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Seznam pouzitych zkratek a symbolu

1U 1 jednotka (1 unit)

A plocha (sz)

a’ aktivita heparinu (U / ml, resp. U / mg)

ATII antitrombin [}

c koncentrace (mol dm™ )

C kapacita

CPEI element s konstantnim fizovym posunem (constant phase element)
d tloustka (um)

D difazni koeficient (cm? s™)

DMFc dimethylferocén

DOS bis(2-etylhexyl) sebakat

E ¢ potencial (mV)
f rychlost rotace (rpm — rotate per minute, Hz)

F Faradayova konstanta (96485 C mol™)

Fc ferocén

FET tranzistor fizeny elektrickym polem (Field Effect Tranzistor)
GC skelny uhlik (Glassy Carbon)

GIcA D-glukuronové kyselina

GlceN D-glukosamin

HTMA" hexadecyltrimethylamonny kation

HTMACI Hexadecyltrimethylamonium chlorid

HTMATPBCI hexadecyltrimethylamonium tetrakis(4-chlorfenyl) borat

i proud (pA)

ISE iontové selektivni elektrody (Ion Selective Electrode)
KTPBCI Tetrakis(4-chlorfenyl) borat draselny

M, molekulova hmotnost heparinu (kDa - kilo Dalton)

n index lomu, stechiometricky koeficient

Nefr efektivni index lomu

0o-NPOE o-nitrofenyloktylether

PSE polyiontové selektivni elektrody (Polyion Sensitive Electrode)

PVC polyvinylchlorid



Q naboj (C)

QCM kfemenné mikrovazky (Quartz Crystal Microbalance)

R univerzalni plynova konstanta (8.314 J mol™ K™)

R odpor (QQ)

T teplota (K)

TDMA” tridodecylmethylamonny kation

TDMACI trisdodecylmethylammonium chlorid

TDMATPBCI tridodecylmethylamonium tetrakis(4-chlorfenyl) borat

THF Tetrahydrofuran

UV/Vis ultrafialova / viditelné oblast spektra

USP Iékarsky predpis Spojenych stati americkych (United States
Pharmacopheia)

v rychlost polarizace (mV s™'), kinematické viskozita (cm® s™)

V objem (ml)

z nabojové Cislo

z' realné slozka impedance

zZ" imaginarni slozka impedance

A vinova délka (nm)

) ahlova frekvence (rad s™)



1 Uvod

1.1 Heparin

Heparin je vyznamnym klinickym antikoagulantem, ktery zabrafiuje nezddoucimu
srazeni krve pfi nékterych chirurgickych zékrocich, jako jsou napt. mimotélni terapie,
okysli¢ovani krevniho systému nebo dialyza ledvin, a je vyuzivan téz terapeuticky.'

Koncentrace heparinu ve farmaceutickych pfipravcich nebo v krvi se vyjadiuje
v jednotkach U / mg resp. U/ ml. 1 U, jak bylo definovano vyrobcem (Fluka), je takové
mnozstvi heparinu, které za standardnich podminek zhydrolyzuje stejné mnoZstvi
auraminu O za minutu, jako jedna jednotka referen¢niho standardu USP (United States
Pharmacopheia).

Typicka koncentrace heparinu, podavaného pfi chirurgickych zakrocich se

pohybuje v rozmezi 1-10 U / ml a pfi terapeutickych aplikacich = 0,5 U / ml.

1.1.1 Struktura

Na obr. 1.1 je znadzornénd chemickd struktura heparinu. Heparin je vysoce
sulfonovany linedrni polysacharid, slozeny z opakujicich se jednotek, pfedstavovanych
molekulami  pyranosyluronovych kyselin  (uronovd kyselina) a 2-amino-2-
deoxyglukopyranosovych jednotek (D-glukosamin, GIcN) navazanych v polohach
1—4.> Uronové kyseliny obsahuji obvykle 90% L-idopyranosyluronové kyseliny (L-
iduronova kyselina) a 10% D-glukopyranosyluronové kyseliny (D-glukuronova
kyselina, GlcA). Heparin, sjeho vysokym obsahem sulfonovych a karboxylovych
skupin, je polyelektrolytem, ktery mé vys$si negativni hustotu naboje nez jakakoliv jina
znamé biologickd makromolekula. Molekula s primérnym nabojovym Ccislem —75
obsahuje fetézce srGznou molekulovou hmotnosti, jez se pohybuje vrozmezi 5-40

kDa.*?
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R = Hnebo SO R' = SO nebo COCHy

Obr. 1.1 Struktura heparinu
1.1.2 Antikoagula¢ni aktivita

Heparin se pfevazné vyskytuje v mastocytech orgénd, jako jsou napt. jatra, stieva,
plice.® Farmaceuticky ptipravovany heparin je ¢i§téna polydisperzni smés
sulfonovanych polysacharidd’ s pramérnou molekulovou hmotnosti M, = 12 kDa. Zcela
sulfonovany heparin obsahuje v priméru tfi sulfonové skupiny na jednu disacharidovou
jednotku. Pouze asi 1/3 polysacharidovych fetézci obsahuje aktivni mista, na ktera lze
navézat fidici protein, vyskytujici se v koagula¢ni kaskad¢ - antitrombin III (ATIII).
ATIIl se véaZze na specifickou pentasacharidovou sekvenci heparinu za vytvoreni
binarniho komplexu, coz vede ke konforma¢ni zméné ATIIL® Nasleduje reakce
trombinu s heparinem a ATIIl za vytvofeni terndrniho komplexu, ktery nevratné
inaktivuje trombin. Trombin pevné vazany na ATIII disociuje z heparinu, coz umoZziiuje
vazbu a inaktivaci dalsi molekuly trombinu.®

Nejdtkladnéji je prostudovéna antikoagulacni aktivita farmaceutickych produktd
heparinu, pfipravenych prevazné z veprovych stiev nebo hovézich plic v koncentracich
120 — 180 U / mg.”*'° Heparin, ziskany z riznych zdrojovych tkani, se li3i strukturou a
afinitou k ATIIL®’

Koagula¢ni kaskéada je zndzornéna na obr. 1.2.
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Obr. 1.2 Koagula¢ni kaskada

1.2 Metody stanoveni heparinu

V Iékaiské praxi je dilezité udrzet krevni hladinu heparinu na takové Urovni, jez je
dostate¢na k prevenci trombozy a soufasné nevyvolava riziko nekontrolovaného
krvéaceni.

Pro sledovani koncentrace heparinu v organismu byla vypracovdna metoda,
zaloZzena na barevnych zménach, vyvolanych vytésnénim pyrokatecholové violeti
pfitomnym heparinem.'"'2

Dalsi metody jsou vesmés zaloZzeny na elektrostatické interakci polyaniontu
heparinu s kladn¢ nabitymi Casticemi (kationty, polykationty) a povrchy rtznych
senzord. V literatufe je popsano kontinualni sledovani hladiny heparinu v krvi
automatickou titraci protaminem v pribéhu invazivnich chirurgickych zakrocich."
Uvadénd metoda vSak neni pfili§ vhodna pro béznou laboratorni praxi, vzhledem k
naro¢nosti na potiebné vybaveni a reagencie. S ohledem na skute¢nost, Ze se ro¢né€ podé
vice nez pal miliardy davek heparinu, je Zddouci vyvinout jednoduchy senzor, jeZ by
byl schopny detekovat heparin piimo v krvi nebo v krevni plazmé."*

Dalsi metoda vyuziva techniky kiemennych mikrovah (QCM). QCM senzor byl
pripraven zakotvenim protilatky, kterou je napf. polykation protamin, nebo proteinu,
vazajiciho sacharid, na povrch senzoru. Selektivni vazba molekuly detekované latky,
vyvola zmény v oscilatni frekvenci, kterd maze byt elektronicky detekovana."’ QCM
technika byla pouzZita pro detekci heparinu, vazajiciho se na povrchu s naadsorbovanym

protaminem.'® V ramci studie byly zkouméany uaginky mnozstvi polykationtu
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(protaminu), naadsorbovaného na povrchu zlaté elektrody, na citlivost senzoru vici
heparinu a adsorp&ni profily heparinu v riznych koncentracich.

Dalsim ptikladem detekce heparinu je metoda vyuzivajici senzorli na bazi
iontovych kanald."” Princip metody spociva v elektrostatické interakci specifického
receptoru (protaminu) s povrchem elektrody. Protamin zabrafiuje redoxni reakci
kovového komplexu (napf. oxidaci [ Mo(CN)s]*) na povrchu elektrody. Po pridani
analytu (heparinu), do tohoto roztoku, se diky vazbé protamin-heparin uvolni povrch
elektrody a redoxni reakce komplexu miize probihat. Tyto senzory jsou schopny
stanovit heparin v roztocich o riizném slozeni v koncentracich 0,6 — 3,0 pg mi™."®

Vysoka hustota negativniho naboje heparinu byla zédkladem pro dalsi detekéni
techniky, jako je napf. detekce rozlozeni nébojovych hustot na poréznich membranach,
zakotvenych na iontové selektivnich FETech (ISFET). ' ISFET mé¥i skokovou zménu
zpusobenou vazbou heparinu na afinitni receptor, kterym je obvykle protamin. Silnd
elektrostaticka pritazlivost mezi protaminem a heparinem, plisobi zmény v povrchovych
nabojovych hustotdch na membrané ISFETu.

Pro potenciometrickou detekci heparinu byl vyvinut senzor, tvofeny inertni
(zpravidla uhlikovou) elektrodou, pokrytou tenkou vrstvou plastifikovaného polymeru
(polyiontové selektivni elektroda, PSE). Potencidlova odezva u tohoto typu senzoru je
disledkem iontové vymény heparinu mezi vzorkem a lipofilni ¢asti organické
membrany, za tvorby iontového paru na rozhrani membréna | vzorek 20?22
V uvedenych pracich byla vyuzita schopnost pfitomnych sulfoskupin heparinu reagovat
s kationtem ptitomného elektrolytu TDMACI (trisdodecylmethylammonium chlorid).
PSE pak funguje jako klasick4 ISE citliva na chlorid uvoln&ny z TDMACL.? Vyhodou
téchto biosensoril je moznost jejich vyuziti pro stanoveni heparinu pfimo v krevnich

vzorcich. Nevyhodou je nevratnost reakce, na niz je detekce zalozend, coz ji predurCuje

k pouziti jako &idla na jedno pouziti.**

1.3 Ampérometrie

Stabilni tenka vrstva organického rozpoustédla, nanesend na grafitovou elektrodu
je vhodnym systémem pro kinetickou studii elektronové vymény na rozhrani mezi
organickym rozpoustédlem a vodnym elektrolytem.” Obdobny systém s vodnou fazi a

kapkou organického rozpoustédla, naneseného na povrch kovové®® nebo grafitové®’
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elektrody, byl pouzit k méfeni Gibbsovy energie prenosu iontl z vodného roztoku do
polarni nebo nepolarni organické faze, pro sérii anorganickych aniontt®”®, aniontd
organickych kyselinzg, peptidickych aniontt® a 16¢iv na bazi aniontd®'. Ve viech téchto
systémech je reakce pfenosu iontu pfes mezifazi voda|organické faze spojena s
elektrochemickou reakci na povrchu pevné elektrody, napf. elektrooxidaci ferocénu.??’
Elektrochemicky proces, zahrnujici napf. pfenos anionu A~ z vodné faze (W) do
organické faze (membrany M), spfazeny s oxidaci ferocénu (Fc) na pevné elektrodé

(S), mize byt popsan rovnici (1.1)

Fe(M) + A(W) S Fc' (M) + A"(M) + e (S) (1.1)

Tento proces je v podstaté kombinaci dvou reakci prenosu naboje , z nichZ jedna

probiha na rozhrani membrana | elektroda, rov. (1.2)
Fc'(M) +e” S Fc (M) (1.2)
a druh4 na rozhrani membréna | vodné faze, rov. (1.3)

AT(W) S A (M) (1.3)

1.4 Cil diplomové prace

Cilem této diplomové prace bylo vyvinout metodu citlivého ampérometrického
stanoveni heparinu ve vodnych roztocich a v krevni plazmé& s pouzitim elektrody
pokryté plastifikovanym polymerem. Soucésti prace jsou:

a) Navrh a ovéfeni metody definovaného pokryti povrchu elektrody ze skelného
uhliku (GC) membranou, sloZenou z plastifikatoru o-nitrofenyl oktyleteru (o-NPOE)
nebo  bis(2-ethylhexyl) sebakatu (DOS), polyvinylchloridu (PVC), 1,1’-
dimetylferocénu (DMFc) a hexadecyltrimethylamonného membranového kationtu
(HTMA") nebo tridodecylmethylamonného (TDMA™) kationtu.

b) Studium mechanismu pfenosu heparinu pies rozhrani vodného roztoku
elektrolytu a membrany, v zévislosti na pouzitém plastifikdtoru (o-NPOE, DOS) a
druhu membréanového kationtu (HTMA®, TDMA™).

