
valve $V2 during washing of the ports of $V2 und during
calibration measurements. Four measurements of each cal-
ihration solution were accomplished and the concentration
of the salieyhe actd in collected aceeptor Duid samples was
caleulated antomatically,

3. Theorctical hackground of the release study
calcinlations

The sumple uptake and replenishing wath tresh mediunuinfiv-
ence the concentration of measured active compound. This is the
reasun Lor recalculation of the measured concentration lo the real
values ol the active compound | 4]

Cocanected = Ceasured + volumcample / volumeeeepior FDC

x z Co - 1neasared

€, is the concentiation of y-sample. FDC s the Franz dillusion
ecll

The cumulative drug amount (€2,) permeated at cach time
point related to the area of tested membrane is ubtained as Tol-
lows:

Q0 = Cr.comected X VOLUMCaceepor FC Jdiffusion arca

Acquired data were linearized using the squarz root of tine frans
formation and linear plots were ubiained by plotiing ihe cumu-
lative amounts released (pgy per square root of tme th==)

The slape of the regression line represents the relense rate ol
the product. This release rate is formulativn-specific and <an be
used Lo control guality ol the product.

6. Results and discussion
6.1, The device for oiniment release festing

fn our previous study. regarding the aulomation of vintment
release testing | 1. the proposed device invobved a single ther-
mostated double-walled Franz cell. When designing an appa-
rutus for simultaneous release testing of three or six swmples it
became obvious that the application of such type of Franz cell
is impractical. Therefore an open water bath was designed 1o
accommaodate up 1o nine single-watled Franzcells and athermo-
stal Cheating immersion cireulator) maintaining the Franz wells
at 32°C. A special plastic holder fixed the cells in the water
bath in upright position just abuve the stisring panels ol 2 multi-
position magnetic stirrer. The acceptor Fguid in the Franz cells
was continuously stirred during the entire release test with the
aid of PTFE-coated stivving bars.

6.2. The SIA systent optimization

To minimize the dead volume of the sample loading system
the aceeptor liquid was continuously circulated from the accep-
Lor compartment of the Franz cell 1o the port of the selector valve
$VI and back with use of a peristaliic pump in the same way
an it was in previous work. This ensured that the concentration
of salicylic acid in the taken sample was the same as in the bulk
aceeptor solution. '

11 wae immpossible to start the measurement of three vinl-
menl samples al once bevause the release lest measurement
cant be commenced for each Franz cell only aflter mounting
the membrane with the swmple. Theretfore. the interval between
the initation of next Franz cell measurement was set 1o hive
minutes, The time of the lirst measurement of the concentra-
tion ol salicylie acid in the acceptor liquid was Smin after
the initiation of the respective cell amd thereafter the measure-
ments were performed regulardy in 15 min intervals for cacheel
{sce Fig. 3),

Auxiliary selection valve SV2 serving for the calibration was
finked o the SIA system through the RS323 port: the SV 2 was
controlled by the PC with use of the original FlAlRab software.
The contigoration of the selection valves was set as depicted n
lFig. 2.

6.3, The text of the optimized system

In initial experiments the formation of simall air bubhbles in
the SIA conduits beeame a serious problem since (hey were
petained in the detector tlow cell and influenced negatively the
fluorescence signal. This problem was overcome by treating the
phosphate bulfer (acceptor medium) with a small amount ol a
surfactant and degassing the carrier liguid (water) and the balTer:
sonication For 3 min and subsequent hubbling with hefium for
10y min was satsfactory. The ettect of the surfactant addition on
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the Muoreseence signal of salicyliv acid was examined. Signals 140
of sﬂ.uul.n_ul solutivon o.l 20 myg ml. . s.llu:yhu ..u.ul in phosphate 120-
bulter without and with the addition ol surlactant were com- 28 924
. . . . 4 = 4 -
pared. Each determination was repeated in quadruplicate. No a0 4 5:; _3;"99 1‘;
atistically signincant dilference between these signals was 5 8 )
ahserved: hence the surtactant did not interfere with the detec- E 60
tion of salieylic acid. ¢ ol
The repeatability of the SIA-fuorimetric determination of
salicylic acid was estimated by running a simulated release test 201
with theee Frang cells (with dismounied membrane) containing 00 T 3 3

o stanedird solution of 10 pgml* salieylic acid in the aceeptor
compartment. The RSD of the mean Nuorescence signal was
1,27% (20 measurcnients ).

6.4, The parameters for salicvlic detd analysis

The conditions For the STA assay ol salicybic acd were
adapted trom our previous work |11 where the aspirated sample
volwme was 50l aml the Now rate was 50 pl s~V The original
calibration range o 0.05-10 pgmi I of salicylic acid had o be
widened becanse the concentration of salicylic acid eventually
exceeded 10 g ml™ " in the acceptor medium during real releuase
testing. New cufibrnion was carried out with six standard solu-
tions covering the range 1=110pg mi~" of salieylic acid. The
regression equation [or [near response wis I1=75652¢+29MM 3
where { stands for the intensity of fluorescence {arbitrary units}
and ¢ is concentration of salicylic acid in g mi= ! correlation
coeflicient 1~ =(0.9988

The limit of detection was (RO1 pg i~ (3) and the limit of
quantttication was 003 pg mi~ 10y | T

6.5. The refease testing of real samples (oinfiments)

The primary records of simultancous automated S1A releuse
testing of three sumples ol the same batch ol the Belosalic
vintment are shown in Fig. 4. The test with three samples
was repeated twice and the mean values for six ltheration pro-
fikes were lincarized. The lincar graph was abtained by plotting
released amount of salicylic acid per area (Qp) versus the square
root of time clapsed (). The corresponding syvation abtained
by linear regression wis O = 38.487 /1, — 28.924 with vorre-
lation coellicient 1+ =0.9918 (see Fig. 5).

25

20 1
= 15 4 aA
£ a8
o 10 aC

5.

o.

~R 88 8B8SRSBREEEE

t [min]

Fig. 4. Record of three mwasuraments { A, B, €1 The burs espress measurel
conventtation withuul carmeclion.

'11'2 [hml

Fia. 5. The linear liberation profile was obtained from average of 81N neasires
wieats. 42, - the released amount of saficylic acid across unit of area.

7. Conclusions

Fully automated $1A device for simultancous release tesling
of multiple vintnent samples was invented. Proper function-
ing of the device comprising three Franz cells was suew
fully demonsirated by release testing of real ointments con-
tining salicylic avwl. The number of concurrently imonitored
Franz vells could be possibly increased o six il a siX-channel
puristaltic pump is cmployed for cffecting the aceeptor liquid
cireulation.

The proposed system is a cost-ellective ol Tor studdy-
ing the releme characteristics ol semisolid formukanons and
alsoe o carrving out batch o bateh uniforimty tests. [ts paws-
<ible use in bivavailability studies and in the development
of skin permeation enbancers will he a suhject to further
investigations.
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ABSTRACT

Automated sequential injection (SIA) method for chemiluminescence {CL} determination
of nonsteroidal anti-inflammatory drug indomethacin {I) was devised. The CL radiation
was emitted in the reaction of I {dissolved in aqueous 50% v/v ethanol) with intermedi-
ate reagent tris{2,2’-bipyridyljruthenium(lI) {Ru{bipy)s*) in the presence of acetate. The
Rufbipy};'* was generated on-line in the SIA system by the oxidation of 0.5mM tris(2.2'
bipyridylyruthenium(ll) (Rufbipy);**} with Ce(IV} ammonium sulphate in diluted sulphuric
aeid. The optimum sequence, concentrations, and aspirated volumes of reactant zones were:
15 mM Ce(lV} in S0 mM sulphuric acid 41 pL, 0.5mM Ru(bipy)s?* 30 pL, 0.4 M Na acetate 16 L
and I sample 15uL; the flow rates were 60plLs™! for the aspiration into the holding coil
and 100pLs~! for detection. Calibration curve relating the intensity of CL {peak height of
the transient CL signal) to concentration of I was curvilinear (second order polynomial) for
0.1-50 uM [ {F =0.9997; n =59} with rectilinear section in the range 0.1-10 pM I {r = 09995, n=5).
The limit of detection (o) was 0.05 uM 1. Repeatability of peak heights (R.5.D., n= 10) ranged
between 2.4% (0.5 M I) and 2.0% (7 pM 1). Sample throughput was 180h~! The method was
applied to determination of 1 to 5% oflin semisolid dosage forms {gels and ointments). The
results compatred well with those of UV spectrophotometric method.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

rheumatoid arthritis, osteoarthritis and ankylotic spondylitis:
on the other hand oral administration of indomethacin may

Indomethacin  (1-(p-chlorobenzoyl)-5-methoxy-2-methyl-3-
indolylacetic acid) is a nonsteroidal anti-inflammatory drug
exhibiting analgesic, anti-inflammatory and antipyretic
effects. Its chemical structure is depicted in Fig. 1. Indome-
thacin gels and ointments are broadly used for calming
down acute joint and backbone pain and for the treatment
of degenerative diseases of joints and ligaments such as

* Corresponding auther, Tel.: +420 495067391, fax: +420 495067164

E-mail address: Katerina.Mervartova@faf.cuni.cz (K. Mervartova).
0003 2670/$ - see front matter @ 2007 Elsevier B.V. All rights reserved.,

doi:10.1016/).aca.2007 01.057

cause severe side effects including irritation of stomach [1.2].
The British Pharmacopoeia [3] uses a titration method for
the determination of indomethacin which is time consuming
and impractical for routine analyse.
A number of papers have been published concerning
determination of indomethacin by various analytical meth-
ods in different matrices of pharmaceutical or biomedical
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H,COOH
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: :N: ;CH,

Cl

Fig. 1 - Structural formula of indomethacin.

interest. Among them separation methods, namely liquid
chromatography |4-14] and capillary zene electrophoresis
[15,16] using UV spectrophotometric {3-11,15,16] or mass spec-
trornetric detection [13,14] with limit of quantification (LOQ)
of 1.1nM indomethacin attained the leading position. Recently
indomethacin was determined in injections by derivative UV
spectrophotometry [17] and by spectrophotometry in visual
region with use of molybdate as colour reagent [18]. SIA
with fluorescence detection based on alkaline hydrolysis of
indomethacin (leading to formation of flucrescing products)
was used for its assay in pharmaceutical formulations [19]
including automated drug release studies [20]. Adsorptive
stripping voltammetry (21-24] with LOD values appreaching
0.7 nM of indomethacin and room-temperature phosphorime-
try on a poly(vinyl alcohol) substrate [25] are among other
methods devised previously for the determination of thus drug.
To our best knowledge only one chemiluminescence (CL}
method for the determination of indomethacin was published
so far |26]. This flow injection - CL method uses non-selective
CL reaction of indomethacin with soluble Mn(IV) species
and formaldehyde for the assay of »40ngmL~! {=0.1pM) of
indomethacin in urine; the interferences were overcome by
using selective absorption and pre-concentration of the ana
lyte in a column packed with appropriate molecular imprinted
polymer. A single assay (1 injection} took almest 3.5 min.
Several well established CL reaction systems of analytical
relevance [27,28] (based, e.g., ont luminol, lucigenin, lophine,
peroxyoxalate, sulphite, Ce(1V), Mn{VII} and Ru(lll) complexes)
have been extensively utilized in practice especially in con-
nection with flow methods (FIA, 514) in the recent decade.
The Ru(bipyls®* ¢complex can oxidize oxalate or some nitroge-
nous organic compounds while being reduced to excited
[Ru(bipy)32*] species emanating visible light with maximum
emission at 610nm [29]. The Rufbipy}s** reagent is relatively
unstable molecule which needs to be prepared in situ from
Ru(bipy)s?* by chemical, photochemical or electrochemical
oxidation. Chemical oxidation of Ru(bipy);2* is accomplished
for example with Ce(IV) [30-32] or with permanganate [33,34]
in acidic medium. Many important drugs contain nitrogen
atoms in their molecules; hence the Ru(bipy);™ has high
potential to become useful reagent for their CL determina-
tion. Chemiluminescence of some indole derivatives (indole,
indole-3-acetic acid, tryptophan, psilocin and psilocybin) in
the reaction with Ru(bipy)s3* was described previously [35-37].
Automated flow methods such as FIA and especially SIA
proved to be powerful tools in solving practical problems
oceurring in the field of quality assurance of pharmaceuticals
{38,39]. One of the advantages of SIA is feasibility of on-line
preparation of unstable reagents and at the satne time sub-

stantial reduction of waste generation as well as minimizing
the consumption of sample and reagents.

In our preliminary experiments we used the SIA-CL tech-
nique for screening a number of drugs (bulk substances}
containing nitrogen atoms in their molecules as potential
analytes possibly giving rise to chemiluminescence radia-
tion in the reaction with Ru{bipy);?* generated via chemical
oxidation of Ru(bipy)s?* by Ce(IV} directly in the SIA sys-
tem. Indomethacin showed promising CL response usable
for its sensitive SIA-CL determination. The present work is
dealing with the development and validation of automated
rapid and sensitive SIA-CL method suitable for the assay of
indomethacin in semisolid desage forms (gels and ointments)
involving evaluation of its accuracy by comparison with refer-
ence UV spectrophotometric method [17).

2. Experimental
2.1, Apparatus

The SIA system was built from CAVRO XL 3000 piston pump
{(volume 2.5 mL Cavro Scientific Instruments Inc., USA), Vici
Valco ten-port selection valve with electrical actuator (Valco
Instruments Co., Inc., USA), model FS 970 Schoeffel Instrument
Corp. (USA) fluorimetric flow detector (UIV lamp switched off)
equipped with a lab-made CL module with spiral geometry;
the photomultiplier tube voltage was 320 V. The SIA system
involved a holding coil (length 70¢m, i.d. 0.75 mm, PTFE tub-
ing, volume 1.2 mL} and a PTFE tubing {i.d. 0.75 mm). The same
tubing was spirally coiled on a 52 min x 52 min Perspex plate,
which substituted the secondary filter in the fluorimeter; this
CL module had a central inlet, peripheral outlet and the diam-
eter of the spiral was 24mm. The contrel unit consisted of
Pentium 75MHz PC equipped with additional AT-MIO-16E10
data acquisition and AT-232/4 interface cards (National Instru-
ments Corporation, USA). The whole system was operated by
software (FaFSIA, Version 1.2); advanced data calculation and
analysis were performed by LPMcalc, Version 1.0 (lab-made
programs written in LabVIEW®). The optimization was carried
out by our own simplex MS DOS software. Schematic view of
the employed SIA manifold is shown in Fig, 2.

