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Wykaz skrotow stosowanych w tekscie.

BDDE - elektroda diamentowa domieszkowana borem

bufor BR — bufor Brittona-Robinsona

CAS - Chemical Abstract System

CV — woltamperometria cykliczna

CV - wspolczynnik zmiennos$ci

Dt— wspotczynnik dyfuzji

DNA — kwas deoksyrybonukleinowy

dsDNA — dwuniciowy DNA

AG? - zmiana entalpii swobodnej Gibbsa

GCE - elektroda z wegla szklistego

GPES - General Purpose Electrochemical System

Hg(AQ)FE - elektroda srebrna z odnawialnym filmem amalgamatu srebra
HPLC-UV — wysokosprawna chromatografia cieczowa z detektorem UV
Ip — natezenie pradu piku

K- stata wigzania

k® - heterogeniczna stata szybkos$ci reakcji

Lct - laktofen

Lmt — lamotrygina

LOD — granica wykrywalnosci

LOQ — granica oznaczalno$ci

Met — metoksyfenozyd

PBS - roztwo6r chlorku sodu buforowany fosforanami (z ang. Phosphate-buffered saline)
Sez — sezamol

sSDNA — jednoniciowy DNA

SWSV — woltamperometria fali prostokatnej, z zat¢zaniem

SWV — woltamperometria fali prostokatnej

v — szybkos¢ skanowania
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Wstep

W roku 2015, w bazie Chemical Abstract System (CAS) sklasyfikowanych byto tgcznie
okoto 100 miliondéw substancji chemicznych [1, 2]. Obecnie, w roku 2021, baza ta liczy
juz ponad 176 milionéw substancji [2]. Dane te, bezsprzecznie wskazujg na predko$¢
z jaka nastgpuje chemizacja naszego otoczenia, co wigcej, nalezy przypuszczac,
iz tendencja ta nie zmieni si¢ na przestrzeni najblizszych dekad. Szacuje si¢, ze to kazdy
z nas, w ciggu swojego zycia, moze mie¢ styczno$¢ z okoto milionem zwigzkow
chemicznych na poziomie stgzen powyzej 107%%% [3]. Masowa produkcja nowych
substancji chemicznych jest niebezpieczna zarowno dla organizmow zywych jak i dla
srodowiska, gdyz mimo badan towarzyszacych syntezom i wprowadzaniu produktow na
rynek, nigdy nie mozemy by¢ pewni skutkéw diugotrwatego narazenia. Co wigcej,
gwaltowny rozwoj przemysthu jest $ci§le powigzany z wytwarzaniem ogromnych ilo$ci
sciekoéw 1 odpadow chemicznych, ktorych czgsciowej emisji do otoczenia, nie jestesSmy
w stanie unikng¢. Odpady te, po wniknigciu do ekosystemow naturalnych, moga by¢
szkodliwe dla srodowiska i organizmdéw w nim zyjacych, nadto, moga ulega¢ migracjom
i przeksztatceniom, trudnym do przewidzenia i w przebiegu i w skutkach. Powszechne
narazenie na szeroko rozumiane chemikalia oraz ich potencjalna toksyczno$¢ sprawiaja,
1z chemia analityczna odgrywa niezwykle wazng role 1 wszystko wskazuje na to,
ze w ciggu najblizszych lat jej znaczenie bedzie, niestety, dynamicznie rosngc.
Wspotczesna chemia analityczna jest nauka interdyscyplinarng, wykorzystujaca metody
chemiczne, fizyczne i biologiczne [4], do ilo$ciowego i jako$ciowego analizowania
materii. Trudno jest obecnie wskaza¢ dziedziny nauki badz techniki, ktore nie korzystaja
z osiggnig¢ chemii analitycznej. Ztozone, chemiczne procesy przemystowe wymagaja
stalego monitorowania, medycyna natomiast, szybkiej i wiarygodnej diagnostyki.
Analiza gleb, wod czy S$ciekow daje mozliwo$¢ oceny poziomu zanieczyszczen
srodowiska a analiza zywnos$ci pozwala na okres$lenie jako$ci danego produktu, poprzez
oznaczenie ilosci substancji 0 charakterze prozdrowotnym.

Dynamiczny wzrost ilosci zwigzkéw chemicznych dopuszczonych do powszechnego
uzytku, sprawia, iz niezwykle istotne staje si¢ opracowanie nowych procedur
analitycznych o odpowiednich parametrach walidacyjnych. W tym celu wykorzystuje si¢
szereg technik analitycznych, na czele z technikami chromatograficznymi. Duza
popularnos$cig cieszg si¢ takze techniki elektrochemiczne, co jest zwigzane z ich wysoka

czutoscia, krotkim czasem analiz oraz stosunkowo niedrogg aparaturg o duzym potencjale



miniaturyzacyjnym. Technika woltamperometrii fali prostokatnej (SWV) jest jedng
z  najczescie] stosowanych 1 najbardziej zaawansowanych  technik
woltamperometrycznych. Laczy ona zalety woltamperometrii cyklicznej (CV) jak
1 technik impulsowych, wskutek czego odgrywa znaczaca rol¢ w badaniach
analitycznych, gwarantujac wysoka czuto$é pomiaréw, nawet do 1072 mol L? [5].
Ze wzgledu na swoje szczegdlne wiasciwosci techniki woltamperometryczne moga by¢
wykorzystywane nie tylko w analizie chemicznej. W literaturze znalez¢ mozna liczne
doniesienia opisujgce ich wykorzystanie np. do badan kinetyki czy mechanizméw reakcji
elektrodowych [6, 7]. Majac na wzgledzie temat niniejszej dysertacji nie mozna nie
wspomnie¢ o wykorzystaniu technik elektrochemicznych w badaniach interakcji jakim
ulega kwas deoksyrybonukleinowy [8, 9]. Oceniajac wptyw DNA na sygnaty pochodzace
od danej substancji mozna wyciaggna¢ wiele wartosciowych wnioskoéw. W przypadku
lekow, konkluzje te mogg przyczyni¢ si¢ do syntezy lekow bardziej specyficznych i/lub
wykazujacych mniejszg ilos¢ efektow ubocznych. W przypadku srodkéw ochrony roslin,
wiedza na temat interakcji z DNA, moze pomoc ograniczy¢ stosowanie preparatow
wykazujacych toksycznos¢ wzgledem organizmow zywych. Zasadno$¢ wykorzystania
technik woltamperometrycznych w badaniach interakcji opiera si¢ glownie
na podobienstwach wystepujacych pomiedzy reakcjami elektrochemicznymi
a biologicznymi. Podobienstwa te, daty podstawy do zatoZenia, ze mechanizm utleniania
na powierzchni elektrody odbywa si¢ na podobnych zasadach co w organizmach zywych.
Badania elektrochemiczne oddzialywan DNA z farmaceutykami czy pestycydami
dostarczaja wielu uzytecznych informacji i stanowia cenne uzupehienie powszechnych
badan spektroskopowych. Wyjasnienie mechanizmu interakcji zachodzacych pomigdzy
danym zwiagzkiem chemicznym a DNA opiera si¢ na analizie rdznic obserwowanych
pomiedzy aktywnoscig elektrochemiczng zwigzku rejestrowana, przed i po dodatku
DNA. Wykorzystujac techniki woltamperometryczne w tego typu analizach mozna
uzyska¢ informacje o typie zachodzacych interakcji, a takze oszacowac wartosci statych

wigzania czy stabilno$¢ powstajacych kompleksow analit-DNA.
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Tematyka i cel badan

Niniejsza dysertacja opisuje badania prowadzone w ramach dwoch postawionych celow.
Pierwszy cel pracy mozna zdefiniowa¢ jako opracowanie elektrochemicznych metod
oznaczania wybranych zwigzkoéw chemicznych zaliczanych do réznych klas (pestycydy,
lek oraz naturalnie wystepujacy antyoksydant), drugi za$ jako uzupehienie tych badan
o analize interakcji zwigzek-DNA przeprowadzong dla substancji przenikajacych
do $rodowiska.

Analizowane substancje przenikajace, byty szczegdlnie niebezpieczne dla organizméow
wodnych, za zasadne uznano zatem, by wyjasni¢ mechanizm interakcji miedzy
wybranymi zwigzkami a materialem genetycznym narazonych organizméw. Badania
elektrochemiczne prowadzono wykorzystujac woltamperometri¢ fali prostokatnej oraz
woltamperometri¢ cykliczng. W toku badan wykorzystano r6zne materiaty elektrodowe
(wegiel szklisty, srebro i jego amalgamat, diament domieszkowany borem). Realizacja
opisanych celow wymagata opracowania metod oznaczania badanych zwigzkow,
ich walidacji, okreslenia wptywu substancji potencjalnie przeszkadzajacych oraz analizy

interakcji z DNA.
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Obiekty badan

W niniejszej rozprawie doktorskiej obiektami badan byty cztery zwiagzki, ktorych wzory

strukturalne przedstawiono na Rysunku 1.
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Rys. 1 (1) sezamol; (I1) lamotrygina; (111) laktofen; (1) metoksyfenozyd.

Sezamol (Sez) jest naturalnym antyoksydantem wystepujacym w oleju
sezamowym, gdzie jego zawarto$¢ waha si¢ od 50 do 100 mg kg * oleju [10]. Sezamol
efektywnie neutralizuje wolne rodniki, co sprawia, ze przypisuje mu si¢ Szereg
wlasciwosci prozdrowotnych. Wykazuje on przede wszystkim ochronne dziatanie
na komorki watroby, stanowi takze ochron¢ przeciwnowotworowa. Ponadto, zawartos¢
sezamolu wywiera istotny wplyw na smak oraz barwe oleju sezamowego, przez

€O stanowi wazny czynnik warunkujacy jakos$¢ tloczonego oleju [11, 12]. Po wnikliwym
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przegladzie literatury mozna stwierdzi¢, ze opracowane dotychczas metody oznaczania
Sez wykorzystuja gtownie techniki chromatograficzne [13, 14]. Pojawily si¢ takze
nieliczne doniesienia opisujgce elektrochemiczne badania tego zwiazku [15, 16],
m.in. woltamperometryczna metoda oznaczania sezamolu w probkach chalwy
sezamowej [17]. Artykut opublikowany przez autora niniejszej dysertacji w czasopismie
Food Chemistry, zatytutowany ,,Rapid electroanalytical procedure for sesamol
determination in real samples” [18], stanowi natomiast pierwsza elektrochemiczng
procedure oznaczania Sez w probkach oleju sezamowego.

Lamotrygina jest lekiem przeciwpadaczkowym o szerokim spektrum aktywnosci.
Mechanizm dziatania Lmt polega na stabilizacji bton neuronalnych poprzez blokowanie
potencjatozaleznych kanatéw sodowych, co w konsekwencji hamuje uwalnianie
pobudzajacych neuroprzekaznikéw [19, 20]. Lamotryging stosuje si¢ W leczeniu
napadow toniczno—klonicznych czy zespotu Lennoxa—Gestauta. Dodatkowo, jest
wykorzystywana jako lek normotymiczny u 0séb z chorobg afektywng dwubiegunowa
oraz w zapobieganiu atakom migreny. W literaturze opisuje si¢ szereg dziatan
niepozadanych, ktére moga wystapi¢ w trakcie terapii, w tym m.in: gorgczke, zawroty
I bole glowy, biegunke¢ czy zmgczenie [19].

Na podstawie przeprowadzonej analizy bibliograficznej mozna stwierdzic,
iz opublikowano dotychczas szereg procedur oznaczania lamotryginy, w tym kilka,
wykorzystujacych techniki woltamperometryczne [21-23]. Majac na wzgledzie
powyzsze, uznano za bezcelowe opracowanie kolejnej elektrochemicznej metody
oznaczania Lmt. Badajac ten zwigzek, za priorytet uznano zatem analize interakcji Lmt-
DNA. Wyniki wspomnianych badan opublikowano w artykule ,Interactions
of lamotrigine with single- and double-stranded DNA under physiological conditions”
w czasopismie Bioelectrochemistry [24].

Laktofen (Lct) to herbicyd nalezacy do grupy eteréow difenylowych. Jest
on powszechnie stosowany do zwalczania chwastow szerokolistnych w uprawie soi, zbdz
oraz ziemniakow. Zwiazek ten wykazuje niewielka toksyczno$¢ po wniknigciu
do organizmu czlowieka, droga pokarmowa lub oddechowa. Powoduje natomiast
podraznienia skory, w tym jej zaczerwienienie i obrzek. Laktofen, stanowi ponadto
czynnik draznigcy dla oczu, a czesta ekspozycja na jego opary moze prowadzi¢ nawet
do trwatego uszkodzenia wzroku. Na podstawie licznych badan wykazano, ze Lct nie jest
toksyczny dla ptakow i pszczot. Niekorzystnie wpltywa natomiast na ekosystemy wodne

[25].
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Metoksyfenozyd (Met), podobnie jak laktofen, zaliczany jest do sSrodkow ochrony
ro$lin. Jest to powszechnie stosowany insektycyd, ktory znalazt zastosowanie w uprawie
winogron, kukurydzy, pomidorow, a takze wybranych zielonych warzyw lisciastych [26].
Met wykazuje bardzo wysoka skuteczno$¢ owadobojcza przeciwko szerokiej gamie
gasienic szkodliwych gatunkow motyli. Na skutek wysokiego powinowactwa
do receptora ekdyzonu tych owadow, wywotuje on przedwczesne linienie, a tym samym
$mier¢ szkodnika [27]. Metoksyfenozyd nie jest toksyczny dla ssakéw, ptakoéw czy
pszcz6t miodnych. Udowodniono jednakze, iz stanowi powazne zagrozenie dla
organizméw wodnych i1 dzdzownic. Majac na wzgledzie wilasciwosci chemiczne
1 fizyczne metoksyfenozydu, istnieje znaczace ryzyko przenikania tego zwiazku do wod
gruntowych 1 innych zbiornikdbw wodnych, co stwarza bezposrednie zagrozenie dla
bytujacych tam organizmow.

Obydwa badane pestycydy (laktofen oraz metoksyfenozyd) analizowano dotychczas
glownie z wykorzystaniem technik chromatograficznych [28-30]. Dokonujac przegladu
literatury nie znaleziono metod oznaczania zadnego z tych zwigzkéw opartych
na technikach woltamperometrycznych. Artykuty sktadajace si¢ na niniejszg rozprawe
doktorska (,,Lactofen — electrochemical sensing and interaction with dsDNA” [31] oraz
,First electroanalytical studies of methoxyfenozide and its interactions with dsDNA”
[32]), opisuja zatem pierwsze, elektrochemiczne metody oznaczania Lct oraz Met
w probkach wody. Dodatkowo, ze wzgledu na potencjalng toksycznos$¢ tych zwigzkow
dla organizméw wodnych, w niniejszych pracach przedstawiono rowniez analize

ich interakcji z DNA wyizolowanym ze spermy tososia.
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Ukiad pomiarowy

Badania woltamperometryczne prowadzono z wykorzystaniem potencjostatu pAutolab
Typ Il (Metronm—EcoChemie, Holandia), sterowanego oprogramowaniem GPES
(General Purpose Electrochemical System, wersja 4.9). W pomiarach wykorzystano
klasyczny uktad trojelektrodowy, gdzie:
v' nasycona elektroda chlorosrebrowa Ag/AgCl (3 mol Lt KCI) stanowita
elektrode odniesienia,
v' drut platynowy pehit funkcje elektrody pomocnicze;j,
v' elektrode pracujacg stanowila:
= elektroda z wegla szklistego (GCE1) (BASI, USA, ¢=3 mm),
» elektroda z wegla szklistego (GCE2) (Mineral, Polska, ¢= 3 mm),
= elektroda diamentowa domieszkowana borem (BDDE) (Windsor
Scientific Ltd., UK, ¢= 3 mm),
= elektroda srebrna z odnawialnym filmem amalgamatu srebra (Hg(Ag)FE)
(mtm anko, Polska)
Badania interakcji z DNA prowadzono takze z wykorzystaniem spektrofotometru Cary
100 Bio (Agilent, USA).
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Woltamperometryczna analiza wybranych zwigzkow biologicznie

czynnych
Analize badanych zwigzkéw prowadzono stosujac technike SWV [18, 24, 31, 32] oraz

technike woltamperometrii fali prostokatnej, z zatezaniem (SWSV) [31]. Dodatkowo,
w celu wyjasnienia natury zachodzacych procesow elektrodowych wykorzystano

technike woltamperometrii cyklicznej [18, 24, 31, 32].

Badania wstepne

Woltamperometryczne oznaczanie badanych zwigzkow rozpoczynano od doboru
elektrolitu podstawowego, nie ulega bowiem watpliwosci, ze jego sktad i pH jest jednym
z gléwnych czynnikow warunkujacych optymalne uksztattowanie sygnatow. W toku
badan testowano rozne elektrolity podstawowe tj. bufory Brittona—Robinsona (BR),
bufory cytrynianowe, bufory cytrynianowo—fosforanowe, bufory chlorkowe, bufory
boranowe, TRIS, bufory fosforanowe oraz roztwory kwasow solnego i siarkowego.
Ze wzgledu na szeroki zakres dostepnych wartosci pH (2—10), bufor Brittona—Robinsona
byt elektrolitem pierwszego wyboru, umozliwiajacym znalezienie optymalnego stezenia
jonow wodorowych dla konkretnej analizy. Po znalezieniu optymalnego pH buforu BR,
sprawdzano wptyw innych buforow badZz kwasow o zblizonym stezeniu jonow
wodorowych, na rejestrowane sygnaty pochodzace od analizowanego zwigzku. Majac na
wzgledzie ksztalt oraz wysokos$¢ rejestrowanych pradow pikow dokonywano wyboru
optymalnego elektrolitu podstawowego. Uzyskane rezultaty zestawiono w tabeli 1.
Wyjatek stanowily badania lamotryginy, ktorych celem byla przede wszystkim analiza
interakcji z DNA. W badaniach Lmt nie przeprowadzano zatem optymalizacji pH, uzyto
natomiast buforu zalecanego do tego typu badan, tj. roztworu chlorku sodu buforowanego
fosforanami (PBS, z ang. Phosphate—buffered saline). Warto w tym miejscu nadmienic,
ze w zastosowanym elektrolicie uzyskane sygnaly pochodzace od redukcji Lmt byly

dobrze uksztattowane oraz cechowaty si¢ duza warto$cig nat¢zenia pradu piku.
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Tabela 1. Zestawienie wybranych elektrolitow podstawowych

Badany wwiarek Elektroda Potencjal piku Elektrolit pH elektrolitu
Vg pracujgca \ podstawowy  podstawowego
GCE: —0.25 bufor BR 2.0
Lct
Hg(AgQ)FE —0.48 bufor boranowy 8.5
Sez GCE2 0.69 HClaq 0.7
Lmt GCE: -1.05 PBS 7.4
Met BDDE 151 bufor BR 3.0
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Dobér parametrow technik SWV oraz SWSV

W kolejnym kroku, tuz po doborze elektrolitu podstawowego, prowadzono optymalizacje¢

parametrow techniki pomiarowej. Etap ten pozwalal na poprawe morfologii i wysokosci

rejestrowanych sygnatow, przyczyniajac si¢ do zwigkszania czutosci analizy. Procesowi

optymalizacji poddawano parametry takie jak: amplituda, cz¢stotliwos¢, krok potencjatu.

Dodatkowo w trakcie analizy laktofenu na elektrodzie Hg(AQ)FE zoptymalizowano

potencjat zatezania oraz czas zatezania. W trakcie tych analiz zmieniano warto$¢ jednego

z wyzej wymienionych parametrow, podczas gdy wartosci pozostatych utrzymywano

na stalym poziomie. Otrzymane wyniki zebrano w tabeli 2.