¢) Optimalizace ampérometrické metody pro stanoveni heparinu v krevni plazmé.
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2 Experimentalni ¢ast

2.1 Chemikalie a pristroje
2.1.1 Chemikalie

Chlorid lithny (LiCl p.a., Fluka)
Zéasobni 0,1 M roztok byl pripraven rozpusténim 2,12 g chloridu lithného ve vodé

a doplnéni objemu na 500 ml.

Sodna siil heparinu (Hep, Aldrich, 151 U mg™)
Zasobni roztok byl pfipraven navdZzenim 20 mg heparinu a rozpusténim ve 2 ml

deionizované vody. Aktivita takto pripraveného roztoku heparinu odpovida 1510 U mlI™

Tetrakis(4-chlorfenyl) borat draselny (KTPBCI, Selectophore, Fluka)
Sloucéenina, pouzivana pro ptipravu soli HTMATPBCI a TDMATPBCI.

Aceton (C3HgO, p.a., Lach — Ner, s.r.0.)
Byl uzivan jako rozpoustédlo pfi pripravé soli, rozpustnych v materidlu

membrény.

Hexadecyltrimethylamonium chlorid (HTMACI, ¢isty, Fluka)

Hexadecyltrimethylamonium  chlorid byl pouzit pro pfipravu soli
hexadecyltrimethylamonium tetrakis(4-chlorfenyl) bordit (HTMATPBCI) reakci s
KTPBCI v acetonu.

Tridodecylmethylamonium chlorid (TDMACI, Cisty, Fluka)

Tridodecylmethylamontum  chlorid byl pouzit pro  pfipravu  soli
tridodecylmethylamonium  tetrakis(4-chlorfenyl) borat (TDMATPBCI) reakci
s KTPBCI v acetonu.
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Polyvinylchlorid (PVC, vysokomolekularni, Fluka)
Pouzivan pro vyrobu PVC membrany. Pfipraveny zasobni roztok obsahoval 0,15 g

PVC ve 2 ml THF.

1,1’-dimethylferocén (DMFc, 97%, Aldrich)
Pouzivéan pro vyrobu PVC membrany v koncentracich 0,043 g na 2 ml o-NPOE.

Bis(2-ethylhexyl) sebakat (DOS, Selectophore, Fluka)

Pouzivan jako plastifikator pro vyrobu PVC membrény.

O-nitrofenyl oktyl eter (0o-NPOE, Selectophore, Fluka)

Pouzivén jako plastifikator pro vyrobu PVC membrény.

Tetrahydrofuran (THF, Riedel-de-Haén, Germany)

Pouzivan jako rozpoustédlo PVC pfi vyrobé€ membrény.

Albumin (Alb, Standard, Carl Roth, Germany)
Soucast krevni plazmy, fyziologicka koncentrace 45 g I”'. Zasobni roztok

ptipraven rozpusténim 45 g albuminu v 1 litru 0,1M LiCl.

Vodné roztoky byly pfipravovény z deionizované vody (Millipore).
Vzorky krevni plazmy byly ziskany z krevni banky fakultni nemocnice Kralovské

Vinohrady v Praze, Ceska Republika.

2.1.2 Piistroje

AUTOLAB (PGSTAT 30, Eco-Chemie, Holandsko)

Programovatelny potenciostat, jehoz pomoci byla provddéna voltametrickd a
chronoampérometrickd méreni v tfi-elektrodové cele za pouZziti rotujici diskové
elektrody AUTOLAB. Ampérometricky sensor pro heparin se sklddal z GC elektrody
s nanesenou PVC membranou, slouzici jako pracovni elektroda. Elektroda byla
ponofena ve vodném roztoku 0,1 M LiCl nebo ptimo v krevni plazmé. Jako referentni
elektroda slouzila argentochloridova nasycena elektroda a velkoplo$na Pt elektroda byla

pouzita jako pomocna elektroda.
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Impedanéni méfeni byla provadéna ve stejné cele pomoci frekvenéniho
analyzatoru (1255 FRA Solatron, Solatron Instruments, Anglie) a potenciostatu (1287
Electrochemical interface Solatron, Solatron Instruments, Anglie). Tato méfeni byla
pouzita k vyhodnoceni sumy odporu R membrany a vodného roztoku, uréované jako

vysokofrekvenéni limit redlné slozky komplexni impedance.

Tloustka membrany d byla vyhodnocovéna na zékladé¢ UV/Vis reflexniho spektra,
které bylo méfeno v Ghlu 180° spektrometrem (Ocean Optics 2000), ovlddanym
poc¢itatem. Spektrum bylo pouzito k vyhodnoceni tloustky filmu na zékladé zjisténého

poctu interferenénich maxim/minim, pomoci vzorce 2.1

S @.1)
2n (3~ 4,)

kde kje pofet maxim/minim v intervalu mezi vinovymi délkami A, a A4, a ng je
efektivni index lomu, vypocitany z hodnot indexd lomu pro DOS (1,458), o-NPOE
(1,511)a PVC (1,539).

2.1.3 Roztok pro ptipravu PVC membrany

1 ml roztoku PVC v THF (75 mg PVC / 1 ml THF) byl smichdn s roztokem
obsahujicim HTMATPBCI a 0,1 M DMFc v o-NPOE nebo DOS, nebo s roztokem
obsahujicim TDMATPBCI a 0,1 M DMFc¢ v 0-NPOE nebo DOS. Pomeér slozek smési
byl zvolen tak, aby koncentrace HTMATPBCI (resp. TDMATPBCI) v takto pfipravené

membrané byla 0,05 mol dm™ a koncentrace DMF¢ 0,1 mol dm>.
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2.2 Konstrukce elektrody

Na obr. 2.1 je zndzornéno schéma elektrody s nanesenou PVC membranou. Ke
kazdému elektrochemickému pokusu byla pouZzita vzdy CerstvA membrana, pfipravena
technikou odstfedivého nanaseni vrstvy (spin-coating). Na povrch rotujici (2000 rpm)
elektrody ze skelného uhliku (GC, primér 3 mm, Eco-Chemie, Holandsko), orientované
povrchem smérem nahoru, byla nanesena kapka (75 pl) vySe uvedeného roztoku (viz
sekce 2.1.3). Nasledné volné vypafovani THF vedlo k vytvofeni filmu obsahujiciho
25% (hmot.) PVC po celém povrchu elektrody. Naneseni membranového roztoku bylo

nasledné nékolikrat opakovano, az se vytvofil film s tloustkou okolo 40 um.

— teflon

elektricky
- kontakt

PVC membrana

Obr. 2.1 Schéma elektrody
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2.3 Experimentalni a vyhodnocovaci postupy

V nasledujici kapitole jsou uvedeny pocitatové programy, které byly pouzity v

ramci této diplomové prace.

1. Programy Z-Plot a Z-Wiew

Tyto programy byly pouzity pro ovladani frekven¢niho analyzatoru a k analyze
naméfenych impedanénich spekter. Zatimco podminky méfeni byly nastaveny v
programu Z-Plot, program Z-Wiew slouzil k zobrazeni a vyhodnoceni vysledki
impedanénich méfeni. Méfeni se vyhodnocovala za pouziti ndhradniho obvodu

elektrody, na jehoz zaklad€ byla ur¢ena redlnd slozka odporu RI, viz schéma na obr. 2.2

R1 C1

— AN o— |
R2 CPE1
VNN >

Obr. 2.2 Schéma pouZitého ndhradniho obvodu. R1 — rediné slozka impedance, R2 —
kineticky odpor, C — kapacita mezifdzi, CPEl - element s konstantnim fazovym
posunem.

2. Program Qcean Optics
Tento program slouzil k zobrazeni vysledkd spektrometrického méfeni pfi

uréovani tloustky vytvofené membréany (viz vyse).

3. Program GPES

Tento program slouzi k ovladani programovatelného potenciostatu AUTOLAB a
zéznamu voltametrickych, ampérometrickych a chronoampérometrickych méteni.
Méfeni byla vyhodnocovdna bud'to pfimo v tomto programu nebo po pievedeni

ziskanych vysledkil do programu OriginPro 7.0.
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3 Vysledky a diskuze

3.1 Tloust’ka a odpor membrany

Na obr. 3.1 je zobrazena typicka impedanéni kiivka pro GC elektrodu s nanesenou
vrstvou PVC membrany, ponofenou ve vodném roztoku LiCl. Impedanéni kfivka zde
pfedstavuje zavislost zaporné imaginarni slozky Z" na redlné slozce Z' komplexni
impedance. Jak je uvedeno vySe, analyzou impedan¢nich dat za pouzitim ndhradniho
obvodu, byla vyhodnocena redlna slozka odporu R. Takto ziskand hodnota ohmického
odporu se pouziva pti voltametrickém a chronoampérometrickém meéfeni pro ucely
zavadéni IR kompenzace.

Na obr. 3.2 je zobrazena zavislost odporu R na tloustce membrany d pro GC
elektrodu s membranou obsahujici HTMA"/0-NPOE nebo HTMA'/DOS. V obou
ptipadech je zavislost R na d linedrni, coz je v souladu s pfedstavou membréany jako
vodice valcového tvaru, se specifickou vodivosti, ur€ovanou pohyblivostmi (difiznimi
koeficienty) iontli pfitomnych v membréané a pravdépodobné téz stupném disociace
pfitomného elektrolytu.

Odpor HTMA'/DOS membréany je priblizné dvacetkrat vy$$i nez v ptipadé
membrany HTMA™/0-NPOE, coZ je pravdépodobné zpiisobeno vyssi viskozitou DOS a
niz8im disocia¢nim stupném HTMATPBCI v tomto plastifikatoru. Zavislosti z obr. 3.2
byly pouzity pro rychlou kontrolu membrénové tloustky na zdkladé impedancnich

méeni. Pro voltametrickd méfeni byly pouzity membrény s tloustkou 20-50 um.