The soluticn stability monitoring and UV spectrophotom-
etry was performed on Agilent UV-vis photodiode array spec-
trophotometer (Model HP 8453). The CL emission spectra were
measured by Shimadzu RF-1501 spectropfluorophotometer.

2.2 Reagents

All solutions were prepared from analytical grade chemi-
cals and a Millipore Milli-Q RG ultra pure water. Standard of
indomethacin was obtained from Jiangsu Taicang, China and
stored in refrigerator. Tris(2,2-bipyridylidichlororuthenium(ll
hexahydrate, acetonitrile, cetyltrimethylammenium bromide
(CTAB), sodium dodecylsulphate (SDS}, triten X-100 and
methanol were purchased from Sigma-Aldrich, Chemie GmbH
{Germany). Cerium(IV}-ammonium sulphate was purchased
from Fluka (Switzerland). Potassium dihydrogen phosphate
and sodium hydrogen phosphate were from Merck (Germany).
Acetone, sulphuric acid, potassium permanganate, sodium
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Fig. 2 ~ Schematic view of SIA manifold: CS, carrier stream; SP, syringe pump; RC, holding coil; MSV, multi-position
selection valve; D, detector; W, waste; Ry, Ce{IV) in sulphuric acid; Rz, Ru(bipy);?* complex; R, buffer; S, indomethacin

sample in 50% ethanol.

hydroxide, acetic acid, sodium acetate, orthophosphoric acid,
ethanol, hydrochloric acid and boric acid were obtained from
Lachema (Czech Republic). Indomethacin was determined in
Indobene gel (Merckle GmbH, Germany) and in Vohum cutan
ointment (Pharmaceutica GmbH, Germany).

Stock solution of 0.1mM indomethacin was prepared by
dissolving appropriate amount of the substance in ethanol; it
was stored at 4 ‘C. This solution was stable foratleast 2 days as
found by measuring its UV spectrum. Working solutions were
prepared by diluting the stock solution with aqueous 50% (v/v)
ethanol.

The buffers used in the experiments were 0.2M acetate
buffer (pH 5-5.6), 0.067M phosphate buffer {pH 6-8) and
Britton-Robinson buifer (pH 2-10).

2.3, SIA procedure

Appropriate volumes of indomethacin test solution or blank,
solution of Ru(bipy)z®*, buffer and Ce{IV) in sulphuric acid
were automatically aspirated in optimum order into the hold-
ing coil, the zones were mixed by flow reversal and the arising
CL product was pushed into the detector cell. The transient
€L signal was recorded in the form of peaks and processed by
our original software written in LabViEW (involving the peak
height calculations in nA). Each measuring cycle was carried
out five times at ambient temperature and the mean values of
the peak heights and their standard deviations were computed
automatically. The net CL signal was calculated by subtracting
the mean blank signal from the mean raw signal value where
appropriate.

2.4.  Optimization

Results of preliminary experiments indicated that the opti-
mum order of the reactant zones aspirated into the holding
coil was: (i) Ce(Iv) sulphate in sulphuric acid, (if) aque-
ous Ru(bipy)s?*, (iii) buffer solution, and {iv) test solution of
indomethacin. This order was applied in all subsequent exper-
iments.

2.4.1. Chemical parameters

Initially the effect of the concentration of the individual reac-
tants on the net CL response of 15 pl of 1M indomethacin
in aqueous 25% (v/v) ethanol was examined by the univariate
technique (the concentration of the reactant examined was
changed while the other concentrations were fixed). Flow rate
of aspirating the zones of the reactants into the holding coil
{FRa) was 25 pLs! and the flow rate of aspirating the zone of
emitting species into the detector {FRd) was 100pLs ™.

The aspirated volume of the Ce(IV) sulphate in sulphuric
acid zone was 70 uL and the concentrations were varied in the
range 5-20mM Ce{lV}) and 10-100 ™M H;504. The aspirated
volume of the Ru{bipy};2* zone was 30 uL and the cancentra-
tion of Ru{bipy)s?* changed in the range 0.1 to 5mmol L™}, The
volume of the buffer solution aspirated was 30 uL and the pH
varied between 2 and 10 for the Britton-Robinson universal
buffer, pH 6-8 for 0.067 M phosphate buffer and pH 5.0-5.6 for
0.2M acetate buffer; 0.1-0.5 M sodium acetate was also used
instead of the acetate buffer.

The effect of the content of 5-15% (v/v) of acetone, 5-15%
{v/v) of acetonitrile, 25-100% {v/v} of methanol and 25-75%
{v/v) of ethanol in the injected 1pM indomethacin solu-
tiont on the net CL intensity was tested at optimized Ce(lV),
sulphuric acid, Ru(bipy)s?* and Na acetate concentrations.
In additdon possible enhancement of the CL intensity by
selected surfactants was examined by treating the injected
1 uM indomethacin solution in 20% {v/v) ethanol with appro-
priate surfactant to contain 0.02 to 0.21% of Triton X-100, 5 to
80 mM sodium dodecylsulphate or 1 to 10mM cetyltrimethy-
lammonium bromide.

2.4.2. SIMPLEX optimization of flow parameters

With optimized concentrations of the reactants the volumes
of the reagents and the flow rates FRa and FRd were opti-
mized simultaneously by the multi-variate computer-aided
SIMPLEX method using a MS DOS software devised in our lab-
oratory. The sample was 15 pL of 1M indomethacin in 50%
(v/v) ethanol; its volume was maintained constant during the
whole SIMPLEX process. The lower and upper limits of FRa and
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FRd were 25 uLs~! and 150 pLs~! and the aspirated volumes
of the reagent zones were optimized within the range 5ul to
100 plL.

2.5, Calibration curve, LOD, repeatability, robustness

Calibration was performed under the optimum conditions
with nine standard solutions of indomethacin covering the
concentration range 0.1-50pmol L1, For each standard solu-
tion five replicate injections were carried out. The calibration
data were evaluated by non-linear curve fitting and by linear
regression analysis with use of slideWrite V6 software.

The 10D was calculated by the 35/N method as the con-
centration of indomethacin giving rise to CL signal exceeding
three times the standard deviation of the blank signal.

The repeatability of the CL peak heights was estimated by
petforming 10 replicate injections of two standard solutions
containing 0.5 pmolL~! and 7 umolL™! of indomethacin; the
relative standard deviation {R.S.D.) of the mean peak height
was calculated for either concentration of indomethacin.

The robustness of the method was estimated by examining
the effect of varying the concentrations of Ru(bipy}s2*, Ce(IV}
and sulphuric acid, and Na acetate and their aspirated vol-
umes as well as FRa and FRd within £10% around their final
aptimized values.

2.6.  Analysis of pharmaceutical formulations

2.6.1. Procedure for the assay of indomethacin in gel or
ofntment by the SIA-CL method

Two commercially available semisolid dosage forms were
analysed, namely Indobene gel and Vonum cutan ointment.
Approximately 0.25 gof a gel or cintment sample was weighed
irto a 100 mL velumetric flask containing 50 mL of ethanol and
the mixture was sonicated for 10mn. Thereafter the volume
was adjusted to 100 mL with ethanol and the suspension was
filtered through a membrane flter (Nylon syringe filter, pore
size 0.45 wm, Teknokroma, $pain). A 1-mL {for gel sample) or
0.5-mL (for cintment) portion of the filtrate was diluted with
aqueous 50% (v/v) ethanol to 25 mL in a volumetric flask; this
test solution was directly analysed by the propased SIA-CL
method under the optimum conditions with use of calibra-
tion curve covering the range 1 to 10uM indomethacin. Five
separately weighed samples of each formulation were anal-
ysed and for each test solution five replicate injections were
carried cut.

2.6.2. Recovery experiments

A 0.25-gsample of the cintmentor gel was treated with known
volume of a standard solution of indomethacin in ethanol to
increase the original content of indomethacin by 40 to 100%.
Thereafter the spiked samnple was analysed by the SIA-CL
method as described above and the recovery of the added
amount of indomethacin was calculated. The recovery exper-
iments weTe run in triplicate for each formulation.

2.6.3. Procedure for the UV spectrophatometric assay of
indomethacin [17)

A 2.00-g sample of a gel or 0.40-¢ sample of an ointment
was weighed into a S0-mL volumetric flask containing 20 mL

of methanol. Thereafter 20mL of methanol was added, the
mixture was sonicated for 10min and diluted to S0mL with
methanol. The suspension produced was filtered through the
Teknokroma membrane filter {see above}, 2 2-mL portion of
the fltrate was transferred into a 25.mL volumetric flask,
0.5mL of 1 M HC! was added and the volume was adjusted to
25 mlL with methanol. Abscrbance of this solution was mea
sured at 318nm in a 1-cm fused silica cell and corrected for
the baseline absorbance measured at 450nm. The reference
standard solution of indomethacin (328 mL~Y} in methanol
contained 20mM HCl. Five separately weighed samplesof each
formulation were analysed.

2.6.4. Accuracy

The accuracy of the proposed SIA-CL method was evaluated
by the statistical Student's t-test {42]. Such a test nvolved
comparison of the results of indomethacin determination in
Indobene gel and Vonum cutan ointment as found by the S1A
CL method and by the UV spectrophotometry [17]

3. Results and discussion
3.1.  Optimization of chemical parameters

The only CL method for determining indomethacin pub
lished to date is a flow-injection assay based on its reaction
with soluble Mn(IV) species in the presence of formalde-
hyde as an enhancer [26}; this method allowed to determine
-0.1pM indomethacin at relatively low sample throughput
of <20h 1. Therefore, we attempted to devise another CL
methad that would be faster and at least as sensitive as
the previous one. Initially we found that no CL is emitted if
indomethacin is allowed to react directly with acidified solu-
tions of permanganate or Ce(lV) as reagents cominonly used
in maty CLassays. Since the CLofsome indole derivatives was
observed earlier [35-37] when unstable Ru(bipy)s** species
was used as oxidant, we decided to employ relatively sta-
ble Ruibipy)s?* as the reagent in combination with the SIA
technique for automated in situ formation of Rufbipy)a® and
its on-line CL reaction with indomethacin. We found that
the only sequence of reactant zones aspirated into the hold-
ing coil leading to CL emission is Ce(IV) in sulphuric acid -
Rufbipy)s?* - acetate buffer - indomethacin. The orange light
emitted showed maximum emission at 590-610 nm; this fact
indicates that the emitting species is excited [Ru(bipy)s?*] [29]-
There was no CL signal detected if Ce(IV) was substituted by
MnO, .

sulphuric acid forms complexes with Ce{lV); it has been
already pointed out that the reactive species of Ce(IV) are
Ce(S04)2 and H[Ce(S04)3] ™ [40.41] and hence the concentration
of sulphuric acid should influence the reactivity of Ce{[V) with
Rufbipy);?*. On the other hand extremely high acidity of the
Ce(lV) reagent could cause decomposition of the Ru(bipy)s™
complex. It was found that the intensity of CL increases when
decreasing concentration of Hy504 down to 0.05 molL~! but
further decrease of its concentration results in the forma-
tion of predipitate in the flow system; therefore 0.05M H2504
was selected as the optimum parameter. The intensity of
CL increased when increasing concentration of Ce(iV) from
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Fig. 3 - Dependence of the intensity of CL on the
concentration of Ru(bipy)a?* complex 15 pL of 1 pM
indomethacin in 25% (v/v) ethanol injected; Reagent zones
aspirated: 70 pL of 15mM Ce(fV) in 50 mM Hz504, 30 pL of
Rufbipy)a?*, 30 L of 0.2 M acetate buffer pH 5.4;
FRa=25pLs~1; FRA=100 pLs1.

5 to 15mmol LY and it practically did not change for 20mM
Ce(IV); hence the optimal concentration of Ce{lV) was set to
15 mmol L~ The effect of the concentration of Rufbipy}s?* is
depicted in Fig. 3; it can be seen that maximum CL response
was attained for 0.5 mM Ru(bipy)™-

The CL signal increased with increasing the pH of the 02 M
acetate buffer from 5 to 5.6. There was no CL emission if
acetate buffer was substituted by water, by phosphate buffer
of pH 6 to 8 ot by Britton-Robinson buffer of pH 2 to 10. Appar-
ently the presence of acetate is essential for the formation of
the CL emitting species. Replacement of the acetate buffer by
plain sedium acetate solution resulted in further growth (by
126% compared to 0.2M acetate buffer of pH 5.6) of the CL sig-
nal; optimum concentration of the aspirated sodium acetate
solution was 0.4molL .

Indomethacin is sparingly soluble in water but well soluble
i common organic solvents such as methanol, ethanol, ace-
tone and acetonitrle. Therefore, its stock solution as well as
the working and standard solutions were prepared in organic
or mixed aqueous-organic media. The effect of the content
of selected organic solvents in the injected test solution of
indomethacin on the intensity of CL is shown in Fig. 4. It can
be concluded that ethanol exhibits the best sensitizing effect
and that its optimum content in the injected sample is 50% (a
40% increase of CL intensity compared to sarmple containing
25% of ethanol is achieved). Anionic and cationic surfactants
examined (see Section 2) did not influence the intensity of CL;
ingignificant increase of less than 20% of the original value was
observed if the injected sample contained about 0.2% of non-
ionje surfactant Triton X-100;in view of this factno surfactants
were employed in further experiments.

