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Wstep

W dzisiejszych czasach kilka tysigcy zwigzkéw petni role substancji czynnych
preparatow farmaceutycznych. Ze wzgledu na stale rosngca produkcje i spozycie
preparatow farmaceutycznych coraz wigksza liczba substancji leczniczych przenika do
srodowiska, zwtaszcza do ekosystemow wodnych. Farmaceutyki przedostaja si¢ do
srodowiska naturalnego zardwno podczas ich wytwarzania, stosowania, jak 1 utylizacji.
Do zrédetl zanieczyszczen §rodowiska naturalnego substancjami czynnymi preparatow
farmaceutycznych i1 ich metabolitami mozna zaliczy¢: $cieki komunalne, ktérych
catkowite oczyszczenie tradycyjnymi metodami jest niemozliwe, niewtasciwa utylizacja
przeterminowanych i niewykorzystanych lekéw, $cieki z przemystu farmaceutycznego,
a takze odpady z gospodarstw, gdzie stosowane sg roznego rodzaju leki weterynaryjne.
Najczesciej wykrywanymi w probkach srodowiskowych grupami farmaceutykow sa:
leki przeciwbolowe 1 przeciwzapalne, antybiotyki, $rodki hormonalne oraz leki
psychotropowe. Obecnos$¢ tych substancji w srodowisku wywiera szkodliwy wplyw na
zdrowie zwierzat, jak réwniez ludzi. Przykladowo, zenskie hormony powoduja
feminizacje ryb, a zanieczyszczenie antybiotykami skutkuje pojawieniem si¢ coraz
wiekszej liczby wieloopornych szczepdéw bakterii, co przeklada si¢ na znaczny spadek
skuteczno$ci sprawdzonych metod leczenia.

Majac na uwadze mnogo$¢ zagrozen wynikajacych z  obecnosci
farmaceutykow w srodowisku, niezwykle istotne jest monitorowanie ich ilosci zaréwno
w probkach srodowiskowych, jak i1 ptynach ustrojowych. W tym celu stosowana jest
cata gama metod analitycznych, najczesciej metod chromatograficznych, ktére pomimo
wielu zalet posiadajg tez wady, tj. kosztowna aparatura, czesto czasochtonny etap
przygotowania probki do analizy, a takze duze zuzycie odczynnikow. Metody
elektroanalityczne, w tym woltamperometria, umozliwiaja wykrywanie 1 ilo$ciowe
oznaczenie wielu zwigzkéw organicznych. Woltamperometria charakteryzuje si¢
wysoka czuto$cig, niewielkim zuzyciem odczynnikow 1 matg objetoscig probek, niskim
kosztem aparatury 1 analizy, a takze mozliwoscig miniaturyzacji 1 wykorzystania
czujnikéw w analizatorach przeno$nych. Wsrdd stale rosnacej liczby opracowywanych
czujnikow elektrochemicznych duzym zainteresowaniem cieszag si¢ czujniki
sitodrukowane. Urzadzenia te wpisuja si¢ w popularny trend miniaturyzacji aparatury
pomiarowej, znajdujg bowiem zastosowanie w analizie polowej dzieki kompatybilnosci

z analizatorami przeno$nymi. Czujniki te sktadaja si¢ zazwyczaj z ukladu trzech




elektrod nadrukowanych z uzyciem tuszow przewodzacych na wspolnym podlozu
ceramicznym lub plastikowym. Woltamperometria jak kazda metoda analityczna, nie
jest wolna od interferencji, ktére moga wptywac¢ na wynik analizy. Ich zrédtem moga
by¢ np. sktadniki ztozonych matryc analizowanych préobek.

Niniejsza praca poswigcona jest opracowaniu nowych,
woltamperometrycznych procedur oznaczania wybranych zwiazkéw biologicznie
czynnych z uzyciem czujnikow sitodrukowanych oraz doborze odpowiedniego sposobu
minimalizacji interferencji wystepujacych podczas analizy probek biologicznych
i $srodowiskowych. W trakcie prowadzonych badan skupiono si¢ na nast¢pujacych
grupach zwigzkéw: zwigzkach o dziataniu przeciwzapalnym i przeciwbolowym,
zwigzkach o wlasciwosciach przeciwnowotworowych, przeciwpsychotycznych,
antybiotykach i1 hormonach. Dzigki elektrochemicznej aktywacji i/lub modyfikacji
powierzchni stosowanych czujnikow, odpowiednio dobranym sposobom minimalizacji
interferencji (zastosowanie: uktadu przeptywowego, wstepnego odbialczania probek,
modyfikacji  powierzchni  surfaktantem, dodatku do roztworu czynnika
kompleksujacego, krotkich czasOw nagromadzania czy duzego rozcienczenia probek)
oraz optymalizacji procedur woltamperometrycznych mozliwe bylo selektywne
oznaczania wybranych zwigzkéw na bardzo niskich poziomach stezen rzedu 10° — 10713

mol L.




Cel badan

Celem badan prowadzonych w ramach realizacji niniejszej rozprawy doktorskiej

bylo opracowanie woltamperometrycznych procedur oznaczania wybranych zwigzkow

biologicznie czynnych w probkach $rodowiskowych 1 ptynach ustrojowych

z wykorzystaniem czujnikow sitodrukowanych, ktére beda charakteryzowac si¢

lepszymi parametrami analitycznymi w poréwnaniu do tych opisanych w literaturze.

Cele szczegbdtowe pracy to:

zaprezentowanie nowych mozliwosci zastosowania czujnikow
sitodrukowanych do analizy $ladowej wybranych zwigzkéw biologicznie

czynnych;

poprawa parametrow czujnikow sitodrukowanych poprzez elektrochemiczng
aktywacj¢ elektrody pracujacej 1/lub modyfikacje jej powierzchni

surfaktantem, nanoczasteczkami otowiu lub warstwg nanomateriatow

weglowych;

charakterystyka powierzchni elektrod sitodrukowanych z wykorzystaniem
nowoczesnych technik instrumentalnych oraz okreslanie charakteru proceséw

elektrodowych;

optymalizacja procedur przygotowania czujnikOw 1 oznaczania wybranych

zwigzkow biologicznie czynnych;

opracowaniu  procedur = minimalizacji  interferencji  pochodzacych

od sktadnikow probek srodowiskowych i1 biologicznych;

zastosowanie opracowanych procedur elektrochemicznych do oznaczania
wybranych zwigzkow biologicznie czynnych w probkach $rodowiskowych

1 biologicznych.
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1. Aktualny stan wiedzy

1.1. Czujniki sitodrukowane

Wykorzystanie metod elektroanalitycznych w analizie zwigzkoéw biologicznie
czynnych znacznie wzrosto w ciggu ostatniej dekady. Wynika to m.in. z faktu iz
zarowno reakcje biologiczne zachodzace w ludzkim organizmie jak i reakcje
elektrochemiczne na granicy faz elektroda-roztwor przebiegaja z udziatem przenoszenia
elektronow.  Wiele  waznych  procesow  fizjologicznych, enzymatycznych
i biochemicznych dziala w oparciu o mechanizm elektrochemicznego
utleniania/redukcji. Jedng z najczg$ciej stosowanych metod elektroanalitycznych jest
woltamperometria, ktora zostala wprowadzona w latach 20-tych XX wieku przez
czechoslowackiego chemika Jaroslava Heyrovsky’ego. Woltamperometria polega na
badaniu zalezno$ci warto$ci mierzonego nat¢zenia pradu w funkcji przytozonego
potencjalu. Metoda ta pozwala na uzyskanie informacji jakosciowych i ilosciowych
dotyczacych badanych elektroaktywnych jonow 1 czasteczek. Przy uzyciu
woltamperometrii mozliwe jest oznaczanie §ladowych stezen duzej liczby zwigzkow
organicznych, jak réwniez prostych jonow uzyskujac w wiekszosci przypadkow granice
wykrywalnoéci rzedu 10 — 101 mol L!. Niewatpliwymi zaletami woltamperometrii s3
rowniez: prostota 1 wzglednie krotki czas analizy, doktadno$¢ i precyzja oznaczen,
mozliwo$¢ analizy bardzo matych objgtosci probek oraz wzglednie niski koszt
aparatury [1-5].

Wsrod catej gamy elektrod wykorzystywanych w woltamperometrii na
szczegblng uwage zastuguja elektrody sitodrukowane (ang. screen-printed electrodes,
SPEs). SPEs pojawily si¢ w latach 90-tych XX w. 1 od tego czasu s3 coraz czgsciej
stosowane ze wzgledu na niska ceng, odtwarzalno$¢ elektrody do elektrody,
niezawodno$¢ oraz mozliwos¢ masowej produkcji. Ponadto, niewatpliwymi zaletami
SPEs jest mozliwo$¢ wykorzystania tego rodzaju elektrod wraz z przenosnymi
analizatorami do badan prébek w miejscu ich pobrania w terenie, dzigki czemu nie
zachodzi konieczno$¢ ich transportu do laboratorium i przechowywania. Mozliwa jest
praca z niewielkimi objetosciami probek i1 odczynnikdw, a co za tym idzie, produkcja
minimalnej ilosci $ciekow. Technika sitodruku to proces, w ktorym tusz jest
nadrukowywany na stala powierzchni¢ poprzez przeciskanie go przez siatke
zawierajagcg szablon obrazu jaki chcemy uzyska¢. Typowy czujnik sitodrukowany

sktada si¢ z wuktadu trzech elektrod, pracujacej, odniesienia 1 pomocniczej
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umieszczonych zwykle na podiozu ceramicznym lub z tworzywa sztucznego jak
polichlorek winylu czy poliweglan, a takze na podtozach elastycznych, papierze lub
poliestrach (Rys. 1). Czynnikami majacymi wptyw na zaprojektowanie skutecznego
czujnika sitodrukowanego sg m.in. sklad tuszu, temperatura jego utwardzania, metoda
wstepnej obrobki i chropowato$¢ powierzchni. Wiasciwosei 1 uzyteczno$¢ tuszu
przewodzacego zaleza od wlasciwosci reologicznych, dyspersji, powierzchni wlasciwe;j
1 gestosci czgstek. Glownymi skladnikami tuszow przewodzacych sg rozpuszczalniki,
nanoczastgczki 1 zwigzki przewodzace oraz organiczne spoiwo. Najczesciej stosowane
tusze do produkcji SPEs zawieraja materialy przewodzace, takie jak grafit, grafen,
fullereny, a takze inne nanomateriaty weglowe jak nanorurki czy nanowtokna. Szeroko
stosowane s3 rowniez tusze przewodzace majace w swoim skladzie metale, zwykle
srebro, zloto, platyna itp. Srebrny tusz jest uzywany do drukowania S$ciezek
przewodzacych i elektrod pseudoodniesienia, podczas gdy tusze weglowe i1 zlote sa
uzywane do drukowania elektrod pracujacych. Réznice w sktadzie tuszow weglowych
majg istotny wplyw na efektywno$¢ transportu elektronéw 1 wydajno$¢ analityczng

SPEs.

SPCE SPCE/CNFs SPBDDE SPAUE
Bl 'R gid i

Rys. 1. Dostepne w handlu czujniki sitodrukowane wykorzystywane w trakcie badan
(SPCE - sitodrukowana elektroda weglowa, SPCE/CNFs — sitodrukowana elektroda
weglowa modyfikowana warstwg nanowlokien weglowych, SPBDDE — sitodrukowana
elektroda diamentowa domieszkowana borem, SPAuE — sitodrukowana elektroda ztota)

[opracowanie wlasne].

W celu dostosowania SPEs do roznorakich zastosowan analitycznych oprocz

doboru odpowiedniego materiatu do produkcji elektrody pracujacej ich wiasciwosci
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mozna tez zmienia¢ za pomocg réznych modyfikatorow (Rys. 2) [6-8]. Obecnie
w analityce najczesciej stosuje si¢ SPEs modyfikowane nanomateriatami weglowymi
np. nanorurkami [9] 1 nanowtdknami [10], nanoczasteczkami metali 1 tlenkow metali
[11], polimerami [12, 13], a takze cieczami jonowymi [14, 15]. Rosngcym
zainteresowaniem cieszg si¢ takze w ostatnich latach bioczujniki oparte na SPEs, do
ktoérych zwykle zaliczane s3 SPEs modyfikowane enzymami [16, 17], przeciwciatami
[18] lub kwasami nukleinowymi [19]. Modyfikacji SPEs mozna dokona¢ podobnie jak
w przypadku konwencjonalnych elektrod poprzez nakroplenie roztworu modyfikatora
lub elektroosadzania z roztworu, moze si¢ to rowniez odbywac na etapie drukowania
tuszu na powierzchnie nos$nika. Do najczestszych celéw modyfikacji powierzchni
elektrody pracujacej nalezy zaliczy¢ zwiekszenie powierzchni aktywnej, poprawe
kinetyki transferu elektronow lub selektywnos$ci czujnika.