18



-Z" kQ

-4

Obr. 3.1 Impedan¢ni kiivka () a jeji prolozeni (analyza dat), odpovidajici ndhradnimu
obvodu na obr. 2.2 (-) v rozsahu frekvenci 10-300 Hz.
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Obr. 3.2 Zavislost odporu membrany R na tloustce membrany d pro GC elektrodu s
nanesenou vrstvou PVC membrany obsahujici 0,1 M DMFc a 0,05 M HTMATPBCI v
0-NPOE (©), nebo 0,05 M HTMATPBCI v DOSu (e) a ponofenou do vodného roztoku
0,1 M LiCl.
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3.2 Elektrochemie heparinu ve vodnych roztocich

3.2.1 Voltametrie

Proménnymi veli¢inami v ramci provadénych experimenti byly rychlost
polarizace v (5-50 mV s™'), rychlost rotace elektrody f (200-3000 rpm) a aktivita
heparinu a” (1-30 U ml™) ve vodné fazi. Druh pouzitého zakladniho elektrolytu
ovliviiuje polohu a Sitku potencidlového okna, které mélo v ptipadé pouziti
HTMATPBCI rozsah 0-0,4 V a v ptipadé¢ TDMATPBCI rozsah 0-0,65 V. A

Na obr. 3.3 a 3.4 jsou znazornény voltametrické kfivky heparinu pfi rlznych
rychlostech polarizace a rotace. Korekci na proud zékladniho elektrolytu bylo zjisténo,

e pfi anodické polarizaci méa voltamogram pro elektrodu pokrytou HTMA®/0-NPOE
(nebo DOS) membranou tvar viny s limitnim proudem (i ) a pulvinovym potencialem
(E,,), zatimco pro elektrodu pokrytou s TDMA"/0-NPOE (nebo DOS) membranou, ma
tvar peaku sproudem (i;) a potencidlem (E;). Pfi katodické polarizaci ma
voltamogram vzdy tvar peaku, ktery mize byt charakterizovan proudem (i) a jeho
potencidlem (£, ). Vysledky Ize shrnout nasledovné:

1) Potencidlovy rozdil AE'=E],-E,~ 40 mV a AE=E; -E,~ 90 mV pro

elektrodu pokrytou HTMA™/0-NPOE (nebo DOS) a TDMA™/ DOS (nebo o-NPOE)
membranou je prakticky nezavisly na v (obr. 3.3) a f(obr. 3.4).
2) Posun pilviny nebo potencidlového peaku s rostouci rychlosti polarizace je v

obou pfipadech charakterizovan smérnici cca —40 mV/dekadu (obr. 3.3).

3) Rychlost polarizace ma minimalni vliv na limitni proud i a na proud peaku

i, pro elektrodu pokrytou HTMA"/0-NPOE (nebo DOS) (obr. 3.3A), zatimco proudy

iy a i, pro elektrodu pokrytou TDMA"/ DOS (nebo o-NPOE) vykazuji linearni

P
zavislost na druhé odmocniné z rychlosti polarizace v (obr. 3.3B).

4) Limitni proud i a proud peaku i, pro elektrodu pokrytou HTMA"/0-NPOE
(nebo DOS) vykazuji linedrni zavislost na druhé odmocniné z rychlosti rotace f (obr.

3.4A), zatimco pro elektrodu pokrytou TDMA®/ DOS (nebo o-NPOE) (obr. 3.4B) je

tento efekt zanedbatelny.

20



41
2k
Ok
2t
E 00 01 02 03 04
3r 1.
O
! ~ o ©
op © B
7] S R
r R
L S
1t -2t VVZ,V“ZS-HZ
0.0 0.1 0.2
O}  Smmmmmmmremmrerrrersreses
At

00 01 02 03 04 05 06 07
E.V

Obr. 3.3 Cyklické voltamogramy zaznamenané pfi rychlostech polarizace v=5 mV s™
(tetkovana), 10 mV s (Zerchovana), 20 mV s (Zarkovana), 50 mV s™' (plnd) na
rotujici GC elektrodé (1000 rpm) s nanesenou PVC membranou, obsahujici 0.1 M
DMFec, a (A) 0,05 M HTMATPBCI v o- -NPOE, nebo (B) 0,]05 M TDMATPBCI v
DOSu, za pfitomnosti heparinu (8§ U ml™ v panelu A, SUml v panelu B) v roztoku
0.1 M LiCl. Vytez zobrazuje limitni proud (i, ) nebo proud peaku (1 ) kladné viny (o),
a proud peaku (i) zpétné viny (+) jako funkei druhé odmocniny z rychlostl polarizace
v. Od métenych proudu byl ve vSech ptipadech odeéten proud zakladniho elektrolytu.
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Obr. 3.4 Cyklické voltamogramy naméiené pfi konstantni rychlosti polarizace v = 20
mV s~ a rychlostech rotace elektrody f= 200 rpm (Sarkovana), 800 rpm (Serchovana),
a 3000 rpm (plnd). Rotujici GC elektroda, pokryta vrstvou PVC membrany obsahujici
0,1 M DMFc a (A) 0,05 M HTMATPBCI v o-NPOE, nebo (B) 0,05 M TDMATPBCI
v DOSu, za pritomnosti heparinu (8 U ml™ vpanelu A 5 U ml™! v panelu B) ve
vodném roztoku 0,1 M LiCl. Vyfez zobrazuje limitni proud (i, ) nebo proud peaku (i)
kladné viny (o), a proud peaku (i) zp&né viny (+) vs. druha odmocnina z rychlost1
rotace f (Hz).
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Na obrazcich 3.5 a 3.6 jsou zobrazeny cyklické voltamogramy na rotujici GC
elektrodé s nanesenou PVC membranou, ktera byla pfipravena s pouzitim dvou riiznych
plastifikator (o-NPOE, DOS) a soli se dvéma riznymi kationty (HTMA", TDMA™), pfi
riznych koncentracich heparinu a’ve vodném roztoku 0,1 M LiCl a za podminek
konstantni rychlosti polarizace v =20 mV s a rychlosti rotace elektrody /= 1000 rpm.

Z obrazkt 3.5 a 3.6 je zfejmé, Ze vSechny membrénové elektrody vykazuji
proudovou odezvu na heparin, kterd zavisi na jeho koncentraci (vyfezy v obr. 3.5 a 3.6).

Pfi anodické polarizaci je vsak citlivost elektrody pokryté membranou s HTMA/o-

NPOE (nebo DOS) (0 /8a’~ 0,18 pA U™ ml, Obr. 3.5A a Obr. 3.6A) podstatné vyssi
nez citlivost elektrody s membranou TDMA*/0-NPOE (nebo DOS) (81'; /0a°~ 0,1 pA

U ml, Obr. 3.5B a 3.6B). Nicmén& pii katodické polarizaci vykazuje elektroda s
TDMA®/0-NPOE (nebo DOS) membranou vyssi citlivost, i kdyz zavislost na
koncentraci heparinu zde neni linearni (Obr. 3.5B a 3.6B).

Je pozoruhodné, Ze citlivost elektrody s HTMA'/0o-NPOE membréanou nezavisi na
koncentraci kationtu HTMA™. Prakticky bylo dosazeno stejné citlivosti di;, /8a’~ 0,17
pLA U ml v membrané obsahujici 0,1 M HTMA”, zatimco pro o-NPOE membranu s
obsahem 0,01 M HTMA" je udavana citlivost di’ /da"~ 0,22 pA U™ ml.*
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Obr. 3.5 Cyklické voltamogramy zaznamenané na rotujici GC elektrodé pokryté PVC
membranou s 0-NPOE, obsahujici 0,1 M DMFc a (A) 0,05 M HTMATPBCI, nebo (B)
0,05 M TDMATPBCI, za ptitomnosti (plnd) a nepfitomnosti (Carkovand) heparmu (10
U ml™) ve vodném roztoku 0,1 M LiCl. Vyfez ukaZUJe efekt koncentrace heparinu a’na
korigovany limitni proud (zlm) nebo proud peaku (i) pfi anodické polarizaci (0), a
korigovany proud peaku (i, ) pfi katodické polarizaci (+ (
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Obr. 3.6 Cyklické voltamogramy zméfené na rotujici GC elektrodé pokryté DOSem
plastifikovanou PVC membranou, obsahujici 0,1 M DMFc a (A) 0,05 M HTMATPBCI,
nebo (B) 0,05 M TDMATPBCI za pritomnosti (plnd) a nepfitomnosti (carkovana)
heparinu (10 U ml") ve vodném roztoku 0,1 M LiCl. Vyfez ukazuje efekt koncentrace
heparinu a’na korigovany limitni proud (zhm) nebo proud peaku (i;) pfi anodické
polarizaci (0), a korigovany proud peaku (/) pfi katodické polarizaci (+)
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3.2.2 Ampérometrie a coulometrie

Chronoampérometrie pfi konstantnim potencidlu £ je nejjednodussi technikou
membranové rotujici elektrody pro sledovani zmén koncentrace heparinu ve vodnych
roztocich. Tato technika navic umoziiuje potlacit efekt vyCerpavani ferocénu na
rozhrani GC | membrana béhem dlouhotrvajici polarizace pfi potencidlu v blizkosti
limitniho pozitivniho potencidlu, vedouci ke zhorSovani odezvy. Tento nezddouci efekt
muze byt z vétsi Casti potlacen pouzitim potencialovych pulst, pfi nichz je elektroda na
uvedeném potencidlu udrZzovéna podstatné krat$i dobu.

Na obr. 3.7A je ukézana odezva rotujici membranové elektrody na jednotlivy
potencialovy puls z 0 V na 0,375 V se setrvanim pii potencialu 0,375 V po dobu 10 s, a
s naslednym navratem na potencial 0 V pfi rliznych koncentracich heparinu. Stoji za
povSimnuti, Ze relaxace elektrické dvojvrstvy a diftizniho koncentra¢niho profilu trva
pfiblizné¢ 1s. Po asi 2s prechazi anodicky proud na prakticky stacionarni hodnotu (po
provedeni korekce na proud zdkladniho elektrolytu). Efekt relaxace lze eliminovat
integraci chronoampérometrickych kfivek. Na obr. 3.7B je zobrazena zavislost naboje
Q, ziskaného integraci chronoampérometrickych kfivek, na koncentraci heparinu. Je
ziejmé, ze v rozmezi medicindlné vyznamnych koncentracich heparinu je tato zavislost
linedrni. Vynesené body znazornéné v obr. 3.7B, odpovidajici postupnému zvySovani
koncentrace heparinu po 1 U ml™', byly ziskany zprimé&rovanim vysledkii na tiech
riznych membranovych elektroddch. Smeérodatné odchylky, vyznaCené svislymi
useckami, Cinily okolo 20% zjisténych hodnot naboje. Aby mohla byt vyhodnocena
spravnost a presnost (reprodukovatelnost) coulometrické metody, byla linedrni kfivka
z obr. 3.7B pouzita jako kalibraéni graf pro stanoveni heparinu ve vodnych roztocich,
obsahujicich tii riizné koncentrace heparinu (1, 5, 10 U ml™". Kazdé méfeni bylo
zopakovano trikrat a ziskané hodnoty primérnych koncentraci a smérodatnych
odchylek jsou uvedeny v Tab. 3.1. NavrZzend metoda je dostate¢né pfesna a jak je z
uvedenych hodnot ziejmé, jsou naméfené hodnoty v oboru vyssich koncentraci spravné
s odchylkou cca 5%. Vyjma koncentraci heparinu nizsich nez 1 U ml™, je tato metoda

pouzitelna pro stanoveni heparinu.
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Obr. 3.7 Chronoampéroetrickd odezva rotujici tfifazové elektrody (1000 rpm) na
jednotlivy potencidlovy puls z0 V na 0,375 V s trvanim pulsu 10 s, pfi koncentracich
heparinu 0 Uml™ (—), 5Uml™ (--)a 10 UmlI™ (....) (A), a odpovidajici ndboj O vs.
koncentrace heparinu a® (B). Referen¢ni body a svislé &ary v okn& B predstavuji
ptislusné primérné hodnoty a smérodatné odchylky, ziskané na zakladé méfeni se tfemi
riiznymi elektrodami. Linearni regrese : O = —0,015 + 1,833 a°.
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Tab. 3.1 Coulometrické stanoveni heparinu ve vodnych roztocich pro tf#i rézné

koncentrace.

koncentrace heparinu (U / ml)
standard stanoveno
1,00 0,60+0,04
5,00 4,80+0,45
10,00 9,40+0,45

3.3 Navrh mechanismu proudové odezvy

Efekty rychlosti polarizace, rychlosti rotace a koncentrace heparinu, umoziuji
ucinit jisté zaveéry ohledné mechanismu sledované proudové odezvy.