To recapitulate, the optimum concentrations of the reac-
tants in the aspirated zones were 15 mM Ce{lV) in SOmMM

content of organic solvent VIV %

Fig. 4 - Influence of the content of organic solvent in the
injected indomethacin solution on the intensity of GL. 15 plL
of 1 pM indomethacin in appropriate solvent injected.
Reagent zones aspirated: 70l of 15mM Ce(lV) in 50 mM
Hy504, 30 uL of 0.5mM Ru(bipy)s2*, 30 pL of 0.4M Na
acetate; FRa =25 pL.s~1; FRd =100 uLs-1. Curve 1: ethanol,
curve 2: methanol, curve 3: acetone, curve 4: acetonitrile.

H3504, 0.5mM Ru(bipy)s®*, 0.4M Na acetate, and 50% (v/v) of
ethanol in the injected test solution of indomethacin.

3.2, SIMPLEX optimization of flow parameters

$ixteen SIMPLEX vertexes were run to optimize the volumes
of the aspirated zones of the reactants fexcept of the zone of
1 uM indomethacin with fixed volume of 15 k) and the flow
rates FRa and FRd in terms of achieving maximum intensity
of CL. The process was initiated with 70uL of 15 mM Ce(IV) in
50mM Hy504, 30l of 0.5mM Ru(bipy)s?* and 30pl of 04M
Na zcetate. The initial flow rates were FRa 25uLs ! and FRd
100 pLs~L

After mine vertexes the CL intensity increased by 20% rel-
ative to the initial value and it did not improve with further
runs. Hence the final optimum conditions found after the 9th
vertex were 41l of 15mM Ce(IV) in 50 MM HzS04, 30l of
0.5 mM Ru(bipy)s?*, 16 pL of 0.4 M sodium acetate, FRa60pLs !
and FRd 100uLs-1. The optimum time sequence of the SIA
control programme is suminarized in Table 1.

3.3, Calibration curve, LOD, repeatability, robustness

The best curve fit of the calibration data covering the whole
concentration range of 0.1-50uM indomethacin {nine con-
centrations} examined was a second degree polynomial:

= ~0.156¢2 + 22.193c +0.767 (r=0.9997,n=9) where [ stands for
the mean peak height (CL intensity in nA) and ¢ is concentra-
tion of indomethacin (uM). The deviation from rectilinearity
i CL rmethods is a commonly known phenomenon that may
be caused for example by absorption of the emitted radi-
ation by the analyte [28]. For 0.1 to 10uM indomethacin
the calibration curve was rectilinear: [=19.51c - 4.4 (r=0.9991;
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Table 1 - Optimal concentrations of reactants and time sequence of control program for SIA-CL determination of

indomethacin

Device Command

SP Valve position 1N

SP Set flow rate {uLs*}
14 Aspirate {uL)

SP Valve pasition GUT
sp Set flow rate (ks %)
MPV Set valve position
SP Agpirate {pl}

MPV Set valve position
5P Aspirate (ul)

MPV Set valve position
5P Aspirate (L)

MPV Set valve position
sp Aspirate (ul)

MPV Set valve position
SP Set flow rate {(uLs~')
sP Empty syringe

D On

SP: syringe pump, MPV: multi-position valve, D: detector.

Fig. 5 - SlA-gram of five replicate injections of standard
solution of indomethacin 15 uL of 3 pM indomethacin in
S0% (v/v) ethanol injected; Reagent Zones aspirated: 41 pL
of 15 mM Ce(IV) in 50 maM Hz50;, 30 uL of 0.5 mM
Ru(bipy)s2* and 16 L of 0.4M Na acetate; FRa=60pL s1;
FRd =100 pLa~1,

n=5}. The R.S.D. of the slope of this rectilinear calibration
curve was 7.1% when repeating the calibration eight times (in
eight different days); the correlation coefficient values ranged
between 0.9984 and 0.9998 (n=5). The SIA-gram demonstrat-
ng five replicate injections of 3uM indomethacin is shown in
Fig. 5.

The LOD estimated as 35/N ratio was 50nmolL ! of
indomethacin.

Values Aspirated solution
100
500
60
1 15mM Ce(IV} in SOmM Ha504
41
2 0.5 mM Ru(bipy)s*
30
3 0.4 M Na acetate
16
4 Indomethacin in 50% (v/v} ethanol
15
9
100

The R.S.D. values of mean peak heights for 10 replicate
injections of 0.5uM and 7pM indomethacin were 2.40%
and 2.02%, respectively, which is the sign of acceptable
repeatability.

Maximum sample throughput was 180h 1.

As for the robustness of the method, the CL signai was not
influenced if the optimized concentrations, volumes and flow
rates were changed within +£10% except of decreased concen-
tration of Ce(IV}; in this case the CL signal diminished by 7%
relative to the optimal value if the concentration of Ce(IV) was
decreased by 10%.

3.4.  Analysis of pharmaceutical formulations

The results of SIA-CL and UV spectrophotometric analysis [17]
of Indobene gel and Vonum cutan ointment are sumimarized
in Table 2. Comparison of the resuits obtained by the pro-
posed and reference methods by statistical Student’s t-test [42]
revealed that there is no significant difference between the
two methods at 95% confidence level. Thus, the proposed S1A-
CL method provides accurate results that are not influenced by
the presence of excipients quoted by the manufactures such
as 2-propanol, diisopropyl adipate, carbomer 989, trometamol
and spruce essential oil for Indobene gel and lauromacrogol,

spectrophotometric method

Table 2 — Determination of indemethacin in semisolid formul

ations and comparison of results with UV

Formulation Nominal content (%) Content found (% +5.D.3) t-test?
SIA-CL uv [17]

Vonum cutan 5 4.80 + 0.08 4.88 + 0.08 1.630

Indobene gel 1 1.01 £+ 0.04 0.97 £ 0.02 2,003

2 §.0., standard deviation of the mean value (n =5).
b At 95% confidence level, na =1 =5; tainca = 2.228 [39].
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Table 3 - Recoveties of standard additions of indomethacin

Formulation Indomethacin found Indomethacin Sum found Mean recovery (%} R.5.D.c (%)
by SIA-CL? (%) added (%) (%)?

Indobene gel 1% 1.01 1.00 2.01 99,65 2.50

Vonum cutan 5% 4.80 2.01 6.75 97.31 1.59

* 1n ariginal formulation without analyte addition.
b In original formulation with analyte addinon.
¢ Relative standard deviation (n=3).

macrogol, glycerol monostearate and cetostearemacrogol for
Vonum cutan ointment. This fact is also corroborated by the
results of recovery experiments (see Table 3) based on the
standard addition technique.

4. Conclusion

Most of available methodologies for indomethacin determina-
tion are either time-consuming, need specific and expensive
equipmetit or require a rigorous operatar intervention that
could affect precision and accuracy. With the sample through-
put of 180 injections per hour the devised automated SIA-CL
inethod is by far the fastest method employed for the deter-
mination of indomethacin among those published so far.
The propesed method 15 characterised by favourable limit
of detection that compares well with that of considerably
slower FIA-CL method based on different chemistry [26] which
was the only CL one published till now. This was achieved
by thorough optimization of the chemical and flow parame-
ters: considerable enhancement of the CL signal was attained
by the use of acetate as a novel specific enhancer and by
adding ethanol to the analysed indomethacin solutions. Rela-
tively broad calibration range, acceptable reproducibility and
selectivity are among main benefits of the method. Since
common excipients used in the manufacture of commercial
gels and ointments do not interfere with the SIA-CL assay
of indomethacin the method could be successfully applied to
routine determination of indomethacin in semmsclid dosage
forms. Its future use in automated studies of the release
of indomethacin from pharmaceutical preparations can be
envisaged.
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Rapid automated chemiluminescence determination of
verapamil by sequential injection analysis (SIA) using
tris[(2,2’-bipyridyl)]ruthenium(lll) complex as reagent
and its application to analysis of tablets

Katefina Mervartova®, Miroslav Polasek®, Daniel Lopezb, José Martinez Calatayudb
"Department  of Analytical Chemistry, Faculty of Pharmacy, Charles University,
Heyrovského 1203, CZ-500 05 Hradec Kralove, Czech Republic

bDepartment of Analytical Chemistry, Faculty of Chemistry, University of Valencia,
Spain

Abstract

Method for automated sequential injection analysis (SIA) — chemiluminescence
(CL) determination of calcium channel blocker verapamil (I) using a lab-made PC-
controlled SIA analyzer equipped with modified fluorescence detector was devised. The
Cl reaction was based on interaction of 1 with unstable tris(2,2"-
bipyridyl)ruthenium(lll) complex (Ru(bipy)33+) at pH 5.4 (acetate buffer). The
Ru(bipy)33+ intermediate was generated in situ in the SIA system by the oxidation of
stable tris(2,2'-bipyridyl)ruthenium(ll) complex (Ru(bipy)32+) with Ce(IV) in sulphuric
acid. Optimal aspirated volumes and concentrations of the reactants were: 69 ul of 7.5
mM Ce(IV) in 75 mM sulphuric acid, 25 pb of 1 mM Ru(bipy)32+, 13 pl of 0.2 M
acetate buffer of pH 5.4 and 15 pl of the sample of I in 50% (v/v) methanol; the flow
rates were 50 pL 5! for the aspiration into the holding coil and 100 ul s for detection.
Calibration curve relating the intensity of CL (peak height of the transient CL signal} to
concentration of T was linear for 0.01 - 20 uM I {r = 0.9997; n = 12). The limit of
detection (30) was 10 aM I and the sample throughput was 180 h'!. The method was
used for determining the content of I in Isoptin 40 mg tablets; the SIA-CL results did
not show statistically  significant difference from those of the official
spectrophotometric method.

Keywords: verapamil, sequential injection analysis, chemiluminescence, ruthenium,
pharmaceuticals, calcium channel blocker
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Introduction

Verapamil  2-(3,4-dimethoxyphenyl)-5-[2-(3,4-dimethoxyphenyl)ethyl-methyl-
amino]-2-(1-methyl)pentanenitrile; for chemical structure see Fig. 1) is a
phenylalkylamine-type calcium channel blocker. It restricts intake of calcium to smooth
muscle cells, to myocytes and also to cells of heart conductive system. Therefore
vasodilatation is induced {mainly of coronary vessels) and heart excitement is reduced.
Due to its effect verapamil is indicated in the treatment of heart ischemic disease
(angina pectoris), cardiac arrhythmia and as active substance in extended-release
formulations in the treatment of hypertension [1].

Since verapamil is widely used in human therapy an attention has been focused
on the development of various analytical methods for its determination in different
matrices of pharmaceutical or biomedical interest in the recent decade and among those
published so far HPLC [2-14] predominates. Most of the HPLC papers deal with the
separation of verapamil from its main metabolite norverapamil or from other related
substances. As a result of its chirality verapamil exists as racemic mixture of the R- and
S- enantiomers that could be separated by capillary electrophoresis (CE) [15] or by
liquid chromatography [16-18]. In the aforementioned separation methods UV
spectrophotometric [2-6), fluorescence [3, 7-12, 17] and mass spectrometric [13, 14, 18]
detection were employed. Verapamil was also determined by batch methods such as
spectrophotometry at 415 nm using N-bromosuccinimide as reagent [19],
spectrofluorimetry [20], indirect atomic emission spectrometry [21], and adsorptive
siripping voltammetry (ASV) [22]. The technique of flow-injection analysis (FIA) with
amperometric detection was used for the assay of verapamil in tablets and urine [23].
The highest sensitivity was achieved with mass spectrometric detection (limit of
quantification (LOQ) = 1 nmol L of verapamil) [13] and in the ASV method (limit of
detection (LOD) = 1 nmol L' of verapamil) [22]. For HPLC with fluorescence
detection the LOD or LOQ values of = 10 nmol L' were attained [3, 8-12].

Chemiluminescence (CL) arises as emitted light (photons) during some chemical
(usually redox) reactions. Most common CL reactions involve luminol, lucigenin,
lophine, peroxyoxalate, sulphite, permanganate, Ce(1V) and ruthenium(III) complexes
as reagents [24, 25]. Tris(2,2’-bipyridyl)ruthenium(II!) complex (Ru(bipy)s>") [26] can
oxidize some organic analytes (such as, e.g., oxalate or particular amines) to form
excited [Ru(bipy);”*]* species that relaxes to ground state while emitting orange light
(maximum emission at 610 nm) [26]. The Ru(bipy)gf' is rather unstable molecule that
needs to be generated in situ from relatively more stable Ru(bipy)s®’ complex by
chemical, photochemical or electrochemical oxidation. In recent years chemical
oxidation of Ru(bipy)32+ to Ru(bipy)33' was carried out for example with Ce(1V) [27-29]
or with permanganate [30, 31] in acidic medium. Many important drugs contain
nitrogen atoms in their molecules; hence the Ru(bipy);>" has high potential to become
useful reagent for their CL determination under specific optimized conditions. To our
best knowledge no CL method for the assay of verapamil has been published so far.

Automated flow techniques such as sequential injection analysis (SIA) proved to
be efficient tool for solving practical problems occurring in the field of pharmaceutical
analysis [32, 33]. One of the assets of SIA is feasibility of on-line preparation of
unstable reagents directly in the SIA manifold. Substantial reduction of waste
generation as well as minimizing the consumption of sample and reagents is also an
important feature of SIA. In our preliminary experiments we found that verapamil gives
rise to CL radiation in the reaction with Ru(bipy);,y generated via chemical oxidation of
Ru(bipy)32+ by Ce(IV) directly in the SIA system. The present work is dealing with the
development and validation of automated rapid and sensitive SIA-CL method suitable
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for the assay of verapamil in tablets involving evaluation of its accuracy by comparison
with reference pharmacopoeial spectrophotometric method [34].