Tabela 2. Zestawienie wybranych parametréw technik pomiarowych

Badany | Elektroda | Amplituda Krol.< / Czestotliwosé Pow.n q ‘.d Cz.as-
wigzek | pracujgca mv potencjaiu Hz zatezania | zatezania
Z mvV Y% s
GCEx 50 3 40 - -
Lct

Hg(Ag)FE 50 7 100 -0.25 30
Sez GCE2 30 6 10 - -
Lmt GCEx 30 6 25 - -
Met BDDE 30 4 25 - -
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Walidacja opracowanych metod analitycznych

Wykorzystujac zoptymalizowane uprzednio warunki eksperymentu, wyznaczano zakres
liniowej zalezno$ci natezenia pradu piku od st¢zenia dla kazdego z badanych zwigzkow.
Na podstawie wykreslonych prostych wzorcowych wyznaczano granice wykrywalnosci
(LOD, z ang. limit of detection) oraz granice oznaczalnosci (LOQ, z ang. limit
of quantification), korzystajac z nastepujacego wzoru: kSD/b, gdzie b — nachylenie
krzywej kalibracyjnej, SD — odchylenie standardowe wyrazu wolnego, k=3 dla LOD,
k=10 dla LOQ [33]. Otrzymane zaleznoS$ci zestawiono w tabeli 3. W tym miejscu warto
przypomnie¢, iz badania laktofenu wykonywano zaréwno technika SWV jak i SWSV,
wykorzystujac dwie elektrody robocze. Rezultaty uzyskane na elektrodzie z wegla
szklistego w potaczeniu z technikg woltamperometrii fali prostokatnej byty
niezadowalajace. Cechowal je bardzo waski zakres liniowej odpowiedzi,
co przedstawiono w tabeli 3. W konsekwencji nie wykorzystano tej metody w dalszych
badaniach tego zwigzku. Najnizsza granice wykrywalno$ci dla laktofenu uzyskano na
elektrodzie Hg(AQ)FE przy uzyciu techniki SWSV, w zwiazku z tym ta procedura zostata

wykorzystana do analizy probek rzeczywistych.
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Tabela 3.Zestawienie wynikow uzyskanych podczas woltamperometrycznego oznaczania

badanych zwigzkow

Badany Elektroda Zakres liniowosci LOD LOQ
zwigqzek pracujgca mol L mol L mol L
GCE; 1.0x107® - 4.0x107° 2.8x1077 9.5x107’
Hg(Ag)FE -8 -7 -9 -9

Lct (SWSV) 1.0x107°-1.0x10 2.0x10 6.5x10
H?é‘v\vg\)gE 5.0x108—25x107 | 9.5x107 3.2¢10°8
Sez GCE> 3.0x10%—-1.4x10* 7.1x1077 2.4x1078
Lmt GCE: 1.0x10%-1.6x107* 2.1x1077 7.0x1077
Met BDDE 5.0x107"—7.0x107° 1.4x1077 4.8x1077
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Analityczne zastosowanie opracowanych procedur

Opracowane metody woltamperometryczne wykorzystano do oznaczania badanych
zwigzkow w roznorodnych probkach rzeczywistych. W przypadku oznaczen
analizowanych pestycydow obiektami badan byty probki wody wodociagowej i rzecznej,
z dodatkiem analitu [31, 32]. Dodatkowo, majac na uwadze fakt, ze metoksyfenozyd jest
wykorzystywany w uprawach winogron, wykonano roéwniez analizy soku
winogronowego wzbogaconego o analit [32]. Do oznaczen sezamolu wykorzystano
probki oleju sezamowego, gdyz zwigzek ten jest naturalnym sktadnikiem tego oleju [18].
Probki oleju poddawano uprzednio procesowi ekstrakcji [13]. Stezenia badanych
zwigzkOw wyznaczano stosujac metode wielokrotnego dodatku wzorca, uzyskane
rezultaty zestawiono w tabeli 4.

Jako metod¢ poréwnawcza do oznaczania sezamolu w probkach oleju zastosowano
wysokosprawng chromatografi¢ cieczowa z detektorem UV (HPLC-UV), uzyskujac
zgodne wyniki [18].

Majac na wzgledzie liczne doniesienia literaturowe dotyczace woltamperometrycznego
oznaczania lamotryginy, nie przeprowadzono analizy tego zwigzku w probkach

rzeczywistych.
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Tabela 4. Zestawienie rezultatow woltamperometrycznego oznaczania badanych

zwigzkow
w probkach rzeczywistych
Badany Probka Cdeklarowane Cznalezione Precyzja Odzysk
zwigzek | z dodatkiem analitu = mol L™ mol L™ (cv) % %
Woda z rzeki 8 8
Mszanka (Polska) 3.00x10 3.12 £ 0.13x10 4.3 104
Lct
Woda 3.00x10°%  3.06+0.24x10° 8.0 102
wodociggowa
) 1.00x10™°  1.05+ 0.06x10°° 47 105
Woda z rzeki
Ljubljanica 5.00x10®  5.09+ 0.40x10°® 7.0 102
(Stowenia) B B
1.00x10°®  1.05+0.08x107° 6.7 104
1.00x10°°  1.04+0.01x107° 1.0 103
Met \aoa 500x10°  518+029x10° 5.0 104
wodociggowa
1.00x10°®  0.96 +0.04x10°° 3.7 95.6
1.00x10°°  1.05+0.10x107° 8.6 105
Sok winogronowy  5.00x10°® 5.19+0.16x10°° 2.8 104
250x10% 257+0.07x10°® 2.5 103
Cznalezione . *
Badany Nr . Cznalezione Precyzja E1
zwigzek | probki Technika mg k_% mol L1 (cv) % %
oleju
SWV 73.9+4.6 1.12+0.07x107* 5.6
1 1.9
HPLC-UV 725+1.9 1.09+0.03x10™* 2.6
SWV 66.5+2.5 1.00+0.04x10* 34
Sez 2 -1.3
HPLC-UV 67.4+1.6 1.02+0.02x107* 2.3
SWvV n/a n/a n/a
3 n/a
HPLC-UV 22+0.2 3.4+0.3x10°° 7.6

*Bh}d wzgledny = ((Cznatezione sWv — Cznalezione HPLC)/ Cznalezione HPLC) % 100.
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Selektywno$¢ opracowanych procedur pomiarowych

W toku badan sprawdzono réwniez wplyw obecnosci innych substancji
elektroaktywnych tj. kationow metali i pestycydow, na mozliwos¢ oznaczania laktofenu
i metoksyfenozydu [31, 32]. Procedura polegata na analizie sygnalu pochodzacego
od badanego zwigzku (Lct lub Met), po dodaniu do analizowanego roztworu substancji
potencjalnie przeszkadzajacej. Stezenia analitbw w trakcie badan pozostawaty
niezmienione (CLet = 1.0x107" mol L%; cmer = 5.0x107° mol L), zmieniano natomiast
stezenia interferentow, tak aby odpowiadaty one zalozonemu uprzednio stosunkowi
stezen cLct/Cmet - Cinterferent. SUbDStancje, testowane jako interferenty, wybrano z uwagi
na mozliwo$¢ ich wystepowania w badanych probkach rzeczywistych. W przypadku
laktofenu, wigkszo$¢ badanych pestycydow nie wykazywata znaczacego wplywy
na sygnaty pochodzace od redukcji tego zwigzku. Jedynie metam sodu znaczaco utrudniat
analize Lct, prawdopodobnie ze wzgledu na silng adsorpcje na powierzchni elektrody.
Aklonifen natomiast, wptywat na wysokos¢ pradow pochodzacych od redukcji laktofenu
jedynie przy wyzszych stezeniach. Dodatkowo jony Ni%* oraz Cu?' niekorzystnie
wptywaly na ksztalt sygnalow analitu w calym zakresie stosowanych stezen.
Selektywno$¢ procedury oznaczania metoksyfenozydu testowano w obecnosci
11 substancji potencjalnie przeszkadzajacych. Obecnos¢ 7 z nich nie wptywata znaczaco
na sygnaty pochodzace od utleniania Met. Jony Pb?* i Cu?* w stezeniach wigkszych badz
rownych 2.5x107° mol L™, a takze fention i profluralin w stezeniach wigkszych badz
rownych 5.0x107® mol L™, przyczyniaty sie do obnizenia wartoéci natezenia pradow

pikéw Met.
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Badania proceséw elektrodowych

W kolejnym etapie, tuz po opracowaniu woltamperometrycznych metod oznaczania
wybranych  zwiazkow, przeprowadzono elektrochemiczne badania procesow
zachodzgcych na elektrodach pracujgcych, wykorzystujgc technike woltamperometrii
cyklicznej. W tym celu, sprawdzano wptyw szybkosci skanowania na rejestrowane
sygnaty pochodzace od utleniania badz redukcji analizowanych substancji. Zestawienie
uzyskanych rezultatow przedstawiono w tabeli 5. Zastosowanie przemiatania
potencjatem pozwala na scharakteryzowanie rejestrowanych pragdéow, w tym ustalenie
odwracalnosci procesu utleniania/redukcji badanego zwiazku. W przypadku uzyskania
liniowej zalezno$ci natezenia pradu piku (lp) od wartosci pierwiastka z szybkos$ci
skanowania (v?) (I, = f(v*/?)) uwaza sig, ze etapem limitujacym w badanym mechanizmie
jest proces dyfuzji depolaryzatora do powierzchni elektrody roboczej. Wzrost
wyktadniczy funkcji lp = f(v?) badz liniowy funkcji lp = f(v) $wiadczy natomiast
o zachodzacej adsorpcji depolaryzatora na powierzchni elektrody [34, 35].
Potwierdzeniem dla powyzszych korelacji jest analiza nachylenia krzywej zaleznosci
logarytmu z natezenia pradu piku od logarytmu z szybkosci skanowania
(log Ip=f(log v)). Dla mechanizmoéw gdzie etapem limitujacym jest proces dyfuzji badz
adsorpcji, wartos¢ wspotczynnika nachylenia prostej log I,= f(log v) powinna wynosié

odpowiednio 0.5, 1 [34, 35].
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Tabela 5. Charakterystyka proceséw zachodzqcych na elektrodach pracujgcych

Badany Elektroda Odwracalnosé Charakter zachodzgcego W?lrtlos'ct
wwiqzek  pracujgca procesu procesu elektrodowego B?‘I: _54 (?Og'g
.
dyfuzyjno-adsorpcyjny
proces
Lct GCE; .
nieodwracalny " Av= 2 22y (v ) + 0.0641 0.80
R? =0.999 '
dyfuzyjny
roces
Sez Gee, . P
nieodwracalny | Av- 6.08 v (mV s+ 0.316 0.44
R? =0.999 '
dyfuzyjny
roces
Lmt Gee, P
nieodwracalny | Av- 5 65 12 (mv 512+ 0.178 0.5
R? =0.999 '
dyfuzyjny
Met BDDE nieog:/gf;csaln
Y 1 (nA)= 8.90 v¥2 (mV s 112+ 0.190 0.49

R?=0.995
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Badania interakcji DNA

Badania interakcji DNA prowadzono wykorzystujac techniki woltamperometryczne
(SWYV, CV) oraz spektroskopowe (spektrofotometrie UV-Vis). We wszystkich analizach
stosowano dwuniciowy kwas deoksyrybonukleinowy wyizolowany ze spermy tososia
(dsDNA) [24, 31, 32], a dodatkowo w przypadku lamotryginy analizy urozmaicono
0 badania interakcji z jednoniciowym DNA (ssDNA) [24]. Roztwér ssDNA
przygotowywano poprzez poddanie odpowiedniej obrobce termicznej roztworu dSDNA
[36]. Buforem stosowanym w badaniach DNA jest bufor PBS o fizjologicznym pH,
w zwigzku z tym zostat on wykorzystany w analizach interakcji Lmt-DNA oraz Lct-DNA.
Badania interakcji metoksyfenozydu z dsDNA przeprowadzono w $rodowisku buforu
fosforowego o pH 4.5. Bylo to podyktowane gtownie faktem, iz dla wartosci pH powyzej
6.0 nie zaobserwowano sygnatow pochodzacych od utleniania Met, a dodatkowo bufory
o pH zblizonym do 4.5 sa rowniez stosunkowo czesto wykorzystywane w tego typu
analizach [37, 38]. Ze wzglegdu na fakt, iz badania laktofenu prowadzano
z wykorzystaniem roznych elektrod roboczych, warto nadmienié, iz badania interakcji
Lct z DNA przeprowadzono na elektrodzie HQ(AQ)FE, wykorzystujac technike
woltamperometrii fali prostokatne;.

Wykorzystujac rdznice w elektrochemicznym zachowaniu analizowanych zwigzkow
w obecnosci | bez DNA, mozna dokona¢ charakterystyki zachodzacych interakcji. W tym
celu przeprowadza si¢ analiz¢ wartosci pradow oraz potencjatéw pikow pochodzacych
od utleniania/redukcji badanych zwigzkéw, w obecnosci kwaséw nukleinowych.
Obserwowane obnizenie wartos$ci natezenia pradu piku badanego zwigzku, po dodatku
DNA, z duzym prawdopodobienstwem wynika z przytaczenia duzej, wolno dyfundujace;j
czasteczki DNA do analitu. Powinno to skutkowa¢ znaczacym spadkiem wspolczynnika
dyfuzji (Df). W zwigzku z tym wykorzystujac technike woltamperometrii cyklicznej
oszacowano wartosCi Ds dla analitow w obecnosci i przy braku obecnosci DNA [35].
Woltamperogramy cykliczne rejestrowano przy réznych szybkosciach skanowania,
a stezenia wszystkich reagentow pozostawaty niezmienione. Df W obecnosci kwasow
nukleinowych malal zarowno w przypadku lamotryginy jak i metoksyfenozydu,
co potwierdza wcze$niejsze zalozenie o powstawaniu komplekséw pomiedzy badanymi
zwigzkami a DNA. Obliczone wartosci wspotczynnikéw dyfuzji dla kompleksow Lmt
i Met z DNA umieszczono w tabeli 6. Dodatkowo, wykorzystujac oszacowane warto$ci

D+, policzono heterogeniczne state szybkosci reakcji (k°), na podstawie ktorych mozna
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wnioskowa¢ o ewentualnym wptywie DNA na kinetyke reakcji elektrodowej badanego
analitu. Warto$ci k® umieszczono w tabeli 6. Na ich podstawie mozna stwierdzic,
1z obecnos¢ kwasow nukleinowych wptywa na zdolnos$¢ przenoszenia elektronow przez

wszystkie z badanych zwigzkow.

Tabela 6. Zestawienie obliczonych wartosci wspotczynnikow dyfuzji oraz statych

szybkosci reakcji

Badany Dt ke
zwigzek/kompleks cm? st st
Lmt 2.32x10® 1.1x1072
Lmt-dsDNA 1.76x10° 9.0x10°3
Lmt-ssDNA 1.44x10° 9.1x10°3
Met 6.91x10® 2.1x10°8
Met-dsDNA 2.09x10 1.1x1073
Lct — 6.3
Lct-dsDNA - 2.4
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Zmiany warto$ci nat¢zenia pragdéw moga postuzy¢ takze do oszacowania statej wigzania
(K), podczas gdy przesunigcia potencjalow pikéw do okreslenia typu zachodzacych
interakcji  [39, 40]. Wykorzystujgc technike woltamperomterii fali prostokatnej
rejestrowano sygnaly przy stalym st¢zeniu analitu i wzrastajgcym stezeniu DNA.
W przypadku wszystkich analizowanych zwigzkéw (Lmt, Met, Lct) zaobserwowano
stopniowe obnizenie warto$ci rejestrowanych pradéw wraz ze wzrostem stgzenia DNA.
Na podstawie uzyskanych w ten sposéb rezultatow 0szacowano wartosci statych wigzania
powstajacych komplekséow Lmt-dsDNA, Lmt-ssDNA oraz Met-dsDNA [24, 32].
Procedura pomiaru wygladata analogicznie przy wykorzystaniu  techniki
spektrofotometrycznej, co pozwolito uzyska¢ wartosci stalej wigzania dla celow
porownawczych. Obliczone warto$ci statych umieszczono w tabeli 7. Wykorzystujac
uzyskane wartosci K obliczono energi¢ swobodng Gibbsa (4G° = -RTInK)), ktora
to odzwierciedla stabilno$¢ powstajacych kompleksow. Otrzymano ujemne wartosci 4G?
(tab. 7), co $wiadczy o spontanicznym tworzeniu si¢ kompleksow Lmt i Met z DNA.
W przypadku laktofenu zbadano natomiast, czy obserwowany stopniowy spadek
natezenia pradow pikow wraz ze wzrastajacym st¢zeniem dsDNA, moze zostaé
wykorzystany w analizie ilosciowej dSDNA. Wykazano, ze po$rednie oznaczanie
dwuniciowego DNA jest mozliwe w zakresie jego stezen 1.0—10.0 ppm. Obliczone

wartos$ci granicy wykrywalnosci i oznaczalnosci wynosity odpowiednio 0.3 i 1.0 ppm.
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Tabela 7. Zestawienie obliczonych wartosci stalych wigzania oraz energii swobodnej

Gibbsa
Badany : Kswv K uv-vis AG%wy
wigzek Rodzaj DNA M- E kJ mol
dsDNA 6.46x10° 6.93x10° -32.59
Lmt
SSDNA 1.81x108 1.19x108 -35.70
Met dsDNA 3.47x10° 2.34x107 -42.29

W przypadku wszystkich trzech badanych zwigzkoéw zaobserwowano przesunigcia
potencjatow pikow po dodaniu do naczynka woltamperometrycznego roztworu DNA,
co daje mozliwos¢ oszacowania typu zachodzacych interakcji. Bazujgc na danych
literaturowych, przesunigcie potencjatu piku w kierunku potencjatéw bardziej dodatnich
moze $wiadczy¢ o zachodzacej interkalacji analitu pomigdzy zasady azotowe kwasu
nukleinowego. Przesunigcie natomiast w kierunku potencjatow bardziej ujemnych, daje
podstawy do stwierdzenia interakcji na drodze elektrostatycznej [38, 41]. Podczas badan
lamotryginy zaobserwowano przesunigcie pikow w kierunku potencjatow ujemnych,
co pozwolilo na wyciaggniecie wniosku, iz zachodzace interakcje Lmt-ds/ssDNA maja
gtéwnie charakter elektrostatyczny. Sygnaly pochodzace od metokysfenozydu ulegaty
przesunigciu w kierunku potencjatow bardziej dodatnich, wskazujagc na dominujacy
udziatl oddzialywan interkalacyjnych. W przypadku badan laktofenu obserwowano
przesunigcie potencjalow pikow w kierunku potencjaldow bardziej ujemnych przy
wzrastajagcym stezeniu dsDNA, co na podstawie aktualnej wiedzy nalezatloby opisac jako
dominujace oddziatywania elektrostatyczne, jednakze artykut ten stanowit pierwsza
prace z danej tematyki, przez co oddziatywania Lct-dSDNA przyporzadkowano do typu
interkalacyjnego na podstawie znalezionej wowczas literatury. Celem potwierdzenia typu
zachodzacych interakcji sprawdzono wptyw sity jonowej na oddziatywania pomiedzy

lamotryging a ss/dSDNA i metoksyfenozydem a dsDNA [24, 32]. Taka analiza stanowi
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niezwykle cenne uzupeknienie informacji o zachodzacych interakcjach [37, 42]. W trakcie
tego eksperymentu zwigkszano stopniowo stezenie chlorku sodu, podczas gdy stezenia
analitow (Lmt lub Met) i DNA (dsDNA lub ssDNA) pozostawaly niezmienione.
W przypadku badan interakcji lamotryginy z DNA, zaobserwowano znaczny spadek
sygnatow pochodzacych od kompleksow Lmt-ss/dSDNA wraz ze wzrostem sily jonowej,
co potwierdza jednoznacznie elektrostatyczny charakter interakcji. Wzrost sity jonowe;j
nie powodowatl natomiast znaczgcych zmian rejestrowanych sygnaldow pochodzacych
od kompleksu Met-dsDNA, co réwniez potwierdzito, iz dominujgcym typem
oddziatywan pomigdzy metoksyfenozydem a DNA jest interkalacja. Ostatnim
juz zagadnieniem bylo oszacowanie liczby koordynacyjnej powstajacych kompleksow
przy uzyciu techniki woltamperometrii fali prostokatnej [43, 44]. Badania takie
przeprowadzono dla laktofenu oraz lamotryginy. W przeciwienstwie do poprzednich
eksperymentéw, w trakcie pomiaru utrzymywano stale stezenie DNA, podczas
gdy stezenia analitow stopniowo zwigkszano. Na podstawie uzyskanych zaleznosci,
stwierdzono iz na jednostk¢ budulcowa DNA przypada 1 czasteczka lamotryginy
a 2 czasteczki laktofenu [24, 31].
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Podsumowanie

Przedstawione w niniejszej pracy doktorskiej badania, ktore zostaty opisane cyklem
publikacji, ukazuja dwa odrebne kierunki praktycznego wykorzystania technik
woltamperometryczych. Pierwszy z nich dotyczy opracowania elektrochemicznych
metod oznaczania badanych zwigzkéw, drugi natomiast ukazuje mozliwos$¢ analizy
interakcji z DNA przy uzyciu technik woltamperometrycznych. Obiektami badan,
w omawianym cyklu publikacji, byty zwiazki o znaczeniu biologicznym, takie jak:
sezamol, lamotrygina, laktofen oraz metoksyfenozyd. Badania sezamolu opisujg
wykorzystanie technik woltamperometrycznych w celach analitycznych. W przypadku
lamotryginy, przedstawione rezultaty dotycza gtownie analizy interakcji z DNA. Badania
laktofenu i metoksyfenozydu tgczg natomiast obydwa zagadnienia, to znaczy opracowano
dla nich metody oznaczania jak i przeprowadzono analize interakcji DNA.