1) Jak je patrné z obr. 3.4, jsou anodicky pllvlnovy potencidl a potenciél
katodického peaku heparinu nezavislé na rychlosti rotace elektrody. Obdobné jsou
potencidly anodickych a katodickych peakli nezavislé na rychlosti polarizace, s
potencidlovym rozdilem peakd AE, =30-40 mV. Posledni z uvedenych vysledki
jasné naznacuje neptitomnost Fidiciho kinetického kroku. Rovnici (1.1) je popsana
reakce jednoduchého pienosu aniontu,> pouzité potencidly E se déli na Galvaniho
potencidlovy rozdil mezi GC elektrodou a membranovou fazi, A,, “¢ = (GC) - g(M),
potencidlovy rozdil mezi vodnou fazi a fazi membrany, A, “¢=g¢(W)-g¢(M),a
konstantu zahrnujici pfispévek k potencidlu referentni elektrody. Za nepfitomnosti
fidiciho kinetického kroku, mohou pak byt potencidlové zmény dale popsany jako

Nernstovy potencidly pro spfazené reakce, rov. (3.1)

: . c..M
E= A% g— A%+ konst. = 2%g0 ~ A¥ge 1+ (KL G ™D
F ch(M) (3 l)
M .
+(£) In ,—C—M+ konst.
zZF e (M), (W)

kde Ay4] aAyd, predstavuji formalni potencialovy rozdil —pfenosu elektronu a

pfenosu aniontu heparinu, a ¢, jsou koncentrace reaktantli a produktli reakce pfenost
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naboje na jednom a druhém rozhrani membrény, jez maji vztah k elektrickému proudu
I, protékajicimu membranou. Rov. (3.1) naznaCuje, ze potencidlovy rozdil peakil na
pevné elektrodé¢ mize byt uren faktorem (R7/zF) < 1 mV / dekdda. Naméfeny
potencialovy rozdil peakdi AE, =30-40 mV nicmén€ naznacuje, Ze zjevna reverzibilita
procesu neni spojend s jednoduchym pfenosem naboje.

2) Ve vyfezu na obr. 3.5A je znazornéna zavislost limitniho anodického nebo
katodického proudu i, na koncentraci heparinu c’za konstantni rychlosti rotace
elektrody 1000 rpm, a na vyfezu obr. 3.4A je znazorn€na zavislost i, na druhé
odmocniné z rychlosti rotace elektrody f za konstantni koncentrace heparinu 5 U ml™.
V ptipadé kationtu HTMA® je limitni anodicky proud heparinu pfimo G(mé&rny
koncentraci heparinu a druhé odmocniné rychlosti rotace elektrody, je v8ak nezavisly na
rychlosti polarizace (obr. 3.3A). Linearita téchto kfivek a absence vlivu rychlosti
polarizace naznacuje, Ze anodicky proces je fizen konvektivni difuzi heparinu ve vodné
fazi. Zavislost limitniho proudu na rota¢ni rychlosti pak mize byt popsédna Levicovou
rovnici (3.2)

iy =—0,62zFAD* v7"°0""?c° (3.2)
kde 4 znaci plochu rozhrani, D je difuzni koeficient, v je kinematickd viskozita,
w =2 fje Ghlova frekvence rotace a ¢’ je molarni koncentrace heparinu. Presné
nabojové €islo a molarni koncentrace heparinu nejsou bohuzel znamy, z toho divodu,
Ze heparin je smési sulfonovanych polysacharidii. Dal§im problémem je, Ze spiazena
reakce, tj. pfenos heparinu a redoxni reakce ferocénu, probihaji na opaénych stranach
membrany a na rozdilnych plochach. Geometrickd plocha membrany, vystavena
vodnému roztoku, je prakticky stejnd jako Celni plocha vélcové elektrody s primérem
1 cm (A4 =0,79 cm?), viz obr. 2.1. Naproti tomu, geometricka plocha dalsiho rozhrani
je rovna plose GC disku s primérem 3 mm (4=0,07 cm?®). Lze predpokladat, Ze
elektrochemicka aktivita téchto dvou rozhrani zavisi na aktudlnim rozloZeni proudu

uvnitf membrany a zpracovéani tohoto problému by vyZadovalo zavedeni dalSich

ptedpoklad(i. Dejme tomu, ze z = 75, ¢’ =a’u"'M,"', M, = 12 kDa, A=0,07 cm?,
v=10"2 em?™, /= 16,66 Hz (1000 rpm) a D=5x 107 cm?s™,* po dosazeni do rov.
(3.2) vychazi hodnota smérnice i, /da’ =024x10°A U™ ml, coz je blizké
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experimentalng ziskané hodnoté i, /da® = 0,22x10™° A U™' ml pro anodicky proces
(vyfez na obr. 3.5A). Podobng, katodicky peak v pfipadé HTMA®, je umérny jak
odmocniné z rychlosti rotace, tak i koncentraci heparinu, a je nezdvisly na rychlosti
polarizace. Toto chovani, zejména absence vlivu rychlosti polarizace, ukazuje, Ze
katodicky proces neni spojen s predpoklddanou linearni difuizi uvnitf membréany, ale
spise s desorpci iontového paru z povrchu fizenou konvektivni difuzi.

3) Z riznych rozsahl potencidlovych oken (obr. 3.3, 3.4, 3.5 a 3.6) a z rliznych
efektt rychlosti rotace a polarizace elektrody na proudy peakt (obr. 3.3 a 3.4), lze
usuzovat, e se mechanismy reakci heparinu s HTMA" a TDMA" lisi. Vy3e je popsan

mechanismus pfenosu heparinu s kationtem HTMA®, v jehoZ ptitomnosti proud peaku

i, zavisi na rychlosti rotace elektrody (obr. 3.4A), z Cehoz Ize vyvodit zaver, Ze

dominantni je zde tvorba adsorbované vrstvy mezi heparinem a kationtem na rozhrani
membrana | vodnd faze (o). V pripadé kationtu TDMA® | ktery je podstatng
hydrofébnéjsi, proud anodického, ani katodického peaku pfili§ nezavisi na rychlosti
rotace elektrody (obr. 3.4B), zatimco vliv rychlosti polarizace je podobny, jako u
procesu Fizeného linearni difuzi (obr. 3.3B). To néds vede k zavéru, Ze pfi anodickém
procesu dochazi k tvorb¢ iontového paru mezi heparinem a kationtem a k jeho pfenosu
do organické faze. Pri katodickém procesu dochézi k linedrni difuzi iontového paru
v opaném sméru.

V souhrnu lze mechanismus prenosu popsat schématem (3.3)

TDMA*'

HTMA® ﬂb\
o

z R* QM) +Hep™ (W) 2 R, Hep(o) 22 R, Hep(M) (33)

kde R" oznacuje kation HTMA " nebo TDMA™ pfitomny v membréng.

Vsechny uvedené efekty membranovych kationtd (HTMA™, TDMA™) nas vedou k
zavéru, ze dilezitym krokem detekéniho mechanismu je potencidlova zavislost
reversibilni adsorpce iontového paru, vytvafeného mezi heparinem a kationtem na

rozhrani membrana | vodna faze.
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3.4 Stanoveni heparinu v krevni plazmé

Elektrody pokryté 1.) HTMA"/0-NPOE a 2.) TDMA/DOS membranou byly
testovany pro ucely ampérometrické analyzy heparinu v krevni plazmé. Na obr. 3.8 je
ukazano voltametrické chovani prvni (obr. 3.8A) a druhé (obr. 3.8B) elektrody v
neupravené lidské krevni plazmé a ve vodném roztoku 0,1 M LiCl za nepfitomnosti
heparinu. Elektroda pokrytd HTMA*/0-NPOE membranou vykazuje napadné zvétseni
proudové odezvy v oblasti kladného limitniho potencialu (obr. 3.8A, plna ¢ara). Pokud
byl tento experiment provadén s vodnym roztokem 0,1 M LiCl, obsahujicim albumin v
koncentraci porovnatelnou s krevni plazmou (45 g L™"), bylo dosazeno podobného
proudového zvyseni (obr. 3.8 A, preruSovand ¢ara). Nicméné nebyla pozorovéna zadna
voltametrickd zména, kdyZz byl do roztoku obsahujiciho krevni plazmu, nebo do
vodného roztoku 0,1 M LiCl obsahujicim albumin, p¥idan heparin (10 U ml™). Ve
snaze objasnit nepfitomnost odezvy na heparin, byl zkouman efekt plazmy na

voltamogram heparinu ve vodném roztoku 0,1 M LiCl (obr.3.5A). Vyfez v obr. 3.8A

ukazuje zavislost naméfenych hodnot i a i;

, na objemové frakci plazmy ve vodném

1V,

tor°

roztoku, V

sl Je ziejmé, Ze oba proudy, limitni proud a proud peaku, postupné

klesaji a dosahuji nuly pfi poméru V' /V =~ 0,5.

plas ! Vior

Zvyseni positivniho proudu v pfitomnosti plazmy muze byt pfipsano pfenosu
slozek plazmy do membréany, &i spide usnadnéni pfenosu HTMA" vazbou na slozky
plazmy v opaéném sméru. Pfenos HTMA® do vodné faze uréuje kladny limitni
potencidl a potlaceni odezvy na heparin (obr. 3.8A, vyfez) tak mlze mit plivod v
konkurenci mezi heparinem a slozkami plazmy, pravdépodobné albuminem, tvoficimi
komplex s HTMA™ na vodné strané mezifizi. Takovyto vyklad je podporovén
nepiitomnosti t&chto efektd u elektrody, pokryté TDMA'/DOS membrénou.
Voltamogramy naméfené v plazmé (obr. 3.8B, plna ¢4ra) a ve vodném roztoku 0,1 M
LiCl (obr. 3.8B, ¢arkovana ¢ara) jsou v podstaté identické. Bylo prokazano, Ze kation
TDMA" se do vodné faze pii positivnich potencialech nepienasi (na rozdil od HTMA™,
a nemuzZe tak reagovat se slozkami plasmy, napt. albuminem.*