Czujniki Bioczujniki

Materialy weglowe

Enzymy

Przeciwciala

- l ” ® )
.+ r Kwasy nukleinowe
@ 7

Sitodrukowane (bio)czujniki elektrochemiczne

Rys. 2. Rodzaje modyfikatorow SPEs [8].

Interesujace wlasnosci SPEs w polaczeniu z mnogoscia materiatow, jakie mozna
wykorzysta¢ do ich produkcji, a takze modyfikatorow powierzchni, jakie mozna
zastosowac, pozwalajg na oznaczanie zarowno jonéw metali [20], jak 1 szerokiej gamy
zwiazkdéw organicznych [21] na niskich poziomach stezen. Dodatkowo, pojawienie si¢
1 rozwdj bioczujnikbw umozliwia roéwniez oznaczanie biomarkerow (w tym
nowotworowych), a takze patogenow np. wirusa SARS-CoV-2 [6], a uniwersalnos¢
SPEs sprawia iz s3 one $wietnym narz¢dziem analitycznym w obszarach badan

srodowiska, farmaceutykow oraz Zywnosci.
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1.2. Przyczyny wyst¢powania interferencji w woltamperometrycznej analizie

zwiazkow organicznych oraz sposoby ich minimalizacji/eliminacji

Woltamperometria posiada wiele zalet tj. wzglednie niski koszt
wykorzystywanych urzadzen, prostota wykonania pomiaréw, wysoka czuto$¢ i precyzja
oznaczen. Jednak jak kazda metoda analityczna woltamperometria rowniez nie jest
wolna od interferencji. Do gtownych przyczyn wystepowania interferencji podczas

woltamperometrycznych oznaczen zwiazkdéw organicznych nalezy zaliczy¢:

e blokowanie powierzchni elektrody przez produkty i pétprodukty reakcji

elektrodowych oraz zwiazki organiczne i jony metali obecne w probce,
e nakladanie si¢ pikow analitu i interferenta.

Blokowanie powierzchni elektrody pracujacej przez adsorbujace si¢ produkty
lub potprodukty zachodzacych reakcji elektrodowych, jak roéwniez przez sktadniki
ztozonych matryc analizowanych probek, stanowi istotny czynnik ograniczajacy
praktyczne wykorzystanie technik elektrochemicznych. Moze znacznie utrudnié,
a nawet uniemozliwi¢ wykonanie analizy. Eliminacj¢ lub minimalizacj¢ problemu
blokowania powierzchni elektrody mozna zrealizowaé na wiele sposobow, przy czym
dobierajac odpowiedni sposob nalezy mie¢ na uwadze typ czujnika i1 materiatu
elektrodowego, mechanizm blokowania, rodzaj stosowanej metody elektroanalitycznej
oraz matrycy probki [22].

Jednym ze sposobow pozwalajacych ograniczy¢ zanieczyszczenie powierzchni
elektrody jest prowadzenie pomiarow w uktadzie przeptywowym. Uklad ten pozwala na
skrécenie czasu kontaktu probki z powierzchnig elektrody, a takze usuwanie z niej
produktéw 1 potproduktow reakeji elektrochemicznych przez co ogranicza ich osadzanie
na elektrodzie pracujacej [22, 23]. SPEs znajduja zastosowanie w polaczeniu z rdznego
rodzaju uktadami przeptywowymi (Rys. 3). Mozna tu wymieni¢ analiz¢ przeptywowo-
wstrzykowa (ang. Flow-Injection Analysis, FIA), gdzie uklad sktada si¢ z celki
pomiarowej, pompy perystaltycznej, rurek 1 zaworu wstrzykowego. Uproszczong wersjg
FIA jest bezprzewodowa analiza przepltywowo-wstrzykowa (ang. Batch Injection
Analysis, BIA), w ktorej wykorzystuje si¢ jedynie celke elektrochemiczng
1 elektroniczng mikropipete dozujaca probke bezposrednio na powierzchni¢ elektrody
zanurzone] w roztworze elektrolitu. Uktad do BIA moze by¢ zatem wykorzystywany

w analizie poza laboratorium, pozwala takze unikna¢ probleméw wystepujacych w FIA
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jak np. obecno$ci pecherzykéw powietrza. SPEs moga by¢é réwniez stosowane
w detektorach elektrochemicznych do wysokosprawnej chromatografii cieczowej (ang.

High-Performance Liquid Chromatography, HPLC) [23, 24].

Uktad do BIA NN
\[ Uktad

- do HPLC

! Celka do BIA

~
~
Preparaty farmaceutyczne
Z $¢
Biopaliwa e
Prébki Srodowiskowe
Prébki biologiczne 7
7
7/

Elektrody sitodrukowane N

Uktad do FIA

Pipeta elektroniczna

I Pompa perystaltyuna Witrzykiwacz ‘

Celka do FIA

Rys. 3. Uktady przeptywowe wspodtpracujace z czujnikami sitodrukowanymi [23].

Zanieczyszczenie powierzchni elektrody pracujacej sktadnikami matrycy mozna
ograniczy¢ rowniez wskutek jej odpowiedniej modyfikacji. Zastosowanie znajduja tutaj
surfaktanty 1 polimery. Surfaktanty adsorbujg si¢ na powierzchni elektrody pracujacej
przez co zapobiegaja jej zanieczyszczaniu przez organiczne makroczasteczki 1 jony
metali obecne w analizowanych prébkach. Dodatkowa zaleta modyfikacji elektrody
surfaktantem moze by¢ wzrost intensywnosci sygnalu analitycznego oznaczanej
substancji jesli w warunkach prowadzenia pomiaru istnieje ona w roztworze jako jon
o znaku przeciwnym do znaku jonu surfaktantu. Dochodzi wowczas do
elektrostatycznego przyciagania pomiedzy surfaktantem i analitem [25]. Zabezpieczenie
powierzchni elektrody przed adsorpcja potencjalnych interferentéw mozna uzyskac
w podobny sposob wykorzystujac modyfikacje filmem polimeru np. Nafionu

(sulfonowanego kopolimeru tetrafluoroetenu) czy polisiloksanow [26, 27]. Znanym
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dzialaniem prewencyjnym ograniczajagcym blokowanie elektrod jest prowadzenie
nagromadzania analitu przy uzyciu kroétkich impulsow potencjatowych. Potencjat
impulsu katodowego jest dobierany tak, zeby zachodzila adsorpcja analitu,
a potencjal impulsu anodowego tak, by zdesorbowa¢ substancj¢ powierzchniowo
czynng przy dalszym nagromadzaniu analitu. Nagromadzanie impulsowe pozwala na
minimalizacj¢ interferencji pochodzacych od surfaktantow obecnych w probkach wod
[28].

Probki o bogatej matrycy takie jak krew czy surowica zawierajg znaczne iloSci
rozpuszczonych biatek, ktéore adsorbujac si¢ na powierzchni elektrody moga
uniemozliwi¢ wykonanie analizy. W takim przypadku probke mozna poddac
wstepnemu przygotowaniu stracajac biatka np. przy pomocy mocnego kwasu, wowczas
po odwirowaniu otrzymujemy probke wolna od bialek. Sposoéb ten moze by¢ jednak
zastosowany tylko w przypadku gdy analit wystepuje w postaci wolnej, a nie zwigzanej
z biatkami [29]. Kolejnym sposobem minimalizacji zanieczyszczenia -elektrody
sktadnikami matrycy probki jest zapewnienie odnawialnosci jej powierzchni po kazdym
pomiarze. W tym celu mozna wprowadzi¢ etap elektrochemicznego oczyszczania do
procedury pomiarowej lub zastosowaé elektrody modyfikowane osadzanymi in-situ
nanoczgstkami lub btonkg metali np. bizmutu czy antymonu, ktére sg usuwane po
kazdym pomiarze wraz z ewentualnymi zanieczyszczeniami. Mozna réwniez korzystac
z elektrod wykonanych z materiatow cechujacych si¢ duza odpornoscia na osadzanie
zanieczyszczen, czego Swietnym przykladem jest elektroda diamentowa
domieszkowana borem (ang. boron-doped diamond electrode, BDDE). Jej podatno$¢ na
zanieczyszczanie mozna dodatkowo zmniejszy¢ uwodorniajac jej powierzchni¢. Innymi
sposobami jakie mozna odnalez¢ w literaturze jest podgrzewanie elektrody podczas
wykonywania analizy oraz stosowanie elektrod jednorazowego uzytku [22].

Interferencje wynikajace z nakladania si¢ pikow réwniez mozna eliminowac
modyfikujac powierzchnie elektrody pracujacej polimerem. Wspomniany wczes$niej
Nafion oprécz zabezpieczenia elektrody przed adsorpcja zanieczyszczen posiada
wlasciwosci kationowymienne dzieki czemu eliminuje interferencje pochodzace od
anionow [30]. Grupa polimeréw pozwalajacych uzyska¢ niezwykle wysoka
selektywno$¢ 1 specyficzno$¢ oznaczen sg polimery z odciskiem molekularnym (ang.
Molecularly Imprinted Polymers, MIPs). MIPs to syntetyczne polimery selektywne
wzgledem konkretnego analitu lub grupy zwigzkéw strukturalnie zblizonych. Ogdlna

zasada odcisku molekularnego opiera si¢ na procesie syntezy, w ktorym funkcjonalne

16



1 sieciujgce monomery sa kopolimeryzowane w obecno$ci docelowego analitu, ktory
pelni rolg szablonu/matrycy molekularnej. Szablon wdrukowany niejako w usieciowang
matryce tworzy w niej puste 1 specyficzne miejsca wigzagce komplementarne do
czasteczki analitu. Zaletami MIPs sg m.in. niski koszt przygotowania, wysoka
stabilno$¢ 1 specyficznos¢, dzigki ktérej moga z powodzeniem w wielu przypadkach
zastepowac drogie, biologiczne analogi np. przeciwciata [31, 32]. W sytuacji gdy na
sygnat analitu naktada si¢ sygnat pochodzacy od obecnych w probce jondw metali
skutecznym sposobem minimalizacji tego typu interferencji jest wprowadzenie do
roztworu odpowiedniego reagenta np. EDTA, DTPA, ktorego zadaniem jest

skompleksowanie przeszkadzajacych jonow metali [33].

17



2. Badania wlasne

Przeprowadzone w ramach niniejszej rozprawy doktorskiej badania miaty
na celu opracowanie woltamperometrycznych procedur oznaczania wybranych
zwigzkéw biologicznie czynnych (tj. zwiazkow o dzialaniu przeciwzapalnym
i przeciwbolowym, zwigzkdbw o wlasciwosciach przeciwnowotworowych,
przeciwpsychotycznych, antybiotykéw i hormonow) z wykorzystaniem czujnikow
sitodrukowanych, ktore beda charakteryzowaé si¢ lepszymi parametrami
analitycznymi w porownaniu do tych opisanymi w literaturze. Uzytecznos¢
zoptymalizowanych procedur zostala potwierdzona poprzez zastosowanie ich
w analizie probek o réznej matrycy. W ramach badan:

e zoptymalizowano sklad elektrolitu podstawowego, potencjal i czasu
nagromadzania analitow oraz parametry techniki rejestracji sygnatu

analitycznego (Rozdz. 2.2);

e scharakteryzowano powierzchnie czujnikow sitodrukowanych

z wykorzystaniem nowoczesnych technik instrumentalnych (Rozdz. 2.3);
e okreslono charakter zachodzacych procesow elektrodowych (Rozdz. 2.4);

e wyznaczono parametry analityczne oraz zbadano selektywno$¢ procedur

(Rozdz. 2.5);

e zastosowano opracowane procedury w analizie probek biologicznych,

srodowiskowych 1 preparatow farmaceutycznych (Rozdz. 2.6).

2.1. Charakterystyka oznaczanych zwiazkow biologicznie czynnych

Wraz z rozwojem medycyny w ostatnich dziesigcioleciach gwaltownie
wzrosta produkcja 1 spozycie preparatow farmaceutycznych, ktore pozwolily
wyeliminowa¢ wiele chorob i1 poprawity jako$¢ ludzkiego Zzycia. Obecnie okoto
3000 rdéznych zwigzkéw chemicznych pelni role substancji czynnych
farmaceutykow, a roczna wielkos$¢ produkcji przekracza setki ton. Wzrost spozycia
lekéw skutkuje wzrostem zanieczyszczenia S$rodowiska, zwlaszcza wodnego
substancjami czynnymi tych lekow 1 ich metabolitami. Farmaceutyki, ktore
docieraja do zbiornikéw wodnych, zarowno powierzchniowych, jak i podziemnych,

pochodza z wielu réznych zrodet (Rys. 4). Pierwszym z nich sg $cieki komunalne,
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ktore zawierajg duze ilosci farmaceutykow pochodzacych z ludzkich odchoddow,
a takze nieodpowiednia utylizacja przeterminowanych lub niewykorzystanych
lekow. Innym waznym zrédlem $rodkéw farmaceutycznych sa odpady rolne
1 zwierzece, zwlaszcza te ostatnie, poniewaz w duzych gospodarstwach
prowadzacych intensywng hodowle zwierzg¢ta sg one czesto karmione paszami
zawierajacymi leki, a odchody sa czesto wykorzystywane w rolnictwie jako dodatki
do gleby, skad po wymyciu przedostaja si¢ do wod gruntowych. Kolejnym waznym
zroédlem sg $cieki z przemystu farmaceutycznego, w ktorych wystepuja wysokie

stezenia substancji czynnych.