Experimental

Apparatus

The SIA system (see Fig. 2) was built from CAVRO XL 3000 piston pump
{(volume 2.5 mL Cavro Scientific Instruments Inc., USA), Vici Valco ten-port selection
valve with electrical actuator (Valco Instruments Co., Inc., USA), model FS 970
Schoeffel Instruments Corp. (USA) fluorimetric flow detector (UV lamp switched off)
equipped with a lab-made CL module with spiral geometry; the photomultiplier tube
voltage was 300 V. The SIA system comprised manifold with a holding coil made of
PTFE tubing (length 70 cm, i.d. 0.75 mm, volume 1.2 mL). The same tubing was
spirally coiled on a 52 mm x 52 mm Perspex plate that replaced the secondary filter
positioned in front of the photomultiplier window in the flow detector; this CL module
had a central inlet, peripheral outlet and the diameter of the spiral was 24 mm. The
control unit consisted of Pentium 75 MHz PC equipped with additional AT-MIO-16E10
data acquisition and AT-232/4 interface cards (National Instruments Corporation,
USA). The whole system was operated by software (FaFSIA, Version 1.2); advanced
data processing and was performed by LPMcalc, Version 1.0 (lab-made programs
written in LabVIEW). The optimization calculations were carried out by our own
SIMPLEX MS DOS software. The UV-spectrophotometric measurements were
performed on Hewlett-Packard HP 8453 photodiode array spectrophotometer. The CL
emission spectra were measured by Perkin-Elmer LS 50B luminescence spectrometer.

Reagents

All solutions were prepared from analytical grade chemicals and a Millipore
Milli-Q RG ultra pure water. Standard of verapamil hydrochloride, tris(2,2"-
bipyridyl)dichlororuthenium(ll) hexahydrate, acetonitrile, cetyltrimethylammonium
bromide (CTAB), sodium dodecylsulphate (SDS), triton X-100 and methanol were
purchased from Sigma Aldrich (Germany). Cerium(IV) ammonium sulphate, quinine,
fluorescein, potassium hydrogen phthalate and succinic acid were purchased from Fluka
(Switzerland). Rhodamin B, potassium dihydrogen phosphate and sodium hydrogen
phosphate were from Merck (Germany). Acetone, sulphuric acid, sodium hydroxide,
acetic acid, formic acid, sodium acetate, phosphoric acid, ethanol, hydrochloric acid and
boric acid were obtained from Lachema (Czech Republic).

Stock solution of 0.4 mM verapamil was prepared by dissolving appropriate
amount of the substance in water. Working solutions were obtained by dilution of the
stock solution with water or with aqueous-organic solvents.

Isoptin tablets (Abbott GmbH, Germany) containing 40 mg of verapamil and
unspecified amounts of calcium hydrogenphosphate, magnesium stearate, sodium
dodecylsulphate, colloidal silica, talc, titanium dioxide, microcrystalline cellulose,
macrogol 6000, carmellose sodium and hypromellose 2910 as excipients were analyzed.

SIA procedure

Appropriate volumes of verapamil test solution or blank, solution of ru(bipy)s*",
buffer and Ce(IV) in sulphuric acid were automatically aspirated in optimum order into
the holding coil, the zones were mixed by flow reversal and the arising CL product was
pushed into the detector cell. The transient CL signal was recorded in the form of peaks
and processed by our original software written in LabVIEW (involving the peak height
calculations in nA). Each measuring cycle was carried out four times at ambient
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temperature and the mean values of the peak heights and their standard deviations were
computed automatically. The net CL signal was calculated by subtracting the mean
blank signal from the mean raw signal value where appropriate.

A schematic view of the employed SIA manifold is shown in Fig. 2.

Optimisation

Results of preliminary experiments indicated that the optimum order of the
reactant zones aspirated into the holding coil was: (i) Ce(IV) sulphate in sulphuric acid,
(i) aqueous Ru(bipy)f_, (iii) buffer solution, and (iv) test solution of verapamil. This
order was applied in all subsequent experiments.

Chemical parameters

Initially the effect of the concentration of the individual reactants on the net CL
response of 15 pL of 0.4 uM verapamil in aqueous 50% (v/v) ethanol was examined by
the univariate technique (the concentration of the reactant examined was changed while
the other concentrations were fixed). Flow rate of aspirating the zones of the reactants
into the holding coil (FRa) was 25 uL ! and the flow rate of aspirating the zone of
emitting species into the detector (FRd) was 100 pL. s

The aspirated volume of the Ce(1V) sulphate in sulphuric acid zone was 70 pL
and the concentrations were varied in the range 0.1 to 10 mM Ce(1V) and 10 to 100 mM
H,S0;. The aspirated volume of the Ru(bipy);” zone was 30 pL and the concentration
of Ru(bipy)s®" changed in the range 0.1 to 10 mM. The volume of the aspirated buffer
solution was 30 pL.

The effect of the content of 0.5 — 30% (v/v} of acetone, 5 — 30% (v/v) of
acetonitrile, 25 — 75% (v/v) of methanol and 50% (v/v) of ethanol in the injected 0.4 pM
verapamil on the net CL intensity was tested at optimized Ce(IV), sulphuric acid,
Ru(bipy):*" and acetate buffer. In addition possible enhancement of the CL intensity by
selected surfactants and sensitisers was examined by treating the injected 0.4 uM
verapamil solution in 50% (v/v) methanol with appropriate surfactant or sensitiser to
contain 0.02 to 0.21% of Triton X-100, 5 to 80 mM sodium dodecylsulphate, 1 to 10
mM cetyltrimethylammonium bromide, quinine 1 mM, fluorescein 0.2 and 2 mM,
formic acid 5 % or Rhodamin B 0.5 mM.

5 buffers were examined, namely 0.2 M acetate buffer pH 4.0-5.6, 0.067 M
phosphate buffer pH 5.6-8.0, Britton-Robinson buffer pH 2.0-11.0, 0.2 M succinate
buffer pH 3.8-6.0 and 0.1 M phthalate buffer pH 4.0-6.0. The buifers were critically
compared. The influence of phosphate was further examined by adding of small amount
of phosphate to acetate buffer.

Optimization of flow parameters

With optimized concentrations of the reactants the volumes of the reagents and
the flow rates were optimized. Flow rates FRa and FRd were optimised separately
whereas the volumes simultaneously by the multi-variate computer-aided SIMPLEX
method using an MS DOS software devised in our laboratory. The sample was 15 pL of
0.4 uM verapamil in 50% (v/v) methanol; its volume was maintained constant durin%
the whole SIMPLEX process. The process was initiated with 70 pL of 7.5 mmol L’
Ce(IV) in 75 mmol L HzS04, 30 uL of 1 mmol L' Ru(bipy)s”" and 30 uL of 0.2 M
acetate buffer pH 5.4. The initial flow rates were FRa25uLs ! and FRd 100 pL s'.The
jower and upper limits of FRa and FRd were 1 pL s and 100 pL s ! and the aspirated
volumes of the reagent zones were optimized within the range 1 pL to 100 pL.
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Calibration curve, LOD, repeatability, interferences

Calibration was performed under the optimum conditions with 12 standard
solutions of verapamil covering the concentration range 0.01 to 20 pmol L. For each
standard solution five replicate injections were carried out. The calibration data were
evaluated by linear regression analysis.

The LOD was calculated by the 3S/N method as the concentration of verapamil
giving rise to CL signal exceeding three times the standard deviation of the blank signal.

The repeatability of the CL peak heights was estimated by performmg 10
replicate mjectlons of three standard solutions containing 0.4 pmol L', 2 pmol L' and
10 pmol L' of verapamil; the relative standard deviation (RSD) of the mean peak height
was calculated for either concentration of verapamil.

Common excipients as sodium dodecylsulphate, saccharose, methylcellulose
lactose and glucose used in tablets were added to the standard solution of 4 107 M
verapamil in 50% (v/v) methanol. Net signals were compared with signal of that
verapamil solution without excipient.

Analysis of pharmaceutical formulation

Procedure for the assay of verapamil tablets by the SIA-CL method

The commercially available dosage form of verapamil - Isoptin 40mg was
analysed. 10 tablets were weighted, crushed and homogenized. The amount of one
tablet (corresponding to 40 mg of verapamil) was quantitatively put into 100 mL
volumetric flask containing 80 mL of water and the suspension was sonicated for 15
min. Thereafter the volume was adjusted to 100 mL with water and the suspension was
filtered through a membrane filter (Nylon syringe filter pore size 0.45 um). A 0.5-mL
portion of the filtrate was diluted with 50 % (v/v) methanol to 50 mL in a volumetric
flask; this test solution was directly analysed by the proposed SIA-CL method under the
optimum conditions with use of calibration curve covering the range ! to 10 uM
verapamil. Five samples were analysed and for each test solution five replicate
injections were carried out. The same concentration was prepared with standard of
verapamil and both signals (heights of the peaks) were compared.

Procedure for the UV spectrophotometric assay of verapamil [34]

The UV spectrophotometric measurement of verapamil was carried out
according to British Pharmacopoeia 2004 (34). 20 tablets were weighted and powdered.
An amount of 100 mg of verapamil (2.5 tablets) were shaken with 150 mL of 0.1 M
HCI for 10 min and atterwards it was filled to 200 mL and filtered. 10 mL of the filtrate
was diluted to 100 mL with water and the absorbance of this solution was measured at
278 nm in a l-cm fused silica cell. The A(1%, 1 cm) is 118. Blank solution was
prepared in the same way without verapamil. Five samples were measured.

Accuracy

The accuracy of the proposed SIA-CL method was evaluated by the statistical
Student’s t-test [35]. Such a test involved comparison of the results of verapamil
determination in Isoptin 40 mg as found by the SIA-CL method and by the UV
spectrophotometry [34].
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Results and discussion

Optimization of chemical parameters

The CL determination of verapamil has not been described in the literature till
now. In preliminary tests the promising response of relatively low concentration of
verapamil was recorded when oxidized by unstable buffered Ru(bipy)f'. It was decided
to employ relatively stable Ru(bipy);2+ as the reagent in combination with the SIA
technique for automated in-situ formation of Ru(bipy)g,3+ and its on-line CL reaction
with verapamil. The common oxidant of Ru(bipy):;2+ is Ce(IV) in sulphuric acid. It was
found that the only sequence of reactant zones aspirated into the holding coil leading to
CL emission is Ce(IV) in sulphuric acid - Ru(bipy)f' - acetate buffer — verapamil. The
orange light emitted showed maximum emission at 590 - 610 nm; this fact indicates
that the emitting species is excited [Ru(bipy);z']* [26].

Sulphuric acid forms complexes with Ce(IV); it has been already pointed out
that the reactive species of Ce(IV) are Ce(SOsh and H[Ce(SO4)] {36, 37] and hence
the concentration of sulphuric acid should influence the reactivity of Ce(IV) with
Ru(bipy)f' _On the other hand extremely high acidity of the Ce(IV) reagent could cause
decomposition of the Ru(bipy);2+ complex. It was found that the intensity of CL
increases when decreasing concentration of HSO4 down to 0.075 mo! L' but further
decrease of its concentration results in the formation of precipitate in the flow system;
therefore 75 mmol L' H,S804 was selected as the optimum parameter. The intensity of
CL increased when increasing concentration of Ce(IV) from 0.1 to 7.5 mmol L' and
then it slightly decreased for 10 mmol L' Ce(IV); hence the optimal concentration of
Ce(lV) was set to 7.5 mmol L. Solutions of ru(bipy);2+ prepared in water or in0.05M
sulphuric acid were compared. Better response was obtained with Ru(bipy);z' dissolved
in water, concentration dependence is depicted in figure 3; it can be seen that maximum
CL response was attained for 1 mM Ru(bipy)s™"-

Not buffered reaction gave weak CL response. Phosphate buffer, Britton-
Robinson buffer over wide examined pH ranges decrease the CL response in contrast to
acetate, succinate and phthalate buffers whose relations between pH and CL response is
presented in Fig. 4 The most suitable buffer and its pH was acetate pH 5.4. Acetic acid
is one part of Briton-Robinson buffer, however, reaction with this buffer is diminished.
1 Sodium hydrogenphosphate which is ingredient of Britton-Robinson buffer, too, was

added to acetate buffer pH 5.4 (0.033 M Na;HPO,) to find effect on CL response. The
5 decrease of CL response was almost 10 times when Na,HPO, was added. Apparently
the presence of acetate is essential for the formation of the CL emitting species.

Addition of organic solvents often increases CL response due to its sensitising
’ offect. Therefore stock solution as well as the working and standard solutions were

prepared in organic or mixed aqueous-organic media. It can be concluded that methanol
exhibits the best sensitizing effect and that its optimum content in the injected sample i3
50%.

| The sensitisers mentioned in Experimental section did not show any
improvement of the method towards better signals. The examined surfactants (see
Experimental section), except for 10 mM cetyltrimethylammonium bromide and 5 mM
sodium dodecylsulphate, did not influence significantly the intensity of CL. This
anionic and cationic surfactant increased the signal doubly. The improvement of the
detection limit is possible with these surfactants. Due to application of our method
which is proposed for Jdetermination of verapamil in tablets where low concentrations of
verapamil aren’t expected, no surfactant was further employed.

To recapitulate, the optimum concentrations of the reactants in the aspirated
zones were 7.5 mmol L' Ce(IV) in 75 mmol L' H,804, 1 mM Ru(bipy);z_, 02 M
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acetate buffer pH 5.4 and 50% (v/v) of methanol in the injected test solution of
verapamil.

Optimization of flow parameters

Flow rates FRa and FRd were optimized separately. FRa 50 pL s and FRd 100
pL s™! were optimal. Twenty six SIMPLEX vertexes were run to optimize the volumes
of the aspirated zones of the reactants (except for the zone of 0.4 pM verapamil with
fixed volume of 15 pL in terms of achieving maximum intensity of CL.

After twenty three vertexes the CL intensity did not improve with further runs.
Hence the final optimum conditions found with the 23" vertex were 69uL of 7.5 mmol
L' Ce(IV) in 75 mmol L' H,SO4, 25 uL of 1 mmol L™ Ru(bipy)s™, 13 uL of 0.2 M
acetate buffer pH 5.4. The optimum time sequence of the SIA control programme is
summarized in Table 1.