Do opracowania analitycznych metod oznaczania powyzszych zwigzkéw wykorzystano
technike woltamperometrii fali prostokatnej. Badania prowadzono z wykorzystaniem
réznych elektrod roboczych. Dla kazdego z badanych zwigzkéw zoptymalizowano
warunki oraz parametry pomiaru, nastgpnie wykreslono zakres liniowej odpowiedzi
natezenia pradu piku od stezenia kazdego analitu. Wyznaczono granice wykrywalnosci
1 oznaczalno$ci opracowanych procedur a ich poprawno$¢ zweryfikowano poprzez
oznaczenie badanych zwigzkéw w rdéznorodnych probkach rzeczywistych (olej
sezamowy, woda rzeczna, woda wodociggowa, sok winogronowy). Dodatkowo, celem
uzyskania szczegotowych informacji dotyczacych charakteru zachodzacych procesow
elektrodowych, wykonano szereg badan z wykorzystaniem techniki woltamperometrii
cyklicznej. Podsumowujac czgs¢ analityczng pracy, mozna stwierdzi¢, iz opracowane
procedury elektroanalityczne sa szybkie, latwe, stosunkowo tanie oraz pozwalaja
na monitorowanie st¢zen omawianych zwigzkéw w réznorodnych prébkach
rzeczywistych.

Badania interakcji z DNA cieszg si¢ ostatnio duzym zainteresowaniem w $wiecie nauki.
Techniki spektroskopowe bez watpienia wiodg prym w tego typu analizach, niemnie;j
jednak z roku na rok pojawia si¢ coraz wigcej publikacji wykorzystujacych techniki
elektrochemiczne. W niniejszej pracy doktorskiej przedstawiono praktyczne podejscie
wykorzystujace techniki woltamperometryczne do analizy interakcji DNA. W tym celu,
wykorzystano technik¢ woltamperometrii cyklicznej jak i fali prostokatnej. Badania

polegaly na analizie sygnatéw pochodzacych od omawianych zwigzkéw po dodaniu

31



do naczynka woltamperometrycznego roztworu DNA. Uzyskane rezultaty pozwolity
oszacowaé typ zachodzacych interakcji oraz obliczy¢ stala wigzania analit-DNA.
Na podstawie przeprowadzonych analiz mozna stwierdzi¢ z calg pewnoscia, iz techniki
woltampetrometryczne daja mozliwo$¢ analizy interakcji z DNA, a sama procedura

takich badan nie jest skomplikowana.
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Abstract

The studies presented in this Ph.D. dissertation were focused on two distinct issues. The
first goal of the discussed series of publications was to develop electroanalytical assays
for determining chosen electroactive compounds. The second was to evaluate the possible
mechanisms of interactions between selected bioactive substances and DNA, using
voltammetric techniques. Four different compounds were analyzed, i.e., sesamol,
lamotrigine, lactofen, and metoxyfenozide.

To develop analytical methods for determination of the above-mentioned compounds,
square wave voltammetry was used. The analyses were carried out using different
working electrodes. In the first step, the optimization of the experimental conditions and
parameters were made, afterwards, the linear relationship between the peak currents and
concentration of each compound were found, and finally, the validation of the methods
was carried out. The correctness of the proposed procedures was verified by the
determination of selected compounds in various spiked samples. Additionally, to explain
the nature of the processes taking place at the working electrodes, detailed studies were
performed using the cyclic voltammetry technique. The obtained results clearly
demonstrate the potential utility of voltammetric techniques for sensitive determination
of selected compounds. Furthermore, the proposed methodologies are fast, have high
precision, and can be employed for quantification of chosen compounds in various natural
samples.

In the second part of the thesis, the characterization of the interaction mechanisms
between analytes and DNA was presented. These interactions were studied by cyclic and
square wave voltammetry. The observed differences in the electrochemical behavior of
the analyzed compounds after the addition of DNA enabled the evaluation of binding
constants, and allowed for an examination of the nature of the formed complexes. The
obtained results show the usefulness of the voltammetric techniques for simple

investigation of analyte-DNA interactions.
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Abstract: The electrochemical reduction of lactofen
(LCT) at the glassy carbon (GCE) and silver amalgam
film electrode (AMFE) is investigatedin detail by the
means of square wave voltammetry (SWV), square wave
stripping voltammetry (SWSV) and cyclic voltammetry.
The influence of various factors such as supporting
electrolyte composition and SW parameters were studied.
The AMFE electrode showed an excellent electrochem-
ical activity toward the electro-reduction of LCT, leading
to a significant improvement in sensitivity as compared to
the glassy carbon electrode. The SWSV detection limits for
GCE and AMFE were 285.0 nM and 2.0 nM, respectively.

The applicability of the developed voltammetric method
for analysis of tap water and river water is illustrated with
spiked samples analysis. Moreover, as lactofen is highly
toxic to fish and other aquatic organisms, its interaction
with dsDNA isolated from salmon sperm was tested. The
intercalative mode of LCT binding to dsDNA was
estimated. The heterogeneous rate constants were calcu-
lated for the free LCT and the LCT-dsDNA complex.
Moreover, LCT-dsDNA complex binding ratio and equili-
brium constant were determined. The decrease in the
SWYV peak current of LCT in the presence of dsSDNA was
used for the determination of dsDNA.

Keywords: Lactofen - square-wave voltammetry - glassy carbon electrode - silver amalgam film electrode - herbicide determination -

DNA - intercalation

1 Introduction

There are many synthetic organic compounds that are
biologically active and useful, but possessing toxic side
effects and being potentially dangerous for human health.
Therefore, the demand for methods of determination and
monitoring of hazardous compounds in environmental
samples and for studies of their interaction with important
biological molecules, such as DNA, is increasing. Electro-
chemical techniques offer inexpensive methods for envi-
ronmental analysis [1-3]. There are several methods for
the investigation of interaction between DNA and organic
compounds [4-7]. Modern electrochemical techniques
represent a very useful tool for this purpose [8], and
mercury [9], amalgam [2], and carbon [10] electrodes are
most often applied in such experiments.

Lactofen ((1-ethoxy-1-oxopropan-2-yl) 5-[2-chloro-4-
(trifluoromethyl)phenoxy]-2-nitrobenzoate, LCT, Fig-
ure 1) is a derivative of acifluorfen, popular herbicide of
selective mode of action. It is widely prepared for post
emergence applications to a certain resistant cropsto
control broadleaved weeds in potatoes, soybean, peanuts
and cereals. LCT is slightly to non-toxic to humans after
ingestion or inhalation but it can be harmful when getting
in contact with a skin or an eye. It is non-poisonous to
birds and what is more important practically it doesn’t
exhibit any kind of toxicity towards bees. This herbicide
unfortunately exhibits rather highly undesirable effects to
fish, like bluegill or trout as well as aquatic invertebrate
species [11 and ref. therein].
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Fig. 1. Chemical structure of lactofen.

Determination methods developed for lactofen are
rather of scarce. Only few chromatographic methods were
reported in the literature. Most of them use solid phase
extraction along with gas chromatography and ECD
detection [12], HPLC [13,14] or LC/MS/MS [15]. To the
best of our knowledge no study has been devoted for the
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voltammetric assessment of LCT. In this manuscript we
report the development of lactofen determination method
using square-wave voltammetry (SWV) and square-wave
stripping voltammetry (SWSV). Its application for herbi-
cide quantification in spiked environmental samples is
described. Therefore the aims of this study were, first, to
demonstrate the usefulness of GC and AMF electrodes to
characterize the LCT voltammetric behaviour, and sec-
ond, to study interaction of LCT with DNA using electro-
chemical techniques.

2 Experimental

A conventional three-electrode system was used with a
saturated Ag/AgCl reference electrode, a Pt wire counter
electrode, and a GCE or AMFE as working electrode. GC
electrode was purchased from BASi (USA), while AMFE
[16] from MTM-Anko (Poland). Before measurements
GCE was polished on abrasive paper with different
meshes. The construction and parameters of the AMFE,
used in our experiments, were described previously [17-
19]. Silver amalgam film was freshly prepared before each
experiment. Voltammetric experiments at GCE were
performed using a microAutolab type III potentiostat
operated with GPES software (version 4.9) while those at
AMFE with multiAutolab M101 and Nova v. 1.10 (all
Metrohm-EcoChemie, The Netherlands).

Lactofen (PESTANAL, Fluka, Poland) was of 96.7 %
purity. LCT stock solution (1.0x107*>molL™") was pre-
pared by dissolving 0.01545 g of the substance in acetone,
and the solution was stored in a refrigerator when not
used. Lower concentrations of LCT were received by
proper dilution of stock LCT solution. All other chemicals
used were of analytical reagent grade and purchased from
Sigma-Aldrich if not stated otherwise. The analytical
standards of possible interferences were of analytical
reagent grade, and the concentration of stock solutions of
interfering agents was 1.0x107> molL"". The supporting
electrolytes were Clark-Lubs, Britton-Robinson (BR),
citrate and TRIS as well as borate buffers. The 0.02 M
Clark-Lubs buffer was prepared by combining portions of
stock solution with standard solution of hydrochloric acid.
The stock solution contained potassium chloride and
potassium hydrogen phthalate. The Britton-Robinson
buffer solution was prepared by mixing the same concen-
trations (0.04 molL™") of H;PO,, H;BO; and CH;COOH
(POCh SA, Gliwice, Poland), and 0.20 molL™' NaOH
(POCh SA, Gliwice, Poland) solution to obtain the
desired pH values. 0.1 M citrate buffer required mixing of
0.1 M sodium citrate and 0.1 M citric acid and adjusting
the pH to the proper value. TRIS and borate buffers at
the concentration 0.1 M were prepared from the stock
solutions and addition of sodium hydroxide solution.
dsDNA standard solutions (low molecular weight isolated
from salmon sperm) were prepared with PBS buffer (0.01
M phosphate buffer, 0.0027 M potassium chloride and
0.137 M sodium chloride). Distilled and deionized water
was used throughout the experiments. A digital pH/mV/
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ion meter (Elmetron, Poland) was used for preparation of
the buffer solutions. All electrochemical measurements
were carried out at the ambient temperature of the
laboratory (20-22°C).

The general procedure used to obtain voltammograms
was as follows: to record the voltammograms of the blank
solution, 10 mL of the supporting electrolyte solution was
mixed for 10 min under open circuit and argon stream
passage. Further, to obtain the voltammograms of LCT, a
known volume of LCT solution was pipetted into an
electrochemical cell and then a voltammogram was
recorded under the inert atmosphere. If consecutive
voltammograms were necessary the required volumes of
the compound solution were added to the cell by means
of a micropipette. The tap and river water sample
preparation procedure was as follows: the spiked samples
collected from local water supplier and the Mszanka river
(Lubomierz, Poland) were prepared in a 50 mL volumet-
ric flasks by mixing a 1.0x 107> molL™" solution of LCT
(1.5 mL) with the tap or river water. To obtain the SWV
of the blank solution, 9 mL of the supporting electrolyte
solution and 1 mL of the river water sample (without
analyte) were transferred to the voltammetric cell. Next,
to record the SWV of the spiked river water sample, 1 mL
of the prepared spiked solution was poured into the cells
with 9 mL of the supporting electrolyte solution. Succes-
sive additions of 1.0x10°molL™" LCT solution were
added to the cell with a micropipette. If any reagents were
added, the solution was mixed for further 30 s under open
circuit and argon deoxidation, and the SWVs were
recorded after each addition using the standard addition
method.

3 Results and Discussion

3.1 Electrochemical Studies of Lactofen at Glassy Carbon
Electrode

Electrochemical behavior of lactofen on GCE was initially
studied in BR buffer (pH range from 1.6 to 10.0). As the
highest LCT signals were observed in acidic pH other
supporting electrolytes as citrate and Clark-Lubs buffers
were examined. Nevertheless, best shape and height of
analyte signal was received in BR buffer pH 2.0 (Fig-
ure 2). Following the standard rules this composition was
chosen for further studies as a supporting electrolyte.
Dependence between lactofen peak potential and BR
buffer pH (2.0-5.0) was linear and can be described with
the equation E,=0.028 pH+0.173, R>=0.993 (Figure S2).
LCT signal position shifts towards more negative potential
with acidity decrease. The slope of the presented depend-
ence suggests twice higher number of electrons involved
in the molecule reduction process in compare to the
number of participating protons.

Next, optimization of the square-wave voltammetric
signal concentrated upon varying the square-wave param-
eters such as the step potential, frequency and pulse
amplitude (Figure S3-S5). The influence of step potential

Electroanalysis 2018, 30, 94-100 95
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Fig. 2. SW voltammograms of lactofen recorded in BR bulffer,
c¢(LCT)=4.0x10"°molL"". The other experimental conditions
were: SW amplitude 25 mV, step potential 5 mV and frequency
25 Hz.

was investigated between 1 and 11 mV. The peak height
increased up to 3 mV and then decreased. Therefore step
potential of 3 mV was chosen for further experiments.
Then, the effect of frequency was studied in the range 10—
100 Hz. A linear relationship was obtained between the
peak current and frequency due to the increase in the
effective scan rate but at higher frequency values, peak
shape was distorted. Hence the frequency 40 Hz was
chosen for entire analysis. The analytical signal was also
depended on the pulse amplitude. Square-wave pulse
amplitude was examined in the range from 10 to 80 mV.
Dependence of LCT peak current on SW amplitude
exhibited parabolic course with maximum located at
amplitude equal to 50 mV. Thus 50 mV was chosen as the
optimum pulse amplitude for all subsequent works. Due
to lactofen chemical structure adsorption at the working
electrode surface can take place. Hence effect of scan rate
(in the range 30-600 mV's™") in cyclic voltammetry on the
recorded LCT peak current was checked (Figure S1).
Linear dependence between peak current and scan rate
was observed (I,(A)= 2.22x10"%(Vs™)—6.36 x10"%(A),
R*=0.999) indicating adsorption-controlled nature of
electrode processes. This evidence was acknowledged with
the logarithmic plot I, vs. log v construction. Received
slope for this dependence was equal to 0.801, where value
close 1.0 is specific for processes controlled by adsorption.

The applicability of the proposed square-wave voltam-
metric (SWV) procedure for the determination of lacto-
fen, was examined by measuring the LCT peak current as
a function of its concentration under the optimized
conditions (n=3). The calibration plot of the peak current
vs. the concentration was found to be linear over the
range 1.0 uyM—4.0 uM (Figure 3).

The linear regression equation is expressed with
equation /,=a+bx c¢(LCT) (correlation coefficient 0.99),
where the intercept and slope are 7.37x107’ A and
0.75 ALmol™, respectively. The limit of detection was
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Fig. 3. SW voltammograms recorded in BR buffer pH 2.0 with
increasing lactofen concentration ¢(LCT)=1.0, 2.0, 3.0,
40 umolL™". The other experimental conditions were SW
amplitude 50 mV, step potential 3 mV and frequency 40 Hz.

calculated with the equation: (LOD=3S/b), while the
quantitation limit was estimated from LOQ=10S/b,
where S is the standard deviation of intercept and b is the
slope of the regression line (here S=7.13x10™® A and b
given in the text above). The evaluated detection and
quantitation limits were 0.28 uM and 0.95 pM, respec-
tively. As these result were unsatisfactory (due to high
LOD, LOQ values and narrow linear concentration range)
and introduction of stripping step did not give any
improvement, we decided to check whether better
analytical characteristics might be obtained with the silver
amalgam film electrode, as many literature positions
report excellent usefulness of this electrode in biologically
active compounds determination [1,19-21].

3.2 Voltammetric Behavior of Lactofen at Silver
Amalgam Film Electrode

First, significant difference between LCT behavior at GC
and AMF electrode were observed during preliminary
studies in BR buffer. As at GCE there is only one
reduction signal at around —0.2 V, at AMFE two reduc-
tion signals are observed. First signal (signal I) is located
at about —0.2 'V, and its magnitude is similar to the one
obtained at glassy carbon electrode. Second and third
signal (signal II and III), caused by nitro group reduction
are placed around —0.45 and —0.70 V, respectively.

The LCT electrochemical behavior seems to be differ-
ent at those two presented electrodes. The reason of it
may be a result of supporting electrolyte pH but also due
to different character of surface for glassy carbon and
silver amalgam film electrode. It seems that at GCE,
which disfavor adsorption phenomena, we observe the
reduction process related with the cleavage in the ester
section (acid or base-induced) first. On the other hand
AMEFE allow us to observe both the former reduction but
also two step reduction of a nitro group. Further detailed
studies should be performed in order to clarify those
hypotheses.

Electroanalysis 2018, 30, 94-100 96
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According to signal shape and height, signal II was
chosen for analytical purposes. Since this signal was much
higher in basic medium TRIS and borate buffers were
also tested as supporting electrolytes. For further studies
borate buffer pH 8.5 was chosen according to LCT signal
height (Figure 4).

3.0

2.0 A1

-1/ pA

1.0

signal |

signal Il
signal lll

0.0 T T T

-0.6 -0.4 -0.2
E/V (vs. Ag/AgCl)

Fig. 4. SW voltammograms of lactofen recorded in borate buffer,
¢(LCT)=5.0x10"molL™". The other experimental conditions
were: conditioning potential —1V, conditioning time 5s; SW
amplitude 50 mV, step potential 5 mV and frequency 25 Hz.

Subsequently, the impact of instrumental parameters,
such as amplitude, step potential, frequency, and accumu-
lation time and potential, was investigated (Figure S3-S6).
During optimization of the above-mentioned parameters,
one parameter was changed while the others were kept
constant. For step potentials from 1 to 20 mV, the peak
current increased linearly but step potentials higher than
7 mV caused significant peak deterioration. Step potential
of 7mV was applied in further work. Influence of
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amplitude was tested in the range from 10 to 200 mV.
Since amplitudes higher than 50 mV caused a non-linear
growth of the peak (plateau), this value was chosen as
optimal. The influence of frequency (10-160 Hz) on the
peak current was also studied. The highest LCT signals
were obtained when frequency was 100 Hz. The influences
of the accumulation potential E,. on the reduction peak
of LCT was studied over the potential range of 0 to
—0.4 V. The plot of stripping peak current as a function of
accumulation potential indicated the maximum peak
current when E,.=—0.25 V. Thus, this parameter value
was chosen for subsequent uses. The influence of accumu-
lation time (t,..) was also investigated (0-180 s). Variation
of the accumulation time showed that the lactofen peak
current increased initially with the accumulation time
elongation, and consecutively gradually level off at period
longer than 30 s, presumably due to the saturation of the
electrode surface with the LCT adsorbed layer. Thus
deposition time of 30 s was used throughout. Quantifica-
tion of LCT was based on the dependence of peak current
upon its concentration in the chosen supporting electro-
lyte solution under the optimal procedural conditions.
Validation of the proposed voltammetric procedures for
trace assay of lactofen was examined via linearity and
sensitivity. Calibration curves for LCT were constructed
using both SWV and SWSV technique (Figure 5).

The regression equation associated with the calibration
curves (Table 1) exhibited a good linearity that supported
the proposed procedure. LCT limit of detection (LOD)
and limit of quantification (LOQ) were estimated from
the same equations as listed in section 3.1 (here, S=1.6x
107 and 6.9x10° A for SWV and SWSV, respectively
and b given in the Table 1). Both LOD and LOQ values
in (Table 1) confirmed improved sensitivity of the pro-
posed method compared with those calculated when GCE
electrode was used.

The presence of heavy metal ions and other pesticides
may influence the recorded signal of the analyte. There-

B « 1.2 .
=5
1.5 3 <
A
o(LCT) !
« |
= T T
- 100
05 4 c(E%T)/nM
-0.5

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2

E/V (vs. Ag/AgCl)

Fig. 5. (A) SW voltammograms recorded in borate buffer pH 8.5 with increasing lactofen concentration ¢(LCT) =50, 75, 100, 150, 175,
200 and 250 nmolL™". (B) Square-wave stripping voltammograms recorded under the same conditions with increasing lactofen
concentration ¢(LCT)=10, 30, 50, 75 and 100 nmolL™'. Insets: corresponding calibration lines. Curves presented after blank
subtraction. The other experimental conditions were SW amplitude 50 mV, step potential 7mV and frequency 100 Hz, for SWSV

accumulation potential and time —0.25 V and 30 s, respectively.
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Table 1. Characteristic of the calibration plots of LCT in borate buffer, pH=8.5, n=6.

Technique SWV SWSV

Linearity range (nM) 50.0-250.0 10.0-100.0

Regression equation I,=3.89x10°+5.02x10* I,=-6.66x107+1.06x10"¢
(slope in pA xnM ™)

Correlation coefficient 0.996 0.998

LOD (nM) 9.5 2.0

LOQ (nM) 32.0 6.5

fore we have additionally performed selectivity studies
and evaluated the effect of possible contaminants. The
interferent concentration was changed in the concentra-
tion range from 5.0x10™° up to 1.0x10™°mol L™, what
corresponds to interferent/analyte ratios: 0.05, 0.1, 0.5, 1, 5
and 10. The recorded signals were evaluated along with
LCT only solution (concentration 1.0x 10" molL™"). The
effect of nickel and copper ions caused significant
deterioration in the analyte signal in the whole studied
concentration range. Increasing concentration of Co**
bring about a linear decrease in the LCT response what
suggest formation of a stable complex and possible
application for indirect determination of cobalt ions. On
the contrary zinc ions didn’t influence LCT signal at all.
Cimetidine, dinotefuran and blasticidine S had no interfer-
ence action in the studied concentration range. Aclonifen
ruled out lactofen analysis only at the concentrations
higher than 5.0x10®*molL"!. Only presence of metam
sodium probably due to strong adsorption processes didn’t
allow to record stable LCT voltammetric signal.