FARMACEUTYKI'
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Rys. 4. Zrdédla zanieczyszczen Srodowiska substancjami czynnymi preparatow

farmaceutycznych oraz ich obieg [opracowanie wlasne].

Pomimo  wystepowania coraz  wigkszej liczby  farmaceutykéw
w ekosystemach wodnych stosunkowo niewiele jest informacji na temat ich
toksycznosci w stezeniach Srodowiskowych. Do najczesciej wykrywanych
w probkach §rodowiskowych grup farmaceutykdw mozemy zaliczy¢: niesteroidowe
leki przeciwzapalne (NLPZ), innego rodzaju $rodki przeciwbodlowe, antybiotyki,
srodki hormonalne, [-blokery, leki psychotropowe, przeciwnowotworowe,
antyretrowirusowe oraz leki regulujace gospodarke lipidowa [34-36].

W trakcie prowadzonych badan skupiono si¢ na nast¢pujacych grupach
zwigzkow: zwigzkach o dziataniu przeciwzapalnym 1 przeciwbolowym, zwigzkach

o wlasciwosciach przeciwnowotworowych, przeciwpsychotycznych, antybiotykach
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1 hormonach.

Leki przeciwnowotworowe zgodnie z ich wlasciwosciami terapeutycznymi,
farmakologicznymi 1 chemicznymi mozna podzieli€ na dwie grupy: leki
przeciwnowotworowe  (LOl) 1  terapia  hormonalna  (L02).  Leki
przeciwnowotworowe dzieli si¢ na pie¢ grup: LOIA - $rodki alkilujace, LOIB -
antymetabolity, LOIC - alkaloidy roslinne i inne substancje naturalne, LOID -
antybiotyki cytotoksyczne i substancje pokrewne oraz LO1X - inne S$rodki
przeciwnowotworowe. Tymczasem w terapii hormonalnej wykorzystuje si¢
hormony - LO2A oraz antyhormony i $rodki pokrewne - LO2B. Leki stosowane
w leczeniu nowotwordOw odznaczaja si¢ wysoka toksyczno$cig oddziatujac
negatywnie na ludzkie komoérki i uktad hormonalny [37]. Leki te na ogdt nie sg
dobrze metabolizowane 1 zwykle sa wydalane przez pacjentéw w postaci
niezmienionej wraz z kalem i1 moczem. Poniewaz leczenie raka odbywa si¢
w szpitalach, ale takze u pacjentow ambulatoryjnych leczonych w domu, wykazano,
ze $cieki pochodzace ze szpitali i $cieki domowe stanowig istotne zrodito lekow
przeciwnowotworowych w ekosystemach wodnych. Ponadto wykazano, ze $cieki
z fabryk farmaceutycznych, w ktorych leki te sg produkowane, rowniez zawieraja
ich podwyzszone stezenia. Wiele lekow przeciwnowotworowych to oporne, trwate
lub ,,pseudotrwate” zanieczyszczenia organiczne obecne w $ciekach i czgsto nie sg
usuwane przez wtorne 1 trzeciorzgdowe oczyszczanie w oczyszczalniach $ciekow,
przez co moga stanowi¢ zagrozenie dla ekosystemoéw wodnych [38]. Ze wzgledu na
toksyczno$¢ lekéw przeciwnowotworowych 1 ich przedostawanie do $rodowiska
konieczne jest monitorowanie stezen tych lekow zaré6wno w probkach
srodowiskowych, jak 1 ptynach ustrojowych pacjentow poddawanych leczeniu.

W ramach wspolpracy z naukowcami z Uniwersytetu Medycznego
w Lublinie opracowano procedury oznaczania trzech nowo otrzymanych zwigzkoéw
o wilasciwosciach przeciwnowotworowych [RD1, RD6 i RD8]. Badane zwigzki
zostaly krotko scharakteryzowane ponize;j.

8-(4-metoksyfenylo)-4-okso-4,6,7,8-tetrahydroimidazo[2,1-c][1,2,4]triazyno
-3-karboksylan etylu, EIMTC (Rys. 5A) to zwigzek chemiczny o strukturze
zblizone] do zasad azotowych wchodzacych w sktad nukleotydow kwasow
nukleinowych. Cechuje si¢ on niewielkg toksycznoscig in vitro 1 in vivo, szerokim
spektrum dziatania p-nowotworowego oraz dobra biodostgpnoscia. EIMTC

wykazuje skuteczne dzialanie przeciwko komodrkom szpiczaka mnogiego, raka
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piersi 1 szyjki macicy [39-41].
8-(4-chlorofenylo)-3-fenylo-7,8-dihydroimidazo[2,1-c][1,2,4]triazyno-4-

(6H)-on, 4-CI-PIMT (Rys. 5B) jest najbardziej obiecujacym kandydatem na lek
przeciwnowotworowy sposréd skondensowanych, dipodstawionych triazynondw.
4-CI-PIMT wykazuje dziatanie antyproliferacyjne na komorki szpiczaka krwi
obwodowej, co wskazuje na mozliwg uzytecznos¢ zwiazku
w leczeniu tego rodzaju nowotwordéw hematologicznych. Ponadto, zwigzek ten
okazat si¢ mie¢ silne wlasciwos$ci antymigracyjne w komorkach raka szyjki macicy,
co sugeruje jego wysoki potencjat w zapobieganiu przerzutom [42].

Kolejng substancja o podobnej budowie jest 3-(4-nitrofenylo)-8-(2,3-
dimetylofenylo)-7,8-dihydroimidazo[2,1-c][1,2,4]triazyn-4(6H)-on, NDIT (Rys.
5C). NDIT wywotuje zahamowanie wzrostu nowotworéw wywodzacych si¢
z komorek nablonkowych tj. nowotworu piersi, szyjki macicy, ptuc i jajnikow, przy
czym najsilniejszy efekt cytostatyczny uzyskano w przypadku raka piersi
i szyjki macicy. W $wietle aktualnej wiedzy mechanizm jego dzialania
przeciwnowotworowego moze by¢ zwigzany z selektywng aktywacja (poprzez
redukcje z udzialem szeregu flawoprotein) tego proleku zawierajacego pierscien
aromatyczny z grupa nitrowg w tkance nowotworowej do substancji
przeciwnowotworowej (tj. cytotoksyczny rodnik nitroanionu i cytotoksyczna
czasteczka hydroksyloaminy) Ponadto stwierdzono, ze NDIT wykazuje niewielka
toksyczno§¢ w stosunku do prawidlowych komoérek nablonkowych linii
komoérkowej Vero [43-45].

Opracowano  rowniez  procedur¢  oznaczania  wykorzystywanego
powszechnie w terapii onkologiczne] cytostatycznego antybiotyku, bleomycyny
[RD7]. Bleomycyna, BLM (Rys. 5D) jest mieszaning naturalnych, strukturalnie
podobnych antybiotykéw glikopeptydowych wytwarzanych przez bakteri¢
Streptomyces verticillus. Klinicznie stosowana bleomycyna zawiera gltownie
bleomycyne¢ A2 1 B2 oraz niewielkie ilosci innych podfrakcji. W potaczeniu
z innymi chemioterapeutykami BLM znajduje zastosowanie w leczeniu wielu
typow nowotworow. Jest lekiem pierwszego rzutu w leczeniu chtoniaka Hodgkina,
ale znajduje roéwniez zastosowanie w leczeniu chtoniakow nieziarniczych oraz
nowotworow gltowy, szyi 1 skory. W terapii skojarzonej z cisplatyng 1 etopozydem
wykazuje wysoka skuteczno$¢ w leczeniu raka jadra. BLM znajduje réwniez

zastosowanie w leczeniu zlo§liwego wysigku optucnowego oraz w skleroterapii
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u pacjentow z malformacjami naczyniowymi. Szerokie zastosowanie BLM wynika
z faktu, ze powoduje ona mielosupresje 1 immunosupresj¢ na stosunkowo niskim

poziomie [46-52].

—0 Cl
A B

HzN N~ _-NHz
N N (H I .‘H Y k p j‘
N / L

O o

1|
0

Rys. 5. Wzory strukturalne: A) EIMTC, B) 4-CI-PIMT, C) NDIT, D) BLM

[opracowanie wlasne].

Inng grupa zwiazkoéw, ktéra byta podstawa badan do niniejszej rozprawy
byly substancje biologicznie czynne o wlasciwosciach przeciwzapalnych
1 przeciwbolowych. Substancje te naleza do najczgsciej stosowanych
farmaceutykow na $wiecie i sg powszechnie podawane w objawowym leczeniu
r6znych chorob. Leki z tej grupy maja najwiekszy udzial w catkowitej zawartosci
farmaceutykow w $ciekach szpitalnych [53]. Leki przeciwbolowe to zr6znicowana
grupa lekow stosowanych w celu ztagodzenia bolu. Ziagodzenie bolu mozna
osiggna¢ poprzez dziatanie lekéw przeciwbolowych na obwodowy i1 osrodkowy
uktad nerwowy. Istnieja trzy gltéwne grupy lekow przeciwbdlowych: narkotyczne
(opioidy), nienarkotyczne (np. paracetamol) i niesteroidowe leki przeciwzapalne
(NLPZ, np. naproksen, diklofenak) [54]. W ramach prowadzonych badan

opracowano procedure jednoczesnego oznaczania paracetamolu, diklofenaku
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1 tramadolu [RD2].

Acetaminofen (N-acetylo-p-aminofenol, Rys. 6A) jest znany jako
paracetamol (PA) lub tylenol i jest szeroko stosowany na §wiecie w celu tagodzenia
umiarkowanego bdélu 1 obnizenia gorgczki. Dzialanie przeciwbolowe
1 przeciwgoraczkowe PA jest podobne do aspiryny (kwasu acetylosalicylowego),
ale zwykle preferuje si¢ PA, zwlaszcza u pacjentow wrazliwych na kwas
acetylosalicylowy. Pojedyncze dawki PA wykazuja dziatanie przeciwbdlowe
w ostrych zespotach boélowych, bez jakichkolwiek skutkow ubocznych, jednak
przedawkowanie PA moze skutkowa¢ kumulacjg toksycznych metabolitow, co
moze powodowac ciezkie, a czasem $miertelne uszkodzenia watroby i nerek [55].

Diklofenak (DF, Rys. 6B) jest niesteroidowym lekiem przeciwzapalnym
(NLPZ), stosowanym w celu ztagodzenia bolu spowodowanego urazem lub
chorobg przewlekla. Jest szeroko stosowany na calym §wiecie w celach leczniczych
1 weterynaryjnych. DF obecny w $rodowisku ulega degradacji w bardzo niewielkim
stopniu. Moze powodowac¢ spadek populacji ryb 1 ptakéw, powodujac
niewydolno$¢ nerek [54, 56]. Zgodnie z dyrektywa Parlamentu FEuropejskiego
i Rady Unii Europejskiej (2013/39/UE) DF jest substancjag podlegajaca
monitoringowi w srodowisku wodnym na terenie catej Unii Europejskie;j.

Tramadol, (1R,2R)-2-[(dimetyloamino)metylo]-1-(3-metoksyfenylo)
cykloheksanol (TR, Rys. 6C) jest syntetycznym opioidowym lekiem
przeciwbolowym stosowanym w leczeniu ostrego 1 przewlektego bolu. Zwigzek ten
dziata na receptor p-opioidowy oraz na uklad serotoninergiczny
1 noradrenergiczny. Typowe dawkowanie doustne tramadolu miesci si¢ w zakresie
od 50 do 100 mg co 4 do 6 godzin. Maksymalna dawka leku wynosi 400 mg na
dobe. Przedawkowanie tramadolu moze powodowa¢ nudnosci, depresje

oddechowa, wymioty, Spiaczke, zawroty gtowy i tachykardie [57].