Elektroda pokrytd TDMA'/DOS membranou mize tedy poskytovat méfitelnou
proudovou odezvu na heparin v lidské krevni plazmé (obr. 3.9A). Obr. 3.9B ukazuje
kalibradni graf pro heparin v rozsahu koncentraci heparinu 1-10 U ml™'. Po&ate&ni

smérnice na kalibra¢nim grafu a smérodatna odchylka SD = 0,0045 pA, vypocitané ze
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tFi nezéavislych méfeni 1 U mI™, byly pouzity pro odhad limitu detekce (0,2 U ml™),

jako koncentrace heparinu, odpovidajici proudu 3,3 x SD.
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Obr. 3.8 Cyklicky voltamogram (20 mV s™') namé&feny na rotujici GC elektrod& (1000
rpm) pokryté plastifikovanou PVC membranou obsahujici 0,1 M DMFc a (A) 0.05 M
HTMATPBCI v o-NPOE, nebo (B) 0,05 M TDMATPBCI v DOSu, ve vodném roztoku
0,1 M LiCl (te¢kovana), v lldske krevni plazmé (plnd) nebo ve vodném roztoku 0,1 M
LiCl obsahujicim 0.45 g mI™" albuminu (8arkovand). Vyfez v okn& A ukazuje efekt
pridavku lidské krevni plazmy do vodneho roztoku 0,1 M LiCl na limitni proud i (o)
a proud peaku i, (+) heparinu (10 U ml” "Y. Koncentrace plazmy je vyjadiena jako pOdll
objemu plazmy V .. ha celkovém objemu roztoku V,

lot*
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Obr. 3.9 (A) Cyklické voltamogramy (20 mV s™') nam&fené na rotujici GC elektrodé
(1000 rpm) pokryté plastifikovanou PVC membranou obsahujici 0,1 M DMFc a 0,05 M
TDMATPBCI v DOSu, v lidské krevni plazmé& za nepfitomnosti (teCkovand) a
pfitomnosti (plna) heparinu (10 U mI™". (B) Kalibragni graf ze tfi nezavislych méfeni,
na pozadi korigovany proud peaku i, vs. koncentrace heparinu a’ v lidské krevni
plazmé se smérodatnou odchylkou vyznacenou svislymi aseckami.
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a) Vsouladu scilem této diplomové prace byla navrzena a ovéfena metoda
definovaného pokryti povrchu elektrody PVC membréanou, s obsahem dvou ruznych
plastifikatora.

b) Bylo ukéazano, ?e GC elektroda pokryti HTMA'/o-NPOE (DOS) nebo
TDMA"/0-NPOE (DOS) membranou poskytuje srovnatelné ampérometrické odezvy na
heparin (1-10 U mI™") ve vodnych roztocich 0,1 M LiCl. Analyza efektli koncentrace
heparinu, rychlosti rotace a rychlosti polarizace elektrody umoZiiuje navrhnout
mechanismus odezvy. Predpoklddany mechanismus zahrnuje transport heparinu ve
vodné fazi, tvorbu a akumulaci iontového paru mezi polyaniontem heparinu a kationtem
HTMA" nebo TDMA" na mezifizi membréana-roztok, desorpci a transport iontového
paru ve fazi membrany. Ampérometricka odezva elektrod, pokrytych HTMA"/0-NPOE
(DOS) membrénou je pravdépodobné kontrolovéna transportem heparinu ve vodné fazi
a adsorpci iontového paru heparinu s HTMA®" na mezifizi membréna-roztok.
Ampérometricka odezva elektrody s TDMA"/0o-NPOE (DOS) membranou je naproti
tomu Fizena spiSe transportem iontového paru heparinu s TDMA® uvnité faze
membrany.

¢) Bylo zjisténo, Zze pouze membrany s TDMATPBCI mohou byt pouZity pro
ampérometrické stanoveni heparinu v lidské krevni plazmé s detekénim limitem 0,2 U
ml™'. P¥i pouziti elektrody s HTMA*/0-NPOE membranou, brani pfenos HTMA™ do
vodné faze a jeho konkurenéni interakce se slozkami plazmy (napf. albuminem)

ampérometrickému stanoveni heparinu.
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Abstract

Electrochemical method of detection of heparin polyion was developed based on voltammetry of heparin on a
rotating glassy carbon (GC) electrode coated with a plasticized PVC membrane. The membrane was deposited on the
GC disk by spin-coating technique using a mixture of solutions of PVC in tetrahydrofuran, and 1,1’-dimethylferrocene
(DMFc) and hexadecyltrimethylammonium tetrakis(4-chlorophenyl)borate (HTMATPBCI) in o-nitrophenyl octyl
ether. UV/vis reflection spectrometry was used to evaluate the membrane thickness, which exhibits a linear
correlation with the membrane resistance measured by impedance spectroscopy. It is shown that this electrode can be
used for amperometric or coulometric detection of heparin in aqueous samples of medically relevant concentrations
(1-10 U mL™"), with a detection limit of 1.4 U mL". Evidence is provided indicating that the current determining
step is the reversible adsorption of the ion-pair of heparin polyion with HTMA* cation at the membrane/aqueous
electrolyte interface, which is driven by oxidation of DMFc at the GC/membrane interface.

Keywords: Amperometry, Coulometry, Heparin polyion, Rotating glassy carbon electrode, PVC membrane
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1. Introduction

A stable thin layer of organic solvent adherent to a graphite
electrode has been found to be a suitable system for kinetic
measurement of electron transfer across the interface
between an organic solvent and an aqueous electrolyte
solution [1]. More recently, an analogous arrangement with
the aqueous or the organic solvent droplet attached to the
surface of a metal {2] or graphite [3] electrode, respectively,
has been used for an evaluation of the Gibbs energy of ion
transfer from water to a polar or nonpolar organic solvent
for large series of ions [2-7]. In all these systems, the ion
transfer reaction at the water/organic solvent interface is
driven by the electrochemical reaction occurring on the
surface of the solid electrode, such as oxidation of ferrocene
or decamethylferrocene [1, 3]. Overall mechanism compris-
ing the transfer of, e.g., an anion A~ from the aqueous (W) to
the membrane (M) phase coupled to oxidation of ferrocene
(Fc) at a solid electrode S can be described as [3]

Fe(M) + A~(W) == Fc*(M)+ A~(M) +€7(S) 1)

If the droplet does not cover the whole exposed area of the
solid electrode, the process can eventually be confined to the
very edge of the three-phase junction [3]. Although the
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evaluation of electron transfer rate constants and ion
transfer Gibbs energies have been so far the only matters
of interest, easy preparation and handling seems to predes-
tine such electrode for a direct ion analysis. The purpose of
this report is to demonstrate its usability for an ampero-
metric and coulometric detection of polyion heparin in the
range of medically relevant concentrations.

Heparin is an anticoagulant drug, which is used in surgical
procedures and therapeutically to prevent blood coagula-
tion [8]. Its assays are currently based on measuring the
blood coagulation (clotting) time. Chemically, it is a mixture
of highly sulfonated polysaccharides with an average molar
mass M, =12 kDa, and an average negative charge number
of —75 [9]. An attempt has been made to develop a method
for direct and rapid determination of physiological heparin
levels, based on potentiometry with a polyion-sensitive
membrane electrode [10]. The optimum membrane compo-
sition was found to be 66% (by weight) polyvinyl chloride
(PVC), 32.5% dioctyl sebacate (DOS) as a plasticizer and
1.5% tridodecylmethylammonium chloride (TDMACI) as
an ion exchanger. It was shown that membranes doped
instead with tetraalkyl analogues of TDMA* (i.e., tetrado-
decylammonium and tetraoctylammonium) exhibited neg-
ligible heparin response, while the response of those doped
with asymmetric analogues (e.g., dioctadecyldimethylam-
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monium and hexadecyltrimethylammonium) was rather
small [10]. The response of the TDMACI/PVC membrane
electrode to medically relevant heparin concentrations
(0.1-10 U mL™!, ca. 0.04~4 uM) was considerably larger
than 0.79 mV /decade, which is the expected Nernstian slope
corresponding to the charge number of —75 [10, 11].
Response mechanism was attributed to the non-equilibrium
change in the phase boundary potential associated with the
slow anion exchange reaction [10, 11],

z CI"(M) + Hep* (W) ==z CI"(W) + Hep* (M) )

where z =75, Hep and M denote heparin and the membrane
phase, respectively. A rotating electrode configuration has
lead to lowering of the detection limit, but the potential
change with the heparin concentration was not linear on
both logarithmic and linear concentration scale [12].

Our recent amperometric measurements of heparin at a
1,6-dichlorohexane plasticized PVC membrane containing
hexadecyltrimethylammonium (HTMA®*) ion as an ion-
exchanger [13], as well as previous study of protamine at the
polarized water/1,2-dichloroethane interface [14}, indicated
that amperometry of these polyions can be a viable
alternative to potentiometry. A remarkable effect of the
membrane cation (HTMA™, hexadecylpyridinium or bis(-
triphenylphosphoranylidene)ammonium) has led us to
conclude that amperometric sensing mechanism can be
described as a facilitated polyion transfer comprising the
formation of an ion-pair at the membrane/aqueous electro-
lyte interface (o) [13],

z R*(M) + Hep* (W) =R, Hep(o) =R ,Hep(M) 3)

where R* denotes the cation exchanger present in the
membrane phase.

However, neither the four-electrode membrane cell nor
the liquid -liquid interface is very convenient system for a
routine amperometric ion analysis. Therefore, we have
designed an electrode coated with a thin PVC membrane
containing HTMA™* and 1,1'-dimethylferrocene, which is
attached to the surface of a glassy carbon (GC) disk. We
shall show that the rotating electrode configuration allows
gaining a deeper insight into the sensing mechanism, and
ensures the stationary current response, which is linear in
the range of heparin concentrations down to its therapeutic
level. We shall also show that, in contrast to the potentio-
metric response of the polyion sensitive electrode [10], the
amperometric response of the electrode with TDMA* to
heparin is negligible.

2. Experimental

Voltammetric and chronoamperometric measurements
were carried out using the programmable potentiostat
AUTOLAB (PGSTAT 30, Eco-Chemie, Netherlands) in a
three-electrode cell. Potentiostat was equipped with the
AUTOLAB rotating disk assembly. A Pt wire and the

Electroanalysis 18, 2006, No. 2, 115-120
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silver—silver chloride electrode in 0.1 M KCl served as a
counter and reference electrode, respectively. Impedance
was measured in the same cell by using a frequency response
analyzer (1255 FRA Solartron, Solartron Instruments,
England) and a potentiostat (1287 Electrochemical Inter-
face Solartron, Solartron Instruments, England).