The adequacy of the developed SWSV method was
evaluated by quantifying LCT in environmental samples
of tap and river water. No signal deterioration or matrix
effects were observed. The nominal content of the LCT in
spiked samples were equal to 30nM. Samples were
analyzed with standard addition method. A sample water
solution was subjected to six successive additions of LCT
standard solution. SWV curves were recorded before and
after each addition and standard addition dependence was
plotted. The concentration of LCT determined in water
samples with the proposed method is reported in Table 2.
The mean results for the LCT determination using the
proposed method were found close to the declared value.
The mean recoveries were found to be 107 and 105 % for
tap and river water, respectively. The obtained results
showed that the proposed method could be applied with
great success to LCT assay in water samples without any
interference.

Table 2. Results of LCT determination in spiked environmental
samples with SWSV.

Sample Added [nM] Found Ccv
[nM] [%]

Tap water 30.0 30.6+2.4 8.0

River water 312+1.3 43
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3.3 Voltammetric Studies of LCT-dsDNA Interaction

The interaction of lactofen with double stranded DNA
was investigated with cyclic voltammetry (Figure 6) and
square wave voltammetry.

0.6 A

< 0.4 A

=

= 1.20 - +without DNA

! < =2 ppm DNA ¢

3080 1,0 bom DNA .
0.2 1040 N . s
000 ferif - .
0 scan ra(%ézlmv s a4
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-0.60

-0.40 -0.20
E/V (vs. Ag/AgCl)

Fig. 6. CV voltammograms of lactofen (c(LCT)=5.0x10"°molL™")
recorded in absence (green) and presence (blue) of DNA (10 ppm).
Inset: Dependence between lactofen peak current and scan rate in
absence and presence of DNA.

In the absence of dsDNA, CV studies revealed one
irreversible cathodic peak caused by lactofen reduction.
In the presence of dsDNA, LCT signals decreases and
shifts to more negative potentials suggesting that dsDNA-
LCT interaction can be described as intercalation mode
[22]. This causes decrease of LCT peak current as large
molecular weight adduct has always lower diffusion
coefficient. This is emphasized from the decrease in the
slope of the linear /,— v as depicted in Figure 6 (inset).
Cyclic voltammetry was also used to examine whether
presence of dsDNA influence kinetic parameters of LCT.
For a totally irreversible and an adsorption-controlled
electrode process, the relationship between E, and scan
rate v can be expressed by the Laviron’s [23] equation:
E,=E°—(RT)/(anF)In(anF/RTk,)—(RT/anF)lnv, where o
is the charge transfer coefficient, k, is the standard
heterogeneous electron transfer rate constant, n is the
number of electrons transferred, v is the scan rate, and E°
is the formal redox potential (other symbols have their
usual meanings). Calculated standard heterogeneous elec-
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tron transfer rate constants were equal to 6.3 and 2.4 s

for LCT and LCT-dsDNA, respectively, and proven that
dsDNA altered the electrochemical kinetics of LMT
reduction [7,24]. As can be seen on Figure 6, no new
voltammetric signals appeared after dsDNA-LCT inter-
action (the same situation was observed when LCT and
LCT-dsDNA was examined with SWV). This suggest that
interaction between lactofen and double stranded DNA
produces single complex [25,26]: m(LCT) + DNA+—DNA
(LCT),,, where m is the binding ratio. Therefore, the
equilibrium constant § can be described as: p=[c(DNA
LCT)),)/[c((DNA)][c¢(LCT)]". Then, to estimate the
change in the square wave current caused by presence of
constant concentration of DNA (10 ppm) over different
concentrations of lactofen, the following equation may be
used: log[AL/(AL 1 —Al)] =mlogB + mlog[c(LCT)],
where Al,= I,—I, (Figure7). Based on these, the
relationship between log[c(LCT)] and log[AI/(AL,
Al)] can be constructed (inset on Figure 8). The slope of
mentioned dependence is equal to 2.1 (~2), which means
that dsDNA can bind two LCT molecules. Using the
relationship  between  log[c(LCT)] and log[Al,/
(Al —AlL)] equilibrium constant was calculated as
1.55x 10’ M~

0.20 -

06 1y=214x+15.08
G
- 0.1
0161 3
004
0.12 - 42 11 -1.0 -09 -08 -07 °
< log[A1,/( A1, .o AL)] ®
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Fig. 7. Relationships between LCT peak current and its concen-
tration in the absence (black dots) and presence of dsDNA (grey
dots). Gray squares - separation of the peak currents A, as a
function of LCT concentration; inset: relationship between log
[¢(LCT)] and log[AL /(AL —AL)].

Since LCT signal significantly decreased upon dsDNA
addition, we decide to check analytical aspects of LCT-
dsDNA interaction. It was stated, that LCT intercalation
into dsDNA can be employed to determine the concen-
tration of dsDNA using the LCT reduction peak current in
the SWV. Under optimum experimental conditions, the
decrease in peak current of LCT was linearly correlated to
dsDNA concentration in the range of 1.0 to 10.0 ppm
(Figure 8). The variation of decrease in peak current
versus the dsDNA concentration was represented by a
straight line followed by the equation /, (uA)=-0.43(nA x
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Fig. 8. SW voltammograms of LCT (¢(LCT)=2.5x10"°molL™")
recorded in presence of DNA. ¢(DNA)=2.0, 4.0, 6.0, 8.0,
10.0 ppm, inset: corresponding calibration curve.

ppm ™) x c(dsDNA, ppm) +4.43 (nA). Limit of detection
and quantification were 0.3 and 1.0 ppm, respectively.

4 Conclusions

We have presented first voltammetric methods of lactofen
determination using glassy carbon and silver amalgam
film electrodes. The above results clearly demonstrate the
potential utility of the bare GCE for square-wave
voltammetric determination but first of all the applicabil-
ity of SWSV at the AMFE. Moreover, the proposed
methodology is fast, precise and accurate. The presented
lactofen determination method at AMFE proved to be
extremely sensitive, reaching nanomoles per liter level.
We have demonstrated that the elaborated procedure can
be employed for evaluation of LCT quantity in water
samples. The results showed no influence of the matrices
on the recorded response. The delivered procedure
ensures a new instrument for lactofen determination in
contaminated samples. The developed sensors were found
to be electrochemically stable, reusable, and economically
effective due to their extremely low operational cost.

Moreover, in the present work interaction between
lactofen and double stranded DNA was investigated for
the first time. The electrochemical studies showed that
LCT can intercalate through dsDNA. The binding ratio
and equilibrium constant for formed LCT-DNA complex
were determined. It was also stated that dsDNA influence
kinetics of electrochemical reduction LCT. Since, LCT
signal decreases linearly in the presence of DNA, we have
proposed new electrochemical probe for determination of
dsDNA.
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recorded at GCE in BR buffer, pH 2.0 and 0.1 ymol L* LCT recorded at AMFE in
borate buffer, pH 8.5.
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In this study, the development of an electroanalytical assay based on square wave voltammetry technique for
determining sesamol (Ses) in sesame oil samples is described. The influence of various factors such as pH of the
supporting electrolyte, its composition, and SW (square wave) parameters was studied. Linearity of the peak
current depended on the concentration of Ses in the range from 3.0 to 140.0 umol L~ ! with a limit of detection of
0.71 umol L.~ !, Furthermore, the cyclic voltammetric behavior of Ses and the effects of scan rate and pH on the
peak current and peak potential of Ses were determined. Moreover, the electrode process was found to be

diffusion-controlled. The proposed methodology was successfully applied for determining Ses in commercial
sesame oil samples. The obtained results were in good agreement with the results from the HPLC-UV reference

method.

1. Introduction

Sesame is an oilseed crop derived from Sesamum indicum L., and it is
popular because of its many beneficial effects on human health
(Hemalatha, Raghunath, and Ghafoorunissa (2004); Shah, Lobo,
Krishnadas, & Surubhotla, 2019; Shasmitha, 2015; Sun & Xiao, 2014;
Liu, Zhang, Yang, & Yu, 2019; Liu et al., 2013). Tahini and sesame oil
are the most popular products derived from sesame. Sesame seed oil
(SSO) is a high-quality, high-priced edible oil that has a unique flavor.
Although it contains high levels of unsaturated fatty acids, SSO is one of
the most stable vegetable oils (Dar & Arumugam, 2013; Hemalatha &
Ghafoorunissa, 2007; Lee, Tay, Ganguly, & Webster, 2015). The good
stability of sesame oil has been primarily ascribed to the presence of
lignans and tocopherols. The most abundant tocopherol in SSO is y-
tocopherol (from 0.4 to 0.7gkg’l) (Liu et al., 2019; Pokkanta et al.,
2019). The entire content of lignans in SSO varies from 6.5 to
17.3gkg ™! (Wan et al., 2015). Lignans in SSO mainly comprise sesa-
molin, sesamin, and sesamol (1,3-benzodioxo-5-ol). Sesamol (Ses) is
primarily formed during the oil production process; thus, the content of
Ses in roasted oil is significantly higher (50-100 mgkg™') than its
original level in the unroasted oil (< 7 mg kg_l) (Dachtler, Van De Put,
Stijn, Beindorff, & Fritsche, 2003; Fukuda, Nagata, Osawa, & Namiki,
1986). Because of its phenolic structure, sesamol is able to act as a free

* Corresponding authors.

radical scavenger by transferring its hydrogen atom to the reactive
radical species (Joshi, Kumar, Satyamoorthy, Unnikrisnan, &
Mukherjee, 2005; Suja, Jayalekshmy, & Arumughan, 2004). This ability
of Ses allows sesame oil to be less vulnerable to harmful effects of free
radicals, increases the stability of the oil and shelf life, and curtails its
rancidity (Johnson & Decker, 2015; Lee et al., 2015). Based on these
characteristics, sesamol is particularly important because of its anti-
oxidant activity (Fhaner, Hwang, Winkler-Moser, Bakota, & Liu, 2016;
Na, Mok, & Lee, 2020; Prevc, Segatin, Poklar Ulrih, & Cigié, 2013).
Moreover, Ses exhibits many therapeutic properties such as anti-aging,
antimutagenic, antitumor, anticarcinogenic, and hepatoprotective
properties (Hemalatha et al., 2004; Kapadia et al., 2002; Kaur & Saini,
2000; Liu et al., 2013, 2019; Reshma et al., 2010; Sun & Xiao, 2014).

Because of the influence of Ses content on the bioproperties and
flavor of SSO, numerous studies on the determination of Ses in oil
samples have been reported. Various analytical methods have been
developed for analyzing sesamol in oils such as high-performance liquid
chromatography (HPLC), which is the most widely used analytical tool
for sesamol determination (Liu, Zhang, Qin, & Yu, 2017; Sun & Xiao,
2014; Wu et al., 2017); UV spectroscopy (Bhatnagar, Hemavathy, &
Gopala Krishna, 2015); FTIR spectroscopy (Mirghani, Che Man, Jinap,
Baharin, & Bakar, 2003); HPTLC (Sukumar, Arimboor, & Arumughan,
2008); and other techniques (Liu et al., 2015). However, there are very
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few detailed electrochemical studies of sesamol (Brito et al., 2014;
Keene, Ruddy, & Fhaner, 2019; Lee et al., 2015; Shiragami, Kim, &
Kusuda, 1994). To our knowledge, there have been no attempts for the
development of an electroanalytical procedure of sesamol determina-
tion directly from sesame oil to date. Note that, prior to each analysis,
oil samples needed to be pre-treated to remove interfering components
and/or to concentrate the inherent lignans. Commonly, solid phase
extraction and liquid-liquid extraction were used for extracting phe-
nolics from SSO (Dar & Arumugam, 2013; Khezeli, Daneshfar, &
Sahraei, 2016; Liu et al., 2017; Reshma et al., 2010; Sun & Xiao, 2014;
Wu et al., 2017; Yu & Yang, 2017; Yu, Ang, Yang, Zheng, & Zhang,
2017).

The goal of this study was to develop a precise, reproducible, simple
and fast method for sesamol determination. The analytical performance
of proposed methodology was verified by analyzing sesame oil samples.
The results were compared with those obtained via high-performance
liquid chromatography with UV detection (HPLC-UV), which is com-
monly used as comparative technique in case of analysis of real samples
(Ali, Abdullah, Pinar, Yardim, & Sentiirk, 2017; Sunyer et al., 2019).

2. Material and methods
2.1. Apparatus and instrumentation

Electrochemical experiments were performed using an pAutolab
type III (Metrohm-EcoChemie, The Netherlands) potentiostat/galvano-
stat with an M164 electrode stand (mtm-anko, Cracow, Poland) oper-
ated with the GPES software (version 4.9). A classical three-electrode
system was used with a glassy carbon working electrode (GCE; Mineral,
Poland; diameter: 3mm), a Pt wire as an auxiliary electrode, and a
saturated Ag/AgCl as a reference electrode. All studies were carried out
using a 10 mL voltammetric cell. The electrode surface was polished on
the alumina slurry before each new sample. After polishing, the elec-
trode surface was carefully rinsed with water. The HPLC studies of se-
samol were performed using the 1220 Infinity LC system (Agilent
Technologies), which was equipped with an autosampler, a binary
pump integrated with a degasser, a column oven, and a diode array
detector. Data acquisition and analysis were performed using OpenLAB
CDS ChemStation Edition software. All measurements were conducted
at ambient temperature of the laboratory (20-22 °C).

2.2. Chemicals and reagents

Sesamol was purchased from Acros Organics (Finland). Stock solu-
tion of Ses (1.0 X 10 °mol L™') was prepared by dissolving the re-
quired mass of Ses in water or methanol, and then stored in a re-
frigerator at 4 °C when not in use. Lower concentrations were received
by proper dilution of the stock Ses solution. Various supporting elec-
trolytes, namely, Britton—Robinson (BR), citrate, and chloride buffers,
and hydrochloric acid solutions were used. Buffer components were
purchased in Avantor (Poland). All reagents that were employed were
of analytical grade. For HPLC experiments, acetic acid was purchased
from Chempur (Piekary Slaskie, Poland) and HPLC-grade acetonitrile
was purchased from J.T. Baker (Deventer, The Netherlands). All aqu-
eous solutions were prepared with distilled and deionized water. A
digital pH/mV/ion meter purchased from Elmetron (Poland), which
was used for preparing the buffer solutions. Finally, a sesame seed oils
(Blue Dragon, Taiwan and Eco Spa, Poland) were obtained from a local
market.

2.3. Experimental procedures and samples preparation

Preliminary studies on the electrochemical behavior of Ses were
performed using cyclic and square wave voltammetry. Voltammograms
were initially recorded in the blank solution of the supporting elec-
trolyte, and then in the supporting electrolyte solution containing
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appropriate amount of sesamol. After optimizing the SW parameters
(frequency, step potential, and pulse amplitude), the calibration curve
was constructed by successive addition of aliquots of a standard solu-
tion of Ses into the measurement cell with the supporting electrolyte.
Voltammograms were recorded after each aliquot addition of the
compound. Next, square wave voltammetry technique was used for
determining sesamol in real samples. During real samples analysis ad-
dition of methanolic extract to electrochemical cell was equal to 2.5%
of the total volume. All voltammetric measurements were performed in
triplicate. The HPLC separations, after automatic injection of 5 pul of the
clear extract or standard solution of sesamol, were performed with an
analytical column Zorbax C-18 (150 X 4.6mm, 5pum) (Agilent
Technologies, Waldbronn, Germany) with 0.5% acetic acid solution (A)
and acetonitrile (B) as the mobile phase components. The elution pro-
file was as follows: 0-6min, 20%-80% B; 6-8 min, 80%-90% B;
8-11 min, 90%-20% B. An additional 2min were required for re-
equilibration with a mobile phase composed of 0.5% acetic acid/acet-
onitrile (80:20, v/v). The temperature of the column was 25 °C, and the
flow rate of the mobile phase was 1 mL/min. The detection and quan-
tification were completed by absorbance set at 395 nm as the analytical
wavelength. The identification of sesamol peak was based on com-
paring retention times and DAD spectra with a parallel set of data ob-
tained from authentic compounds. Commercial sesame seed oils were
analyzed shortly after opening (Blue Dragon oil — sample 1, sample 2;
Eco Spa oil — sample 3). Each sample of SSO was prepared using a
conventional liquid-liquid extraction. The general extraction procedure
was as follows: 5.0 g of sesame oil was extracted three times with 8 mL
of methanol (Liu et al., 2017). The methanolic solution was then col-
lected and analyzed by a voltammetric (SWV) or reference (HPLC)
method.

3. Results and discussion
3.1. Voltammetric behavior of sesamol on the GC electrode

The electrochemical behavior of Ses was initially studied in the
broad pH range offered by the Britton-Robinson buffer (1.1-9.0,
Fig. 1A). The highest Ses signals were observed in acidic pH (lower than
2.0). At higher pH values, a diminution of the peak current was noticed.
Moreover, the oxidation signals of Ses were not observed in pH higher
than 6.0. The Ses peak potential shifted toward more negative values
with increase in the pH. Dependence between the Ses peak potential
and pH of the BR buffer was linear and could be described using the
following equation: E, = —0.052 pH + 0.803, R? = 0.992 (Fig. 1B).
The slope of the mentioned dependence was very close to the theore-
tical value of 0.059 V pH ™ ; therefore, it could be presumed that equal
numbers of protons and electrons were involved in the Ses oxidation
process. Because the highest Ses signals were recorded in acidic pH,
other electrolytes, such as citrate, chloride buffer, and hydrochloric
acid solutions, were examined as supporting electrolytes. The best
shape and height of sesamol signal was achieved in HCI (pH 0.7; Fig. 1C
and D), which was selected for further studies.

Next, the influence of square wave parameters on sesamol signal
was examined. Experimental parameters such as amplitude
(10-100 mV), frequency (10-100Hz), and step potential (1-10 mV)
were optimized. During these experiments, one of the above mentioned
parameters was changed while the others were kept constant. We at-
tempted to optimize the accumulation time and potential to examine
sesamol behavior under conditions of square-wave stripping voltam-
metry (SWSV); however, the stripping procedure exerted no influence
over the recorded sesamol signals. The optimized SW parameters,
which were selected with respect to shape and height of Ses peaks, were
as follows: amplitude of 30 mV, frequency of 10 Hz, and step potential
of 6 mV. All further voltammetric experiments were performed using
these optimized parameters.

In the next experimental step, the oxidation process of sesamol was
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Fig. 1. (A) SW voltammograms of 1.0 X 10~ °>mol L ™! sesamol in Britton-Robinson buffer at different pH values; voltammograms are presented without background
subtraction (B) Dependence between sesamol peak potential and pH of BR buffer; (C) SW voltammograms of 1.0 x 10 °mol L~ sesamol in hydrochloric acid
solutions of different pH: pH 0.5 (dashed gray line), pH 0.7 (straight black line), pH 1.0 (dashed dark gray line), pH 1.5 (straight gray line), and pH 2.0 (dotted gray
line); (D) Dependence between sesamol (1.0 X 10~ >mol L™ ') peak currents and pH of hydrochloric acid. SW parameters: pulse amplitude 30 mV, frequency 25 Hz,
and step potential 3 mV.
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Fig. 2. (A) Cyclic voltammograms of sesamol (1.0 x 10~ *mol L™ 1), obtained at different scan rates: (a) 25, (b) 50, (c) 75, (d) 100, (e) 150, (f) 200, (g) 250, (h) 300,
(i) 400, (j) 500, (k) 600, (1) 700, (m) 800, (1) 900, (0) 1000 mV s~ ! (the first cycle is depicted). Inset: the linear dependence of Ses peak current versus the square root
of the scan rate; (B) Cyclic voltammogram of sesamol (1.0 X 10~ *mol L™ ') obtained using a scan rate of 50 mV s~ !, black line represents the first scan, and gray line
the second scan. Dashed lines represent blanks.

were recorded, sesamol exhibited two oxidation peaks and one reduc-
tion peak in the examined potential range (Fig. 2B). The first cycle
(black line) shows one oxidation peak (E = 0.65V, Peak 1) and one

investigated using cyclic voltammetry. Fig. 2A shows the CV curves of
Ses recorded within the potential window from —0.2 to +1.2V at dif-
ferent scan rates. Depending on whether one or two successive cycles
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reduction peak (E = 0.2V, Peak 2). In the second cycle (gray line), a
new oxidation peak appeared at potential 0.35 V (Peak 3). According to
previous studies (Brito et al., 2014), the redox system formed by peaks
2 and 3 is related to the oxidation process that occurs at the potential of
0.65 V. As species oxidized at the potential of 0.35V must be different
from Ses but related to the Ses oxidation product (Brito et al., 2014), the
oxidation occurring at the potential of 0.65V must involve cleavage of
the five-membered ring and affording 1,4-benzoquinone. Such a process
involves two protons and two electrons, which is in good agreement
with the data obtained from relationship between the Ses peak potential
and pH. The formed 1,4-benzoquinone remains in the close proximity
to the electrode surface and can be reduced to 1,4-dihy-
drobenzoquinone in the reverse scan (Peak 2). Subsequently, in the next
scan, 1,4-dihydrobenzoquinone is oxidized to yield Peak 3.