A B Cl c O
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Rys. 6. Wzory strukturalne: A) PA, B) DF i C) TR [opracowanie wlasne].
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Kolejng grupa zwigzkow, ktore byly przedmiotem prowadzonych badan
bytly antybiotyki. Spozywanie obecnie ogromnej ilo$ci antybiotykow w walce
z chorobami, ale takze w celu wspomagania wzrostu zwierzat, m.in.
w akwakulturach, mleczarniach czy fermach drobiu, przyczynia si¢ do obecno$ci
tych biologicznie aktywnych zwigzkow w srodowisku. Znaczna ilo$¢ antybiotykow
jest wydalana w postaci niezmienionej lub w postaci aktywnych metabolitow.
Z tego powodu Scieki szpitalne, weterynaryjne, a nawet komunalne czgsto
zawieraja wysokie stezenia antybiotykéw. Ponadto procesy ich usuwania
ze Sciekow sa mato efektywne [58-60]. Ze wzgledu na ciggle wprowadzanie
antybiotykow do $rodowiska, organizmy wodne i glebowe sg na nie przewlekle
narazone. Ponadto, poniewaz sg aktywne w bardzo niskich st¢zeniach, dziataja
toksycznie na organizmy, a w polaczeniu z innymi lekami i/lub zwigzkami
ksenobiotycznymi wystepuje efekt synergistyczny. Antybiotyki stanowig powazne
zagrozenie dla glondw 1 roslin wodnych. Stwierdzono, ze wiele z nich jest
inhibitorami fotosyntezy, poniewaz moga blokowa¢ tancuch przenoszenia
elektronow fotosystemu II w chloroplastach i1 zwigksza¢ stres oksydacyjny.
Mikroorganizmy, w tym bakterie i grzyby, rozwijaja oporno$¢ na substancje
przeciwbakteryjne w wyniku ekspozycji na niskie stezenia przez kilka generacji, co
prowadzi do wytworzenia szczepow opornych na wigkszo$¢ popularnie
stosowanych antybiotykéw [34]. W trakcie prowadzonych prac badawczych
opracowano procedur¢ oznaczania ryfampicyny [RD3]

Ryfampicyna ((3-[[(4-metylo-1-piperazynylo)-imino]-metylo]) ryfamycyna)
(RIF, Rys. 7) jest pOlsyntetycznym antybiotykiem makrocyklicznym, bedacym
pochodng ryfamycyny, otrzymywang w procesie fermentacji przeprowadzanym
przez szczep Streptomyces mediterranei. Ryfampicyna jest antybiotykiem
pierwszego rzutu wraz z izoniazydem, pirazynamidem, etambutolem
1 streptomycyng w leczeniu gruzlicy ptuc 1 pozaptucnej. RIF jest rowniez stosowana
w leczeniu tradu 1 niektorych rodzajow zapalenia kosci 1 szpiku oraz zapalenia
wsierdzia. Dzialanie tego antybiotyku polega na hamowaniu DNA-zaleznej
polimerazy RNA w komorkach bakteryjnych, co skutkuje zatrzymaniem ich

wzrostu [61-63].
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Rys. 7. Wzor strukturalny RIF [opracowanie wlasne].

W ramach badan poswigcono uwage réwniez grupie zwigzkow biologicznie
czynnych jakimi sg hormony. Substancje te reguluja wiele rodzajéw funkcji
komorkowych 1 fizjologicznych w organizmie cztowieka, takich jak reprodukcja,
wzrost 1 réznicowanie komorek, tkanek i narzadow. Hormony sterydowe obecne
w §rodowisku wodnym stanowig zagrozenie dla bytujacych w nim organizméw juz
w stezeniach rzedu ng L*!. Dotyczy to zaréwno syntetycznych jak i naturalnie
wytwarzanych hormondéw sterydowych tj. estron, 17B-estradiol, progesteron
1 testosteron [64]. Ten ostatni stat si¢ przedmiotem prowadzonych badan,
a opracowana procedura oznaczania testosteronu zostala opisana w publikacji
[RDS].

Testosteron (17B-hydroksyandrost-4-en-3-on) (TST, Rys. 8) jest gtownym
endogennym sterydem androgenno-anabolicznym u ludzi. W organizmie cztowieka
wytwarzany jest gldwnie w jadrach m¢zczyzn 1 w niewielkich ilosciach w jajnikach
kobiet 1 nadnerczach u obu pici. U mezczyzn TST odgrywa kluczowa rolg
w rozwoju narzadow ukladu rozrodczego, takich jak jadra 1 prostata, a takze
w promowaniu drugorzedowych cech plciowych, takich jak zwigkszona masa
mig$niowa, masa kostna i wzrost wlosow na ciele. Ponadto TST jest niezbedny dla
zdrowia 1 dobrego samopoczucia, zapobiega takze osteoporozie. Naduzywanie
testosteronu jest powszechne wsrdod sportowcodw, ktorzy chca zwigkszy¢ site
i zdolno$ci regeneracyjne, co czyni go najczeSciej zglaszang, naduzywang
substancija sterydowa. Swiatowa Agencja Antydopingowa zakazata jego stosowania
w celu zapewnienia uczciwe] rywalizacji sportowej 1 ochrony sportowcéw przed
mozliwymi niepozadanymi skutkami ubocznymi, takimi jak zawal serca,

nadci$nienie, choroby watroby czy zaburzenia psychiczne [65, 66].
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Rys. 8. Wzor strukturalny TST [opracowanie wilasne].

Ostatnig grupg zwigzkow, ktéra byla przedmiotem niniejszych badan byly
substancje przeciwpsychotyczne. Zwigzki te stanowig podstawowy sposob leczenia
zaburzen psychotycznych, w tym schizofrenii. Leki z tej grupy sa powszechnie
stosowane w leczeniu objawow psychotycznych, takich jak paranoja, omamy,
pobudzenie i delirium. Sg rowniez stosowane w leczeniu depresji psychotycznej,
choroby afektywnej dwubiegunowej i Igku. Lekiem przeciwpsyhotycznym, ktoremu
poswigcono uwage i ktorego procedur¢ oznaczania opracowano jest tiorydazyna
[RD9Y].

Tiorydazyna (10-[2-(1-metylo-2-piperydylo)etylo]-2-(metylotio)-10H
fenotiazyna) (TDZ, Rys. 9) jest stosowana w leczeniu schizofrenii, w przypadku
braku odpowiedzi na inne leki przeciwpsychotyczne. Mechanizm dziatania tego
leku polega na regulowaniu poziomu substancji takich jak serotonina, dopamina
1 glutaminian w ludzkim moézgu, ktorych nieodpowiednie ilosci wywotujg objawy
schizofrenii. Oprocz schizofrenii TDZ jest stosowana do kontrolowania manii
1 pobudzenia, moze by¢ wykorzystywana w leczeniu lekéw 1 problemow
behawioralnych u dzieci. TDZ jest rowniez lekiem uzywanym w walce z infekcjami
wywolanymi przez oporny na metycyling szczep Staphylococcus aureus

1 wielooporny szczep Mycobacterium tuberculosis [67-69].
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Rys. 9. Wzor strukturalny TDZ [opracowanie wiasne].

2.2. Woltamperometryczne procedury oznaczania wybranych zwiazkéw

biologicznie czynnych

Pomiary elektrochemiczne prowadzono z wykorzystaniem analizatora
elektrochemicznego pAutolab (Holandia) sterowanego przez oprogramowanie
GPES (techniki woltamperometrycznych) lub oprogramowanie FRA podczas
rejestracji widm elektrochemicznej spektroskopii impedancyjnej (EIS) 1 krzywych
pojemnos$ci rézniczkowej. W toku prowadzonych badan we wszystkich pracach
[RD1 — RD9Y] z wyjatkiem artykutu [RD4] (artykul przegladowy), dokonano
optymalizacji skladu roztworu elektrolitu podstawowego, czasu mieszania (t) lub
czasu (tacc) 1 potencjalu nagromadzania (Eac.). Ponadto, w kazdej procedurze
optymalizacji poddawano parametry techniki rejestracji sygnatu analitycznego
woltamperometrii impulsowo-rdéznicowej (DPV) lub woltamperometrii fali
prostokatnej (SWV). W przypadku DPV optymalizowano nastgpujace parametry:
amplitude (AE4), szybko$¢ skanowania (v) 1 czas modulacji (tm), natomiast stosujac
SWV optymalizowano czgstotliwos¢ (f), krok potencjatu (AE) i amplitude (Esw).
Zoptymalizowane, wymienione powyzej parametry podsumowano w tabeli 1,
a opracowane woltamperometryczne procedury zaprezentowano schematycznie

w tabeli 2.
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Tabela 1. Zestawienie sktadu roztworu i parametrow opracowanych procedur.

Skiad

Zakres rejestracji

woltamperograméw

Analit Elektroda Technika . . Praca
roztworu i zoptymalizowane
parametry
od -0,2 do -0,9 V;
-1 t=45 S,
EIMTC  SPCE/CNFs SWV 0,075 mol L f=50 Hz; [RD1]
H,SO4 _
Esw=50mV;
AE =7 mV,
1
0,075 mol L 0d 0do2 V;
bufor a
¢ (pH Eace. =-0,4V;
PA, DF, octanowy (p tace. = 120 s;
aSPCE/SDS DPAdASV  =4,0+0,1)+ g ) [RD2]
TR 1 AEA= 150 mV;
15 mg L' SDS B 4
5 v=250mV s
T 110 tm = 10 ms
mol L' DTPA "
0d-0,25do 1V;
0,1 mol L' EiCC' ::_(1)’2%55\./;
RIF aSPBDDE DPAdSV  PBS i(%Hl)= 3,0 AEx= 150 mV: [RD3]
’ v=100mV s7;
tm =5 ms
0,075 mol L! od-1,1do-1,7V;
bufor Eace. = '151 Va
octanowy (pH tace. = 120 s;
TST pSPCE/PbNPs  DPAdSV 45+0,1)+ AEA= 150 mV: [RD5]
7,5 x 107 v=175mVs7;
mol L' Pb(II) tm = 5 ms
0d-0,2do-1V;
Eace. = 0,1 V;
4-Cl- 0,025 mol L' tace. = 120 s;
PIMT SPCE/CNFs  SWAdSV HNO; f=75 Hz: [RD6]
Esw =150 mV;
AE=7mV
0,05 mol L
bufor od-1do-1,7V;
octanowy (pH Eace. =-1V;
=4,6+£0,1)+5 tace. = 120 s;
BLM  pSPCE/PbNPs SWAdSV 10 mol L-! f= 50 Hz: [RD7]
Pb(II) + Esw =50 mV;
1 x 10 mol L"! AE =10 mV
DTPA
0,01 mol L™! 0d-0,2do-1,1V;
NDIT SPCE/SDS DPAdSV HNOs;+ 10 t=45s; [RDS]
mg L' SDS AEA=175mV;
v=150mVs;
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tn =5 ms

0od0do1,2V;

0,1 mol L Fue =02 V:
TDZ SPAuE DPAdSV  PBS jE%Hl): 2,6 AEA:' 100 mV; [RD9]

’ v=75mVsl;

tm =10 ms

SPCE/CNFs — sitodrukowana elektroda weglowa modyfikowana nanowtoknami
weglowymi; aSPCE/SDS — elektrochemicznie aktywowana sitodrukowana elektroda
weglowa modyfikowana dodecylosiarczanem sodu; aSPBDDE — elektrochemicznie

aktywowana sitodrukowana elektroda diamentowa domieszkowana borem,; pSPCE/PbNPs
— elektrochemicznie wstgpnie przygotowana sitodrukowana elektroda weglowa
modyfikowana nanoczgstkami otowiu; SPCE/SDS — sitodrukowana elektroda weglowa
modyfikowana dodecylosiarczanem sodu; SPAuE — sitodrukowana elektroda ztota;, PBS —
buforowana fosforanem sol fizjologiczna; SWV — woltamperometria fali prostokgtnej;
SWAdSV — adsorpcyjna woltamperometria stripingowa fali prostokgtnej; DPAdSV —
impulsowo-roznicowa adsorpcyjna woltamperometria stripingowa
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Tabela 2. Schematy procedur oznaczania: A) EIMTC [RD1], B) PA, DF 1 TR
[RD2], C) RIF [RD3], D) TST [RD5], E) 4-CI-PIMT [RD6], F) BLM [RD7],

G) NDIT [RDS], H) TDZ [RDY].