PVC membrane was deposited on the surface of a glassy
carbon disk electrode (3 mm diameter), which was fixedin a
PTFE holder (Fig. 1). The solution containing 75 mg PVC
(high molar mass, Fluka) in 1 mL of tetrahydrofuran (THF)
was mixed with the 0.01 M hexadecyltrimethylammonium
tetrakis(4-chlorophenyl)borate (HTMATPBCI) and 0.1 M
1,Y-dimethylferrocene (DMFc, 97%, Aldrich) in o-nitro-
phenyl octyl ether (0-NPOE, Selectophore, Fluka). Surface
of the rotating GC electrode oriented upward was spin-
coated at 2000 rpm by the drop of the mixture (75 pL). THF
was then allowed to evaporate slowly to form the film
containing 25% PVC by weight over whole base of the
electrode, cf. Figure 1. The deposition procedure was
repeated several times so as to prepare the membrane

— PTFE

| metal
contact

PVC membrane

Fig. 1. Scheme of the rotating three-phase electrode with the o-
NPOE plasticized PVC membrane attached to the surface of
glassy carbon disk.

with a thickness of ca. 40 pm, which was determined by
reflectance spectrometry, vide infra.

The GC electrode covered with the PVC membrane was
dipped into the aqueous solution containing 0.1 M LiCl, or
the aqueous solution containing 0.1 M LiCl and heparin
sodium salt from bovine intestinal mucosa (Aldrich, u=
151 U mg™"). Heparin concentration a° was in the range
0.5-40 U mL™!, which corresponds to the range of the molar
concentrations ¢®=a’u™! M, '=028-22 uM assuming
M, =12 kDa and the heparin activity u supplied by the
manufacturer.

The membrane thickness d was evaluated from the UV/
Vis reflection spectrum of the membrane, which was
measured in 180° backscattering geometry by fiber-glass
waveguide connected to a computer-operated spectrometer
(Ocean Optics 2000). The reflectance spectrum exhibited
several maxima/minima satisfying the condition

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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d=kAMd2n (2, - )‘k) (4)

where k is the number of minima/maxima between the
wavelengths 4, and A,, and n,=1.52 is the effective
refractive index, which was estimated from the values of
the refractive index for o-NPOE (1.511) and PVC (1.539)
[15].

Figure 2 (panel a) shows the typical impedance plot for
the GC electrode covered with a PVC membrane and
dippedin 0.1 M LiCl in the range of frequencies 10— 300 Hz.
The sum R of resistances of the membrane and the aqueous
electrolyte solution was evaluated by fitting the impedance
data to the Randles equivalent circuit with the help of ZPlot/
ZWiev software (Scribner Associates, Inc.), cf. Figure 2. The
values of R=3-30kS are considerably higher than the
estimated contribution of the aqueous solution and, hence,
they practically corresponds to the resistance of the
membrane. Figure 2 (panel b) shows a linear correlation
between the membrane thickness d and the resistance R that
can be expected for a cylindrical conductor. The linear plot
in Figure 2b was used for a fast check of the membrane
thickness from impedance data, which were routinely
measured prior to each experimental run.

-Z2"1kQ
]

0 s 10 15 20 25
R/KQ

Fig.2. Impedance plot (0) and the impedance data fit (+) in the
range of frequencies 10-300 Hz (a), and the membrane thickness
d vs. the membrane resistance R(b) for the three-phase electrode
with a PVC membrane containing 0.0l M HTMATPBCI and
0.1 M DMFec in the aqueous solution of 0.1 M LiCl.
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3. Results and Discussion
3.1. Rotating Disk Electrode Voltammetry of Heparin

Figure 3 shows the voltammograms recorded on the rotating
GC electrode coated with the o-NPOE plasticized PVC
membrane in the absence (panel a) and presence (panel b)
of heparin in the aqueous phase. The anodic wave at ca.
0.33 V and the cathodic peak at ca. 0.3V on the reverse
sweep represent the response of the electrode to heparin
present in the aqueous phase. At a stationary GC electrode
the anodic wave and cathodic peak appear at approximately
the same potentials, cf. the dashed line in Figure 3b.
Figure 3c shows the voltammograms of the three-phase
electrode with the membrane containing tridodecylmethy-
lammonium tetrakis(4-chlorophenyl)borate
(TDMATPBCI) instead of HTMATPBCL. In this case,
practically no heparin response is observed, and the only
effect of TDMATPBCI is an extension of the positive
potential limit by ca. 0.1 V, which can be ascribed to the
higher hydrophobicity of the TDMA™ cation. In all these
systems a voltammetric peak appears at ca. 0.13 V, which
slightly increases on repeating the excursion to the positive
potential limit. This peak is likely to be due to the 1,1'-
dimethylferricenium cation, which is generated at the GC
electrode and transported to the membrane/aqueous elec-
trolyte interface, where it undergoes the transfer to the
aqueous phase,

Fc* (M) ==Fc*(W) (5)

Since the transfer of Fc* to the aqueous phase is controlled
by the linear diffusion of Fc* inside the membrane, the
anodic peak at 0.13V is practically independent of the
rotation speed. On the other hand, the cathodic peak
corresponding to the transfer of Fc* back to the membrane
phase can be clearly seen only at a stationary electrode.
Owing to the zero bulk concentration of Fc* in the aqueous
phase, the cathodic current decreases after switching on the
rotation cf. the dashed line in Figure 3b.

Figure 4 shows the limiting anodic or cathodic peak
current I, plotted vs. the heparin concentration a° at a
constant rotation speed of 1000 rpm (panel a), and vs. the
square root of rotation speed f at a constant heparin
concentration of SU mL™' (panel b). At a stationary
electrode, the heparin peak current is proportional to the
heparin concentration and to the square root of the sweep
rate. Linearity of these plots indicates that both the anodic
and cathodic processes are controlled by the convective (f
+0) or linear (f=0) diffusion of heparin in the aqueous
phase, respectively. The dependence of the limiting current
on the rotation speed can be described by the Levich’s
equation,

Iim=0.62 ZFADYPv~"%0'c° (6)

where A is the interfacial area, D is the diffusion coefficient,
v is the kinematic viscosity, w = 2nfis the angular frequency
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Fig.3. Cyclic voltammograms of the rotating three-phase elec-
trode with a PVC membrane containing 0.1 M DMFc and 0.01 M
HTMATPBCI (a,b) or TDMATPBCI (c) in the absence or
presence of heparin in the aqueous solution of 0.1 M LiCl: (a) no
heparin, 1000 rpm; (b) S U mL™" heparin at a rotation speed of 0
rpm (——-), 200 rpm (—) and 1000 rpm (----- ); (c) no heparin (—)
and 10 U mL~! heparin (-----) at a rotation speed of 1000 rpm.

Sweep rate 20mV s,

of rotation and ¢° the bulk molar concentration of heparin.
However, the actual charge number and molar concentra-
tion of heparin are not exactly known, because heparin is in
fact a mixture of sulfonated polysaccharides. Another
problem is that the coupled charge transfer reactions, i.e.
the transfer of heparin and the redox reaction of ferrocene,
proceed on the opposite sides of the membrane with
different interfacial areas. The geometric area of the
membrane side exposed to the aqueous solution is practi-
cally equal to that of the base of the cylindrical electrode
holder with a diameter of 1 cm (4 =0.79 cm?), cf. Figure 1.
On the other hand, the geometric area of the other interface
is equal to that of the GC disk with a diameter of 3 mm (A =
0.07 cm?). Electrochemical activity of the two interfaces can
be then expected to depend on the actual current distribu-
tion inside the membrane, which would require an addi-
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Fig.4. Plot of the limiting anodic (o) and cathodic peak (e)
current I;,of heparin vs. the heparin concentration a° at the
rotation speed of 1000 rpm (a), and vs. the square root of the
rotation speedfat the heparin concentration of SU mL™" (b).
Measured limiting currents were corrected for the background
current.

tional modelling. Assuming that z=75, ¢°=a°u"1 M},
M,=12kDa, A=0.07cm? v=10"% cm’*~!, f=16.66 Hz
(1000 rpm) and D=5x10"7 cm? s™' [16], Equation 6
predicts the slope 91;;,/0a° =0.24 x 10° A U~! mL, which
is close to that of 0.22 x 10°® A U~! mL obtained exper-
imentally for anodic process (Fig. 4, panel a).

Two distinct features of the voltammetric behavior of
heparin enlighten the mechanism of its electrochemical
activity. First, as it can be seen from Figure 3b, the anodic
half-wave potential and cathodic peak potential of heparin
are independent of the rotation speed. Analogously, at the
stationary electrode, the anodic and cathodic peak poten-
tials are independent of the sweep rate, with the peak-
potential separation AE,~30—40 mV. This feature clearly
points to the absence of any kinetic control. Following the
theoretical analysis of the simple anion transfer reaction
described by Equation 1 [17], the applied potential E splits
into the Galvani potential difference between the GC
electrode and the membrane phase, Ay®C¢=¢(GC) -
¢(M), and the Galvani potential difference between the
aqueous and membrane phases, AyV¢ = ¢(W) — ¢(M), and
a constant comprising the contributions from the reference

-
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electrodes. In the absence of kinetic control, the two
potential differences could be further expressed as the
Nernst potentials for the coupled reactions, and the peak
separation at the stationary electrode, or the slope of the
wave at a rotating electrode, can be supposed to attain the
value of (RT/zF) <1 mV/decade. However, the measured
peak separation of 30-40 mV indicates that the apparent
reversibility of the process is not linked to the charge
transfer equilibrium. Second feature noted above is the
effect of the rotation speed on the cathodic peak atca. 0.3 V
indicating that the cathodic process is controlled by a
reaction step occurring in the aqueous phase, which is
probably the heparin desorption and transport from the
membrane/aqueous solution interface, cf. Equation 3. Both
features, and the effect of the membrane cation (HTMA®,
TDMA*), lead us to conclude that the current determining
step is the potential-dependent reversible adsorption of the
ion-pair formed by the heparin polyion and HTMA* at the
membrane/aqueous solution interface.

3.2. Potential Pulse Chronoamperometry and Coulometry
of Heparin

Chronoamperometry at a constant applied potential E
would obviously represent the most straightforward appli-
cation of the rotating three-phase electrode for a monitoring
of the heparin concentration in aqueous solutions. However,
the depletion of ferrocene from the GC/membrane interface
during the long-term polarization close to the positive
potential limit leads to a deterioration of the electrode
response. This effect can be largely suppressed by using the
potential pulse instead of the constant potential chronoam-
perometry. Figure 5, panel a, shows the response of the
rotating three-phase electrode to single potential pulse from
0V to 0.375 V with the pulse duration of 10 s at various
heparin concentrations. It can be seen that the relaxation of
the electric double layer and of the diffusion field takes
approximately 1s. Relaxation time for the stationary
convective diffusion can be estimated to be even shorter,
ie. 740, / 3.1 D=~02s, where d,=1.61 D'/ v"®»~"%s the
thickness of the diffusion layer at a rotating disk electrode
[18]. After ca. 2 s, the background-subtracted anodic current
becomes practically stationary. Integrating the chronoam-
perometric curves can eliminate effect of time. Figure S,
panel b, shows that the concentration dependence of the
charge Q is linear in the range of the medically relevant
heparin concentrations. Data points in Figure 5b, which
correspond to a stepwise increase in the heparin concen-
tration by 1 U mL™!, were averaged from measurements on
three different three-phase electrodes. Standard deviations
as shown by vertical bars indicated the relative precision of
the charge measurements of ca. 20%. The limit of detection
Ly was estimated as Lp=3.3 5q=14U mL"!, where sq
denotes the standard deviation of response Q for blank
aqueous sample, and b is the slope of the linear calibration
curve in Figure 5b. In order to asses the accuracy and
precision (repeatability) of the coulometric method, the

wil

1/pA

10
a'/UmL’"

Fig.5. Chronoamperometric response of the rotating three-
phase electrode (1000 rpm) to a single potential pulse from 0 V
to 0.375V with the pulse duration of 10s at the heparin
concentrations 0 U mL™'(—), SU mL™* (- - -) and 10U mL"'
(+++++) (a), and the corresponding charge Q vs. the heparin
concentrations a° (b). Data points and vertical bars in panel b
represent the mean and the standard deviations, respectively,
obtained from measurements at three different three-phase
electrodes, linear regression line: 0 =-0.015+1.833 a°.

linear plot in Figure 5b was used as a calibration curve for
the determination of heparin in the aqueous samples with
three different heparin concentrations (1,5 and 10 UmL™).
Each measurement was repeated three times yielding the
values of the mean concentration and the standard devia-
tion, which are given in Table 1. Except for heparin
concentrations approaching the lower limit of 1 U mL"!,
the method is plausibly accurate and precise.