To evaluate if the mass transfer of sesamol toward the electrode is
adsorption or diffusion-controlled, the effect of scan rate within the
range of 25-1000mVs~ ' on Ses signal was investigated. The linear
relationship between peak current of Ses and the square root of the scan
rate was found to be I, = 6.083v'/? + 0.316, R*> = 0.999, indicating
that the oxidation of Ses occurring on the GCE was a diffusion-con-
trolled process (Fig. 2A inset). Next, the relationship between log I, and
log v was examined. The value of the slope of this dependence (log
I, = 0.441logv — 5.201) confirmed the diffusion characteristics of the
registered sesamol currents because it is close to the theoretical value of
0.5.

3.2. Analytical application

The applicability of the proposed SWV procedure for determining
sesamol was examined by measuring the peak current as a function of
Ses concentration under optimal conditions. A linear dependence was
observed between the Ses concentration and the corresponding peak
current within the Ses concentration ranging from 3.0 x 10™° to
1.4 X 10~ *mol L™ (Fig. 3A). The calibration curve was constructed by
plotting the Ses peak height against Ses concentration (Fig. 3B). Using
the plotted calibration curve, the limit of detection (LOD) and limit of
quantification (LOQ) were calculated using the equation kSD/b, where
k = 3 for LOD, k = 10 for LOQ, b = slope of the calibration curve, and
SD = standard deviation of the intercept. The characteristics of the
calibration plot are listed in Table 1.

The intra-day precision of sesamol peak current was studied using
successive assays (n = 10) in a solution containing 5.0 X 10 °molL~?
of Ses. The corresponding relative standard deviation of 5.4% was ob-
tained. Furthermore, repetitive inter-day measurements (over a period
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Table 1
Voltammetric determination of Ses — analytical characteristics of the cali-
bration curve.

Analytical parameter Value
Linear concentration range [pmol L™'] 3.0-140.0
Slope of calibration curve [A L=t umol’l] 0.0400
LOD [umol L™ 1] 0.71
LOQ [pmol L™'] 2.37
Correlation coefficient R? 0.9986
Intra-day precision (CV) [%] 5.4
Inter-day precision (CV) [%] 8.0
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0.7 A (d)
< 0.5 -
o
[
. (a)
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Fig. 4. SW voltammograms of sesamol determination in oil sample using the
standard addition method, where a — sample; b-d - standard additions; sup-
porting electrolyte: hydrochloric acid pH 0.7; The other experimental condi-
tions were as follows: frequency 10 Hz, amplitude 30 mV and step potential
6mV.

of 5days) were performed by measuring the current response for si-
milar freshly prepared sesamol solutions of the same molar con-
centration. The RSD was found to be 8.0%, which is acceptable for
practical applications. Above results prove a high precision of the
proposed methodology for the determination of sesamol.
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Fig. 3. (A) SW voltammograms for various concentrations of Ses, ¢ (ses) = 3.0 (a), 5.0 (b), 7.0 (c), 10.0 (d), 30.0 (e), 50.0 (f), 70.0 (g), 100.0 (h), 120 (i), 140 (j)
pmol L™ %; supporting electrolyte: hydrochloric acid pH 0.7; The other experimental conditions were as follows: frequency 10 Hz, amplitude 30 mV and step potential

6mV. (B) A corresponding calibration curve.
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Table 2
Determination of sesamol in sesame oil samples.
Sample Technique Detected concentration in sample [umol L™'] Detected concentration in oil [mgkg '] Precision [%] E;" [%]
Sample 1 SWv 111.5 = 7.0 739 = 4.6 5.6 1.9
HPLC-UV 109.4 = 2.8 72.5 = 1.9 2.6
Sample 2 SwWv 100.3 = 3.8 66.5 = 2.5 3.4 -1.3
HPLC-UV 101.6 = 2.4 67.4 = 1.6 2.3
Sample 3 Swv n/a n/a n/a n/a
HPLC-UV 3.4 £ 0.3 2.2 + 0.2 7.6

2 Relative error = [(SWV — HPLC value)/HPLC value] x 100.

To verify the analytical performance of the developed procedure,
sesamol was determined in the SSO samples. As described in the
“Experimental procedures and samples preparation” section, sesame oil
samples were prepared using a conventional liquid-liquid extraction.
For determining Ses in the sesame oil samples, standard addition
method was used (Fig. 4). The obtained data (Table 2) clearly de-
monstrate that the proposed procedure can be effectively used to de-
termine sesamol in oil samples. The HPLC-UV method was used as a
reference procedure. For determining sesamol in the SSO samples, the
previously described chromatographic method (Chen et al., 2018) was
adopted. In the present assay, methanol was changed for acetonitrile,
and the column temperature was reduced from 40°C to 25°C and
gradient elution was modified as described in Section 2.3. Under these
conditions, sesamol was separated from other compounds of oil extract
and detected after 4.6 min.

To evaluate the HPLC-UV method, a series of experiments were
designed to assess the linearity, accuracy, precision, LOD, and LOQ. A
seven-point calibration curve of sesamol in the range of
1-150 ymol L™ ! was obtained using least-squares linear regression
analysis of peak area vs. concentration of standard solution. The linear
regression equation was y = 1.036x + 0.0321 and showed good line-
arity with square correlation coefficients of 0.9999. Based on a signal-
to-noise ratio of 3 and 10, the LOD and LOQ were 0.3 pmolL ™! and
1 umol L™, respectively. Moreover, the accuracy and precision of the
method was in the range 91.2%-105.6% and 0.2%-3.7%, respectively.
The results obtained using the reference method are also listed in
Table 2.

The obtained data confirmed good agreement between the devel-
oped and reference method. Based on above results, it can be stated that
the proposed voltammetric methodology can be applied for the rapid
and inexpensive determination of sesamol in sesame oil samples.

4. Conclusion

A simple and rapid voltammetric method for determining sesamol in
sesame oil samples was developed. For this purpose, GC electrode was
employed along with the SWV technique. To improve the electro-
analytical performance of the proposed procedure, several operational
key parameters, such as pH and composition of supporting electrolyte
and SW parameters, were optimized. The best shape and height of se-
samol signal was achieved in HCl pH 0.7. The optimized SW para-
meters, were as follows: amplitude of 30 mV, frequency of 10 Hz, and
step potential of 6 mV. The electrooxidation of sesamol was used as a
sensitive procedure for the Ses determination in the concentration range
from 3.0x107° to 14Xx10 *molL™' with a LOD of
7.1 x 10" 7mol L™, The practical use of voltammetric methodology
was demonstrated by real samples analysis. The results were confirmed
using the HPLC-UV reference method. The proposed voltammetric
procedure is a fast, simple and cost-effective screening tool for de-
termining Ses in oil samples. Hence, it is a good, environmentally
friendly and inexpensive complement for the more accurate yet ex-
pensive chromatographic methodology that is usually employed for
such types of analysis.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgement

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

References

Ali, H. S., Abdullah, A. A,, Pnar, P. T., Yardim, Y., & Sentiirk, Z. (2017). Simultaneous
voltammetric determination of vanillin and caffeine in food products using an ano-
dically pretreated boron-doped diamond electrode: Its comparison with HPLC-DAD.
Talanta, 170, 384-391. https://doi.org/10.1016/j.talanta.2017.04.037.

Bhatnagar, A. S., Hemavathy, J., & Gopala Krishna, A. G. (2015). Development of a rapid
method for determination of lignans content in sesame oil. Journal of Food Science and
Technology, 52(1), 521-527. https://doi.org/10.1007/s13197-013-1012-0.

Brito, R. E., Mellado, J. M. R., Maldonado, P., Montoya, M. R., Palma, A., & Morales, E.
(2014). Elucidation of the electrochemical oxidation mechanism of the antioxidant
sesamol on a glassy carbon electrode. Journal of the Electrochemical Society, 161(5),
G27-G32. https://doi.org/10.1149/2.028405jes.

Chen, J., Chen, Y., Tian, J., Ge, H., Liang, X., Xiao, J., et al. (2018). Simultaneous de-
termination of four sesame lignans and conversion in Monascus aged vinegar using
HPLC method. Food Chemistry, 256, 133-139. https://doi.org/10.1016/j.foodchem.
2018.02.081.

Dachtler, M., Van De Put, F. H. M., Stijn, F. V., Beindorff, C. M., & Fritsche, J. (2003). On-
line LC-NMR-MS characterization of sesame oil extracts and assessment of their an-
tioxidant activity. European Journal of Lipid Science and Technology, 105(9), 488-496.
https://doi.org/10.1002/€jl1t.200300835.

Dar, A. A., & Arumugam, N. (2013). Lignans of sesame: Purification methods, biological
activities and biosynthesis — A review. Bioorganic Chemistry, 50, 1-10. https://doi.
org/10.1016/j.bioorg.2013.06.009.

Fhaner, M., Hwang, H.-S., Winkler-Moser, J. K., Bakota, E. L., & Liu, S. X. (2016).
Protection of fish oil from oxidation with sesamol. European Journal of Lipid Science
and Technology, 118(6), 885-897. https://doi.org/10.1002/¢jlt.201500185.

Fukuda, Y., Nagata, M., Osawa, T., & Namiki, M. (1986). Contribution of lignan analogues
to antioxidative activity of refined unroasted sesame seed oil. Journal of the American
Oil Chemists' Society, 63(8), 1027-1031. https://doi.org/10.1007/BF02673792.

Hemalatha, S., & Ghafoorunissa (2007). Sesame lignans enhance the thermal stability of
edible vegetable oils. Food Chemistry, 105(3), 1076-1085. https://doi.org/10.1016/j.
foodchem.2007.05.023.

Hemalatha, S., Raghunath, M., & Ghafoorunissa, A. (2004). Dietary sesame (Sesamum
indicum cultivar Linn) oil inhibits iron-induced oxidative stress in rats. British Journal
of Nutrition, 92(4), 581-587. https://doi-1org-10041dadb09ed.han3.lib.uni.lodz.pl/
10.1079/BJN20041239.

Johnson, D. R., & Decker, E. A. (2015). The role of oxygen in lipid oxidation reactions: A
review. Annual Review of Food Science and Technology, 6, 171-190. https://doi.org/
10.1146/annurev-food-022814-015532.

Joshi, R., Kumar, M. S., Satyamoorthy, K., Unnikrisnan, M. K., & Mukherjee, T. (2005).
Free radical reactions and antioxidant activities of sesamol: Pulse radiolytic and
biochemical studies. Journal of Agricultural and Food Chemistry, 53(7), 2696-2703.
https://doi.org/10.1021/jf04897609.

Kapadia, G. J., Azuine, M. A., Tokuda, H., Takasaki, M., Mukainaka, T., Konoshima, T.,
et al. (2002). Chemopreventive effect of resveratrol, sesamol, sesame oil and sun-
flower oil in the Epstein-Barr virus early antigen activation assay and the mouse skin
two-stage carcinogenesis. Pharmacological Research, 45(6), 499-505. https://doi.org/
10.1006/phrs.2002.0992.

Kaur, I. P., & Saini, A. (2000). Sesamol exhibits antimutagenic activity against oxygen
species mediated mutagenicity. Mutation Research — Genetic Toxicology and
Environmental Mutagenesis, 470(1), 71-76. https://doi.org/10.1016/51383-5718(00)
00096-6.

Keene, K. A., Ruddy, R. M., & Fhaner, M. J. (2019). Investigating the relationship between



K. Morawska, et al.

antioxidants and fatty acid degradation using a combination approach of GC-FID and
square-wave voltammetry. ACS Omega, 4(1), 983-991. https://doi.org/10.1021/
acsomega.8b02275.

Khezeli, T., Daneshfar, A., & Sahraei, R. (2016). A green ultrasonic-assisted liquid-liquid
microextraction based on deep eutectic solvent for the HPLC-UV determination of
ferulic, caffeic and cinnamic acid from olive, almond, sesame and cinnamon oil.
[Article]. Talanta, 150, 577-585. https://doi.org/10.1016/j.talanta.2015.12.077.

Lee, J. H. Q., Tay, B. K., Ganguly, R., & Webster, R. D. (2015). The Electrochemical
oxidation of sesamol in acetonitrile containing variable amounts of water.
Electrochimica Acta, 184, 392-402. https://doi.org/10.1016/j.electacta.2015.10.068.

Liu, H., Wu, D., Liu, Y., Zhang, H., Ma, T., Aidaerhan, A., et al. (2015). Application of an
optosensing chip based on molecularly imprinted polymer coated quantum dots for
the highly selective and sensitive determination of sesamol in sesame oils. Journal of
Agricultural and Food Chemistry, 63(9), 2545-2549. https://doi.org/10.1021/
jf505790c.

Liu, W., Zhang, K., Qin, Y., & Yu, J. (2017). A simple and green ultrasonic-assisted liquid-
liquid microextraction technique based on deep eutectic solvents for the HPLC ana-
lysis of sesamol in sesame oils. Analytical Methods, 9(28), 4184-4189. https://doi.
org/10.1039/c7ay01033h.

Liu, W., Zhang, K., Yang, G., & Yu, J. (2019). A highly efficient microextraction technique
based on deep eutectic solvent formed by choline chloride and p-cresol for simulta-
neous determination of lignans in sesame oils. Food Chemistry, 281, 140-146. https://
doi.org/10.1016/j.foodchem.2018.12.088.

Liu, Z., Xiang, Q., Dy, L., Song, G., Wang, Y., & Liu, X. (2013). The interaction of sesamol
with DNA and cytotoxicity, apoptosis, and localization in HepG2 cells. Food
Chemistry, 141(1), 289-296. https://doi.org/10.1016/j.foodchem.2013.02.105.

Mirghani, M. E. S., Che Man, Y. B., Jinap, S., Baharin, B. S., & Bakar, J. (2003).
Application of FTIR spectroscopy in determining sesamol in sesame seed oil. JAOCS,
Journal of the American Oil Chemists' Society, 80(1), 1-4. https://doi.org/10.1007/
5s11746-003-0640-1.

Na, H., Mok, C., & Lee, J. (2020). Effects of plasma treatment on the oxidative stability of
vegetable oil containing antioxidants. Food Chemistry, 302, 125306. https://doi.org/
10.1016/j.foodchem.2019.125306.

Pokkanta, P., Sookwong, P., Tanang, M., Setchaiyan, S., Boontakham, P., &
Mahatheeranont, S. (2019). Simultaneous determination of tocols, y-oryzanols,
phytosterols, squalene, cholecalciferol and phylloquinone in rice bran and vegetable
oil samples. Food Chemistry, 271, 630-638. https://doi.org/10.1016/j.foodchem.
2018.07.225.

Prevc, T., Segatin, N., Poklar Ulrih, N., & Cigié¢, B. (2013). DPPH assay of vegetable oils
and model antioxidants in protic and aprotic solvents. Talanta, 109, 13-19. https://
doi.org/10.1016/j.talanta.2013.03.046.

Reshma, M. V., Balachandran, C., Arumughan, C., Sunderasan, A., Sukumaran, D.,

Food Chemistry 309 (2020) 125789

Thomas, S., et al. (2010). Extraction, separation and characterisation of sesame oil
lignan for nutraceutical applications. Food Chemistry, 120(4), 1041-1046. https://
doi.org/10.1016/j.foodchem.2009.11.047.

Shah, A., Lobo, R., Krishnadas, N., & Surubhotla, R. (2019). Sesamol and health — A
comprehensive review. Indian Journal of Pharmaceutical Education and Research,
53(2), S28-S42.

Shasmitha, R. (2015). Health benefits of sesamum indicum: A short review. Asian Journal
of Pharmaceutical and Clinical Research, 8(6), 1-3.

Shiragami, S., Kim, O. S., & Kusuda, K. (1994). Direct survey of redox active compounds
in sesame oil by cyclic voltammetry-studies on sesaminol, sesamol and hydro-
xyhydroquinone in nujol. Journal of Electroanalytical Chemistry, 379(1-2), 315-319.
https://doi.org/10.1016/0022-0728(94)87153-1.

Suja, K. P., Jayalekshmy, A., & Arumughan, C. (2004). Free radical scavenging behavior
of antioxidant compounds of sesame (Sesamum indicum L.) in DPPH system. Journal
of Agricultural and Food Chemistry, 52(4), 912-915. https://doi.org/10.1021/
jf0303621.

Sukumar, D., Arimboor, R., & Arumughan, C. (2008). HPTLC fingerprinting and quanti-
fication of lignans as markers in sesame oil and its polyherbal formulations. Journal of
Pharmaceutical and Biomedical Analysis, 47(4-5), 795-801. https://doi.org/10.1016/
j-jpba.2008.03.018.

Sun, W., & Xiao, R. (2014). Determination of sesamol in sesame oil by anion exchange
solid phase extraction coupled with HPLC. Analytical Methods, 6(16), 6432-6436.
https://doi.org/10.1039/c4ay00663a.

Sunyer, A., Gonzélez-Navarro, A., Serra-Roig, M. P., Serrano, N., Diaz-Cruz, M. S., & Diaz-
Cruz, J. M. (2019). First application of carbon-based screen-printed electrodes for the
voltammetric determination of the organic UV filters oxybenzone and octocrylene.
Talanta, 196, 381-388. https://doi.org/10.1016/j.talanta.2018.12.092.

Wan, Y., Li, H., Fu, G., Chen, X., Chen, F., & Xie, M. (2015). The relationship of anti-
oxidant components and antioxidant activity of sesame seed oil. Journal of the Science
of Food and Agriculture, 95(13), 2571-2578. https://doi.org/10.1002/jsfa.7035.

Wu, L., Yu, L., Ding, X., Li, P., Dai, X., Chen, X., et al. (2017). Magnetic solid-phase
extraction based on graphene oxide for the determination of lignans in sesame oil.
Food Chemistry, 217, 320-325. https://doi.org/10.1016/j.foodchem.2016.08.109.

Yu, X., Ang, H. C,, Yang, H., Zheng, C., & Zhang, Y. (2017). Low temperature cleanup
combined with magnetic nanoparticle extraction to determine pyrethroids residue in
vegetables oils. Food Control, 74, 112-120. https://doi.org/10.1016/j.foodcont.2016.
11.036.

Yu, X., & Yang, H. (2017). Pyrethroid residue determination in organic and conventional
vegetables using liquid-solid extraction coupled with magnetic solid phase extraction
based on polystyrene-coated magnetic nanoparticles. Food Chemistry, 217, 303-310.
https://doi.org/10.1016/j.foodchem.2016.08.115.



Bioelectrochemistry 136 (2020) 107630

= [

Bioelectrochemistry

Contents lists available at ScienceDirect

Bioelectrochemistry

journal homepage: www.elsevier.com/locate/bioelechem

Interactions of lamotrigine with single- and double-stranded DNA under
physiological conditions

Check for
updates

Kamila Morawska **, Tomasz Poptawski®, Witold Ciesielski?, Sylwia Smarzewska ?

2 University of Lodz, Faculty of Chemistry, Department of Inorganic and Analytical Chemistry, 12 Tamka Str, 91-403 Lodz, Poland
b University of Lodz, Faculty of Biology and Environmental Protection, Department of Molecular Genetics, 141/143 Pomorska Str, 90-237 Lodz, Poland

ARTICLE INFO ABSTRACT

Article history:

Received 4 May 2020

Received in revised form 3 August 2020
Accepted 3 August 2020

Available online 6 August 2020

This study presents evaluation of the possible mechanisms of interaction between the antiepileptic drug
lamotrigine (LMT) and single- and double-stranded DNA (ssDNA and dsDNA, respectively). These inter-
actions were studied in phosphate-buffered saline (PBS) at physiological pH 7.4 by cyclic voltammetry
(CV) and square wave voltammetry (SWV) using a glassy carbon electrode (GCE) in a bulk incubated solu-
tion. The addition of both types of DNA to LMT solution decreased peak currents and led to a negative
shift in peak potentials, thus indicating the dominance of electrostatic interactions. UV-Vis absorption

Ifaei'n VZ‘::?S;W spectroscopy was also used to assess the interaction between ds/ssDNA and LMT. The data obtained from
Volta mri etry spectroscopic analysis confirmed that electrostatic interaction is the predominant interaction between

LMT and both types of DNA. The calculated binding constants for LMT-dsDNA and LMT-ssDNA complexes
as determined by SWV were 6.46 x 10° and 1.81 x 109, respectively, while the values obtained from UV-
Vis spectroscopy were 6.93 x 10° and 1.19 x 106, respectively. The obtained results indicated a higher

Double-stranded DNA
Single-stranded DNA
UV-Vis spectroscopy

DNA interactions

affinity of LMT for ssDNA than for dsDNA.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Nucleic acids play a vital role in cellular processes such as cell
division and protein synthesis. The replication or transcription of
DNA starts only when it receives a specific signal, for example, in
the form of binding of a regulatory protein to a particular region
of the nucleic acid strand [1,2]. The binding specificity of this reg-
ulatory protein can be mimicked by a small molecule, and hence,
DNA functions can be artificially modulated, activated, or inhibited
by interaction with this molecule. Thus, natural/synthetic mole-
cules can act as drugs when modulation of the DNA function is
required to cure or control the disease [1]. Recently, increasing
attention has been given to the mechanism by which drugs inter-
act with biological systems, with the main goal of understanding
the therapeutic and toxic effects of these small molecules on the
wellness/equilibria of biological systems [3]. Moreover, these stud-
ies are indispensable for understanding the structural properties of
nucleic acids, the origin of some diseases, the mutation of genes,
and the mechanism of action of some drugs [3]. Generally, drugs
that interact with DNA can be classified as covalently or noncova-
lently bound molecules. The covalent mode of binding is irre-
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https://doi.org/10.1016/j.bioelechem.2020.107630
1567-5394/© 2020 Elsevier B.V. All rights reserved.

versible due to high binding strength and thus directly leads to
cell death [4]. The noncovalent mode of binding is reversible,
although it can change DNA conformation, interrupt the process
of transcription, and potentially lead to DNA strand breaks [2],
[4]. Noncovalent binding includes intercalation, electrostatic inter-
action, and major/minor DNA groove binding interactions [3-5].
Binding may occur through hydrogen bonding and/or hydrophobic,
allosteric, electrostatic, and van der Waals interactions [6].