Schemat procedury Praca
/4 Emrc
SPCE/CNFs
9) ——) - : ]
mieszania o
| [RD1]
( " SkanSWV £
0,075 mol L' H,S0, 0d-0,2do-0,9V = |
=50 Hz ]
AE,=50mV o
55s2mol Lt | AE,,=7mV i
HZSOA, : ar ‘r. q‘:
55 50,075 *n
mol L' H,S0,
f PA, DF, TR
s N TR
aSPCE/SDS
Aktywacja .
CV: 25 cykli oy =iV oy g | oA e [RD2]
od1do-07 [——p\ @ |/ ——> =
v 120s |ag,=150mv o
v=10mV st t,=10ms
v=250mVs"!
P @ 0,075 mol L g
18 bufor octanowy J - !
bufor octanowy (pPH=4,0%0,1) ’ En[x\-‘] ’ b
(pH=4,0£0,1) 1x10%mol L' DTPA
10mmol L* H,0, 15mgL? 5DS
RIF
y . RIF
aSPBDDE
Aktywacj 7
ywacja
CV: 5 cyki od = Soa DIV o [RD3]
0do2V l B, 0,45V | 025-1V T w-
- =
v=100mVs 1 ——\ @ = 120s |ag, =150mv
t,=5ms -
L v=100mVs!
0,1mol L! :
NaOH 00 - - 1
0,1 mol | b ) LE: (1] 04
bufor PBS EM

{pH=3,0£0,1)
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1

Wstgpne przygotowanie
| modyfikacja PONPs
15 x DPV:
od-1,1do-1,7V 2
B =05V, t,,, =105,
QL gy
s e = 120,
BE, = 150 mV DPV:
t,=5ms od-1,1do-1,7V
v=17SmVs? Egun 0fOSV, 8, of 105, g
———— Epn top. ana 157 2 OF L1V,
1 sece Pgniishend¢ 1108 [RD5]
pSPCE/PbNPs 2 pSPCE/PbNPs A!'.‘- 1:0 mv
=5ms
- . v=175mvs? ]
9§ 3
) ) =
a2
plukanie wody -
i suszenie przez | 0,075 mol L* —
10 min bufor octanowy . T T 1
S (pH=4,6+01) 3 138 = " 1.
7,5 % 10* mol L* Pb(ll) ™M
TST 2
4-CI-PIMT
SPCE/CNFs
0,1V "
120s \
[RD6]
Skan SWV .
od-0,2do-1,0V
40 50,025 t=75Hz
mol L' HNO, | 8Ea=130mv =
4E,., = 7mV 40—
+ prébka
(nagromadza
nieprzyE, . = AchPIMT
i - =T T T .
OJI w} 43 44 a8 44 ar 48
10 50,025 EM
mol L' HNO,
1
Wstegpne przygotowanie
i modyfikacja PBNPs
10 x SWV:
od-1,0do-1,7V 2
Eqoan = 0,5V, by, =10, e e
i::: : 111: : i oznaczanie BLM
f=50Hz sSwv:
AE=10mV od-1,0do-1,7V
Egy =50mV | Egan =05V, t,,, =10s, -
p— E, =10V,
L)mect Yot . 1205, [RD7]
PSPCE/PbNPs  (2)pSPCE/PONPs A'E vl *
L Egy = 50 mV "
'( B é._
L) L)
a-
Plukanie wody \
Isuszenieprzez (| 0,08 mol Lt e
10 min bufor octanowy g Bp 4 A pe
(pPH=4,540,1) EMV

5% 10 mol L Pb(l1)
1x10* mol L'* DTPA
BmM 2
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2 NDIT
¥ 10—
SPCE/SDS o
o]
e — Skan DPV
T T RD
li 45 0,2-1,1V T [RD8]
. @ / ——————>» . , | ——» =
mieszania AE, = 175 mV =]
t,=5ms
(‘—T‘ v=150mV ! ] il
D'OI mol L-] N 02 I -;3' I 'ol‘ -al.s -0'! ﬂ‘l’
HNO, E M
10mg L' SDS
2 TDZ
3 -
TDZ
SPAuE
|= &= e | otav o] [RDY)]
\ § [ —— 0% > 33
P AE, = 100 mV
60s t,=10ms -
(=l.‘_ v=75mVs!
0,075 mol L! & T T T ’ 1
bufor PBS 02 03 ' o
(pH=2,6+0,1) EV]

W publikacji przegladowej [RD4] zebrane zostaly informacje dotyczace
wykorzystania czujnikow sitodrukowanych w woltamperometrycznej analizie
substancji czynnych lekow przeciwbdlowych (paracetamolu, diklofenaku,
tramadolu, ibuprofenu, ketoprofenu, naproksenu i kwasu acetylosalicylowego)
w probkach wod. W pracy zaprezentowano poroéwnanie parametréw analitycznych
procedur oznaczania wyzej wymienionych zwigzkéw. Opisane zostaty réwniez
roznego rodzaju modyfikacje SPEs 1 ich wplyw na parametry oraz uzyteczno$¢

stosowanych czujnikow.
2.3. Charakterystyka stosowanych czujnikow sitodrukowanych

W celu wyjasnienia wptywu modyfikacji i/lub aktywacji elektrod na zmiang
ich morfologii oraz parametréw elektrochemicznych, a tym samym na sygnaty
analityczne badanych zwigzkow, wykorzystano szereg technik instrumentalnych.
Technikami wykorzystanymi w celu zobrazowania morfologii powierzchni
stosowanych elektrod byly skaningowa (SEM) 1 transmisyjna (TEM) mikroskopia
elektronowa oraz profilometria optyczna. Metody spektroskopii dyspersji energii

promieniowania rentgenowskiego (EDS) i rentgenowskiej spektroskopii
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fotoelektronow (XPS) postuzyly do analizy sktadu pierwiastkowego materiatu
elektrodowego. Informacji na temat parametrow elektrochemicznych elektrod
dostarczyly badania z wykorzystaniem woltamperometrii cyklicznej (CV)
i elektrochemicznej spektroskopii impedancyjnej (EIS) wykonane w 0,1 mol L
roztworze KCl zawierajacym 5 x 107 mol L™ K3[Fe(CN)s]. Dzigki EIS mozliwe
byto zmierzenie oporu przenoszenia tadunku (R¢) dla kazdej ze stosowanych
elektrod. W celu obliczenia powierzchni aktywnych (As) elektrod pracujacych
rejestrowano woltamperogramy cykliczne w szerokim zakresie szybkos$ci rejestracji
sygnatu (v). Obliczen As dokonano w oparciu o zaleznos$ci nat¢zenia pradu piku
utleniania Fe(Il) (I,) od pierwiastka kwadratowego z v (v'?) i réwnania
Randlesa-Sev¢ika [70]. Dodatkowo na podstawie uzyskanych woltamperogramow
cyklicznych obliczono warto$ci wzglednego rozdzielenia pikéw (x°) utleniania
i redukcji dla uktadu redoks Fe?'/Fe**. Wartoéci te informuja o efektywnosci
przenoszenia elektronow pomigdzy elektroda pracujaca a czasteczkami analitu
obecnymi w roztworze, im warto$¢ blizsza teoretycznej (jednos$ci), tym efektywniej
zachodzi przenoszenie elektronow.

Rejestracja krzywych pojemno$ci rézniczkowej warstwy podwojnej na
granicy faz elektroda-elektrolit podstawowy w obecnosci wysokich stezen
surfaktantu i/lub analitow pozwolita zbada¢ adsorpcj¢ tychze zwigzkéw na

powierzchni stosowanych elektrod pracujacych.
2.3.1. Czujniki 7 elektrodq pracujgcqg modyfikowang nanomateriatem weglowym

W publikacjach [RD1] i [RD6] oznaczenia zwigzkow o wiasciwosciach
przeciwnowotworowych prowadzono przy uzyciu sitodrukowanej elektrody
weglowe] modyfikowanej nanowtoknami weglowymi (SPCE/CNFs). Modyfikacja
SPCE nanowloknami weglowymi skutkowala 2-krotnym wzrostem sygnalow
analitycznych EIMTC (Rys. 10A) 1 10-krotnym w przypadku 4-CI-PIMT (Rys.
10B), w porownaniu z sygnalami uzyskanymi na elektrodzie niemodyfikowanej, co
jest wynikiem wzrostu powierzchni aktywnej elektrody pracujacej (0,061 vs. 0,081
cm?) [28]. Powierzchnie SPCE i SPCE/CNFs zobrazowano przy pomocy SEM
(Rys, 10C 1 10D). Uzyskane obrazy pozwolity zaobserwowa¢ roznice w morfologii
powierzchni SPCE niemodyfikowanej 1 SPCE pokrytej warstwa nanowldkien
weglowych. Badania EIS pokazaly, ze obecno$¢ CNFs na powierzchni SPCE

przyczynia si¢ do znacznego spadku oporu przenoszenia tadunku (Rer) (197,3 vs.
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63,5 Q cm?) (Rys. 10E). Podjeto réwniez proby wykorzystania elektrod
modyfikowanych innymi materialami weglowymi (wielo$ciennymi nanorurkami
weglowymi — MWCNTs oraz grafenem), jednak modyfikacje te nie przyniosty

oczekiwanych rezultatow.
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SPCE(A) ! SPCE/CNFs (B)

® ® ®SPCE-R,-197.30cm?
® ® @ SPCEICNFs-R,-63.50cm!

100 200 300
Z' [Qem?]

Rys. 10. Obrazy SEM powierzchni: A) SPCE i1 B) SPCE/CNFs [RD1].
C) Woltamperogramy zarejestrowane podczas oznaczania 5 x 107 mol L (a i ¢)
oraz 1 x 10% mol L' (b i d) EIMTC na SPCE (a i b) i SPCE/CNFs (c i d) [RD1].
D) Woltamperogramy zarejestrowane podczas oznaczania 5 x 10® mol L' (a i c)
oraz 1 x 107 mol L' (b i d) 4-CI-PIMT na SPCE (a i b) i SPCE/CNFs (c i d).
E) Widma EIS SPCE/CNFs (a) i SPCE (b) [RD6].
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2.3.2. Czujniki o aktywowanej powierzchni elektrody pracujqcej

Tusze wykorzystywane do produkcji elektrod sitodrukowanych oprécz
gléwnego sktadnika przewodzacego zawierajg rowniez réoznego rodzaju organiczne
rozpuszczalniki 1 pasty wigzace (np. zywica poliestrowa czy etyloceluloza), ktérych
obecno$¢ moze prowadzi¢ do spowolnienia kinetyki reakcji elektrochemicznych.
Wstepne przygotowanie (aktywacja) elektrod ma na celu poprawe ich wtasciwosci
elektrochemicznych poprzez usunigcie organicznych sktadnikow tuszu lub
zanieczyszczen. Istnieje wiele sposobow wstepnego przygotowania SPEs, w tym
aktywacja elektrochemiczna, ktéra polega zwykle na przylozeniu do elektrody
stalego potencjalu przez krotki czas lub zmianie potencjalu w zakresie
ekstremalnych potencjatow anodowych i/lub katodowych z wykorzystaniem
woltamperometrii cyklicznej (CV) [71-74]. Wykorzystanie elektrochemicznej
aktywacji/wstepnego przygotowania elektrod pracujacych stanowilo istotny
element badan opisanych w publikacjach [RD2, RD3, RD5 i RD7].

W pracy [RD3] do oznaczania ryfampicyny (RIF) wykorzystano
elektrochemicznie = aktywowang  sitodrukowang  elektrode  diamentowa
domieszkowang borem (aSPBDDE). Aktywacje SPBDDE wykonano w roztworze
0,1 mol L' NaOH rejestrujgc 5-krotnie woltamperogramy cykliczne w przedziale
potencjatu 0 — 2 V. Wskutek aktywacji uzyskano 8-krotne wzmocnienie sygnatu
analitycznego RIF (Rys. 11A). Zarejestrowane widma impedancyjne wykazaty, ze
efektem aktywacji jest znaczny spadek oporu przenoszenia tadunku (Re)
(SPBDDE - 1054 i aSPBDDE — 286,5 Q cm?) (Rys. 11B). Podjeto proby
zastosowania aktywacji wykonanej w roztworze 0,1 mol L' buforu octanowego
o pH = 4 zawierajagcym 10 mmol L' H,0,. Aktywacja ta nie pozwolita jednak na
uzyskanie tak duzego wzmocnienia sygnalu jak aktywacja w roztworze NaOH

(Rys. 11A).
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Rys. 11. A) Woltamperogramy zarejestrowane podczas oznaczania
2 x 10" mol L' RIF na SPBDDE nieaktywowanej (a) i SPBDDE aktywowanej
w roztworze: buforu octanowego o pH = 4 z dodatkiem 10 mmol L H>O; (b)
i NaOH (c). B) Widma EIS uzyskane dla SPBDDE (a) i aSPBDDE (aktywowane;j
w roztworze NaOH) (b) [RD3].

Z uzyciem CV zbadano jak aktywacja wplywa na As elektrody pracujace;.
W tym celu zarejestrowano woltamperogramy cykliczne w zakresie v od 50 do 400
mV s (Rys. 12A i 12B). Na ich podstawie wykres$lono zaleznoéé natezenia pradu
piku utleniania Fe(Il) (Ip) od pierwiastka kwadratowego z szybko$ci skanowania
(v'"%) (Rys. 12C). Badania pokazaly, Ze elektrochemiczna aktywacja SPBDDE
wplywa nieznacznie na wielko$¢ As (0,0146 vs. 0,0157 cm?).