Calibration curve, LOD, repeatability, interferences

The best curve fit of the calibration data covering the examined concentration
range of 0.01 — 20 umol L-1 verapamil (12 concentrations) was rectilinear [ = 28.77¢ —
3.76 (r = 0.9997; n = 12) where [ stands for the mean peak height (CL intensity in nA)
and ¢ is concentration of verapamil (uM).

The LOD estimated as 3S/N ratio was 10 nmol L' of verapamil.

The RSD values of mean peak heights for 10 replicate injections of 0.4 uM, 2
uM and 10 pM verapamil were 1.74 %, 1.93 % an 1.54 % respectively.

Maximum sample throughput was 180 h'.

The common excipients in tablets as possible interferences are summarised in
table 2. None of the tested substances interfered with the proposed method.

Analysis of pharmaceutical formulations

The results of SIA-CL and UV spectrophotometric analysis [34] of Isoptin 40
mg are summarized in Table 3. Comparison of the results obtained by the proposed and
reference methods by statistical Student’s t-test [35] revealed that there is no significant
difference between the two methods at 95% confidence level. Thus the proposed SIA-
CL method provides accurate results that are not influenced by the presence of
excipients quoted by the manufactures such as calcium hydrogen phosphate dehydrate,
sodium carmellose sodium, silica colloidal, macrogol 6000, magnesium stearate,
hypromellose 2910, cellulose microcrystalline, sodium lauryl sulphate, talcum, titanium
dioxide.

Conclusion

Most of available methodologies for verapamil determination are either time-
consuming, need specific and expensive equipment or require a rigorous operator
intervention that could affect precision and accuracy. With the sample throughput of
180 injections per hour the devised automated SIA-CL method is by far the fastest
method employed for the determination of verapamil among those published so far.
Relatively broad calibration range, acceptable reproducibility and selectivity are among
main benefits of the method. Since common excipients used in the manufacture of
commercial dosage form do not interfere with the SIA-CL assay of verapamil the
method could be successfully applied to routine determination of verapamil in tablets.
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Figure 1. Structural formula of verapamil

Figure 2. Schematic view of SIA manifold

CS: carrier stream, SP: syringe pump, HC: holding coil, MSV: multi- posmon selection
| valve, D: detector, W: waste, R: Ce(IV) in sulphuric acid, R;: Ru(bipy)s>” complex, Rj:
buffer,

S: verapamil sample in 50% methanol

Figure 3. Dependence of the intensity of CL on the concentration of Ru(bipy)s®”
complex

15 uL of 0.1 uM verapamil in 50% (v/v} ethanol injected;

Reagent zones aspirated: 70 pL of 7.5 mM Ce(IV) in 75 mM H,;S0y4, 30 pL of
Ru(bipy)s®*, 30 uL of 0.2M acetate buffer pH 5.4; FRa =25 pL s': FRd = 100 pL s’

Figure 4.

Examination of 3 buffers — A acetate, S succinate and P phthalate butfer.

15 uL of 0.1 uM verapamil in 50% (v/v) ethanol injected;

Reagent zones aspirated: 69 pL of 7.5 mM Ce(IV) in 75 mM HZSO4, 25 pL of 1 mM
Ru(bipy);>*, 13 uL of buffer; FRa = 50 pL s™'; FRd = 100 pL s’

Table 1. Optimal concentrations of reactants and time sequence of control program for
SIA-CL determination of verapamil
SP: syringe pump, MPV: multi-position valve, D: detector

Table 2. Mean recovery value + standard deviation for determination of 4 107 M
verapamil in the presence of common excipients

Table 3. Determination of verapamil in tablets and comparison of results with UV
spectrophotometric method [34]

38D, standard deviation of the mean value (n=5)

b At 95% confidence level; , #a= 1= 5, feritical = 2.31 [35]
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Table 1.
Device Command Values Aspirated solution
SP valve position IN
SP set flow rate [ul/s] 100
Sp aspirate [pl] 500
SP valve position OUT
SP set flow rate [ul/s] 50
MPV set valve position 1 7.5 mM Ce(1V) in 75 mM H,SO4
SP aspirate [pl] 69
MPV set valve position 2 1 mM Ru(bipy)s™*
SP aspirate [pl] 25
MPV set valve position 3 acetate buffer pH 5.4
Sp aspirate ful] 13
MPV set valve position 4 verapamil in 50% (v/v) methanol
Sp aspirate [pl] 5
MPV set valve position 9
SP set flow rate [ul/s] 100
SP empty syringe
D on
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Table 2.
rExcipi ent Wei.gh.t ratio . Recovery £ SD
‘5 (exmplent:verapamﬂ) (%) (n=5)
Sodium laurylsulphate  1:500 100.16 £ 2.97
| Saccharose 1:500 06.30£2.92
\ Methylcellulose 1:250 102.28 + 3.49
Lactose 1:250 97.04 £ 2.10
j Glucose 1:125 98.36 = 2.94
| Table 3.
|
: Content found (% £ SDY)
| Formulation | Nominal content SIA-CL UV [17] -test®
[soptin 40 mg 40 mg 3326+ 0.08 [3848+ 0.09 0.407

P e
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Effect of organic solvents on chemiluminescence
reactions
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Abstract

This project deals with an investigation of possible sensitization effect on
chemiluminiscence (CL) reactions (involving permanganate or tris[(2,2’-
bipyridyl)jruthenium(ill) as CL reagents) by solvents that comprise mainly alcoholic
group in their molecule. This study was carried out via sequential injection analysis.

The effect of solvents on three CL systems was examined: oxidation of drug
endralazine (i) or verapamil (i{) by permanganate in sulfuric acid in the presence of
hexametaphosphate,  oxidation of drug verapamil (i) by  tris{(2,2’-
bipyridyl)jruthenium(III) generated on-line from tris{(2,2’-bipyridyl)jruthenium(ll) by
Ce(IV) in sulphuric acid. The solvents were primary alcohols (methanol, ethanol, 1-
propanol and 1-butanol, 2-methyl-1-propanol), secondary alcohols (2-propanol and 2-
butanol), tertiary alcohol (2-methyl-2-propanol), diols (1,2-ethanediol, 1,2-propanediol,
1,3-propanediol, 1,2-butanediol, 1,3-butanediol, 2,3-butanediol and 1,4-butanediol),
polyols (glycerol and poly(vinylalcohol)) and other compouns with non-alcoholic
miscellaneous  structures  (acetone,  acetonitrile, dimethylsuifoxide  and
dimethylformamide) serving as dissolution medium for the analyte.

All solvents were tested as mixtures with water containing typically 0 to 100%
of the organic component. Considerable enhancing effect was achieved with all solvents
in the reaction with ruthenium komplex, the enhancing effect was up to 4.6 times related
to purely aqueous medium. Methanol, ethanol, 1-propanol, 2- propanol, 1,2-ethanediol,
glycerol, 1,2,-propanediol, 1-butanol, 2-methyl-1-propanol, 2-butanol, 1,3-propanediol,
1,2-butanediol, 1,3-butanediol and 2,3 butanediol sensitized the reaction with
permanganate, the enhancing effect was up to 125 times. Calibration relation of tested
drugs in certain concentration of promising solvents was further studied.

Keywords: solvents, chemiluminescence, SIA, verapamil, endralazine
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| Introduction

' Some solvents as methanol [1, 2], ethanol [3, 4], 2-propanol [5] and less often
acetonitrile [2], acetone [2] or dimethylformamide [3] have been used in
chemiluminescence (CL) reaction with potassium permanganate or CL reaction based
on less stable ruthenium complex tris{(2,2’-bipyridyl)Jruthenium(II) (ru(bipy)33+). This
use of the solvents in the CL system has had many reasons e.g. dissolution of hardly
soluble samples in water [6], organic component of mobile phase in reverse liquid
chromatography [1, 7-12] or a sensitization effect on the CL signal [3, 13]. The last
named phenomenon opens question if also other solvents related to previously fairly
used solvents have any influence on the CL reactions and if the use of them is profitable
in the CL methods.

Chemiluminescence (CL) [14), belonging to luminescence techniques similarly
as fluorescence, arises as emitted light (photons) during chemical (usually redox)
reaction. Although the capacity for fluorescence is primarily a function of molecular
structure, the solvent of a potentially fluorescing molecule can have a dramatic etfect on
the fluorescence. Solvent interactions with solute molecules are mainly electrostatic and
it is usually the differences between the electrostatic stabilization energies of ground and
excited states that contribute to the relative intensities and spectral positions of
fluorescence in different solvents [14].

The most common CL reactions involve luminol, lucigenin, lophine
peroxyoxalate, sulphite, permanganate, Ce(IV) and ruthenium(Ill) complexes as
reagents [15). The CL reactions with permanganate and ruthenium complex are object
of this project. The analyte is directly oxidized by these reagents and the excess of
energy is emitted as light. Hexametaphosphate can sensitize CL reaction of
permanganate [16]. The tris[(2,2’-bipyridyl)Jruthenium(II1) {17] is less stabile oxidant
which can be easily prepared in situ by oxidation of stabile form tris{(2,2’-
bipyridyl)Jruthenium(II) (ru(bipy);z'). When sequential injection analysis is used, the
whole generation process can be accomplished online in one step with the determination
of the sample. This ruthenium reaction proceeds under desirable pH which is usually
maintained by acetate buffer [17] or phosphate buffer [18]. The advantages of the CL
methods lie in proposals of sensitive methods with wide linear calibration range and the
instrument represents a simple, robust and cost-effective apparatus.

The whole project was investigated in sequential injection analysis (SIA) [19]
which is based on aspiration of zones into the tube and reversing stream in direction to
the detector where the CL signal of arising CL reaction is monitored. The characteristic
features of SIA are the ability of automation, efficient and reproducible mixing of small
volumes of sample and reagents. If the mixing takes place as close as possible to the
photodetector window, even fast CL reactions can be recorded. Since the timing of the
mixing process is fully reproducible it is unnecessary to measure the whole CL emission
protile. Therefore with the development of these flow methods (besides newer SIA there

| is older and more utilized flow injection analysis — FIA) the use of fast and reproducible
| chemiluminescence detection became considerably attractive.

The tested solvents can be divided to primary alcohols (methanol, ethanol, 1-

| propanol and 1-butanol, 2-methyl-1-propanol), secondary alcohols (2-propanol and 2-
butanol), tertiary alcohol (2-methyl-2-propanol), diols (1,2-ethanediol, 1,2-propanediol,
1,3-propanediol, 1,2-butanediol, 1,3-butanediol, 2,3-butanediol and 1,4-butanediol),
polyols (glycerol and poly(vinylalcohol)) and other non-alcoholic miscellaneous
structures (acetone, acetonitrile, dimethylsulfoxide and dimethylformamide) serving as
dissolution medium for the aspirated analytes, verapamil (determined via ruthenium or
permanganate reaction) and endralazine (determined via permanganate reaction) whose
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structures are depicted in Fig. 1.a and 1.b. These analytes were chosen according to
previously known CL response found in screening test of several pharmaceutical
substances with ruthenium complex and permanganate reagent. The aim of this project
was investigation of solvent effect on two CL reactions {which solvents are profitable
and what are the advantages of their use — monitoring of reproducibility, sensitivity,
characteristics of calibration range). Water, the most common environment, was chosen
as a reference solvent.

Experimental

Apparatus

The SIA system (see Fig. 2) was built from CAVRO XL 3000 piston pump
(volume 2.5 mL Cavro Scientific Instruments Inc., USA), Vici Valco ten-port selection
valve with electrical actuator (Valco Instruments Co., Inc., USA), model FS 970
Schoeffel Instruments Corp. (USA) fluorimetric flow detector (UV lamp switched off)
equipped with a lab-made CL module with spiral geometry; the photomultiplier tube
voltage was 400 V for measurements with permanganate and 300 V with ruthenium
complex. The SIA system comprised manifold with a holding coil made of PTFE tubing
(length 70 cm, i.d. 0.75 mm, volume 1.2 mL). The same tubing was spirally coiled on a
52 mm x 52 mm Perspex plate that replaced the secondary filter positioned in front of
the photomultiplier window in the flow detector; this CL module had a central inlet,
peripheral outlet and the diameter of the spiral was 24 mm. The control unit consisted of
Pentium 75 MHz PC equipped with additional AT-MIO-16E10 data acquisition and
AT-232/4 interface cards (National Instruments Corporation, USA). The whole system
was operated by software (FaFSIA, Version 1.2); advanced data processing and was
performed by LPMcalc, Version 1.0 (lab-made programs written in LabVIEW).

Reagents

All solutions were prepared from analytical grade chemicals and a Millipore
Milli-Q RG ultra pure water. The standard verapamil hydrochloride, tris(2,2'-
bipyridyl)dichlororuthenium(II)hexahydrate, sodium polyphosphate
(hexametaphosphate), ethanol absolute Chromasolv, methanol spectrophotometric
grade, 1,3-propanediol, 1,2butanediol, 1,3-butanediol, 1,4-butanediol, 2,3-butanediol,
dimethylsulfoxide, acetonitrile were purchased from Sigma-Aldrich, Chemie GmbH
(Germany). Cerium(IV)-ammonium sulphate and polyvinylalcohol were obtained from
Fluka (Switzerland). Sulphuric acid, acetic acid, sodium acetate, 2-methyl-1-propanol,
1,2-ethanediol, N,N-dimethylformamide were from Lach-Ner, s.r.o (Lachema, Czech
Republic). 1,2-propanediol was purchased from Riedel de Haén (Germany). Acetone
and 2-propanol were from Penta (Czech Republic).

The pharmaceutical substance (endralazine or verapamil) was dissolved in water
which served as stock solution for preparation of solvent solution in desired
concentration.