Table 1. Coulometric determination of heparin in aqueous sam-
ples of three different heparin concentrations.

Heparin concentration (U mL™)

Electroanalysis 18, 2006, No.2, 115-120  www.el lysi Y

Prepared Determined
1.0 0.6 +0.04
5.0 4.8+0.80
10.0 9.4 +045
ch.de  © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4. Conclusions

The rotating glassy carbon electrode coated with the o—
NPOE plasticized PVC membrane can be used for ampero-
metric or coulometric detection of heparin present in
aqueous samples of medically relevant concentrations (1-
10 U mL™"), with a detection limit of 1.4 U mL™'". Except
for heparin concentrations approaching the lower limit of
1 U mL™, the method is plausibly accurate and precise. The
current determining step is the potential-dependent rever-
sible adsorption of the ion-pair of the heparin polyion and
HTMA®* at the membrane/aqueous solution interface,
which is driven by oxidation of DMFc at the GC/membrane
interface.
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1. Introduction

Heparin is a mixture of highly sulphated linear polysaccharides with the molar mass
ranging from 5 to 40 kDa, which has been used in surgical procedures and therapeutically to
prevent blood coagulation [1]. Medically relevant heparin concentrations are in the range 0.1-1 U
mL"! (therapy) [2] or 1-10 U mL"! (surgery) [3]. The heparin concentration a’ expressed in U mL’

! can be converted into molar concentration ¢’ as a® =c’uM,, M, is the heparin molar mass

(Da), and u is the heparin activity (U Bm.J. The range of concentrations a°=0.1-10 U mL" then
corresponds to the range of the molar concentrations ¢’ = 0.06 — 6 umol L', assuming the
average molar mass M, =12 kDa [1], and the typical activity of heparin preparations # =150 U

Bm._, e.g. heparin sodium salt from bovine intestinal mucosa (Aldrich).

Heparin assays are currently based on the measurements of plasma or whole blood
clotting time [2]. An effort to achieve a sensitive and real-time monitoring of heparin has been a
matter of intensive biosensor research [4]. The development of an electrochemical heparin sensor
has been pioneered by Mayerhoff and co-workers [5], who have introduced a polymer type
membrane electrode that exhibited a significant potentiometric response to heparin (0.1-10 U mL’
' in both aqueous and human blood plasma samples. The optimum membrane composition was
found to be 66 % (by weight) polyvinylchloride (PVC), 32.5 % dioctyl sebacate (DOS)as a
plasticizer and 1.5 % tridodecylmethylammonium chloride (TDMACI) as an ion exchanger [5.6].
Further, it has been shown that membranes doped instead with the symmetric
tetraalkylammonium ions (i.e., tetradodecylammonium and tetraoctylammonium) exhibited
negligible heparin response, while the response of those doped with asymmetric analogues of

TDMA (e.g., dioctadecyldimethylammonium and hexadecyltrimethylammonium) was rather

Electroanalysis, pfijato do tisku 14. 3. 2006 4

small [5). Based on transport and extraction studies, the observed potentiometric response was
ascribed to a change in the phase boundary potential associated with either the full displacement
of the chloride counter ion from the membrane phase by the anionic heparin for high sample
concentrations, or the quasi-steady state non-equilibrium accumulation of heparin at the interface
[7]. Rotation of such polyion-sensitive electrode at 5000 rpm resulted in an enhacement in the
detection limit towards heparin at least one order of magnitude, i.e. t0 0.01 U mL" [8].

First amperometric measurements of heparin at a 1,6-dichlorohexane plasticized PVC
membrane containing hexadecyltrimethylammonium (HTMA") ion as an ion-exchanger 9]
indicated that the direct amperometry could be a viable alternative to the heparin potentiometry.
A remarkable dependence of the amperometric response on the nature of the membrane cation
(HTMA, hexadecylpyridinium or Emﬁnurna«_urcwvro_.wsﬁEm:ovw_dao:m:_sv has led us to
conclude that the sensing mechanism can be described as the heparin transfer facilitated by the
formation of an complex between anionic heparin and the membrane cation, with an intermediate
complex adsorption at the membrane|aqueous electrolyte interface [9]. The role of the interaction
between anionic heparin and the membrane cation has been originally assumed to be the origin of
the potentiometric response [5.6], though the sensing mechanism has been later formulated as a
simple anion exchange process [7]. The strong effect of the membrane cation was confirmed by
Amemiya and co-workers [10] in a study of heparin at the polarized water|1,2-dichloroethane
interface, which indicated that the heparin transfer is facilitated most efficiently by
octadecyltrimethyl-ammonium and hexadecy Itrimethylammonium. These authors proposed that
the measured current is actually controlled by the adsorption of the heparin complex comprising
the effect of the counterion condensation on a polyion [1 1], and determined its stochiometry by

an analysis of the measured current. Using stripping voltammetry of heparin a significant
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form the film containing 25% PVC by weight over whole base of the electrode. The deposition
procedure was repeated several times so as to prepare the membrane with a thickness of ca. 40

pum.

2.3. Apparatus

Voltammetric measurements were carried out in a three-electrode cell using the
programmable potentiostat AUTOLAB (PGSTAT 30, Eco-Chemie, Netherlands), which was
equipped with the AUTOLAB rotating disc assembly. Amperometric sensor for heparin consisted
of a GC electrode coated with the PVC membrane, which served as a working electrode. The
electrode was dipped either into the aqueous solution of 0.1 M LiCl, or directly in the human
blood plasma, eventually spiked with heparin (1-10U mL™"). A Pt wire and a silver|silver
chloride electrode in 0.1 M KCl were used as a counter and reference electrode, respectively. The
potential E of the cell, which is controlled by the potentiostat, can be expressed in terms of the
contributions of the Galvani potential differences A, ¢ = ¢(w)—¢(m)and
AS°¢ = ¢(GC) - ¢(m) between the membrane (m) and the aqueous solution (w), and the GC and

the membrane, respectively,

E=AY9-ALp-E, =-Aw$-E, (M

where the constant term m“a\ includes the potential E, , of the reference electrode, and the pseudo-

reference potential difference AZ°@, which is controlled by the DMFc*/DMFc redox system.

Electroanalysis, pfijato do tisku 14. 3. 2006 8

Impedance measurements were carried out in the same cell with the help of a frequency
response analyser (1255 FRA Solartron, Solartron Instruments, England) and a potentiostat (1287
Electrochemical Interface Solartron, Solartron Instruments, England). These measurements were
used to evaluate the sum R of the resistances of the membrane and the aqueous solution as the
high-frequency limit of the real component of the complex impedance [12]. Since the
contribution of the aqueous solution is negligible by estimate, the sum R can be practically
considered to be the membrane resistance.

UV/Vis reflection spectrum of the PVC coated GC electrode exposed to the ambient air was
measured in 180° backscattering geometry by fiber-glass waveguide connected to a computer-
operated spectrometer (Ocean Optics 2000). The spectrum was used to evaluate the membrane
thickness from the number of the interference maxima/minima and the effective refractive index,
which was estimated from the values of the refractive index for DOS (1.458), o-NPOE (1.511)

and PVC (1.539) [14].

2.4. Membrane resistance and thickness

Figure 1 shows the plot of the resistance R vs. the PVC membrane thickness for the GC
electrode coated with the HTMA */0-NPOE or HTMA*/DOS membrane. Apparently, the
resistance of the latter membrane is approximately 20 times higher, which probably reflects a
higher viscosity and lower degree of dissociation of HTMATPBCI in DOS. The plots in Fig. 1
were used for a quick check of the membrane thickness by impedance measurements. For

voltammetric measurements the membranes were prepared to have a thickness of 20-40 um.
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measurements show that the energy of interaction of heparin with HTMA'( E;},~ 0.35 V) is
higher by ca. 0.2 eV than with TDMA" ( m.n %~ 0.55 V). On the other hand, a wider potential range

in the presence of TDMA® can be ascribed to a higher hydrophobicity of this cation [12], i.e.
HTMA" can be extracted more easily into the aqueous phase. Both effects probably reflect the
difference in the ion structure, i.e. in the number of long-chain alkyl groups. Simultaneous
extraction of the membrane cation that interacts with heparin could influence the sensing
mechanism and/or interfere the amperometric assay. In order to identify the process responsible
for the positive potential limit, the voltammetric measurements were performed at different
concentrations of LiCl in the aqueous phase (0.01-1 M) in the absence of heparin. Figure 6 shows
the plots of the potential £, as read from the voltammogram at a constant positive current, vs. the
logarithm of the CI” concentration. The slope of such a plot is expected to attain the value of —59
or 0 mV, depending on whether the Cl” anion or the membrane cation, respectively, controls the
positive potential limit. These data suggest that the transfer of CI” dominates at the electrode
coated with the TDMA*/0-NPOE (or DOS) membrane irrespective of the chloride concentration,
while the transfer of HTMA" is the limiting process at the electrode coated with the HTMA™/o-

NPOE (or DOS) membrane at low concentrations of CI" (< 0.1mol dm™).

3.2. Sensing mechanism
The overall sensing mechanism including the formation of a complex between heparin
and the cation of the membrane or the organic solvent phase, adsorption of the complex at the

interface, and the counterion condensation effect, can be described as

LiHep“(w) + rS*(m) + 5 sLi*(w)+ Li,S,Hep’(0) 5 sLi*(w)+Li,S;Hep"(m)  (2)

Electroanalysis, pfijato do tisku 14. 3. 2006 12

where (w), (m) and (o) denote the aqueous phase, the membrane phase and the interphase,
respectively, and S* denotes the membrane cation (HTMA®, TDMA®). The apparent charge
number x of heparin and the stoichiometric coefficient & are related to the charge number z of the
heparin polyion (average value of z=75 [1]), x=(1-¢&)z and & = £ z, respectively, depending
on the extent of the counterion condensation &= 0-1 [10]. The stoichiometric coefficient » and
the apparent charge number y of heparin at the interface or in the membrane phase are then given
by n=k-s=¢z-s andy=x+s-r=(1-¢&)z+s~-r, respectively. It is shown in Appendix that
the electric current i can be generally expressed as a sum of the faradaic (i ) and charging (i. )
contributions, depending on whether the produced Li,S,Hep'" is located on the membrane or the

aqueous side of the interface. In the former case, we have

dq™

- €))

i=ip +i, = FA(x+sv, +

where F is the Faraday constant, A4is the interfacial area, v, is the rate of the first reaction in the
reaction sequence, Eq. (2), from left to right, g™ is the surface charge density on the membrane

side of the interface, and ¢ is time. In the later case, the expression for the current has the form

dry , dq"

i=ig +i. = FA(x+s)v, — FAy Z &

(C))

where dI'y / dt represents the adsorption rate for Li,S,Hep”".
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we obtain the equation, which follows from Eq. (6) for the case that Li,S,Hep” is adsorbed on the
aqueous side of the interface.