60 —

—

400 mV s 3:” i

I, = 52.87 v + 28.54
I, = 53.93 v'7 + 37.070

oS (1) or

. 04
E[v] v [(V s)7]

Rys. 12. Woltamperogramy cykliczne zarejestrowane na SPBDDE (A) 1 aSPBDDE
(B). C) Zaleznosé I, = f(v!’?) wykreslona dla SPBDDE (a) i aSPBDDE (b) [RD3].
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Morfologi¢ otrzymanego czujnika scharakteryzowano przy uzyciu SEM,
a takze profilometrii optycznej i poréwnano z nieaktywowangag SPBDDE.
Otrzymane obrazy SEM (Rys. 13A) pozwolily zauwazy¢ zmiany w powierzchni
elektrody pracujacej tj. zwigkszenie liczby pordéw, co jest prawdopodobnie
zZwigzane z czg$ciowym usuni¢ciem organicznego spoiwa wigzacego drobiny
materialu tworzacego elektrode. Ocena zmian strukturalnych powierzchni elektrod
przy pomocy profilometrii optycznej wykazala natomiast wzrost chropowato$ci
powierzchni (Ra: 0,451 vs. 0,517 um) i catkowitej wysokos$ci profilu (R¢: 7,833 vs.
10,627 um) wskutek aktywacji SPBDDE (Rys. 13B).

Rys. 13. A) Obrazy SEM i B) profile optyczne SPBDDE (a) i aSPBDDE (b) [RD3].
2.3.3. Czujniki 7 elektrodq pracujgcqg modyfikowang surfaktantem

W publikacji [RD2], w procedurze jednoczesnego oznaczania paracetamolu
(PA), diklofenaku (DF) 1 tramadolu (TR) wykorzystano elektrochemicznie
aktywowang sitodrukowang elektrode weglowa modyfikowana dodatkowo
surfaktantem anionowym - dodecylosiarczanem sodu (aSPCE/SDS). Czujnik
zanurzony byl w 0,1 mol L' buforze octanowym o pH = 4 zawierajacym
10 mmol L H,0,. Aktywacja polegala na wykonaniu 25 skanéw CV w zakresie
potencjatow od 1 do -0,7 V (v = 10 mV s!). Aktywacja SPCE pozwolita uzyskaé¢
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wyzszy sygnat analityczny TR (2,7 vs. 1,8 pA), przy czym jej wptyw na sygnatly
PA i DF byt znikomy (Rys. 14A). Obrazy SEM powierzchni pokazaty wzrost ilo$ci

poréw w materiale elektrody wskutek aktywacji (Rys. 14B i 14C).

Rys. 14. A) Woltamperogramy zarejestrowane dla 2 x 10 mol L' PA, 1 x 107
mol L' DF i 2 x 10° mol L' TR na aSPCE (a) i SPCE (b). Obrazy SEM
powierzchni SPCE (B) 1 aSPCE (c) [RD2].

Elektrochemicznie aktywowana SPCE byta dodatkowo modyfikowana SDS.
Surfaktant o odpowiednim stezeniu byl wprowadzany do roztworu elektrolitu
podstawowego. Rejestrujac krzywe pojemnosci réozniczkowej warstwy podwojnej
na granicy faz elektroda pracujaca-elektrolit podstawowy wykazano adsorpcje SDS
na powierzchni aSPCE (Rys. 15A). Zaadsorbowany na powierzchni elektrody
surfaktant nadaje jej tadunek ujemny, przez co dochodzi do elektrostatycznego
przyciggania pomiedzy jonami surfaktantu i analitu wystepujacego w roztworze
w postaci kationowej. Dzigki tego rodzaju oddzialywaniom mozliwe bylo
uzyskanie znacznego wzmocnienia sygnatu analitycznego TR (Rys. 15B). Badania
EIS wykazaty, Ze tego rodzaju elektrochemiczna aktywacja rdéwniez przyczynia si¢
do spadku R (388,7 vs. 950,6 Q cm?) (Rys. 15C). Zarejestrowane zostaly rowniez
woltamperogramy cykliczne w zakresie v od 5 do 500 mV s!. Na podstawie
uzyskanych zaleznosci Ip = f(v'’?) (Rys. 15D) i réwnania Randlesa-Sevéika
obliczono As dla SPCE, aSPCE i aSPCE/SDS, ktdére wyniosty odpowiednio 0,056,
0,054 i 0,059 cm?, co pokazuje, Ze ani aktywacja, ani modyfikacja SDS-em nie
wplywa na wielkos¢ As elektrod.
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Rys. 15. A) Krzywe pojemnosci rézniczkowej warstwy podwojnej na granic faz
aSPCE/bufor octanowy o pH = 4 w obecnosci: 0 (a) i 15 (b) mg L' SDS.
B) Woltamperogramy zarejestrowane dla 2 x 10 mol L' PA, 1 x 107 mol L' DF
i 5 x10% mol L' TR w obecnosci 0, 51 15 mg L' SDS. C) Wykresy Nyquista
otrzymane dla SPCE (a), aSPCE (b) i aSPCE/SDS (c). D) Zaleznosé¢ Ip = f(v'?)
wykreslona dla: SPCE (a), aSPCE (b) i aSPCE/SDS [RD2].

W procedurze oznaczania zwigzku przeciwnowotworowego NDIT [RDS8]
zastosowano SDS jako modyfikator SPCE. Adsorpcje surfaktantu na powierzchni
elektrody potwierdzono rejestrujagc krzywe pojemnosci rézniczkowej (Rys. 16A).
Efektem modyfikacji SPCE byt blisko 4-krotny przyrost wielkoSci sygnalow
analitycznych NDIT (Rys. 16B). Stezenie SDS poddano optymalizacji by uzyskac
jak najwyzsze natezenia pradu pikow NDIT przy jednoczesnym zachowaniu
powtarzalnosci sygnatow (Rys. 16C). Za optymalne stezenie tego surfaktantu
uznano 10 mg L. Badania CV wykonane w zakresie v od 5 do 300 mV s
pozwolily zauwazy¢, ze modyfikacja SDS-em powierzchni SPCE skutkuje
spadkiem wartosci ¥° z 4,12 dla elektrody niemodyfikowanej do 2,86, co
potwierdza, ze warstwa zaadsorbowanego SDS przyczynia si¢ do poprawy
efektywnosci przenoszenia elektronéw (Rys. 16D). Modyfikacja elektrody SDS-em
nie wplyneta na wielkos$¢ As (Rys. 16E).
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Rys. 16. A) Krzywe pojemnos$ci rézniczkowej warstwy podwojnej na granic faz
SPCE/elektrolit podstawowy w obecnosci: 0 (a) i 10 (b) i 20 (c) mg L' SDS.
B) Woltamperogramy zarejestrowane dla 5 x 10® mol L' NDIT na SPCE (a)
i SPCE/SDS (b) (10 mg L SDS). C) Wptyw stezenia SDS na sygnat 5 x 107 mol
L' NDIT. D) Krzywe CV zarejestrowane na SPCE (a) i SPCE/SDS (b) (v = 150
mV s). E) Zalezno$¢ I, = f(v'?) wykreslona dla: SPCE (a) i SPCE/SDS (b) [RDS].

2.3.4. Czujniki 7 elektrodq pracujgcq modyfikowang metalem

W pracach [RDS5] i [RD7] zostaly przedstawione procedury oznaczania
odpowiednio testosteronu (TST) i bleomycyny (BLM), na poddanej wstepnemu
przygotowaniu sitodrukowanej elektrodzie weglowej modyfikowanej osadzanymi
in-situ nanoczastkami otowiu (pSPCE/PbNPs). Wstepne przygotowanie elektrod
polegalo na wykonaniu 15 skanéow DPV [RDS] lub 10 skanow SWV [RD7]
w zoptymalizowanych warunkach 1 w roztworach, w ktorych wykonywano
docelowe oznaczenia analitoéw. Elektrody nastgpnie optukiwano woda, suszono
1 umieszczano ponownie w tych samych roztworach by wykona¢ oznaczenie
analitu. Badania z wykorzystaniem metod CV 1 EIS wykazaly, Zze wstepne
przygotowanie w obu przypadkach nie wplywa na wartosci As 1 Re, powoduje
jednak znaczaca poprawe ksztattu sygnalow analitycznych, a takze ich

powtarzalno$¢. Modyfikacja nanoczastkami olowiu natomiast jest niezbedna do
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zaobserwowania sygnatow analitycznych TST i BLM (Rys. 17A i 17B). Informac;ji
na temat prawdopodobnego wyjasnienia poprawy ksztattu 1 powtarzalnosci
sygnatow dostarczyly badania elektrod z uzyciem rentgenowskiej spektroskopii
fotoelektronow (XPS). Uzyskane ta metoda widma, a w szczego6lnosci poddany
dekonwolucji sygnal Pb4f pokazuje, ze w przypadku SPCE/PbNPs mamy do
czynienia z przewaga tlenkow olowiu nad olowiem w postaci metalicznej (Rys.
17C), natomiast jesli chodzi o pSPCE/PbNPs sytuacja jest odwrotna (Rys. 17D).
Przewaga metalicznego otowiu moze skutkowac lepsza odtwarzalno$cia osadzania
sktadajacej si¢ z nanoczastek btonki otowiu, co z kolei przektada si¢ na lepsza

powtarzalno$¢ i ksztatt sygnatow analitycznych TST 1 BLM.
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Rys. 17. A) Woltamperogramy uzyskane dla 2 x 10 mol L' TST na SPCE (a),
SPCE/PbNPs (b) 1 pSPCE/PbNPs (c). B) Wykres stupkowy przedstawiajacy
wzgledne odchylenie standardowe (RSD) pomiaréw wykonanych dla 2 x 107
mol L' TST (n = 10) [RD5]. Widma XPS: SPCE/PbNPs (C) i pSPCE/PbNPs (D)
[RD7].
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Obecno$¢ otowiu w postaci nanoczastek zostata potwierdzona za pomoca
SEM 1 transmisyjnej mikroskopii elektronowej (TEM) w polaczeniu ze

spektroskopia dyspersji energii promieniowania rentgenowskiego (EDS) (Rys. 18).

Pb
12_‘ SiPb SPb

" Energia k)

Rys. 18. Obrazy SEM (A i B) i TEM (C) powierzchni pSPCE/PbNPs. D) Widmo
EDS zaznaczonego fragmentu pSPCE/PbNPs [RDS5].

Stosujac EIS i CV (Rys. 19) wykazano, ze modyfikacja nanoczgstkami
otowiu powoduje spadek Re (121,3 vs. 146,7 Q cm?), a przede wszystkim znaczace
zwigkszenie As elektrody pracujacej (0,072 cm? dla SPCE i 0,22 cm? dla
pSPCE/PbNPs), co znajduje odzwierciedlenie we wzroscie sygnalow analitycznych

zarowno TST, jak i BLM.
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Rys. 19. A) Krzywe CV zarejestrowane na SPCE (a) i pSPCE/PbNPs (b) dla
v =100 mV s!. B) Zaleznos¢ I, = f(v'’?) wykreslona dla: SPCE (a) i pSPCE/PbNPs
(b) (vod 5 do 150 mV s!). C) Widma EIS SPCE (a) i pSPCE/PbNPs (b) [RD5].

W publikacji [RD9] opisana zostala woltamperometryczna procedura
oznaczania tiorydazyny (TDZ) na handlowo dostepnej sitodrukowanej elektrodzie
ztotej (SPAUE). Odpowiedz SPAUE na obecnos$¢ analitu poréwnano z odpowiedzia
SPCE i SPCE modyfikowanej elektrochemicznie btonka ztota (SPCE/AuF). Btonka
zlota osadzana byla na powierzchni SPCE metoda ex-situ z roztworu 0,2 mol L-!
H,SO4 zawierajacego 2 x 10 mol L' HAuCly, przykladajac potencjal -0,2 V przez
90 s. Na wszystkich trzech elektrodach zarejestrowano woltamperogramy dla
czterech wzrastajacych stezen TDZ (1 x 107, 2 x 10°,5x 10 i 1 x 10 mol L.
Uzyskane krzywe pozwolily zauwazy¢, ze modyfikacja SPCE blonka ztota skutkuje
znaczgcym wzmocnieniem sygnatu (Rys. 20B) wzgledem niemodyfikowanej SPCE
(Rys. 20A). Najwyzsze I, TDZ otrzymano jednak stosujac SPAuUE (Rys. 20C). Na
podstawie wykonanych pomiaréw wykreslono zaleznosci I, od stezenia TDZ,
dzigki czemu mozliwe bylo obliczenie czulo$ci kazdej z elektrod. Najwyzsza
czuto$cig wynoszacg 0,15 pmol nA™' charakteryzuje sie SPAuE (Rys. 20F),
a SPCE/AuF nieznacznie nizsza (0,11 pmol nA™) (Rys. 20E). Wéréd
porownywanych elektrod najnizsza czuto$é wykazata SPCE (0,012 pmol nA™)
(Rys. 20D), okoto 10-krotnie nizszg niz SPCE/AuF i1 SPAuE. Ogromny wzrost
czutosci elektrod ztotej 1 modyfikowanej ztotem wynika najprawdopodobniej
z silnego powinowactwa siarki do zlota. Atomy siarki, zwlaszcza w grupach
tiolowych, adsorbuja si¢ na powierzchni ztota, tworzac silne wigzania kowalencyjne

[75-77]. TDZ posiadajaca dwa atomy siarki w czgsteczce, w tym jeden w grupie
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tiometylowej, najprawdopodobniej ulega silnej adsorpcji na powierzchni elektrod

ztotych.
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Rys. 20. Woltamperogramy uzyskane podczas oznaczania 1 x 107 (a), 2 x 10™ (b),
5% 107 (c)il x 108 (d) mol L' TDZ na SPCE (A), SPCE/AuF (B) i SPAUE (C).
Zaleznosci liniowe pomiedzy I, i stezeniem TDZ (1 x 10° — 1 x 10® mol L)

uzyskane na SPCE (D), SPCE/AuF (E) i SPAuE (F) [RD9].