SIA procedure

Reaction with permanganate: Zones of reagents and sample were
automatically aspirated in following order into the holding coil: 30 pL of 80 mM
hexametaphosphate solution, 30 pL of 1.0 10° M endralazine in water/solvent solution
or 2.0 10-5 M verapamil in water/solvent solution or their appropriate blank solutions,
30 pL of 0.5 M sulphuric acid and 20 pL of 1 mM permanganate solution.
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Reaction with ru(bipy);’": Zones of reagents and sample were aspirated in
following order into the holding coil: 50 pL of 7.5 10° M Ce in 75 107 sulphuric acid,
25 ;.IL of | mM ru(bipy);;2+ solution, 15 pL of 0.2 M acetate buffer pH 5.4, 15 pL of 2
10" M verapamil in water/solvent solution or its appropriate blank solution.

Determination: The zones were mixed by flow reversal and the arising CL
product was pushed into the detector cell. The transient CL signal was recorded in the
form of peaks and processed by our original software written in LabVIEW (involving
the peak height calculations in nA). Each measuring cycle was carried out four times at
ambient temperature and the mean values of the peak heights serves for data evaluation.
The net CL signal was counted by subtracting the mean blank signal (B) from the mean
raw signal (S) value. The net CL signal of each solvent, AI(CL), was compared with net
CL signal of water. Furthermore, the next object of monitoring was a ratio between
mean raw sample signal and mean blank signal (S/B).

The best concentration of each solvent according to the highest net CL signal
and also to the ratio between mean raw sample signal and mean blank signal (S/B) were
compared with water. The best solvents of the best concentration were pointed out and
calibration relation in low concentration of sample (verapamil and endralazine) was
plotted to find limit of detection (LOD) and see changes on calibration function. During
the whole experiment relative standard deviation of four consecutive measurements
under the same conditions was evaluated.

Results and discussion

Pharmaceutical substances were tested whether they react with reagents
(permanganate and ru({bipy);’") to emit CL. The substance had to be soluble in water
and tested solvents, stabile in them, should give high CL response in these reaction. To
find one compound which would fulfil all our presumptions appeared as a problem.
Endralazine, soluble and stable in water, showed strong CL emission during reaction
with permanganate but no CL with ru(bipy)f*. On the other hand, verapamil, soluble
and stabile in water, too, gave strong CL in the reaction with ru(bipy)33 " and the reaction
with permanganate was weak. These two substances were chosen for the project as
model samples to study the influence of chosen solvents.

Because the used solvents in CL reactions are monoalcohols (methanol, ethanol,
2-propanol) the test was focused on various alcohols. The list of the solvents comprised
primary alcohols (ethanol, methanol, 1-propanol, 1-butanol, 2-methyl-1-propanol),
secondary alcohols (2-propanol, 2-butanol), tertiary alcohol (2-methyl-2-propanol),
diols (1,2-ethanediol, 1,2-propanediol, 1,3-propanediol, 1,2-butanediol, 1,3 butanediol,
2.3-butanediol and 1,4-butanediol), polyols (glycerol, polyvinylalcohol (PVA)). Also
non-alcoholic solvents with miscellaneous structures were involved in the test (acetone,
acetonitrile, dimethylsulfoxide and dimethylformamide).

Due to the fact that the blank solutions of both CL reaction systems
(permanganate and ru(bipy)s’") gave certain CL response (the CL response was stronger
in case of ru(bipy)33+), the net CL signal, AI(CL), had to be calculated. Because the CL
response of the blank solution varied extremely with each solvent and its concentration,
other parameter was observed (S/B). The values representing ACL)* and (S/B)*,
plotted in Table 1. and Figure 3., 4., 6., are obtained by dividing AI{CL) or (S/B) of
solvent by AI(CL) or (8/B) of water. Thus, they are easily comparable, expressing how
many times the respective solvent sensitised the CL reaction comparing with water
(values of water AI(CL)* and (S/B)* are 1).
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Reaction of endralazine and permanganate

The dependence of AI(CL)* or (S/B)* on solvent concentration is depicted in
Figure 4.a-c or Figure. 4.d,e, respectively. There are only solvents which increased the
CL yield more than water (AI(CL)* or (S/B)* higher than 1).

Solvents as 2-methyl-2-propanol, PVA and all solvents with non-alcoholic
miscellaneous structures did not increase the CL response than water according to
AI(CL) and these same solvents plus 2 3-butanediol, 2-methyl-1-propanol, 2-butanol,
1,2-ethanediol and glycerol had worse ratio S/B. Nevertheless, 2-propanol 100 %
showed the highest AI(CL) (125,5 times better than with water), the ratio S/B was
similar as with water. A well-arranged survey of solvent concentration with high AI(CL)
and S/B is listed in Table 1.

Two solvents with the best CL response improvement, one according to AI{CL)*
and second according to the ratio S/B* were tested furthermore in calibration study with
low concentrations of endralazine, i.g. 2-propanol 80 % (the improvement with 2-
propanol 100% solution was negligible) and 1,2-propanediol 2%, respectively. The
calibration curves of endralazine are placed in Figure 5. The lower concentration which
filled requirement of LOD was 5 107 M in water and 2-propanol 80%. In the case when
endralazine was prepared in 1,2-propanediol the LOD was 1 107 M and thus it
expressed better sensitivity. Both solvents influenced the course of the calibration curve
(see Figure 5) and improved repeatability (better relative standard deviations).
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Reaction of verapamil and ru(bipy)s"*

The dependence of AI(CL)* or (S/B)* on solvent concentration is shown in
Figure 6.a-d or Figure. 6.e-g, respectively. There are only solvents which improved the
determination against water.

All tested solvents brought an improvement according to AI(CL)* but 2-methyl-
1-propanol, 1,2-ethanediol,  glycerol, 1,3-propanediol, 2.3-butapediol  and
dimethylformamide had worse ratio S/B.

Three solvents as dimethylformamide 40% and 1,2-butanediol 50% with the
highest AI(CL)*, (dimethylformamide 4.6 times higher than for water, 1,2-butanediol
42) and 12-propanediol 40% showing greatest ratio S/B were submitted to further
testing of verapamil calibration (Fig. 7). However, the detection limit was the same for
water and for the three tested solvents. The improvement was seen in repeatability
which was better with all these solvents compared to water.

Reaction of verapamil and permanganate

This reaction of verapamil and permanganate is not very sensitive which
mirrored in high verapamil concentration during the test (2 10° M with slight CL
signal). To accomplish our project this section was also proceeded due to the interesting
comparison of the same sample in two different CL reactions.

According to AI(CL)* the analysis of verapamil in several solvents was worse
than with water: again solvents with non-alcoholic miscellaneous structures as in
reaction with endralazine, PVA, 2-methyl-1-propanol nd 2-butanol. Perhaps due to low
net CL signals the second criterion showed that water is the best solvent.

Summary

Thank to several chromatographic articles with chemiluminescence detection
interesting records can be read out due to organic mobile phase used. Mostly acetonitrile
or methanol with usually aqueous buffer in different ratio serves as typical mobile phase
in reversed-phase chromatography which has significant influence on the CL. In a
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determination of arbutin and L-ascorbic acid by LC - CL reaction with permanganate
[1] the negative effect of acetonitrile was found. Use of a mobile phase containing
acetonitrile greatly quenched the CL signa! and produced serious background whereas
methanol resulted in lower background emission and the baseline was fairly smooth.
Similar results obtained in our case with analytes, endralazine or verapamile, showed
that acetonitrile is not compatible with permanganate reaction. Moreover, in
determination of hydroquinone by permanganate reaction [4] acetonitrile and also
dimethylformamide inhibited analytical signal and ethanol increased CL (unfortunately
due to generation of bubbles ethanol was not submitted to further tests). Also effect of
dimethylformamide on CL with permanganate corresponded with our results.

Another chromatographic article [12] dealing with sensitivity enhancement
divided solvents according to mild and strong oxidative potency. This article postulated
that solvents are compatible with mild oxidants (e.g. hydrogen peroxide) whereas strong
oxidants like acidic permanganate are responsible for increase of baseline due to
oxidation of the solvents that is undesirable in HPLC but can be overcome in FIA.

In CL reaction with ru(bipy):,3 * the effect of four organic solvents (acetonitrile,
acetone, methanol and 2-propanol) was already studied [2] (the solvents were tested up
to 30% joined with phosphate buffer). CL intensity increased without significant
increase of background signal with acetonitrile, acetane and methanol but use of 2-
propanol resulted in lower CL along with dramatic increase of background signal. The
last result did not correspond with ours because verapamile prepared in 2-propanol did
not record any notable increase of the blank and the net CL signal showed relatively the
best value among these four solvents. This discrepancy can be caused by different
reaction conditions (phosphate buffer) or by dependance of solvent use on target
analyte.

Chen and co-workers [13] in study of electrochemiluminescence of ru(bipy)s*"
postulated that monohydric alcohols showed CL decrease along with alkyl chain length
increase and with increase in number of hydroxyl groups in a molecule, CL intensity
increased with polyhydric alcohols. Majority of our tested solvents with single hydroxyl
group represented increase up to 1.9 (AI{CL)*) except for propanols. Solvents with 2
hydroxyl groups improved the determination much more. The highest value of AI(CL)*
was 4.2 for 1,2-butanediol despite of longer alkyl chain. The position of hydroxyl group
is very crucial because ditference between 1,3- and 1,2- butanediol is more than 2
(AI(CL)*).

Role of solvents in CL reactions has probably complex character: co-oxidation -
alcohols are oxidized by strong oxidants to aldehydes, than to acids [12, 20] and
stabilization of molecules [14].

Effect of the solvent is probably more but not purely dependent on used CL
reagent than on target analyte which can be read out from Table | when comparing
results of reaction of verapamil and ru(bipy)s’~ with reaction of verapamil and
permanganate. The permanganate reaction showed incompatibility with all solvents with
miscellaneous structure and polyvinylalcohol.

Conclusion

The use of organic solvents as additives to aqueous analyte solutions can
improve the analytical figures of merit in CL assays with permanganate or Ru(bipy)s”
as reagents. Appropriate solvents may affect sensitivity, repeatability and linearity as
shown in the SIA-CL assays of endralazine and verapamil as model analytes.
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Figure 1. Structures of the tested analytes

a. - endralazine; b. - verapamil

Figure 2. Schematic view of SIA manifold
CS: carrier stream, SP: syringe pump, HC: holding coil, MSV: multi-position selection
valve, D: detector, W: waste, R;: Ce(IV) in sulphuric acid or hexametaphosphate, R:

Ru(bipy)32+ complex or potassium permanganate, R3: buffer or sulphuric acid, S: sample

Table 1. Overview of the studied solvents
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E+P: oxidation of endralazine by permanagante; V+R: oxidation of verapamil by
ru(bipy):®', V+P: oxidation of verapamil by permanganate; AI(CL)*': ratio of AK(CL) of
solvent and AI(CL) or water (Al(CL) is ratio of raw CL signal of sample and blank CL
signal; (S/B)* is ratio of (S/B) of solvent and (S/B) of water (S/B = ratio between raw
CL signal of sample and blank CL signal); PVA: polyvinylalcohol

Figure 3. Graph of the positive sensitization effect of each studied solvent

E+P: oxidation of endralazine by permanagante; V+R: oxidation of verapamil by
ru(bipy)g.3 * V+P: oxidation of verapamil by permanganate; AI(CL)*': ratio of AI(CL) of
solvent and AI(CL) or water (AI(CL) is ratio of raw CL signal of sample and blank CL
signal; (S/B)* is ratio of (S/B) of solvent and (S/B) of water (S/B = ratio between raw
CL signal of sample and blank CL signal); PVA: polyvinylalcohol

Figure 4. Solvents in tested concentration range in % (axis x) which sensitized the
reaction of endralazine and permanganate

4.a-4.c are curves which represent A[(CL)* (axis y); 4.d-4.e are curves showing (S/B)*

(axis y)

Figure 5. Calibration relation of endralazine (End) in water (a), 1,2-propanediol 2% (b)

and 2-propanol 80% (c) in reaction with permanganate

Figure 6. Solvents in tested concentration range in % (axis x) which sensitized the
reaction of verapamil and 1'u(l:tipy)g,3'I

6.2-6.d are curves which represent AI{CL)* (axis y); 6.e-6.g are curves showing (S/B)*

(axis y)

Figure 7. Calibration relation of verapamil in water (4.), dimethylformamide 40% (1.),

1,2-butanediol 50% (2.) and 1,2-propanediol 40% (3.) in reaction with ru(bipy);*".
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34. Syntéza a analyza lé¢iv, 2005, Brno

VYHLEDAVACI STUDIE LECIV, POSKYTUJICICH VYZNAMNOU
CHEMILUMINISCENCI PRI OXIDACI MANGANISTANEM A PRI
REAKC! S KOMPLEXEM [Ru"(2,2"bipyridin),]*".

KATERINA MERVARTOVA?, DANIEL LOPEZ®, PETRA HOLA?, MIROSLAV
POLASEK?

@ Katedra analytické chemie, Farmaceutické fakulta, Karlova Univerzita, Heyrovského 1203,
500 05 Hradec Kralové

® Department of Chemistry, University of Valencia, Valencia, Spain
Katerina.Mervartova@faf.cuni.cz

Automatizovanou metodou sekvenéni injekeni analyzy (SIA) bylo
prozkoumano  chovani 23 farmakologicky aktivnich latek pii reakci
s manganistanem draselnym a/mebo s komplexem [Ru"(2,2°bipyridin)s]**
s ohledem na pfipadnou moznost jejich chemiluminiscenéniho stanoveni.
Léciva byla vybrana zruznych farmakologickych skupin; jejich strukturnim
znakem byl dusik v molekule {heterocyk!, aromaticky nebo alifaticky amin).