The interaction of drugs with DNA has been extensively studied
using various techniques, including high-performance liquid chro-
matography [7], UV-visible absorption spectroscopy [8-11], NMR
[12], electrophoresis [13], X-ray crystallography [14], lumines-
cence [15], fluorescence [16,17], structural modeling [18], and
dynamic viscosity measurements [19]. In recent years, there has
been an increasing interest in electrochemical investigations of
interactions between drugs or other DNA-target molecules and
DNA [1,2,4,20-30]. The electrochemical approach to drug-DNA
interactions can provide valuable complement to the results
obtained by spectroscopic techniques; thus, in practice, these tech-
niques are often combined to obtain enhanced results [1,2,4,20].
Amongst the techniques used in drug-DNA interaction studies,
electrochemical techniques are especially promising because of
their high sensitivity and selectivity at relatively low cost. More-
over, because of similarity between electrochemical and biological
reactions, it can be presumed that the redox processes occurring at
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the working electrodes and in living organisms share very similar
principles [20]. Hence, the observation of electrochemical signals
reflecting drug-DNA interactions enables the evaluation of binding
constants and allows examination of the nature of the formed com-
plexes and study of the interaction mechanisms. The differences in
the electrochemical behavior of the analyzed drugs after the addi-
tion of DNA can be investigated by monitoring the shift in peak
potential or by observing the changes (decrease or increase) in
peak current [1,4].

According to a model developed by Bard and co-workers
[4,31,32] for DNA-binding metal (e.g. Co>*, Fe?*) chelates, the direc-
tion of the peak potential shifts of the binders can be used to eval-
uate the mode of interaction (a positive shift is expected if the
intercalation mode of interaction is dominant, whereas a negative
shift in peak potential is a characteristic of the electrostatic binding
mode). In more recent literature, attempts were made to apply the
same model on other types of compounds that may interact with
DNA, including those not containing transition metals [32]. Gener-
ally, it is believed that positively charged (protonated) electroac-
tive functional groups may alter the role of positively charged
transition metal ions [32]. Lamotrigine (LMT, 3,5-diamino-6-(2,3-
dichlorophenyl)-1,2,4-triazine, Fig. 1) is a new, broad-spectrum
antiepileptic agent [33,34]|. The anticonvulsive mechanism of
LMT is based on blocking of Na* channel and inhibiting the release
of excitatory neurotransmitters. Lamotrigine has been increasingly
used to manage tonic-clonic seizures [34-36]. In addition, it is
effective against childhood epilepsy and has been approved by
the US Food and Drug Administration (FDA) for the treatment of
bipolar disorder [35,37]. An overdose of LMT has been reported
to cause Stevens-Johnson syndrome, which is often fatal
[33,35,38]. Moreover, this drug may lead to less harmful side
effects such as fever, dizziness, headache, diarrhea, or fatigue
[37,39]. LMT is eliminated from the human body primarily through
hepatic glucuronidation. Approximately 70% of oral dose is recov-
ered in urine within 144 h of administration, of which 90% is in
the form of 2-N-glucuronide and 10% as unchanged drug [34,40].
It is worth mentioning that some pharmaceutically active com-
pounds originating from human or veterinary therapy may not
be eliminated completely in municipal sewage treatment plants
and therefore may be discharged into receiving waters, thereby
causing immediate risk to aquatic organisms [41]. Therefore, there
is an urgent need to develop sensitive methodologies to determine
lamotrigine in pharmaceutical, biological, and environmental sam-
ples and to examine how LMT may interact with DNA of aquatic
organisms. Conventional methods for determining LMT are spec-
trofluorometry [42], chromatographic techniques [43,44], and cap-
illary zone electrophoresis [45]. However, these methods are time
consuming, and most of them are limited by the need for expensive
instrumentation. Therefore, because of their high efficiency,
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Fig. 1. Chemical structure of lamotrigine.

relative simplicity, and low cost, electrochemical approaches have
emerged as the pre-eminent analytical tool for the determination
of lamotrigine [33,35,38,39,46,47].

To the best of our knowledge, there are no reports on electro-
chemical studies of the interaction between the antiepileptic drug
lamotrigine and single- and double-stranded DNA (ssDNA and
dsDNA, respectively) at physiological pH. In the present study,
the binding mechanism through which LMT interacts with ds-
and ssDNA was investigated for the first time by using cyclic
voltammetry (CV), square wave voltammetry (SWV), and UV-Vis
spectroscopy. The present study aimed to characterize the interac-
tion mechanism between LMT and ds- and ssDNA.

2. Experimental
2.1. Apparatus and instrumentation

Electrochemical experiments were performed using a pLAutolab
type Il (Metrohm-EcoChemie, The Netherlands) potentiostat in
conjunction with an M164 electrode stand (mtm-anko, Poland),
controlled by a PC with GPES software (version 4.9). A three-
electrode system was used, which comprised glassy carbon as a
working electrode (BASi, USA; diameter: 3 mm), saturated Ag/AgCl
as a reference electrode, and a Pt wire as an auxiliary electrode. All
studies were performed using a standard 10 mL voltammetric cell.
Spectrophotometric measurements were conducted using a Cary
100 Bio UV-Vis spectrophotometer (Agilent, USA). A digital pH/
mV/ion meter (Elmetron, Poland) was used to prepare the buffer
solutions. Water was demineralized in PURELAB UHQ (Elga Lab-
Water, UK). All the measurements were conducted at the ambient
temperature of the laboratory (20-22 °C).

2.2. Chemicals and reagents

Lamotrigine was purchased from Sigma-Aldrich (Poland). Stock
solutions of LMT were prepared weekly by dissolving the required
mass of the analyte in water and then stored in a refrigerator at
4 °C, when not in use. Lower concentrations were obtained by
appropriately diluting the stock LMT solution. In the present study,
the supporting electrolyte was phosphate-buffered saline (PBS) at
pH 7.4 (Sigma-Aldrich, Poland). Double-stranded salmon sperm
DNA was obtained from Sigma-Aldrich (Germany). A standard
stock solution of dsDNA was prepared by dissolving the appropri-
ate amount of dsDNA in PBS. Denatured ssDNA was produced by
heating the dsDNA solution in a water bath at 90-95 C for
10 min, followed by rapid cooling in an ice bath [20]. All the
reagents used were of analytical grade. All aqueous solutions were
prepared with distilled and deionized water.

2.3. Voltammetric and absorption experiments

Voltammetric measurements (SWV and CV) of LMT (at fixed
concentration) were conducted in the absence and presence of
ds- and ssDNA in PBS at pH 7.4. Briefly, 10 mL of PBS was placed
in a voltammetric cell and subsequently purged with argon for
10 min. After recording the voltammogram for the blank, appropri-
ate volumes of LMT and ds/ssDNA were added using a micropip-
ette. After each addition, the solution was again deoxygenated
for 10 s, and voltammogram was then recorded. SWV was per-
formed using an amplitude of 30 mV, a frequency of 25 Hz, and a
step potential of 6 mV. Cyclic voltammograms were recorded at
the scan rate of 10-600 mV s

The glassy carbon electrode (GCE) surface was polished on an
alumina slurry before each new sample until a mirror-shine sur-
face was obtained. After polishing, the surface of the electrode
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was carefully rinsed with distilled and deionized water. The
absorption spectra of LMT were recorded in PBS at pH 7.4 in the
absence and presence of an increasing amount of dsDNA or ssDNA
in the wavelength range of 200-500 nm. All measurements were
performed in triplicate.

3. Results and discussion

3.1. Voltammetric behavior of lamotrigine on the GC electrode under
physiological conditions

In the present study, the electrochemical behavior of LMT was
investigated at physiological pH (PBS, pH 7.4) for understanding
the LMT-DNA interaction, which is the main aim of this study.
Extensive studies on the electrochemical behavior of LMT have
been performed previously by many research groups to identify
the optimal experimental conditions for lamotrigine determination
[33,35,38,39,46,47]. Depending on the type of the electrode used or
the observed electrochemical processes (oxidation and/or reduc-
tion), various types of supporting electrolytes were used. For LMT
reduction, the most popular supporting electrolytes were buffers
of pH 5.0 [35,39], which can be explained by changes in the proto-
nation of acid-base functionalities in the LMT molecules [35]. For
the oxidation process of LMT, the most intensive analytical signal
was observed in acidic buffers [39]. Hence, there is a high probabil-
ity of observing the reduction process of LMT at pH 7.4; therefore,
in the present study, LMT reduction was performed at the unmod-
ified GCE. The reduction process of LMT was first investigated by
cyclic voltammetry. Fig. 2 shows the CV curves of LMT recorded
within the potential window from — 0.5 to — 1.6 V at different scan
rates. Lamotrigine exhibited only one reduction peak at — 1.1 V in
PBS at pH 7.4 in the examined potential range. No peaks were
observed in the reverse scan, which suggested that the reduction
of LMT at GCE is irreversible. Analysis of the literature data indi-
cates that the electroreduction process might occur through the
reduction of the -N = N — bond present in the triazine ring of
LMT [39,46].

To evaluate whether the mass transfer of lamotrigine toward
the electrode surface is adsorption- or diffusion-controlled, the
effect of the scan rate in the range of 10-600 mV s~ ! on LMT signal
was investigated. The plot of log I, versus log v yielded a straight
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Fig. 2. Cyclic voltammogram of 1.0 x 10~% mol L~' LMT in PBS at pH 7.4 at scan
rates of 10 (1), 30 (2), 50 (3), 75 (4), 100 (5), 150 (6), 200 (7), 250 (8), 300 (9), 400
(10),500(11), and 600 (12) mV s~ . Inset: Relationship between the peak current of
LMT and the square root of the scan rate (y = 5.65x — 0.178, r* = 0.9996).

line with a slope of 0.55 (log I, = 0.550logv-5.25). This value was
close to the theoretical value of 0.5, which is expected for diffusion
characteristics of the registered currents [48]. Next, the linear rela-
tionship between the peak current of LMT and the square root of
the scan rate was determined (I, = 5.65¢"2 + 0.178, r* = 0.9996,
Fig. 2, inset), which confirmed that the reduction of LMT occurring
on the GCE was a diffusion-controlled process [48].

In the next experimental step, to optimize experimental condi-
tions for the chosen supporting electrolyte, the influence of square
wave parameters on LMT signal was examined. Experimental
parameters such as amplitude (10-100 mV), step potential (1-
10 mV), and frequency (10-100 Hz), were optimized. During these
experiments, one of the above-mentioned parameters was chan-
ged, while the others were kept constant. The optimized SW
parameters, which were selected with respect to the height and
shape of LMT signals, were as follows: amplitude of 30 mV, fre-
quency of 25 Hz, and step potential of 6 mV (detailed information
is given in Supplementary Material).

To obtain the LMT calibration curve, SWV measurements were
performed by measuring the peak current as a function of LMT
concentration under optimal conditions. The cathodic peak cur-
rents were proportional to lamotrigine concentration in the range
of 1.0 x 107® to 1.6 x 10~* mol L~!, with regression equation of I,
(HA) = 0.0182 [pA L pmol '] x cwry + 0.0006 [pA] (% = 0.9993)
(Fig. 3). By using the plotted calibration curve, the limit of detec-
tion (LOD) and limit of quantification (LOQ) were calculated using
the following equation: kSD/b (where k = 3 for LOD, k = 10 for LOQ,
SD = standard deviation of the intercept, and b = slope of the
obtained calibration curve) [49]. The calculated LOD and LOQ val-
ues were 2.1 x 1077 and 7.0 x 1077 mol L™}, respectively.

The intra-day repeatability of the peak current of LMT was esti-
mated with 10 successive measurements (n = 10) in a solution con-
taining 1.0 x 107> mol L~ of LMT. The coefficient of variation (CV)
of 4.4% was obtained (the GCE surface was refreshed after each
measurement). Moreover, repetitive inter-day measurements (for
5 days) were performed by measuring the peak current response
for freshly prepared LMT solutions of the above-mentioned molar
concentrations. The CV was 6.9%, which is satisfactory for practical
applications. These results confirm the high precision of the pro-
posed methodology.

3.2. Interaction of lamotrigine with dsDNA

The interaction of LMT with dsDNA was investigated by cyclic
voltammetry, square wave voltammetry and UV-Vis spectroscopy.
The addition of dsDNA to the lamotrigine solution decreased the
LMT peak current in both voltammetric techniques (Fig. 4). This
confirmed the interaction between LMT and dsDNA. Voltammetric
analysis of pure ds/ssDNA showed no cathodic or anodic peak in
the used concentrations of ds/ssDNA and potential range
from — 0.5 to — 1.5 V vs. Ag/AgCl at GCE in PBS at pH 7.4. Thus,
the observed decrease in the peak current of LMT in the presence
of dsDNA appeared to be caused by the binding of lamotrigine to
the large, slowly diffusing dsDNA, which resulted in a considerable
decrease in the diffusion coefficient. To estimate the diffusion coef-
ficient (Ds) value, the formed LMT-dsDNA complexes were studied
by cyclic voltammetry at various scan rates. A linear relationship
was found between the peak current of the LMT-dsDNA complex
and the square root of the scan rate, with the slope of log I, versus
log v equal to 0.49; this finding indicates that the registered cur-
rents are diffusion-controlled. After the addition of dsDNA to the
LMT solution, there was a decrease in the slope of the linear I, ver-
sus v*/? plots (* > 0.996); the obtained slope values were 2.23 and
1.85 pA V-2 5712 in the absence and presence of dsDNA, respec-
tively (Fig. 4A inset). From these values, the diffusion coefficient of
the free LMT was calculated as 2.32 x 1076 cm? s~ !, whereas Dy for
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Fig. 4. (A) Cyclic voltammograms of lamotrigine recorded in the absence (straight, black line) and presence of dsDNA (dotted, gray line) and ssDNA (dashed, gray line), ¢
(umr) = 5.0 x 1075 mol L7, C(as/sspna) = 40 mg L', supporting electrolyte: PBS at pH 7.4; inset: Corresponding dependence between the lamotrigine peak current and the
square root of the scan rate in the absence (y = 2.2344x - 0.0337) and presence of dsDNA (y = 1.8476x + 0.0021) and ssDNA (y = 1.6751x - 0.0132). (B) SW voltammograms of
lamotrigine recorded in the absence (straight black line) and presence of dsDNA (dotted, gray line) and ssDNA (dashed, gray line), c(imr) = 3.0 x 10~ mol L', (as/

ssona) =40 mg L7

the bound LMT (LMT-dsDNA) was 1.76 x 10~¢ cm? s~ [50]. As can
be seen, a decrease in the diffusion coefficient was observed; thus,
the obtained results confirmed the earlier assumption that
decrease in the LMT peak currents in the presence of dsDNA was
caused by the binding of lamotrigine to slowly diffusing DNA mole-
cules. By using the estimated values, the heterogeneous rate con-
stants (k°) were calculated to deduce whether the interaction
between LMT and dsDNA influenced the kinetics of LMT reduction.
From the slopes of E,, vs. Inv plots, the values of k° were 1.10 x 1072
s~! (LMT) and 9.00 x 1073 s~! (LMT in the presence of dsDNA);
thus, we inferred that as assumed, the rate of electron transfer
was decreased for LMT in the form of the LMT-DNA complexes.
The changes in the peak current after the addition of dsDNA can
be used to quantify the binding of LMT to dsDNA (the influence of
the addition of ssDNA is described in section 3.4). The SWV tech-
nique provides higher sensitivity and better peak resolution than
CV; hence, to evaluate the binding constant, we used the square
wave technique. In this context, current titrations were performed
by keeping the concentration of lamotrigine constant while vary-

ing the concentration of double stranded DNA. The addition of
dsDNA to LMT decreased the peak current of lamotrigine, and no
new reduction peaks were noted. Further, it was observed that
the level of interaction depends on time; thus, the influence of
incubation time on lamotrigine signals after the addition of a con-
stant amount of dsDNA was studied. To determine the appropriate
interaction time, the voltammograms of LMT were recorded in the
presence of dsDNA at different time intervals elapsed since the
addition of dsDNA. A significant decrease in the LMT peak currents
was observed up to 8 min, following which the peak currents of
LMT became constant (detailed information is given in Supplemen-
tary Material, Fig. S1). Thus, an interaction time of 8 min was cho-
sen for further studies and maintained thoroughly after each
addition of dsDNA. SW voltammograms of lamotrigine in the
absence and presence of increasing concentration of dsDNA in
PBS at pH 7.4 are shown in Fig. 5. As can be seen, in the presence
of dsDNA, the LMT peak current height decreased and the peak
potential shifted to more negative values. The current titration
can be illustrated by the following equation [2],[26,51]:
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log(1/c(DNA)) = log K + 10g [Iimr—aspna/(Imr — Iimr—aspna)] (1)

where K is the apparent binding constant and Iyt and I vt_dspna are
the peak current of the free guest (LMT) and the formed complex
(LMT-dsDNA), respectively. The constructed plot of log(1 / c(pna))
vs. log [Imr-daspna/(Ibmt — Imr-daspna)] was linear (Fig. 5 inset) with
the intercept of log K. The binding constant of the LMT-dsDNA com-
plex was evaluated according to Eq. (1) and is listed in Table 1. This
result indicates the formation of a stable complex at the physiolog-
ical pH with intensive attraction between lamotrigine and double
stranded DNA. The change in the Gibbs free energy (AG°), which
reflects the stability of the formed complexes, was estimated by
converting the binding constant value. AG°® was calculated using
the following equation:

AG® = —RT InkK 2)

where K is the binding constant and other symbols have their usual
meaning. The obtained AG° value is negative (Table 1), which sug-
gests that the interaction process was spontaneous and favorable.

As can be seen, a change in the peak current of the drug in the
presence of DNA could be used to evaluate binding constant,
whereas the shift in the peak potential could be used to estimate
the mode of interaction. In our study, the peak potential of LMT
after the addition of an increasing amount of dsDNA shifted to
more negative values (Fig. 5), indicating the high probability of
the predominant occurrence of the electrostatic binding mode
[4,31,52,53]. To determine the binding mode, the analysis of the
ionic strength effect may also be useful [1,2,51,54]. When the ionic
strength of the analyzed solution is increased by the addition of
salt, charge compensation of the nucleotide phosphates caused
by the salt cations will hinder the electrostatic binding effect.
Therefore, the effectiveness of the complex formation through
electrostatic binding would decrease, whereas the binding based

Table 1

on the intercalation mode would remain virtually unaffected
[51,54]. Thus, the influence of ionic strength on the interaction
between LMT and dsDNA was also investigated. The ionic strength
was varied by changing NaCl concentration from 2.5 to 25 mM in
an electrochemical cell containing fixed concentrations of LMT
and dsDNA in PBS at pH 7.4. The obtained results suggest that
the reaction process is highly dependent on NaCl concentration.
As the salt concentration increased, there was an apparent
decrease in the peak current of the LMT-dsDNA complex, varying
from approximately 0.42 pA at 0.0 M of NaCl to 0.18 pA at
25 mM Nadl (Fig. 6). For low-ionic strength conditions, it may be
assumed that the reaction mechanism of LMT-dsDNA interaction
included the electrostatic attraction of the negative phosphate
groups on the exterior of the dsDNA to lamotrigine molecules
[55]. Concomitantly, the peak potential of LMT shifted to more
negative values with increasing NaCl concentration, thus confirm-
ing the dominance of the electrostatic interactions between lamot-
rigine and dsDNA. Thus, it can be assumed that the observed
interaction occurred mainly through the electrostatic binding
mode.