Wszystkie trzy elektrody scharakteryzowano wykorzystujac metody EIS
1 CV. Rysunek 21A przedstawia krzywe CV zarejestrowane na SPCE, SPCE/AuF
i SPAUE przy v = 100 mV s’'. Zaréwno na SPCE/AuF, jak i SPAuE uzyskano
wzmocnienie sygnatlu utleniania Fe(Il) do Fe(III) (107 pA dla SPCE/AuF i 112 pA
dla SPAuE) wzgledem SPCE (81,1 pA). Dla kazdej z elektrod obliczono x°
i warto$¢ najblizszag wartoéci teoretycznej (x° = 1) uzyskano dla SPAUE, co
swiadczy o najefektywniejszym przenoszeniu elektronow sposrod badanych
elektrod. Dodatkowo, w oparciu o wykonane pomiary CV (5-300 mV s) oraz
zaleznoéé I, = f(v'*) (Rys. 21B) i réwnania Randlesa-Sevcika obliczono As
elektrod. Badania EIS wykazaly, ze modyfikacja SPCE btonkag ztota powoduje
znaczne  obnizenie  Re.  Najnizszg  wartos¢ Re  w pordwnaniu
z pozostalymi elektrodami uzyskano dla SPAuE (Rys. 21C). W tabeli 3 zestawiono

wszystkie wymienione parametry, ktorych analiza pozwala jednoznacznie
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stwierdzi¢, ze ze wzgledu na efektywno$¢ przenoszenia elektronow, wysoka
czuto$¢ oraz duzg powierzchni¢ aktywng, SPAuE posiada najlepsze wtasciwosci

sposrod testowanych czujnikow.
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Rys. 21. A) Krzywe CV zarejestrowane na SPCE (a), SPCE/AuF (b) i SPAUE (c)
dla v =100 mV s!. B) Zaleznoéé I, = f(v!’?) wykre$lona dla: SPCE (a), SPCE/AuF
(b) i SPAUE (c) (v od 5 do 300 mV s). C) Widma EIS SPCE (a), SPCE/AuF (b)
1 SPAUE (c) [RD9Y].

Tabela 3. Charakterystyka elektrochemiczna SPCE, SPCE/AuF i SPAuE wykonana
z wykorzystaniem metod CV i EIS [RD9].

Elektroda As [em?] Ret [Q cm?] 1 Czulo$é¢
(v=100 mV s1) [MM nA-1]
SPCE 0,052 499,1 3,45 0,012
SPCE/AuF 0,078 263,2 2,68 0,11
SPAuE 0,089 193,0 1,90 0,15

Morfologi¢ powierzchni 1 sktad pierwiastkowy wszystkich trzech elektrod
zbadano za pomocg SEM-EDS (Rys. 22). Wykazano, ze w przypadku SPCE/AuF
btonka ztota sktada si¢ z nanoczastek o Srednicy ekwiwalentnej w zakresie od 44,59
do 88,86 nm. SPAuE natomiast sktada si¢ z czastek 1 aglomeratéw ztota o wielko$ci

od 143,93 do 2100,23 nm.
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Rys. 22. Obrazy SEM SPCE (A), SPCE/AUF (C) i SPAUE (E). Widma EDS SPCE
(B), SPCE/AUF (D) i SPAUE (F).
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2.4. Badanie charakteru procesow elektrodowych

Charakter procesow utleniania lub redukcji badanych substancji zbadano
z uzyciem metody CV. Na podstawie uzyskanych woltamperogramow cyklicznych
wykreslono zaleznos$ci natezenia pradu piku analitu (Ip) w funkcji pierwiastka
kwadratowego z szybkosci skanowania (v'?), ktérej liniowy przebieg wskazuje na
transport substancji od/do powierzchni elektrody na drodze dyfuzji. W przypadku
gdy zalezno$¢ ta jest nieliniowa mamy do czynienia z adsorpcjg analitu na
powierzchni elektrody. Potwierdzenie dyfuzyjnego badz adsorpcyjnego charakteru
procesu elektrodowego stanowi rowniez zalezno$¢ pomigdzy logarytmem nat¢zenia
pradu piku (logl,) a logarytmem z szybko$ci skanowania (logv). Wartos¢
wspotczynnika nachylenia prostej regresji bliska 0,5 potwierdza dyfuzje, a wartos¢
bliska 1 wskazuje na adsorpcje¢ badanej substancji. W przypadku gdy wspoétczynnik
przyjmuje wartosci posrednie np. 0,7, nie jest mozliwe jednoznaczne okreslenie,
czy proces jest kontrolowany w pelni adsorpcyjnie, czy dyfuzyjnie. Charakter
procesu mozna wowczas okresli¢ mianem mieszanego [78].

W tabeli 4 podsumowano szczegdélowe parametry zaleznosci uzyskanych na
podstawie badan CV wykonanych dla badanych substancji, a wybrane
woltamperogramy cykliczne 1 wykreslone zaleznosci przedstawione zostaly na

rysunkach 23 1 24.

Tabela 4. Zestawienie wynikow badan CV procesow elektrodowych [RD1, RD3,
RD5-RD9Y], .

Zakres v log I Charakter
Analit (mv | I, = f(v'%) _ f(lgo pv) procesu Praca
g elektrodowego
I,=3,61 *v!2+  logl,=0,49 *
EIMTC 20 - 500 1,91 log v+ 0,61 Dyfuzja [RD1]
r=0,9868 r=0,9918
[,=0,082* v~ logl,=0,77 *
RIF 15-500 0,29 logv—1,86 Proces mieszany [RD3]
r=0,9959 r=0,9994
TST 5-250 Nieliniowa - Adsorpcja [RDS5]
4-Cl- log I, = 1,011
20 —-450 Nieliniowa *logv—0,16 Adsorpcja [RD6]
PIMT
r=0,9586
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L,=03*v?—  logl,=0,81*

BLM 5-200 0,57 logv—1,24 Proces mieszany [RD7]
r=10,9979
Pik 1: log I, =
Pik 1: I,=3,24* 0,68 *logv +
vi2-535 0,042
r=10,9944 r=0,9940 .
NDIT 5-300 Pik 2: T, =491 *  Pik 2: log I, = Proces mieszany [RDS]
V258 0,65 * log v +
r=0,9984 0,33
r=10,9955
log I,=1,01 *
TDZ 5-400 Nieliniowa logv—2,22 Adsorpcja [RD9]
r=10,9954
“7A T |- R e / e R e
&0 — . 16—
g { gnw— E“z—
100 — { £
bee T T 1 0 T T T T 1 4 T 1 1
' EV V12 [(mV s)7] ' log v '

Rys. 23. A) Woltamperogramy cykliczne zarejestrowane dla 1 x 10~ mol L' NDIT
przy v 50 (a), 100 (b) i 150 mV s (c). B) Zaleznosci I, = f(v!?). C) Zaleznosci
log I, = f(log v) [RD8].
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Rys. 24. A) Woltamperogramy cykliczne zarejestrowane dla 5 x 10 mol L™! RIF
przy v od 15 do 500 mV s! (c). B) Zaleznos¢ I, = f(v!?). C) Zaleznos¢ log I, = f(log
v) [RD3].

W publikacji RD2 charakter procesu elektrodowego okreslono w oparciu
o krzywe pojemnos$ci rozniczkowe] warstwy podwojnej na granicy faz elektroda
pracujaca/elektrolit podstawowy (Rys. 25). Zar6wno w obecnosci PA, jak i DF na
zarejestrowanych krzywych zaobserwowano pojawienie si¢ pikow desorpcji tych
zwigzkow, co potwierdza, ze ulegaja one adsorpcji na powierzchni elektrody.
W przypadku TR brak pikéw desorpcji na krzywych §wiadczy iz kationy TR
docieraja do powierzchni elektrody na drodze dyfuzji, a nastepnie przyciagane sa

przez ujemnie natadowane ,,glowy” SDS.

aonr = A 0 —

G, [uF cm?]
-
3
1
C, [uF cm]
e :

Rys. 25. Krzywe pojemnosci rozniczkowe] warstwy podwdjnej na granicy faz
aSPCE/bufor octanowy o pH = 4,0 w obecnosci 15 mg L' SDS i: A) 2 x 107 (a),
2 x 10 (b), 2 x 107 (¢) i 2 x 10* mol L PA (d). B) 2 x 107 (a), 2 x 10 (b)
i2 % 10° mol L DF (c). C) 2 x 107 (a), 2 x 10° (b) i 2 x 10 mol L' TR (c)
[RD2].

W pracy [RD7] na podstawie wynikow badan CV charakter procesu

elektrodowy okreslono jako mieszany, co wskazuje na udziat adsorpcji w procesie
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elektroredukcji BLM na powierzchni pSPCE/PbNPs. Adsorpcje analitu
potwierdzono rowniez rejestrujagc krzywe pojemnosci rozniczkowej, na ktorych

w obecnosci BLM widoczne byty trzy piki desorpcji (Rys. 26).

0.000020 —

0.000018 — f b

0.000016 — /

0.000014 —

C, [WF cm?]

0.000012 : T - T - T - |

E[V]

Rys. 26. Krzywe pojemnosci rozniczkowej warstwy podwodjnej na granicy faz
pSPCE/PbNPs/bufor octanowy (pH = 4,5) w obecnosci: 0 (a), 2 x 10 (b)i5 x 10
mol L' BLM (c) [RD7].

Badania CV dostarczaja informacji na temat mechanizmu reakcji
elektrodowej. Pozwalaja na okreslenie czy reakcja utleniania badz redukcji analitu
zachodzi jedno- czy wielostopniowo, jaka liczba elektronéw 1 protondéw bierze
w niej udziat oraz czy jest ona odwracalna.

W trakcie badan starano si¢ pozna¢ mechanizm ulteniania badz redukcji
oznaczanych zwigzkéw. W przypadku czesci analitow informacje o dobrze
poznanych mechanizmach reakcji zaczerpnigto z literatury [RD3, RDS, RDS].
Dodatkowo w pracach RD1 1 RD6 obliczono liczbg protondéw 1 elektronow
bioragcych udzial w reakcjach elektrodowych na podstawie zalezno$ci potencjatu
piku analitu (E,) w funkcji pH. W pracy [RD9] natomiast do wyznaczenia liczby
elektrondw bioracych udzialt w reakcji utleniania TDZ do formy rodnikokationu
postuzono si¢ zaleznos$cig E, w funkcji logv. Ustalono, ze reakcja ta zachodzi

z udzialem dwoch elektronow (Rys. 27).
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Rys. 27. A) Zaleznos¢ E, TDZ vs. logv. B) Mechanizm reakcji utleniania TDZ
[RD9].

2.5. Parametry analityczne opracowanych procedur i selektywnos$¢

W zoptymalizowanych warunkach wykonano pomiary do krzywych
kalibracyjnych oznaczanych substancji. Przyktadowe woltamperogramy uzyskane
dla wzrastajacych stezen analitoéw zostaty przedstawione na Rysunku 28. Granice
wykrywalnosci (LOD) 1 oznaczalno$ci (LOQ) obliczono na podstawie
nastepujacych wzoréw: LOD = 3 SDu.b 1 LOQ = 10 SDJ/b, gdzie ,,SD.” to
odchylenie standardowe z wyrazu wolnego rownania krzywej kalibracyjnej (n = 3),
a ,,b” oznacza $rednig warto$¢ wspodtczynnika kierunkowego krzywej kalibracyjne;j.
W trakcie prowadzonych badan wyznaczono takze powtarzalnos¢ sygnatow
analitycznych badanych substancji, jak rowniez odtwarzalno$¢ elektrody do
elektrody. Powtarzalno$¢ okreslano obliczajac wzgledne odchylenie standardowe
(RSD) z dziesigciu pomiarow wykonanych dla okreslonego stezenia analitu na
jednej elektrodzie, natomiast odtwarzalnos$¢ elektrody do elektrody na podstawie
RSD obliczonego dla dziewigciu lub szesciu pomiarow wykonanych na trzech (lub
dwoch [RD2]) niezaleznie przygotowanych elektrodach dla tego samego stezenia
analitu.