Eq. (8) can be used to simulate the voltammetric response of the HTMA */0-NPOE (or
DOS) membrane, provided that the potential dependence of the surface concentration Iy, or
T’y of Li,S,Hep” is described. Such description can be based on the thermodynamic analysis

leading to the Nernst equation for the first reaction in the reaction sequence, Eq. (2),

In—Xt ®

where the adsorption potential E°, includes the bulk concentration of both Li" in the aqueous
phase and S” in the membrane phase, a represents the activity of Li,S,Hep” in the interphase,
2, =ar+(1—a)(x+s)is the effective charge number, where « is the fraction of the potential
difference @ = AL,/ A¢ influencing the adsorption of Li,S,Hep* in the location x of the
interphase (o). In the first approximation, the surface concentrationI';; could be related to the
activity aj. through the Henry isotherm, I'y; = S,a;. with the adsorption coefficient 5,. Eq. (9)
then can be rearranged to

2, FE

w =By exp( RT der = B(E)ey (10)
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where EJ, was included in the adsorption coefficient 4,'. Eq. (8) and Eq.(10) finally give the

differential equation for 'y or I'}.  e.g.

m
W

dt

+2(EXy=p an

where p is the ratioi,, / FA(x+s) or i, / FAr ,and g(E)=p/B(E)c’.

Eq. (11) was solved numerically using the following estimates of the parameters involved.
First, the experimental value of the coefficient di;, /8a’=~ 0.2 pA U™ mL (Fig. 2A and Fig. 3A)
yields the charge number of ca. 75 for x+sor r [12]. Based on this estimate and the
experimental value of the limiting current i;, 2 pA at a°= 10U mL! (Fig. 2A and Fig. 3A), the
parameter p was set to 4x10° mol ms™'. According to Eq. (10), the adsorption coefficient
B, ' determines the surface concentration I'y (0) = 3, 'c;® at E = 0, which can be supposed to
approach zero. An estimation of '~ 1 x 107 m was based on the assumption that I

approaches 1% of the surface concentrationI'y, = 4x10®¥ mol m? at o= 6x10° mol m*

corresponding to the charge of ca. 2 pC passed on the forward or reverse potential sweep (Fig.
2A and Fig. 3A). An analysis of Eq.(11) suggests that the value of the effective charge number

z,, determines the shift of the half-wave potential or the peak potential with the sweep rate,
OE, /dlogv ~~2.303RT / z F . The experimental value of ca. -40mV/ decade reported above
corresponds to z,, = 1.5. A numerica! solution of Eq.(11) using these parameters revealed that a

better fit of the experimental voltammetric data is obtained for z,, ~0.5. Since x+s(or r)>>1
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direction as the transfer of heparin. This difference in the sensing mechanism could explain why
a change in the transport conditions in the aqueous phase has a relatively small effect on the
amperometric response. Qur attempt to increase the sensitivity of the TDMA */0-NPOE (or DOS)
to heparin by increasing the PVC content [7] was not successful due to an enormous increase of

the membrane resistance, which prevented introducing the required ohmic drop compensation.

3.3. Application in human blood plasma analysis

The electrodes coated with the HTMA"/0-NPOE and the TDMA"*/ DOS membrane were
tested for an amperometric assay of heparin in human plasma. Figure 8 shows the voltammetric
behaviour of the former (Fig. 8A) and the latter (Fig. 8B) electrode in untreated human blood
plasma and the aqueous solution of 0.1 M LiCl in the absence of heparin. The electrode coated
with the HTMA"/0-NPOE membrane exhibits a remarkable enhancement of the current at the
positive potential limit (Fig. 8A, full line). When this experiment was carried out with the
aqueous solution of 0.1 M LiCl containing albumin at a level comparable to plasma (45 g L"),
the same current enhancement was observed (Fig. 8A, dashed line). However, no change in
voltammogram was detected when the plasma sample or the aqueous solution containing albumin
were spiked with heparin (10 U mL™). In order to clarify the absence of the heparin response, the
effect of plasma on the voltammogram of heparin in the aqueous solution of 0.1 M LiCl (Fig.

2A) was examined. Inset in Fig. 8A shows the dependence of the measured values of i, and
i, on the volume fraction of plasma in the aqueous solution, V,,., /¥,,. It is seen that both the

limiting and peak current continuously decrease and reach zero at Vptas Vit = 0.5.

Electroanalysis, pfijato do tisku 14. 3. 2006 20

The positive current enhancement in the presence of plasma could be ascribed to the
transfer of a plasma component to the membrane or, more likely, to the facilitated transfer of
HTMA” in the opposite direction. Actually, the potential dependent extraction of HTMA” into
the aqueous phase controls the positive potential limit. A suppression of the heparin response
(Fig 8A, inset) could have then the origin in the competition between heparin and a component of
plasma, possibly albumin, both forming a complex with HTMA" on the aqueous side of the
interface. Such interpretation is supported by the absence of such effect on the electrode coated
with the TDMA"/ DOS membrane. Indeed, the voltamograms recorded in plasma (Fig. 8B, full
line) and the aqueous solution of 0.1 M LiCl (Fig. 8B, dotted line) are almost identical. Note that
TDMA" is not extracted into the aqueous phase at the positive potential limit unlike HTMA®, and
cannot interact with the plasma component e.g. albumin.

If this explanation is correct, the electrode coated with the TDMA*/ DOS membrane
should provide a measurable current response to heparin in human blood plasma, which indeed is
the case (Fig. 9A). Fig. 9B shows a calibration graph for heparin in the rage of heparin
concentration 1-10 U mL™. The initial slope of the calibration graph and the standard deviation
SD = 0.0045 pA calculated from three independent measurements at 1 U mL"', were used to
estimate the limit of detection of 0.2 U mL", as the heparin concentration corresponding to the

current of 3.3 x SD.

4. Conclusions
The GC electrodes coated with either the HTMA"/0-NPOE (DOS) or TDMA*/0-NPOE
(DOS) membrane provide a comparable amperometric response towards heparin (1-10 U mL™")

in the aqueous solution of 0.1 M LiCl. However, only the membranes formulated with
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charge transfer reactions in the sequence resulting in the transfer of charge of 7F and yF per 1 mol
of heparin, respectively. Note that, because x +s = r + y, the net charge transferred is the same as

in the former case.
When Li,S,Hep” is located on the membrane side of the interface, the electroneutrality in

the double layer can be then described as

q" =FAT], -T7 —x[\)=-q" =—FA(Tg. -7 —yI'Y) (Al)

where T,'s represent the surface concentrations with the superscript denoting the aqueous (w) or

the membrane (m) phase, ¢" or g™ is the surface charge density on the aqueous or the
membrane side of the interface, respectively, F is the Faraday constant and A is the interfacial

area. The mass balance at the interface (x=0) then gives

S =t (A2)
5 dry.
T5 = L (A3)
dre.
Jo =2 (A%)
- dre
Jg = = (AS)
dre
Sy = (A6)

=, (A7)
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dr:
dr

=V =V, (AB)

where J, ’s represent the ion fluxes, ¢ is time, and v, or v, are the rates of the first and the second
reaction in the sequence (2), respectively, in the direction from left to right. This balance

equations allows expressing the electric current i as the sum of the faradaic (i, ) and charging

(i.) currents,

dq"
dt

i=ip+i. =3 FAJ? =) FAJ" =FA(x+s, + (A9)
i i

The faradaic current i can be then related to the material fluxes of the reactants and

products of reaction (2) through the relationships

- dar.
iy = FAGx sy -2y o pa XS e - Zy
dt s H dt (A10)
x+s dare. dre
=-FaAXE2gm 1 8 - Fa(xr sy + 2
; Jy p ) (x +sX)Jy @ )

When Li,S,Hep” is located on the aqueous side of the interface, the electroneutrality

condition reads

g™ = FATY, =T =Ty =yIy) =—q" =—FA(T" -T7.) (Al1)

and the electric current i can be expressed as
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Fig. 4
Background-corrected cyclic voltammograms recorded at the sweep rates 5 mV s™! (dotted), 10
mV s (dashed-and-dotted), 20 mV s°! (dashed) and 50 mV s (full) on the rotating GC electrode
(1000 rpm) coated with the plasticized PVC membrane containing 0.1 M DMFc, and (A)0.05M
HTMATPBCI in 0-NPOE , or (B) 0.05 M TDMATPBCl in DOS, in the presence of heparin (8 U
mL " in panel A, 5UmL"in panel B) in the aqueous solution of 0.1 M LiCl. Insets show the

plots of the limiting (&%, ) or the peak T.U current on the forward sweep (o), and the peak current

(i;) on the reverse sweep (+), vs. the square root of the sweep rate v.

Fig. 5

Cyclic voltammograms (20 mV s') recorded at the rotation speed 200 rpm (dashed), 800 rpm
(dashed-and-dotted), and 3000 pm (full) on the rotating GC electrode coated with the plasticized
PVC membrane containing 0.1 M DMFc and (A) 0.05 M HTMATPBCI in 0-NPOE ,or(B)0.05
M TDMATPBCI in DOS, in the presence of heparin (8§ U mL" in panel A, SUmL"in panel B)

in the aqueous solution of 0.1 M LiCl. Insets show the plots of the limiting (i, ) or the peak (iy)
current on the forward sweep (o), and the peak current (i,) on the reverse sweep (+), vs. the

square root of the rotation speed f (in Hz).

Fig. 6
Plots of the potential £, as read from the background voltammogram at a constant positive

current, vs. the logarithm of the CI" concentration for the electrode coated with the HTMA*/o-
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NPOE (o), TDMA*/o-NPOE (m), HTMA*/DOS (®) or TDMA"/DOS (©) membrane in the

aqueous solution of LiCl.

Fig. 7

Simulation of the voltammetric behaviour of the rotating GC electrode (1000 pm) coated with
the HTMA"/0-NPOE membrane at the sweep rates SmV s (dotted), 10 mV s™! (dashed-and-
dotted), 20 mV s™ (dashed) and 50 mV s™* (full). The dimensionless voltammetric current

 Was obtained by a numeric solution of Eq. (10) for the experimental value of in=2 pA,

and the values of the parameters B,' =3x10" mand a(x+5)=0.5.

Fig. 8

Cyclic voltammograms (20 mV s recorded on the rotating GC electrode (1000 rpm) coated
with the plasticized PVC membrane containing 0.1 M DMFc and (A) 0.05 M HTMATPBCI in o-
NPOE, or (B) 0.05 M TDMATPBCI in DOS, in the aqueous solution of 0.1 M LiCl (dotted),
human blood plasma (full) or the aqueous solution of 0.1 M LiCl containing 0.45 gmL"' of

albumin (dashed). Inset in panel A shows the effect of the human blood plasma added to the

aqueous solution of 0.1 M LiCl on the limiting current 4} (o) and the peak current i, (+)of
heparin (10 U mL™). Plasma concentration is expressed as the ratio of the volume of plasmaV,,,

to that of the solutionV, .
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Fig. 3
Fig. 2
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Fig. 6
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Fig. 7
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