Because no new electrochemical signals appeared after LMT-
dsDNA interaction, it could be presumed that during LMT-dsDNA
interaction, only one complex is formed [dsDNA(LMT),,], according
to the following equation [51,56-58]:

dsDNA + m(LMT) < dsDNA(LMT),, 3)

where m represents the binding ratio. Therefore, the following
equations can be used to express the association equilibrium con-
stant (p):

B = [dsDNA(LMT), }/[dsDNAJ[LMT]™ (4)

log[Al,/ (Al max — Aly)] = mlogp + mlog(c(LMT)) (5)

In such cases, Al, = I, o - I,, may be used to evaluate the varia-
tion in the SW peak current recorded at varying lamotrigine but
fixed dsDNA concentration. The plot of log[Al, | (Alpmax — Alp)]
vs. log(c(umr)) was linear with the slope of m and the intercept of
mlog B. Thus, the values of the binding ratio and the association
equilibrium constant were obtained from the slope and intercept,
respectively. These values were 0.98 and 2.48 x 10° M, respec-
tively. The stoichiometry of the cooperative LMT binding is thus
at least 1 per base pair unit.

3.3. UV-Vis absorption studies

UV-Vis absorption spectroscopy is perhaps the most widely
used instrumental technique to study DNA interactions with drug
molecules. As a rule, when a drug molecule interacts with a nucleic
acid, some changes occur in absorbance and in the position of the
band [52,59]. The magnitude of these changes is associated with
the strength of interaction. The extent of hypochromism and red
shift generally indicates binding through intercalation [60]. The
red shift is associated mainly with the decrease in the energy
gap between HOMO and LUMO molecular orbitals after the binding
of drug molecules to DNA, while hypochromicity is usually attrib-
uted to the interaction between the electronic states of the drug

Values of binding constant (K) and Gibbs free energy (AG°) for LMT-dsDNA and LMT-ssDNA calculated from the results of voltammetry and UV-vis spectroscopy under

physiological conditions.

LMT-dsDNA

LMT-ssDNA

Voltammetry

UV spectroscopy

Voltammetry UV spectroscopy

6.46 x 10°
-32.59

K(M™)

AG° (k] mol™) -32.76

6.93 x 10°

1.19 x 108
—34.08

1.81 x 10°
—35.70
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Fig. 6. SW voltammograms of lamotrigine incubated with dsDNA (c(;yr)=3.0 x 107>
mol LY, c(aspna) = 50 mg L) in PBS (pH 7.4) with increasing NaCl concentration:
0.0 (1), 5.0 (2) 10.0 (3), 15.0 (4), 20.0 (5), 25.0 (6) mmol L.

molecules and those of the nucleic acid bases [52,60,61]. Hyper-
chromism results from the presence of synergistic noncovalent
interactions such as electrostatic binding or groove binding (major
or minor) along the exterior of DNA helix surface, and it might be
ascribed to partial uncoiling of the helix structure, which exposes
more bases of DNA [61].

To validate the interaction between lamotrigine and DNA, the
UV-Vis absorption spectra of LMT in the absence and presence of
dsDNA were studied. In the absence of dsDNA, lamotrigine showed
a sharp absorption band at 306 nm. With the addition of various
concentrations of dsDNA into the LMT solution, the absorption
band of LMT at 306 nm increased without a shift in the wavelength
of maximum absorption; simultaneously, a new band developed at
approximately 256 nm with increasing concentration of dsDNA,
which may be assigned to the LMT-dsDNA complex (Fig. 7). The
observed changes indicate the predominant occurrence of electro-
static interactions, which is in agreement with the electrochemical
results. Similar investigations were performed in the presence of
ssDNA (Supplementary Material, Fig. S2), and the obtained results
also indicated the electrostatic mode of binding.

24
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Fig. 7. UV-Vis spectra of LMT (1) (c(tmr) = 1.0 x 10~% mol L) with increasing
concentration of dsDNA (c(aspna) = 2.0 (2), 6.0 (3), 10.0 (4), 14.0 (5), 18.0 (6) mg
L1); supporting electrolyte: PBS pH 7.4.

On the basis of the variations in the absorbance spectra of LMT
upon binding to DNA (both ds- and ssDNA), the binding constant
values were calculated according to the following equation [2,52]:

Ao/(A — Ao) = ewmr/ (Etmr—dspna — €mr) + €6/ (EtmT—dsna — ELmr)
x 1/K;c(DNA) (6)

where Ag and A are the absorption spectra at 306 nm of the free and
complexed LMT, respectively and &yt and €mr.asona are the
absorption coefficients of the free drug and complexed drug, respec-
tively. Table 1 shows the obtained values of the binding constant,
which are in good agreement with those obtained from the electro-
chemical studies.

3.4. Interaction of lamotrigine with ssDNA

The binding of the antiepileptic drug lamotrigine to single
stranded DNA was investigated by CV and SWV in the presence
and absence of ssDNA. When ssDNA was added to the LMT solu-
tion, a marked decrease in the peak current height was observed,
and the peak potential was shifted to more negative value
(Fig. 4A,B). As noted in the previous investigation, the decrease in
LMT peak current after the addition of ssDNA appeared to be
caused by the electrostatic attraction of LMT to the slowly diffusing
ssDNA, which resulted in decrease in the apparent diffusion coeffi-
cient value. This was apparent from the decrease in the slope of the
linear I, versus ' (? > 0.993) plots; the obtained slope values
were 2.23 and 1.68 pA V-2 5712 in the absence and presence of
ssDNA, respectively (Fig. 4A inset). From the obtained value, the
diffusion coefficient of the bound LMT (LMT-ssDNA) was calculated
to be 1.44 x 107 cm? s~ By using the estimated value of Dy, the
heterogeneous rate constant (k°) was also calculated. The k° value
in the presence of ssDNA was 9.11 x 1073 s~!; thus, as assumed,
the rate of electron transfer was decreased in the presence of
ssDNA.

Current titration was performed with SWV by keeping LMT con-
centration fixed while varying the concentration of ssDNA (Supple-
mentary Material, Fig. S3). As the LMT-ssDNA interaction also
depends on time, voltammograms for the adequate interaction
time voltammograms were recorded in the presence of ssDNA at
different time intervals. An interaction time of 6 min was found
to be sufficient; therefore, this time period was maintained con-
stant after the addition of each concentration of ssDNA. The bind-
ing constant was evaluated according to Eq. (1), and the obtained
result is shown in Table 1. Consequently, the change in the Gibbs
free energy was also estimated (Table 1). The ionic strength influ-
ence was examined as previously described, and similar results
were obtained.

The effect of a fixed ssDNA concentration on the SW response of
a series of increasing concentration of LMT was studied. From Eq.
(5), the plot of log[AIL/(Alpmax — Alp)] vs. log(c(wmr)) was found
to be linear with the slope of m and the intercept of mlog p. The
values for # and m were 5.37 x 10° M~! and 1.18, respectively.
Summarizing, bearing in mind the decrease in the LMT peak cur-
rent in the presence of ssDNA and a negative shift in the peak
potential, it can be assumed that the observed interaction occurred
mainly through the electrostatic binding mode. In addition, no
intercalative interactions are expected if the binding occurs with
single stranded DNA.

Comparison of the electrochemical behavior of LMT after the
addition of dsDNA and ssDNA indicated that the peak currents
decrease and the peak potentials shift to more negative values in
both cases. Nonetheless, the LMT peak current obtained in the
presence of dsDNA was slightly higher than that obtained in the
presence of ssDNA (Fig. 4). This result indicates that lamotrigine
interacts with single stranded DNA more strongly, which also con-
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firms the values of the calculated binding constants. The decrease
in the LMT peak current after the addition of ssDNA was due to an
increase in the electrostatic binding of lamotrigine to single
stranded DNA or due to a decrease in the electron transfer of
LMT through ssDNA or probably both.

4. Conclusion

The interaction of LMT with double and single stranded DNA at
the physiological pH value of 7.4 was investigated for the first time.
Electrochemical and spectroscopic studies revealed that LMT inter-
acted with both dsDNA and ssDNA mainly through electrostatic
interaction. After the addition of dsDNA or ssDNA, the LMT peak
current decreased and shifted to more negative potential values.
UV-Vis spectroscopic studies showed a hyperchromic effect with-
out a shift in the wavelength of maximum absorption after the
addition of the nucleic acid to the LMT solution. A good correlation
was observed between the binding constant values obtained
through both techniques. The described approach shows the use-
fulness of the voltammetric methods for simple investigation of
drug-DNA interactions; moreover, electrochemical techniques
offer great advantages such as rapidity, relatively low cost, and
adequate sensitivity for such analyses. The obtained results are of
potential importance for understanding the mechanisms of inter-
action of drugs with DNA in living organisms.
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S1. Optimization study

S1.1 Selection of optimal square wave voltammetric parameters

As SW voltammetric parameters are interrelated and exert a combine effect on the registered
peak current, to establish the optimum conditions for chosen supporting electrolyte, the
influence of amplitude, frequency and step potential was studied. Amplitude was evaluated in
the range of 10-100 mV. The peak current increased from 10 mV to 30 mV and was well-
defined. For amplitude values higher than 30 mV non-linear growth of the peak (plateau) was
observed. The best results were obtained at 30 mV, and thus those value was adopted in
subsequent studies. Next the influence of frequency (10-100 Hz) on LMT peak current was
studied. The strongest analytical signal and the best-shaped peak were obtained at 25 Hz,
with a plateau at higher frequency values. Consequently, 25 Hz was selected for further
investigations. Finally, the step potential was evaluated in the range of 1-10 mV. At a whole
examined range of step potential, the LMT peak current increased with the increasing of step
potential value, but it was angularly shaped above 6 mV, thus in further studies a step
potential of 6 mV was applied.

S1.2 Selection of optimal interaction time

To establish the optimal interactions conditions, the influence of the interaction time on LMT
signals upon the addition of a fixed amount of ds- or ssDNA was investigated. The LMT
voltammograms in the presence of both types of nucleic acids were recorded at different time
intervals (from 2 to 40 min) which elapsed since the addition of DNA. In the case of presence
of dsDNA, LMT peak currents significantly decreased and shifted to more negative potential
values up to 8 min, after that time value, no significant changes in peak current and peak
potential were observed (Fig. S1). Similar changes were observed in the case of presence of
SSDNA, i.e. lamotrigine signals decreased and shifted to more negative potentials, however 6
min was found to be sufficient time for LMT-ssDNA interaction. Thus in further studies an
interaction time of 8 min and 6 min in case of interaction with dsDNA and ssDNA,
respectively was applied.
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Fig. S1 SW voltammograms of lamotrigine incubated with dsDNA (c(umr) = 2.0 x 10° mol L™,
C(asona) = 50 mg ") in PBS (pH 7.4) with increasing incubation time: 0.0 (1, straight line), 2,



4, 6 (2-4, dashed lines) 8, 10, 20, 30, 40 (5-9, dotted lines) min. Inset: Relationship between
the peak current of LMT in presence of fixed concentration of dsDNA and interaction time.
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Fig. S2 UV-Vis spectra of LMT (1) (c(uvr) = 1.0 x 10-4 mol L) with increasing concentration
of ssDNA (c(ssona) = 2.0 (2), 6.0 (3), 10.0 (4), 14.0 (5), 18.0 (6) mg L"1); supporting
electrolyte: PBS pH 7.4.
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Fig. S3 SW voltammograms of LMT (c(uwr) = 3.0 x 107° mol L™") recorded in the absence (1)
and presence of sSDNA (c(ssona) = 10.0 (2), 20.0 (3), 40.0 (4), 60.0 (5), mg L™"); supporting
electrolyte: PBS pH 7.4.
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The widespread use of pesticides is one of the major health and environmental concerns. There is an urgent need to
develop improved analytical methodologies as well as for a deep insight into the mechanism behind the interaction
between pesticides and the nucleic acids of living organisms. In the present work, the electrochemical behavior of
the diacylhydrazine insecticide methoxyfenozide (Met) on a boron-doped diamond electrode and its interaction
with double-stranded DNA (dsDNA) were investigated for the first time by applying cyclic voltammetry and square-
wave (SW) voltammetry. The influence of numerous factors, such as composition of the supporting electrolyte, its

Keywords:
Methoxyfenozide pH, and voltammetric parameters, was analyzed. Under the optimized conditions, a simple and sensitive SW
Voltammetry voltammetric procedure was developed for the determination of Met. Quantification was found to be linear from

5.0 X 1077 t07.0 x 10~ °>mol L™, with a detection limit of 1.4 x 10~7 mol L™ '. The application of the developed
voltammetric methodology for the analysis of tap water, river water and grape juice was tested with spiked samples.
Studies on the interaction between methoxyfenozide and double-stranded salmon sperm DNA were conducted using
both voltammetric and spectroscopic techniques. The results obtained indicated the dominance of the intercalative
binding mode between Met and dsDNA. The binding constants of the formed complex were calculated based on the

UV-Vis spectroscopy
Double-stranded DNA
DNA interactions

changes in the electrochemical and spectroscopic behaviors of Met in the presence of dsDNA.

1. Introduction

Pesticides are broadly defined as substances or mixtures used to pre-
vent, destroy, or reduce pests including insects, weeds, and rodents [1,2].
According to their functions, pesticides can be categorized into several
groups, such as insecticides, which are the second largest pesticide category
used worldwide [1]. Methoxyfenozide (N-tert-butyl-N’-(3-methoxy-o-
toluoyl)-3,5-xylohydrazide, Scheme 1) is a diacylhydrazine insecticide,
which was first identified as the most efficacious member of the
diacylhydrazine group by Le et al. [3]. The mechanistic aspects of Met's in-
secticidal activity are based on its high-affinity binding to the ecdysone re-
ceptor complex in lepidopteran insects, where it induces premature molting
and thereby the death of insects by mimicking their specific hormone [4,5].
Met exhibits very high insecticidal efficacy against a broad range of caterpil-
lar pests, at all feeding larval stages of the target Lepidoptera, mainly the
members of the family Noctuidae, Pyralidae, Pieridae, and so on. It is the
most effective when ingested by the caterpillar however, it also displays
some ovicidal and topical properties [5].

Methoxyfenozide is used for a variety of crops such as grapes, sweet
corn, tomato, aubergine, pepper, and leafy vegetables (spinach, herbs, let-
tuce and other salad plants) [6]. It is a colorless and odorless solid, and is

* Corresponding authors.

characterized by low aqueous solubility and very low volatility. Based on
its physical and chemical properties, it is associated with a real risk of
leaching to groundwater [6], and under anaerobic conditions, it may be
persistent in soil systems. Met shows low oral toxicity toward mammals,
birds, or honeybees, but no significant risks to human health have been
identified. However, it is relatively more toxic to earthworms and aquatic
species [6]. Therefore, a simple, fast, and sensitive method for the determi-
nation of methoxyfenozide is vital to protect the ecology and environment.
Literature data show that the number of methods available for the quantita-
tive determination of Met is scarce; only a few analytical methodologies
have been reported, which are mainly based on liquid chromatography
[4,7-10]. Although the liquid chromatographic methodologies are among
the most sensitive and selective ones, they are quite expensive, time-
consuming, and labor-intensive. Furthermore, their generate high quanti-
ties of waste, and require a huge volume of toxic organic solvents. The
aforementioned features may lead to some important issues in terms of
the ecological impact or operator safety. Therefore, there is a need to de-
velop a simple, rapid, inexpensive, and simultaneously sensitive and envi-
ronmentally friendly method for the assessment of methoxyfenozide.
Nowadays, electrochemical techniques, as an interesting alternative to
chromatographic techniques, are often used for the determination of a

E-mail addresses: kamila.morawska@chemia.uni.lodz.pl (K. Morawska), witold.ciesielski@chemia.uni.lodz.pl (W. Ciesielski), sylwia.smarzewska@chemia.uni.lodz.pl (S. Smarzewska).

http://dx.doi.org/10.1016/j.jelechem.2021.115030
1572-6657/© 2021 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2021.115030&domain=pdf
http://dx.doi.org/10.1016/j.jelechem.2021.115030
sylwia.smarzewska@chemia.uni.lodz.pl
http://dx.doi.org/10.1016/j.jelechem.2021.115030
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/jelechem

K. Morawska et al.

N/

Scheme 1. Chemical structure of methoxyfenozide.

broad range of biologically significant compounds, including pesticides,
drugs, and related substances [11-14]. Electrochemical techniques have
numerous advantages such as high sensitivity and reproducibility, low in-
strumentation cost, short analysis time, and possibility of miniaturization
[14,15]. The fact that electrochemical techniques may provide valuable in-
formation on kinetic and thermodynamic features of the studied system is
an added advantage [16,17]. Moreover, there has been an expanding inter-
est in electrochemical investigation of the interactions between small mol-
ecules (drugs, pesticides) and DNA [18-24]. Electrochemical techniques
are especially promising in such interaction studies, because of the existing
similarity between the redox reactions occurring at the working electrodes
and the processes occurring in living organisms [25]. Electrochemical sig-
nals reflecting the interactions of analyzed molecules with DNA allow eval-
uating the binding constants, examining the nature of the formed
complexes, and studying the interaction mechanisms [19,21,22,26-28].
Over the past few years, the interactions of DNA with small molecules
have been extensively investigated using various methods, including the
most commonly used spectroscopic techniques [18,29,30]. The electro-
chemical approach to interaction studies can complement the results ob-
tained through spectroscopic techniques; hence, these techniques are very
often combined in order to obtain enhanced results [18,25,28].

Thus, in the present study, electrochemical techniques were applied for
the development of a simple methodology for the quantitative determina-
tion of methoxyfenozide as well as for the characterization of the interac-
tions occurring between Met and double-stranded DNA obtained from
salmon sperm. To the best of our knowledge, until now, there are no reports
on the electrochemical properties of Met and its interaction with DNA. It is
noteworthy that the use of a working electrode is particularly significant in
electroanalysis. Therefore, in this study, a boron-doped diamond electrode
(BDDE) was used. Boron-doped diamond is an electrode material that has
attracted a great deal of interest because of its outstanding electrochemical
features. Furthermore, it has a low background current, a very wide poten-
tial window, and the highest electrochemical stability, and thereby allows
highly sensitive detection [13,31].

The current study of methoxyfenozide and its interaction with dsDNA
on BDDE was conducted by using cyclic voltammetry (CV) and square-
wave voltammetry (SWV). Moreover, the binding mechanism through
which Met interacts with dsDNA was also investigated by using UV-vis
spectroscopy. In the context of analytical chemistry, the work aimed to
first develop a sensitive electrochemical procedure for methoxyfenozide
determination in spiked juice samples (grape juice) and spiked water sam-
ples (river water and tap water). Bearing in mind that many plant protec-
tion products may interact with DNA, the aim of this study was also the
characterization of the interactions occurring between Met and dsDNA.

2. Experimental
2.1. Instrumentation

All voltammetric experiments were conducted using a pAutolab type III
potentiostat (run by GPES software, version 4.9; Metrohm-EcoChemie, The

Netherlands) combined with an M164 electrode stand (mtm-anko Instru-
ments, Cracow, Poland). A conventional three-electrode system was used,
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which consisted of a boron-doped diamond electrode as a working elec-
trode (Windsor Scientific Ltd., UK), saturated Ag/AgCl (3 mol L~ ' KCl) as
a reference electrode, and a platinum wire as a counter electrode. Electro-
chemical experiments were conducted using a standard voltammetric cell
of 10 mL volume. A digital pH-meter (Elmetron, Poland) in conjunction
with a glassy electrode, was used for preparing all of the buffer solutions.
The PURELAB UHQ (ELGA LabWater, UK) was used for the demineraliza-
tion of water. Spectrophotometric measurements were performed using a
Cary 100 Bio UV-vis Spectrophotometer (Agilent, USA). All the measure-
ments were carried out at the ambient temperature.

2.2. Chemicals and reagents

Methoxyfenozide was purchased from Merk (Poland). A stock standard
Met solution was prepared weekly by dissolving an appropriate amount of
the compound in methanol; the prepared solution was refrigerated at 4 °C
when not used. Working solutions of lower concentrations were prepared
by appropriately diluting the stock Met solution. Double-stranded DNA
(low-molecular-weight from salmon sperm; Sigma-Aldrich, Germany) stan-
dard solution was prepared in phosphate-buffered saline (PBS, Sigma-
Aldrich, Poland) at pH 7.4. Various supporting electrolytes, namely
Britton-Robinson (BR), phosphate, citrate, and citrate-phosphate buffers,
were used for the analysis. Britton Robinson buffers of different pH values
were prepared by adding sodium hydroxide to a mixture of phosphoric,
acetic, and boric acid, containing 0.04 mol L™ 1 of each acid. Buffer compo-
nents were purchased from Avantor (Poland). All the chemical reagents
were of analytical grade. The aqueous solutions were prepared using dis-
tilled and deionized water. Grape juice (Hellena, Poland) was purchased
from a local grocery shop.