Pouzity poéitatem oviadany SIA systém byl sestaven na bazi 2,5-ml
pistové pumpy Cavro XL 3000, deseticestného selekéniho ventilu Vici-Valco a
prutokového fluorescenéniho detektoru Spectra-Physics FS970 upraveného pro
mérfeni intenzity chemiluminiscence. Intenzita pfechodného
chemiluminiscen&niho signalu pfi oxidaci manganistanem byla sledovana za
nasledujicich podminek: aspirace z6n 30 pi 0,1 mM lédiva (roztoky ve vodég, v
60% methanolu a 60% ethanolu), 39 pl 1 M kyseliny sirové, 3 pl 10 mM
manganistanu draselného a 56 pi 0,1 M hexametafosfatu sodného a vytlageni
smigené zony reaktantu do detektoru pratokovou rychlosti 100 pifs. Mezi l&Civa
poskytujici intenzivni chemiluminiscenci se zaradily bopindolol, cimetidin,
indometacin, endralazin a noradrenalin.

Komplex [Ru"(2,2"-bipyridin)s]** je nestéalé oxidacni Einidlo, které bylo
pfipraveno in situ v SIA systému reakci redukované formy [Ru"(2,2-
bipyridin)3]2+ s Ce(IV). Viastni chemiluminiscenéni  reakce probihala
v acetatovém pufru o pH 5,6 za téchto podminek: aspirace zon 71 gl 10 mM
Ce(lV) v 50 mM kyseling sirové, 30 pl 1 mM [Ru"(2,2"bipyridin)s]** v 0,05 M
kyseliné sirové, 29 i acetatového pufru pH 5,6 a 15 pi 0,1 mM roztoku |&Civa v
50% ethanolu a vytladeni smiSené zony reaktantl do detektoru prutokovou
rychlosti 100 pl/s. Vyznamnou chemiluminiscenéni emisi poskytovaly latky:
metoprolol, noradrenalin, verapamil, nefopam, diltiazem a indometacin.

Vzhledem ktomu, Ze pouze omezeny pocet latek je schopny
chemiluminiscence za definovanych reakénich podminek (selektivita), je mozné
chemiluminiscenéni detekci vyuZit pfi jejich rutinnim stanoveni ve stfedné
slozité matrici. Dal$i fazi projektu bude vypracovani citlivé a rychlé SIA-
chemiluminiscenéni metody stanoveni vytypovanych IéCiv v redlnych
farmaceutickych pfipravcich.

Projekt byl vypracovan s podporou Vyzkumnych zamérl MSMT, MSM
0021620822.
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34. Syntéza a analyza léciv, 2005, Brno

AUTOMATIZACE SLEDOVANI LIBERACE LECIV Z MASTI
TECHNIKOU SEKVENCNI INJEKCNi ANALYZY

KATERINA MERVARTOVA, JANA KLIMUNDOVA, HANA SKLENAROVA,
MIROSLAV POLASEK

Katedra analytické chemie, Farmaceuticka fakulta, Karfova Univerzita, Heyrovského 1203, 500
05 Hradec Kralové
Katerina.Mervartova@faf.cuni.cz

Liberadni studie I&¢iva z masti charakterizuje uvolfovani Gginné latky z
polotuhého léCivého piipravku. Provedeni takového tesiu, vychazejici ze
smérnice FDA (Food and Drug Administration, USA), pfedstavuje uZiti Franzovy
difdzni cely obsahujici dva kompartmenty oddélené obvykle syntetickou
membranou. Vzorek masti je aplikovan na horni stranu membrany, pies kterou
lédivo difunduje do kompartmentu obsahujiciho akceptorovou tekutinu.
Koncentrace lédiva v akceptorové tekutiné je monitorovana vhodnou
analytickou metodou, pfi¢emz vzorky jsou odebirany v pravidelnych Casovych
intervalech po dobu 6 hodin. Pro stanoveni liberaéniho profilu je doporueno
méfeni Sestkrat opakovat.

Cilem na$eho vyzkumu je automatizace celé liberaéni studie pomoci
sekvenéniho injekéniho analyzatoru (SIA) zahrnujici paralelni provedeni
nékolika testu najednou. K realizaci projektu byl sestaven SIA systém sloZzeny
z 5ml-pistové pumpy, dvou 8-cestnych selekénich ventilu (hlavni a pfidatny),
pomocné peristaitické pumpy, fluorescenéniho detektoru a 3 Franzovych cel (o
objemu 15 ml) temperovanych na 32°C pomoci ob&hového termostatu ve vodni
lazni.

Cely SIA systém byl ovladan poéitatovym programem. Peristalticka
pumpa zajistovala kontinualni cirkulaci akceptorové tekutiny uzavienou
davkovaci smyckou tak, aby koncentrace odebraného vzorku v pfesném
dasovém intervalu korespondovala s koncentraci 1é€iva v akceptorové tekuting.
Roztoky standardu pro zhotoveni kalibraéni zavislosti byly aspirovany pres
piidatny selekéni ventil.

Jako testovany lédivy pfipravek byla wvybrana mast s kyselinou
salicylovou. Z akceptorové tekutiny (vodny fosfatovy pufr o pH 7,4) bylo
odebirano 50 pl vzorku v intervalu 15 min a fluorimetricky stanovena
koncentrace kyseliny salicylové. Optimalizovany ovladaci program Fidil cely test
po dobu 6 hodin, zaznamenaval liberagni profil 1é€iva a automaticky provadél
méfeni kalibraénich roztoku na konci studie.

Hlavnimi vyhodami celého systému jsou: dplna automatizace liberacni
studie, on-line monitorovani koncentrace uvolnéného leciva v akceptorové
tekutiné, automatické doplfiovani odebraného objemu, automatické vyhotoveni
kalibraéni kfivky a diky malému objemu odebiranych vzorkl je umoZnéna také
vysSi frekvence méfeni bodl liberacni kfivky neZ pfi manuainé provedené
studii.

Projekt byl podporovan Grantovou agenturou Univerzity Karlovy, grant &.
313/2005/B-CH/FaF a Vyzkumnymi zaméry MSMT, MSM 0021620822.
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Instrumental methods of analysis, modern trends and applications
(IMAO05), 2005, Kréta

AUTOMATED SIA-FLUORIMETRIC METHOD FOR RELEASE
TESTING OF TOPICAL FORMULATIONS CONTAINING
SALICYLIC ACID

K. Mervartova*, J. Klimundova, H. Sklenafova, M. Polasek

Department of Analytical Chemistry, Faculty of Pharmacy, Charles University,
Heyrovského 1203, 500 05 Hradec Kralové, Czech Repubilic;

e-mail: Katerina.Mervartova@faf.cuni.cz

Changes in thermodynamic properties of active substance (drug) and in the overall
composition of ointment influence the drug release from this topical dosage form. The
release of the drug is one of several criteria used to characterize finished preparations.
At present there is no official rule for the performance of such release testing. There
exist only recommendations (guidelines) from OECD and FDA. In vitro release test
(FDA) recommends Franz diffusion cell fitted with a synthetic membrane; the test
should be performed in multiple replicates (6 cells are recommended). Diffusion of the
drug from the topical product to and across the membrane is generally monitored by
analyzing sequentially collected samples of the acceptor fluid. We developed an on-line
fully automated and simple method for monitoring the release of salicylic acid from
ointments according to OECD and FDA guidelines with multiple parallel sampling from
several Franz cells. The automation was achieved by using the sequential injection
analysis (SIA) technique. The SIA system employed consists of bi-directional 5-ml
syringe pump, S-position selection vaive, additional 8-port selection valve (serving as
an “auto-sampler™), auxiliary peristaltic pump, fluorescence detector and three Franz
cells maintained at 32°C (water bath). The ointment containing salicylic acid is placed
on top of the membrane which is in contact with the acceptor liquid (15 ml of agueous
phosphate buffer of pH 7.4). In predefined time intervals the samples of the acceptor
liquid (50ul) are aspirated from each of the 3 cells and dispensed to a flow-through
fluorescence detector to determine the concentration of salicylic acid {excitation and
emission wavelengths 297 nm and 405 nm, respectively). The system automatically
replenishes the acceptor medium in each cell. The calibration curve is rectilinear in the
range | — 50 mg/l, repeatability expressed as RSD (n = 10) is 0.52% at 1.0 mg/l of
salicylic acid. The main advantages of the system are: automated on-line monitoring of
release test from several Franz cells, small volumes of acceptor medium analysed,
automated replenishing of the acceptor medium and possibility of higher sampling
frequency compared to manually performed tests.

Financial support by the Grant Agency of Charles University, Grant No. 313/2005/B-
CH/FaF and by the Czech Ministry of Education, Grant No. MSM 0021620822, is
gratefully acknowledged.
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10. International Conference on Flow Analysis, 2006, Porto

SIA-chemilumenescent determination of indomethacin in pharmaceutical
formulations
Katefina Mervartova, Miroslav Poldsek

Department of analytical chemistry, Faculty of Pharmacy, Charles University
Heyrovského 1203, 500 05 Hradec Krdlové, Czech Republic

Indomethacin was submitted to screening test to point out substances with marked
chemiluminescent response. After preliminary test it was desirable to continue with
substance indomethacin in optimization and validation of the method due to interesting
response. The new method was proposed and applied to pharmaceutical formulations.
The methed is based on oxidation of indomethacin by ruthenium complex Ru(bipy)(III)
which is non stabile and thus prepared in situ in the SIA system by oxidation with Ce in
sulfuric acid. Using buffer is usually profitable with such system so different buffers
were implemented to the system but the most advantages one appeared component of
acetic/acetate buffer — sodium acetate. Various solvents suitable for indomethacin were
examined. According to the considerateness for SIA system and to the highest response
ethanol 50 % (vol.) was further tested. The optimal conditions were estimated as 41 ul
of 15 mM Ce (IV) in 50 mM H>SOy, 30 pl 0.5 mM ruthenium complex, 16 pl of 0.4 M
sodium acetate and 15 pl of indomethacin in 50 % (vol.) ethanol.

Calibration response was studied in range 107 - 5.10° mol/l. The curve was expressed
as second degree equation y = -0.156x* + 22.193x + 0.767 with correlation coefficient r
= 0.9997. Linear response described by equation y = (19.51 + 1,39)x - (4,43 = 1,43), r
ranged from 0,9984 to 0,9998 was in the range 107 to 10” mol/l.

The detection limit was estimated as 10”7 mol/l. Repeatebility ranged from 5*10-7 M
2.40 % and for 7¥10-6 2.02 %. One determination lasted 20s, so 180 determinations per
1 hour.

Finally the method was applied to determination of I in pharmaceutical formulations
Indobene gel and Vonum cutan (ointment) with satisfactory results.

The project will continue by investigation of automation of parallel release testing by

sequential injection analysis.

The authors greatly appreciate financial supports coming from agencies FRVS Ministry
of education CR, grant No. 292/2006 and GAUK, grant No. 313/2005.
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Joint Meeting, 2006, Marburg

SIA-AUTOMATION OF RELEASE TESTS ACCORDING TO RECOMMENDED
GUIDELINES

Mervartova K., Polasek M., Hajkova R., Sklenafova H.

Department of Analytical Chemistry, Faculty of Pharmacy, Charles University,
Heyrovského 1203, 50005 Hradec Kralové, Czech Republic

OECD and FDA guidelines recommend to perform release test to characterize
finished semisolid formulation and to compare two batches. FDA recommends
Franz diffusion cell fitted with a membrane that would be best a native skin. The
release of pharmaceutical compound must be observed at least 6 hours (for
synthetic membrane, for skin it is 48 hours). The guidelines for comparison
assay describe testing of 6 cells at the same time to obtain valuable and precise
data. It is desirable to automate the test to accelerate, make more effective,
precise and simplify test performance.

Sequential injection analysis (SIA) is a tool for automation and consists of bi-
directional 5-ml syringe pump, 8-position selection valve, additional 8-possition
selection valve, auxiliary peristaltic pump, detector and Franz cells maintained
at 32°C (water bath). Tested semisolid preparation is placed on membrane or
skin and the pharmaceutical compound releases to acceptor compartment of
Franz cell. The concentration of released compound in acceptor medium
(phosphate buffer pH 7.4} is determined in predefined time intervals.

The proposed automated method was applied to monitor release characteristic
of ointments containing salicylic acid with fluorescence detection and
indomethacin with chemiluminescence detection.

The authors acknowledge financial support by the Grant Agency of Charles
University, Grant No. 313/2005/B-CH/FaF and the Czech Ministry of Education,
Grant No. MSM 0021620822.
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Influence of solvents on chemiluminescence reactions with
permanganate and tris[(2,2’-bipyridyl)]ruthenium(III)
studied in sequential injection analysis

Katefina Mervartova, Miroslav Polasek

Department of analytical chemistry, Faculty of Pharmacy, Charles
University, Heyrovského 1203, 50005 Hradec Kralove

Katerina. Mervartva@faf.cuni.cz

The aim of this study was to investigate the sensitization of chemiluminiscence (CL)
reactions (permanganate system and tris[(2,2’-bipyridyl)]ruthenium(IIl) system) by
solvents which include mainly alcoholic group in their structure. In the literature some
of them as methanol, ethanol can be found. Deep study on this topic is desirable.

The sequential injection analysis consists of 2,5-ml syringe pump Cavro XL 3000, 10 —
port selection valve Vici-Valco a flow-through-fluorescence detector Spectra-Physics
FS970 set for CL measurement. Two CL reactions were used for testing: oxidation of
drug endralazine by permanganate in sulfuric acid with presence of hexametaphosphate
and oxidation of drug verapamil by tris[(2,2’-bipyridyl)Jruthenium(llI) which was
generated on-line in SIA analyzator by Ce(IV) in sulphuric acid, the last reaction
proceeded under condition of acetate buffer pH 5.4. Tested solvents can be sorted into
primary alcohols (methanol, ethanol, 1-propanol, 2-propanol, four stereoisomers of
butanol), secondary alcohols (ethyleneglycol, 1,2-propanediol, 1,3-propanediol, 1,2-
butanediol, 1,3-butanediol, 2,3-butanediol, 1,4-butanediol) tertiary alcohol (glycerol),
polyalcohol (polyvinylalcohol) and other solvents (water, acetone, acetonitrile,
dimethylsulfoxide, dimethylformamide).