2.3. Measurement procedures

Cyclic and square-wave voltammetry were applied for the general char-
acterization of the electrochemical properties of methoxyfenozide. Met was
quantified using SWV after optimizing the SW parameters, such as fre-
quency, step potential, and amplitude. Calibration curve was constructed
by succeeding additions of the standard Met solution into the voltammetric
cell containing the supporting electrolyte. Voltammograms of Met were re-
corded after each aliquot addition of the analyte. All voltammetric mea-
surements of Met were performed in the potential range from 0.5 to
1.8 V. Before adding each new sample, BDDE was cleaned by polishing
on an alumina slurry to obtain a mirror-shine surface. After polishing, the
electrode surface was thoroughly washed with distilled water.

The adequacy of the developed SWV method was evaluated by quanti-
fying Met in environmental samples of tap and river water (Ljubljanica
river) but also in grape juice samples. The samples containing
methoxyfenozide were analyzed using the method of standard addition.
The juice, tap and river water samples were analyzed without any pre-
concentration or pre-separation. Spiked water/juice solutions were pre-
pared using the following procedure: 1 mL Met of appropriate concentra-
tion was transferred into a 10 mL volumetric flask and then made up to
the mark with water samples (tap water or Ljubljanica river water) or
juice samples (grape juice). The final concentration of methoxyfenozide
in the water samples was equal to 1.0 x 107> 5.0 x 107> and
1.0 x 10~ % mol L™, in the juice samples was equal to 2.5 x 10~ %,
5.0 X 107% and 1.0 X 10~ *mol L™,

The selectivity of the proposed method was investigated by analyzing
5.0 X 10~° mol L™ Met in the presence of potential interferent com-
pounds found in the environment; the concentration ratios of compounds
(Cant:Cavery) Were of 1:10, 1:5, 1:1, 5:1, and 10:1.

The interaction of Met with dsDNA was investigated using cyclic volt-
ammetry, square wave voltammetry and also UV-vis spectroscopy.
Voltammetric measurements at fixed concentration of Met were recorded
in the absence and presence of dsDNA in phosphate buffer at pH 4.5.

Similarly, the absorption spectra of Met were observed in phosphate
buffer at pH 4.5 in the absence and presence of an increasing amount of
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double-stranded DNA in the wavelength range from 200 to 500 nm. All the
voltammetric and spectroscopic measurements were obtained in triplicate.

3. Results and discussion
3.1. Electrochemical studies of methoxyfenozide on BDDE

The type of supporting electrolyte and its pH are known as one of the
main factors affecting the electrode reaction of a variety of electroactive com-
pounds [14,20,32]. Thus, the electrochemical behavior of methoxyfenozide
was initially investigated at a broad pH range (1.5-9.0) offered by the
Britton-Robinson buffer. As can be seen in Fig. 1, the highest Met signal
was recorded at a pH value of 3.0. At higher pH values, a marked decrease
of the peak current was observed. Furthermore, there were no Met oxida-
tion signals noticed at pH higher than 6.0. Because the highest Met signals
were recorded at acidic pH, the effect of other supporting electrolytes (cit-
rate and citrate-phosphate buffers) on Met signals was also examined. How-
ever, the best shape and height of methoxyfenozide signal was achieved in
the BR buffer at pH 3.0, which was selected for further studies. With in-
creasing pH, Met signals shifted toward more negative potential values.
The plot of E, versus pH was linear with slope equal to 10 mV pH ~'.
Based on the obtained E,, — pH data, it can be stated that the oxidation of
methoxyfenozide is a pH-dependent process [33]; nonetheless, from this re-
sult, it is difficult to determine the ratio between transferred protons and
electrons, which indicates a complex electrode process with presumably
multi-step oxidation reaction [34,35].

Next, cyclic voltammetry was applied to study the electrochemical be-
havior of Met with the chosen supporting electrolyte. The CV curves of
Met, recorded in the potential window from 1.2 to 1.8 V at different scan
rates (25-1000 mV s~ 1) are shown in Fig. 2. Met exhibited only a single ox-
idation peak at a potential of approximately + 1.5, which was related to the
irreversible process as there was no corresponding reduction signal. When a
broader potential range was tested, no additional peaks or different behav-
ior was observed. As typical for irreversible oxidative electrochemical pro-
cesses, the Met peak potential slightly shifted toward more positive values
with an increase in scan rate value. Furthermore, the effect of the scan
rate on Met peak current was investigated. A linear dependence was ob-
served between peak current of Met and the square root of the scan rate
(I, = 8.899 v + 0.190, R> = 0.995, Fig. 2 inset), suggesting a
diffusion-controlled process, which was confirmed by constructing the
plot of log I, vs. log v. The slope of this dependence was equal to 0.49,
which is close to the theoretical value of 0.5 for diffusion-controlled pro-
cesses [36].

Based on these results and the available literature data [37,38], it can be
stated that under the measurement conditions utilized, Met is first oxidized

Fig. 1. SW voltammograms of Met (c(pe) = 1.0 X 107> mol L™ 1), recorded in
Britton-Robinson buffers at different pH values (1.5, 2.0, 3.0, 4.0, 5.0, 6.0);
voltammograms are presented with background subtraction.
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Fig. 2. Cyclic voltammograms of methoxyfenozide (c(p) = 1.0 X 10 *molL™Y)
in BR, pH 3.0, at different scan rates (mV s™1): (1) 25, (2) 50, (3) 75, (4) 100,
(5) 150, (6) 200, (7) 250, (8) 300, (9) 400, (10) 500, (11) 600, (12) 700, (13)
800, (14) 900, and (15) 1000. Inset: the dependence of Met peak current (I,)
versus the square root of the scan rate.

to a neutral radical. Subsequently, the radical probably undergoes
dismutation, and the resulting cationic product loses a proton; however
the second step of the oxidation is more complicated, and a detailed inves-
tigation of the electrode reaction mechanism is beyond the scope of this
study.

In the next step, the parameters of the SWV technique, such as ampli-
tude (10-100 mV), frequency (10-100 Hz), and step potential (1-10 mV),
were optimized by sequentially changing one of them, and keeping the
others constant. The result showed a significant effect of the aforemen-
tioned parameters on the Met signal. The optimum peaks with respect to
the shape and height were obtained at an amplitude of 30 mV, a step poten-
tial of 4 mV, and a frequency of 25 Hz. Further experimental procedures,
such as the construction of calibration curve and analysis of water samples,
were performed with these optimized parameters.

The robustness of the proposed method was evaluated using SW
voltammetric experiments at different pH values of Britton-Robinson buffer
considering positive and negative deviations in optimal pH value (2.8-3.2).
Such deviation correspond to mistakes in calibration procedures of a pH
meter. A small variation in the pH of the supporting electrolyte did not sig-
nificantly affect Met voltammetric response, indicating a suitable robust-
ness of the proposed procedure.

3.2. Analytical application

Quantitative measurements of Met were obtained using square-wave
voltammetry, under previously optimized conditions. A calibration curve
was constructed by plotting the obtained peak currents against the corre-
sponding methoxyfenozide concentration. The anodic peak current in-
creased linearly with Met concentration from 5.0 X 1077 to
7.0 x 10~ ° mol L ™! (Fig. 3A). From the calibration curve (Fig. 3B), the
limit of detection (LOD) and the limit of quantification (LOQ) for Met
were calculated as kSD/b, where k = 3 for LOD, and k = 10 for LOQ, b is
the slope of the curve, SD is the standard deviation of the intercept [39].
The calculated values of LOD and LOQ were equal to 1.4 x 10~ 7 and
4.8 x 10”7 mol L™, respectively. Subsequently, the intra-day repeatabil-
ity of the Met peak current was assessed with 10 successive measurements
in a solution containing 5.0 x 10~ ® mol L™ ! of the analyzed compound
(n = 10), with the BDDE surface refreshed before each measurement.
The obtained coefficient of variation (CV) was 3.1%. In addition, repetitive
inter-day measurements, over a period of 5 days, were performed by mea-
suring the obtained peak currents for similarly prepared Met solutions of
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Fig. 3. (A) SW voltammograms recorded in BR, buffer pH 3.0, with increasing methoxyfenozide concentration c(y,) = 0.5, 0.7, 1.0, 3.0, 5.0, 7.0, 10.0, 30.0, 50.0, and
70.0 pmol L™ '; voltammograms are presented with background subtraction. (B) Corresponding calibration curve. The other measurement conditions were as follows:

amplitude 30 mV, step potential 4 mV, and frequency 25 Hz.

the same molar concentrations. The CV was found to be 5.7%, which is
highly satisfactory for practical applications.

The reliability of the proposed SW voltammetric methodology was in-
vestigated by assaying Met in tap water, river water (Ljubljanica river)
and grape juice. As Met was not detectable in the used water and juice sam-
ples, a series of spiked samples were used for evaluating the accuracy of the
developed method. The standard addition method was used to determine
methoxyfenozide in spiked samples. The data related to the recovery curves
for the river water, tap water and grape juice samples are shown in Table 1.
The presented values of recovery indicated that the components of the
water and juice matrices did not affect the analytical sensitivity. Thus, it
can be concluded that the developed procedure can effectively determine
Met in river water, tap water and juice samples.

The selectivity of the method was investigated using SWV by measuring
5.0 X 10~ ° mol L. ! of methoxyfenozide in the presence of 11 interfering
species such as pesticides (profluralin, lactofen, mandipropamid, metam so-
dium, fenthion) and metal ions (Ca®*, Mg>*, Cu**, Cd*", zn**, Pb*™).
The interferent concentration was altered in the range from 5.0 x 10~7
t0 5.0 x 10~° mol L™*, corresponding to the interferent/analyte ratios of
1:10, 1:5, 1:1, 5:1, and 10:1. The presence of Ca®>*, Mg®*, Cd**, zn?*,
lactofen, mandipropamid and metam sodium was not found to interfere
with Met voltammetric response in the studied concentration range (per-
centage of the Met peak current change was less than 10% in comparison
to the peak current value for uncontaminated Met solutions). The presence
of lead and copper ions precluded proper determination of Met at a

Table 1
Results obtained from Met determination in spiked juice and water samples with
SWV technique.

Added [pmol L™1] Found [pmol L™1] Precision [%] Recovery [%]

Ljubljanica river water

10.0 10.5 4.71 105
5.00 5.09 6.95 102
1.00 1.05 6.68 104
Tap water

10.0 10.4 1.03 103
5.00 5.18 4.99 104
1.00 0.96 3.68 95.6
Grape juice

10.0 10.5 8.62 105
5.00 5.19 2.76 104
2.50 2.57 2.46 103

concentration of 2.5 X 10> mol L™ ! and higher, whereas the presence
of fenthion and profluralin precluded proper determination of Met at
5.0 X 10~ °mol L. * and above.

3.3. Interaction of methoxyfenozide with dsDNA

It has been widely recognized that the biological activities of a large
number of biologically active compounds are related to their ability to in-
teract with DNA [40]. Interactions between DNA and agents present in
the environment often result in mutations of the DNA nucleotide sequence
[41,42]. Plant protection products such as herbicides, insecticides, and fun-
gicides are some examples of chemicals that may interact with nucleic acids
[43]. Since methoxyfenozide is toxic to aquatic species and earthworms,
double-stranded DNA, isolated from salmon sperm was selected to examine
the interaction between Met and DNA. The interaction study was conducted
using square wave voltammetry, cyclic voltammetry and UV-Vis spectros-
copy. Because the oxidation signals of Met were not observed at a pH of
the supporting electrolyte higher than 6.0, studies on the Met-dsDNA inter-
action were conducted at pH 4.5 (phosphate buffer). It should be men-
tioned that phosphate-buffered saline (PBS) of physiological pH value is
the most commonly used buffer in such studies however, buffers of pH
close to 4.5 are also used in interaction studies [26,44,45]. In the phosphate
buffer of pH 4.5, Met also exhibited one oxidation peak, related to the irre-
versible anodic process. In the presence of double-stranded DNA,
methoxyfenozide signals decreased and shifted to more positive potential
values in both voltammetric techniques (Fig. 4), which indicated the occur-
rence of interaction between Met and dsDNA. Generally, the differences ob-
served in the electrochemical behavior of the analyzed compound upon the
addition of nucleic acid can be investigated by tracking the shift in the peak
potential and by observing the changes occurring in the peak current [26].
The observed shift in the Met peak potential can be employed to estimate
the interaction mode, whereas the peak current change can be used to eval-
uate the binding constant value. For peak potential shift, Carter and Bard
[26,46] have reported that a positive shift is characteristic of the
intercalative mode of interaction. Thus, the obtained results indicate the
dominance of the intercalative mode for binding between methoxyfenozide
and dsDNA. Subsequently, to confirm the intercalative binding mode, the
ionic strength effect was studied, which is also a highly efficient parameter
to distinguish the modes of binding between small molecules and DNA
[18,45,47]. While the ionic strength of the reaction medium increased
with the addition of salt (NaCl), charge compensation of the present
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Fig. 4. (A) Cyclic voltammograms of methoxyfenozide (c(p) = 1.0 X 10~ *mol L™ 1) recorded in the absence (straight line) and presence of dsDNA, c(4spna) = 20 mg L™ 1

(dotted line), and c(g4spna) = 100 mg L™ 1 (dashed line). (B) SW voltammograms of Met (¢(pze,) = 3.0 X 10~°mol L™ 1) recorded in the absence (straight line) and presence of
dsDNA, c(gspna) = 10 mg L™! (dotted line), and c(4spna) = 50 mg L~ ! (dashed line); supporting electrolyte: phosphate buffer, pH 4.5.

nucleotide phosphate by Na* would hinder the effect of electrostatic bind-
ing. Thus, complex formation throughout the electrostatic mode would de-
crease, whereas binding based on intercalation should remain virtually
unaffected [18,47]. In the present study, the ionic strength was varied by
gradually changing the NaCl concentration from 5.0 to 40.0 mmol L™ ! in
a voltammetric cell containing fixed concentrations of Met (c(prr) =
3.0 X 107> mol L™ ') and dsDNA c(gspna) = 30 mg L™ 1) in phosphate
buffer at pH 4.5. Square wave signals were recorded after the addition of
each salt. As the NaCl concentration increased, no significant change was
observed in the peak current of the Met-dsDNA complex. Consequently,
the obtained result indicated that the interaction of Met with dsDNA is inde-
pendent of the salt concentration, which confirms the intercalative binding
mode.
The observed loss of methoxyfenozide signal upon the addition of
dsDNA is apparently due to the formation of Met-dsDNA adduct with a
large molecular weight, which should result in a decrease in the apparent
diffusion coefficient. Thus, to evaluate the diffusion coefficient value, the
formed Met-dsDNA adducts were examined by CV technique at various
scan rates. In all the obtained cyclic voltammograms, a single anodic signal
was observed. A linear dependence was noted between the peak current of

the Met-dsDNA adduct and the square root of the scan rate, whereas the
slope of log I, vs. log v was equal to 0.47; such a finding indicates the
diffusion-controlled nature of the observed phenomena. Most importantly,
upon the addition of dsDNA to the methoxyfenozide solution, a significant
decrease was observed in the slope of the I, versus v'/* plot (R = 0.990) in
comparison with the results obtained for free Met. The slope values ob-
tained were 4.73 and 2.57 pA V~ /% s~ /2 for Met in the absence and pres-
ence of DNA, respectively. Based on aforementioned data, the diffusion
coefficient value of the free Met was calculated as 6.91 x 107% cm?s™ %,
whilst for the bound Met (Met-dsDNA), the diffusion coefficient was equal
t0 2.09 x 107° ecm? s~ ! [48]. The decrease observed in the diffusion coef-
ficient values confirmed the assumption that a decrease in the
methoxyfenozide peak currents in the presence of double-stranded DNA
was due to the binding between Met and slowly diffusing nucleic acid mol-
ecules. Furthermore, to verify whether the interaction between Met and
dsDNA affected the kinetics of Met oxidation, the heterogeneous rate con-
stants (k°) were estimated by using calculated diffusion coefficient values.
From the slopes of E,, versus In('?) plots [49], the values of the rate con-
stants were determined as 2.1 x 10" 3s™! (Met) and 1.1 x 10" >s™!
(Met in the presence of double-stranded DNA); therefore, based on the
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Fig. 5. (A) SW voltammograms of methoxyfenozide (c(per) = 3.0 X 10> mol L™ 1 recorded in the absence (blank line) and presence of DNA (c(gspna) = 10.0, 20.0, 40.0,
60.0, 80.0, and 100.0 mg L%, gray lines). (B) UV-vis spectra of Met (c(pzer) = 1.0 X 10~ *mol L) recorded in the absence (black line) and presence of dsDNA (c(aspna) =

8.0, 16.0, and 24.0 mg L.~ !, gray lines); supporting electrolyte: phosphate buffer, pH 4.5.
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Table 2
Values of calculated binding constant (K), and Gibbs free energy (AG") for Met-
dsDNA interaction.

SW voltammetry UV-vis spectroscopy
KM™hH 3.47 x 107 2.34 x 107
AG® (kJ mol™1) —42.29 —41.34

obtained results it can be concluded that as presumed, the rate of electron
transfer was lowered for Met in the form of the Met-dsDNA adducts.

Subsequently, SW voltammetry was used to evaluate the binding con-
stant values of Met-dsDNA complexes. The reason for selecting the SWV
technique for this purpose was its better peak resolution, and higher sensi-
tivity in comparison to CV. As the Met signals decreased upon the addition
of dsDNA, titrations were performed at the fixed Met concentration while
changing the concentration of dsDNA (Fig. 5A). As can be seen in Fig. 5A,
in the presence of an increasing amount of dsDNA, the Met peak current
height gradually decreased. Thus, the following equation was used for the
evaluation of the binding constant value [18,50].
log (1/c(aspna)) = log K + log [Inviec—dspNa/ (Ivet—Imet—dspNa )] Eq.(1)
where K is the apparent binding constant, and Iy, and Iyer-dspna are
the peak currents of the free guest (Met) and the formed adduct
(Met-dsDNA), respectively. The binding constant calculated for the Met—
dsDNA complex is listed in Table 2.

For a more detailed investigation of the Met-dsDNA interaction, a spec-
trophotometric study was also performed. Generally, spectral properties
such as hypo- or hyperchromic shift may indicate the interactions occurring
between an analyte and DNA. In the UV-vis spectra Met showed an absorp-
tion band at 276 nm (Fig. 5B). This absorption band increased and slightly
shifted (blue shift ~10 nm) with the addition of increasing concentrations
of DNA into the solution. The observed changes confirmed the occurence
of interactions between Met and dsDNA. For comparison purpose, the bind-
ing constant value of the Met-dsDNA complex was estimated spectrophoto-
metrically by applying the Benesi-Hildebrand equation [27,51].

Ao/(A=Ao) = emer/ (Emer-dsDNA—EMer) + Enter | (EMter—dsDNA—EMer)
Eq.(2)

X 1/K¢ c(aspna)
where Ay and A are the absorbances of the free and complexed Met, respec-
tively, eper and epzer.aspna are the absorption coefficients of the free analyte
and complexed analyte, respectively, and K is the binding constant. Table 2
shows the calculated binding constant value, which is in good agreement
with the electrochemically obtained value.

The obtained K values proved the formation of a stable complex

resulting from the close interaction between methoxyfenozide and
dsDNA. To reflect the stability of the Met-dsDNA complex, the change in
the Gibbs free energy (AG’) was estimated with the equation Guziejewski
etal. [16].
AG® = —RT InK Eq.(3)
where K is the binding constant value; the other variables used have their
usual meaning. The calculated AG® values were found to be negative
(Table 2), which suggested that the Met-dsDNA interaction process was fa-
vorable and spontaneous.

4. Conclusion

The electrochemical behavior of methoxyfenozide was examined for
the first time. The tested insecticide was found to be electrochemically ac-
tive at a boron-doped diamond electrode and its oxidation was irreversible
and diffusion-controlled. The obtained results clearly demonstrated the po-
tential utility of a bare BDDE for square wave voltammetric determination
of Met, which is of considerable significance owing to the fact that electrode

Journal of Electroanalytical Chemistry 882 (2021) 115030

surface modification is a time-consuming process, and simultaneously, its
repeatability is much worse. The proposed methodology is fast, has high
precision, and can therefore be employed for the quantification of Met in
water and juice samples. Furthermore, the simplicity, low apparatus cost,
and environmental friendliness are the other main advantages of the pre-
sented voltammetric procedure, and thus, it can serve as an attractive alter-
native to very expensive and time-consuming chromatographic techniques.
As methoxyfenozide is toxic to aquatic organisms, its interaction with
double-stranded salmon sperm DNA was also examined. Both voltammetric
and spectrophotometric techniques revealed the interaction between Met
and dsDNA. Upon the addition of dsDNA, the peak current of Met decreased
and also shifted to more positive potential values, while its absorption band
increased and slightly shifted in the wavelength. Based on these correla-
tions and the binding constant values calculated (a good correlation was
found between the binding constants estimated through both techniques),
it can be stated that strong interactions occur between Met and dsDNA,
and the interaction mode is mainly intercalative.
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