All solvents were tested in wide concentration range. Subsequently best concentrations
of each solvent were compared together (comparative parameter was counted as
deference between the signal of the drug (s) and the signal of the blank (b) divided by

the signal of the blank ‘S—_b—b ). Solvents as 1,2-propanediol, 2-propanol, n-butanol, 1,2-

butanediol, methanol, ethanol, 1,4-butanediol, 1,3-butanediol, 1-propanol improved the
measurement against water in both CL reactions (better comparative parameter than for
water), dimethylsulfoxide, acetone, acetonitrile, t-butanol, polyvinylalcohol, sec-butanol
only in the reaction with ruthenium complex and 1,3-propanediol only in the reaction
with permanganate.

We thoroughly appreciate financial support coming from Grant Agency of Charles
University, grant No. 85107/B/2007/FaF, Zentiva as. and Research Project MSM
0021620822.
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36. Syntéza a analyza léciv, 2007, Bratislava

CHEMILUMINISCENCNI STANOVENi = VERAPAMILU
POMOCI  SEKVENCNi  INJEKCNI  ANALYZY
V TABLETACH

KATERINA MERVARTOVA', MIROSLAV POLASEK', DANIEL LOPEZ’,
JOSE MARTINEZ CALATAYUD ?

" Katedra analytické chemie, Farmaceutica fakulta, Univerzita Karlova, Heyrovského 1203,
50005 Hradec Kralove

2 Department of Chemistry, Faculty of Chemistry, University of Valencia, Valencia, Spain
Katerina. Mervartva@faf.cuni.cz

Nasim cilem bylo vyvinout metodu pro stanoveni léciva verapamilu
v tabletach zaloZenou na chemiluminiscenéni detekci a sekvenéni injekeni
analyze (SIA). Verapamil patfi do skupiny blokatorl kaiciového kanalu, ktery ma
vasodilataéni a antihypertenzni Géinky. Toto lé¢ivo se pouZiva zejmeéna pro
léébu ischemické choroby srdeéni (angina pectoris, pfi stavech po infarktu
myokardu), pfi 1é&bé srdednich arytmii a pii léSb& hypertenze. Komercne je
lécivo dostupné ve formé tablet nebo kapsli.

Potitatem ovliadany SIA systém byl sestaven z 2,5-ml pistové pumpy
Cavro XL 3000, deseticestného selekéniho ventilu Vici-Valco a prutokového
fluorescenéniho detektoru Spectra-Physics FS970 upraveného pro méfeni
intenzity chemiluminiscence. Detekéni reakce byla zaloZena na pouZiti
nestalého oxidaéniho Cinidla [Ru"(2,2‘-bipyridin)3]3+, které bylo pfipraveno in situ
vSIA systému reakci redukované formy [Ru"(2,2'-bipyridin)s?* s Ce(IV)
v kyseliné sirové.

Koncentrace kyseliny sirové, céru, dvojmocného ruthenia, vhodny pufru
a jeho pH, parametry ovladaciho programu (idealni velikosti aspirovanych zén a
rychlosti pritoku) byly optimalizovany pfi vyvoji metody. Studium pufrd bylo
rozSiteno o pufry, které zajistuji zadouci pH ale dosud jejich vliv na
chemiluminiscendni reakci s komplexem ruthenia nebyl popsan vdostupné
literatuie. Nejvy$si vytéZnost reakce byla zaznamenana za téchto podminek:
aspirace 50 plfs, 69 pl 7,5 mM Ce(lV) v 75 mM kyseling sirové, 25 pl 1 mM
[Ru"(2,2-bipyridin)s]**, 13 wl acetatového pufru pH 5,4 a 15 yl roztoku égiva v
50% methanolu a vytlageni smi§ené zény reaktantl do detektoru prutokovou
rychlosti 100 pl/s.

Linearni zavislost koncentrace verapamilu na intenzité
chemiluminiscence byla stanovena v rozmezi koncentraci 0.01 to 20 ymol L's
korelagnim koeficientem 0,9997. Nalezeny limit detekce (3/N) byl 10 nmol/l.
Frekvence davkovani byla 180 vzorki/hod. Dale byla provedena studie tykajici
se robustnosti a moznych interferenénich latek v tabletach.

Na zavér byla metoda aplikovana na komeréné dostupny piipravek
Isoptin 40mg (tbl.) a vysledek statisticky porovnan s vysledky ze
spektrofotometrického méfeni verapamilu podie Britského lékopisu 2004.
Metoda je vhodna pro stanoveni verapamilu v tabletach.

Projekt byl podporovan Grantovou agenturou Univerzity Karlovy, grant ¢.
85107/B/2007/FaF a Vyzkumnymi zaméry MSMT, MSM 0021620822.
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B&hem prezenéni formy studia byla autorka disertaéni prace fesitelkou 2

jednoro&nich grantt Fondu rozvoje vysokych Skol:
¢. 292/2006 Chemiluminiscenéni  stanoveni  léCiv metodou  sekvenéni
injekéni analyzy

&.048/2007  Automatizace studia kinetiky enzymovych reakci technikou

sekvenéni injekéni analyzy,

a hlavni fegitelkou grantu Grantove agentury Univerzity Karlovy (2007-2008):

& 85107/2007 Chemiluminiscenéni stanoveni vybranych |é¢iv. metodou

sekvenéni injekéni analyzy
a spolufesitelkou grantu Grantové agentury Univerzity Karlovy (2005-2006):

& 313/2005  Automatizace liberagnich testu topickych lé&ivych pfipravku s
uzitim Francovy cely v SIA systému.
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Tato prace je vénovana chemiluminiscenénimu stanoveni vybranych
lé&iv s vyuZitim modernich pratokovych metod.

V prvni fazi byla vypracovana souhrnna reSeréni prace zabyvajici se
metodami chemiluminiscenéniho stanoveni farmaceuticky vyznamnych latek
technikou pritokové a sekvengni injek&ni analyzy, publikovanymi od roku 2001
do roku 2006. Reder$ni prace byla uvefejnéna v zahraniénim &asopise Journal
of Pharmaceutical and Biomedical Analysis 45 (2007) str. 367-381. Vétsina
publikovanych metod byla zaloZena na CL reakcich luminolu, sificitanu,
manganistanu a komplexu [Ru(bipy)3]3+.

V dal$i etapé byly zkoumany pfedb&Znym screeningem moznosti SIA-CL
stanoveni 23 ruznych lééiv na zakladé CL reakci s manganistanem v kyselém
prostiedi a s komplexem [Ru(bipy)3]3+. Z téchto latek byly vytipovany verapamil,
blokator kalciovych kanald v srdecnim svalu pro 1é¢bu arytmii a hypertenze, a
indometacin, analgetikum a antiflogistikum pouzivané k tlumeni bolesti
pohybového aparatu. Stanoveni bylo zaloZzeno na pfimé oxidaci obou léCiv
komplexem [Ru(bipy)3]3+. Vyvinuté metody byly validovany a byla prokazana
moznost SIA-CL stanoveni téchto léCiv s dostateénou presnosti a spravnosti a
nizkymi detek&nimi limity, u verapamilu 10 nmol/l a u indometacinu 50 nmol/l.
Metoda stanoveni indometacinu byla aplikovana na analyzu komeréné
vyrab&nych piipravku ve formé masti a gelu, viz publikace v ¢asopise Analytica
Chimica Acta 600 (2007) str. 114-121. Verapamil byl navrzenou SIA-CL
metodou stanoven v tabletach (prace jesté nebyla publikovana).

Z ptedbé&Zného screeningu vyplynula i dalsi léCiva, jako bopindolol,
diltiazem, norepinefrin a endralazin, ktera pravdépodobné bude mozné stanovit
SIA-CL metodou.

Pfi studiu moznosti vyuziti modernich pratokovych metod byla testovana
multikomutaéni metoda, pomoci které bylo automatizovano chemiluminiscencni
stanoveni chlorsulfuronu. PfestoZe reakce tohoto pesticidu s manganistanem
nevykazovala zadnou luminiscenci, po zadlenéni fotochemickeého reaktoru do
multikomutaéniho analyzatoru (UV-lampy) bylo dosazeno dostate¢ne silné CL

odezvy. Za optimalnich podminek bylo moZno stanovit i stopy chlorsulfuronu na
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arovni 100 ppb (1 ng miY). Tato metoda byla piné validovana a aplikovana na
ruzné druhy vod. Vyvoj a validace metody jsou prezentovény v tasopise
Analytical Letters 38 (2005) str. 179-194.

Pfi vyvoji metody SIA-CL stanoveni verapamilu a indometacinu byl
prokazan pozitivni viiv metanolu a etanolu na intenzitu chemiluminiscenéni
odezvy. V daidi fazi projektu byl proto sledovan viv 22 rozpoustédel (zeiména
primarnich, sekundamich a terciarnich alkoholt, diolu @ polyoll) na intenzitu CL
verapamilu a endralazinu jako modelovych |atek pii reakci 8 manganistanem 2
komplexem [Ru(bipy)g,]:‘*. U endralazinu bylo pozorovéno podstatné zvyseni CL
signalu pf davkovani roztoku anaiytu v 80% 2-propanolu a 2% 1,2—propandiolu.
U reakce verapamilu S komplexem ruthenia(lll) bylo nejvétsi zesileni CL
pozorovano pfi davkovani roztoku analytu Vv 50% 4,2-butandiolu, 40%
dimetylformamidu a 40% 1,2-propand'|olu. Analyty rozpusténé v téchto
smisenych rozpouétédlech vykazovaly lepsi opakovatelnost vysledku stanoveni
SIA-CL metodou.

\ ramci  vyvoje automatizovanych analytickych metod pro kontrolu
technologické kvality 1égivych pfipravkt“.l byla navrzena a otestovana SIA
metoda s fluorescentni detekci, umoZiujict siedovat rychiost uvoliiovani leciva
(salicylové kyseliny) zpolotuhého |&givého pripravku. Tento experiment byl
soudasti projekty, jehoZ vystupem je piné automatizovana metoda splfiujic
pozadavky autorit jako FDA pro automatizované sledovani liberaéniho profilu
masti a gelu vietné automaticke kalibrace a zpracovani vysledku. Navrzeny
SIA systém zahroval tfi speciainé vyrobené Franzovy cely, umozhiuje vsak
sledovat najednou a2 9 t&chto cel. Vyvoj a navrh tohoto SIA analyzatoru byl
uverejnén v gasopise Analytica Chimica Acta 573-574 (2006) str. 366-370.
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8 Shrnuti

Tato disertaéni prace se zabyva chemiluminiscenCnim resp.
fluorescenénim stanovenim farmaceuticky vyznamnych latek modemimi
prutokovymi metodami.

Teoreticka &ast pfedklada prehled dosavadnich védeckych znalosti o
pritokovych metodach, chemiluminiscengnich reakcich a moznostech CL
detekce v prutokovych systémech. Z prutokovych metod jsou rozebrany
pfedevéim pritokova injekéni analyza, sekvencni injekéni analyza a
multikomutaéni  metoda.  Nasleduji  zaklady luminiscence, teorie
chemiluminiscence a vyznamné CL reakce ve FIA a SIA technikach. Metody,
zabyvajici se automatizaci chemiluminiscenéniho stanoveni farmaceuticky
vyznamnych latek technikou FIA a SIA, které byly publikovany v letech 2001 az
2006, byly analyzovany a zpracovany do re$ersniho &lanku, ktery byl uverejnén
v odborném ¢asopise.

Praktickou &ast disertaéni prace Ize rozdélit na dva sméry. Prvni smér se
zabyva vyvojem originalnich automatizovanych SIA metod CL analyzy, které
mohou byt uplatnény bud pfijisténi jakosti léCivych pfipravku (stanoveni
verapamilu v tabletéch, idometacinu v masti a gelu a sledovani uvolfovani
aginné latky kyseliny salicylové z polotuhého légivého piipravku) nebo pfi
rutinnim sledovani znedisténi slozek Zivotniho prostfedi (stanoveni pesticidu
chlorsulfuronu ve vodé a pldnich extraktech).

Druhy smér se zamé&fil na hledani vhodnych organickych rozpoustédel
pro zvy$eni chemiluminiscenéniho vytéZku u CL reakci manganistanu a
komplexu [Ru(bipy)s]*" s modelovymi lécivy verapamilem a endralazinem.
Pozitivni viiv na zvySeni vytézku chemiluminiscence a zlep$eni pfesnosti
stanoveni byl dolozen u  2-propanolu, 1,2-propandiolu, 1,2-butandiolu a
dimethylformamidu.
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9 Summary

This disertation thesis concems about chemiluminiscence OF
fluorescence determination of pharmaceutical compounds by modem flow
methods.

The theoretical part gives a recent overview of scientific knowledge about
fiow methods, chemiluminiscence reactions and the application of CL detection
in the flow methods. The flow injection analysis, sequential injection analysis
and multicommutation are mainly discussed. The next topic is focused on
principles of luminiscence techniques, mainly chemiluminiscence and important
chemiluminescence reactions. Papers dealing with automated
chemiluminescence determination of pharmaceutical compounds by sequential
and flow injection analysis published in years 2001-2006 were collected and
analysed in a review article which was published in a scientific journal.

The experimental part may be devided into two issues. The first one
deals with the proposal of original automated analytical SIA-CL methods. These
methods can be applied either in quality control of pharmaceuticals {verapamil
assay in tablets, indomethacin assay in ointment and gel and release test of
semisolid dosage form containing salicylic acid) or can be utilized in routine
measurement of environmental samples (chlorsulfuron assay in waters and soil
extracts).

The second issue is focused on the study of possible enhancement of
chemiluminescence yield of chemiluminescence reactions of verapamil and
endralazine with permanganate or [Ru(bipy)e,]3+ complex by suitable organic
solvents. Positive effect on the CL enhancement and better repeatability of
S1A-Cl results was attained with mixed aqueous-organic media containing 2-

propanol, 1,2-propanediol, 1,2-butanediol or dimetylformamide.
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