Dodatkowo, zbadano wptyw potencjalnych interferentow tj. prostych jonoéw
nieorganicznych oraz szeregu zwigzkow organicznych, na sygnaly analityczne
analitow. W  przypadku procedur zastosowanych do analizy probek
srodowiskowych zbadano wplyw 2 mg L! surfaktantu niejonowego, Tritonu X-100
na sygnaty analitow. Byto to podyktowane faktem, iz w $rodowisku wodnym
obecne s3 zwigzki organiczne o dzialaniu powierzchniowo czynnym

odpowiadajacym 0,2 — 2 mg L' Tritonu X-100 [79]. W procedurze jednoczesnego
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oznaczania PA, DF i TR [RD2] zbadano réwniez wptyw surfaktantu kationowego
(bromku cetylotrimetyloamoniowego, CTAB). Wszystkie wymienione parametry
analityczne opracowanych procedur podsumowano w tabeli 5. W jednej z kolumn
przestawione zostaly nadmiary badanych interferentow wzgledem okre§lonych
stezen analitow, ktore nie powoduja zmian sygnaldow wigkszych niz £10 %.
W procedurach, w ktérych zaobserwowano znaczny wplyw obecnosci jonow metali
na sygnaty analityczne badanych substancji [RD2, RD7], do roztworu elektrolitu
podstawowego dodawano roztwor soli sodowej kwasu pentetynowego (DTPA)

celem skompleksowana przeszkadzajacych jonoéw.
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Tabela 5. Parametry analityczne procedur oznaczania EIMTC, PA, DF, TR, RIF, TST, 4-CI-PIMT, BLM, NDIT i TDZ z wykorzystaniem

czujnikow sitodrukowanych [RD1-RD3, RD5-RD9Y].

Zakl:‘:Zs hm.o wy LOD LOQ Powtarzalno$¢ Odtwarzalnos$¢
Analit Elektroda Metoda rywe) 1 g RSD [%] RSD [%] Selektywnos$¢ Praca
kalibracyjnej [mol L] [mol L] - 10 -9
[mol L—l] (Il ) (Il )
2% 109—2 x 10 Ca(I)-50x, Mg(II), CI(-I),
EIMTC  SPCE/CNFs SWV 2% 10%—2 x 107 5x 10710 1,7 x 10° 2,9 34 UA, GLU, ADN, DOP)-5x, [RD1]
EPI-2,5x, (E2, AA)-0,5x
Pb(1I)-1000x, Mo(VI)-200x,
(GLU, Mg(II))-100x, Ca(II)-
: i iy i 40x, CI(-I)-20x, (Cd(1D),
8 _ 5 8 8 =
PA 5x10°-2x10 1,49 x 10 4,96 x 10 2,7 2,5(n=06) Fe(IIT), Ni(IT), AA)-10x,
Cu(Il)-2x, 2 mg L Triton X-
100, 2 mg L' CTAB
DPAdASV
(CI(-I), GLU)-2500x, Pb(II)-
1000x, (Mg(I), Mo(VI))-
- g i i _ 500x, (Fe(II), Ca(Il), AA)-
9_ 7 10 10 =
DF aSPCE/SDS 1x107-2x%10 2,1 x 10 6,9 x 10 1,2 3,1 (n=06) 100x, (Cu(ID), Ni(IT))-25x, [RD2]
Cd(1D)-10x, , 2 mg L-! Triton
X-100,2 mg L' CTAB
GLU-2500x, Pb(I1)-1000x,
Ca(I)-500x, Mg(1I)-250x,
1x10%-2x107 9 9 _ Fe(II1)-100x, Mo(VI)-50x,
TR DPV 2% 107 —2 x 10 1,71 x 10 5,69 x 10 1,8 3,5(n=06) (Cd(IT), Ni(IT), CI(-T))-25x.
Cu(I)-10x, AA-5x, ,2 mg L!
Triton X-100, 2 mg L' CTAB
RIF aSPBDDE ~ DPAdSV ~ 2x10"2-2x 10" 22x10"% 73 %107 2,5 5,2 (Mg(1I), Ca(11))-1000x, EPI-  [RD3]

2x 101 -2 x 10710

400x, AMX-200x, (Fe(III),
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2x101°-2 %107
2x10°-2x10%

Cd(II), Cu(Il), Pb(II), Ni(II),
V(V), DOP, AA, UA, ASA,
GLU)-100x, 2 mg L Triton X-
100

1 x101—1x1071°

Ni(I1)-10000x, Mg(II)-5000x,
GLU-2000x, (Ca(II), Cu(Il),

TST  pSPCE/PbNPs DPAdSV 1x101°-2x10° 2,2x1012 73 x 1012 3,6 - AA, ADN)-1000x, DOP-500x, [RDS5]
2x107-2x108 (UA, EPI)-200x, (Fe(IID),
V(V))-100x
GLU-2000x, (EPI, AA, UA,
4-Cl- 5x101°-1x10* " 10 CI(-1))-1000x, (Ca(Il), ADN)-
pivqr  SPCE/CNFs  SWASV L 10%— 1 x 107 9,9 x 10 3,3%10 2,2 5,1 200, (Mg(11), DOP)-100x, [RD6]
Fe(I1I)-40x
EPI-2500x, (Mg(II), Ca(Il),
GLU, DOP, UA, AA)-1000x,
1x101°-2x 107 m m V(V)-500x, Ni(I)-200x,
BLM  pSPCE/PbNPs SWAdSV 2% 10° 2 x 10% 2,8 % 10 9,3 x 10 3.3 7,5 (Fe(111), Cd(1l), Cu(ll), ADN, [RD7]
TST)-100x, 2 mg L' Triton X-
100
(Fe(11I), Ca(11), Mg(II), CI(-I),
NDIT SPCE/SDS  DPAdSV 1x10°-2x10° 2,9x101° 9,6 x 1010 3,5 - GLU, EPL, AA, UA)-1000x,  [RDS]
DOP-100x
(Fe(11D), Ni(II), Mg(1I), Ca(1l),
1 %101 -2 %1010 Cu(II), Cd(I1), Pb(1I), GLU)-
TDZ SPAUE DPAdSV ~ 2x101°-2x 107 2,9x 1012 9.8 x 10712 3,5 6,25 1000x, (UA, ADN)-100x, EPI-  [RD9]

2x10°-2x108

20x, DOP-10x, 2 mg L' Triton
X-100

GLU - glukoza, ADN — adenina, EPI — epinefryna (adrenalina), DOP — dopamina, UA — kwas moczowy, AA — kwas askorbinowy, E2 — estradiol, ASA — kwas
acetylosalicylowy, AMX — amoksycylina, TST — testosteron
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Rys. 28. Woltamperogramy otrzymane podczas oznaczania wzrastajacych stezen: A)
BLM (a—h, 1 x 10— 2 x 10 mol L") [RD7]i C) RIF (a — m, 2 x 101? -2 x 10
mol L) [RD3]. Zakresy liniowe krzywych kalibracyjnych: B) BLM i D) RIF.

2.6. Zastosowanie opracowanych procedur i sposoby minimalizacji interferencji

Uzytecznos$¢ zoptymalizowanych woltamperometrycznych procedur oznaczania
wybranych zwiazkoéw biologicznie czynnych zweryfikowano wykonujac analizy probek
ptynéw ustrojowych, probek s$rodowiskowych (wody rzeczne, $cieki komunalne
1 szpitalne), a takze preparatow farmaceutycznych. Procedur¢ jednoczesnego oznaczania
PA, DF 1 TR [RD2] wykorzystano m.in. do oznaczenia zawarto$ci tych zwigzkow
w preparatach farmaceutycznych, a uzyskane wyniki wykazuja zgodno$¢ z zawartoscig
deklarowang przez producenta. Wyniki wykonanych oznaczen podsumowano w tabeli
6, a przykladowe woltamperogramy otrzymane podczas analiz przedstawiono na

rysunku 29.
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Tabela. 6. Zastosowanie opracowanych woltamperometrycznych procedur.

. . Oznaczono
Wartosc woltamperometrycznie Oznaczono metody Blad
4 %
Analit Prébka deklarowana Dodan_(l) +SD (n=3) porownav_vczq +SD Odiysk wzgledny*  Praca
przez [mol L] [mol L] (n=3) [%] * [%]
producenta [mol L] 0
Surowica - 5x10%  486x10%+0,17 x 10®%* 521 x 10%+0,05 x 108° 97,2 7,2
EIMTC ludaka [RD1]
- 1x107 0,99 x 107+0,03 x 107* 0,96 x 107 + 0,03 x 1077° 99 3
PA - 2x107 1,91 x 107 +0,09 x 107¢ - 97 -
DF Woda z rzeki - 2x10% 2,01 x 10°+0,02 x 10°¢ - 100,5 -
Bystrzycy
TR - 2x10% 2,04 x 108+0,06 x 1084 - 102 -
PA - 2x107 2,04 x107+0,01 x 107¢ - 102 -
DF Surowica - 2x10° 1,97 x10°+0,1 x 10°¢ - 98,5 - [RD2]
ludzka
TR - 2% 108 2% 108+ 0,04 x 108¢ - 100 -
PA 325 mg - 3213+38mg’ - - L1
Lek 1
TR 37,5 mg - 383+2,1mg"’ - - 2,17
DF Lek 2 25 mg - 25+0,64mg "’ - - 0,0
-10 -11 -11¢ e
Woda 7 rzeki - 1% 1010 973 x 1011 +0,24 x 10 <LOD 97,3 -
RIF Bystrzycy - 5x10° 457 x10°+0,11 x 10°° 4,71 x 10°+0,25x 10°¢ 91,4 3 [RD3]
Mocz bydlecy - 1x1010 92 x101+0,07 x 101 <LOD® 92 -
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5x107° 4,93 x 10° + 0,04 x 10°°¢ 4,76 x 10° + 1,8 x 107¢ 98,6 3,6
Oczyszczone 3x10"  296x101+0,12 x 101¢ - 98,7 -
Scieki
komunalne 2x101 209 x1010+0,17 x 10710¢ - 104,5 -
TST [RD5]
Mocz ludzki 3% 107 297 x 101 £0,12 x 10°11¢ - 99 }
(materiat
odniesienia) 2x 1010 201 x101°+0,26 x 10710¢ i 100,5 -
Surowica 2x10° 2,1 x 10°+0,07 x 10°¢ 2,32 x10°+0,34 x 10°h 105 9,48
4-CI-PIMT ludaka [RD6]
2x108 2,01 x 10%+0,06 x 10%¢ 1,97 x 10° £ 0,03 x 10" 100,7 2,18
Oczyszczone 5%x101  48x1010+0,12 % 10710¢ - 96 -
scieki
komunalne 2 %107 1,93 x 10° £ 0,04 x 10°¢ - 96,5 -
BLM [RD7]
Mocz ludzki 2 %107 2,07 x 10°+ 0,04 x 10°¢ - 103,5 -
(materiat
odniesienia) 4x10° 3,96 x 10°+0,02 x 10°¢ - 99 -
Surowica 2x 108 2,01 x 108+ 0,09 x 108¢ - 100,5 -
NDIT s [RDS]
5x10% 5,04 x 108+0,14 x 108¢ - 100,8 -
Oczyszczone 5x 10! 5x 101 +0,21 x 101¢ - 100 -
Scieki
komunalne 2x101 1,97 x101°+0,02 x 10-10¢ _ 98,5 -
TDZ [RDY]
Surow 5x 1011 5,03 x 1011 £ 024 x 1011 - 100,6 ;
urowica
ludzka 2% 1010 2,05 % 1070+ 0,1 x 10710¢ - 102.5 -

a — SWV; b — UHPLC-ESI-MS/MS (ultrawysokosprawna chromatografia cieczowa sprzgzona z tandemowa spektrometrig mas, z jonizacjg przez elektrorozpylanie); ¢ —
DPAdSV; d — DPV; e — HPLC/PDA (wysokosprawna chromatografia cieczowa z detektorem diodowym); f — warto§¢ w przeliczeniu na jedng tabletke preparatu; g —
SWAdSV; h — UHPLC-ESI-MS (ultrawysokosprawna chromatografia cieczowa sprzezona ze spektrometria mas, z jonizacja przez elektrorozpylanie); *Odzysk [%] =
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(Oznaczono woltamperometrycznie x 100) / Dodano; **Btad wzgledny [%] = ((10znaczono metoda porownawcza — Oznaczono woltamperometryczniel) / Oznaczono
woltamperometrycznie) x 100; *** Blad wzgledny [%] = (I0znaczono woltamperometrycznie — Warto$¢ deklarowana przez producental / Warto$¢ deklarowana przez
producenta) x 100
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Rys. 29. Woltamperogramy otrzymane podczas oznaczania: A) TST w probce materiatu
odniesienia-moczu ludzkim: a) prébka + 3 x 107!, b) jak (a) + 3 x 10!}, ¢) jak (a)
+ 6 x 10" mol L' TST; B) TST w probce oczyszczonych $ciekéw komunalnych:
a) probka 3 x 107!, b) jak (a) + 3 x 107!, ¢) jak (a) + 6 x 10" mol L' TST [RD5];
C) TDZ w probcee surowicy ludzkiej: a) probka + 5 x 107!, b) jak (a) + 5 x 107!, ¢) jak
(a) + 1 x 10" mol L' TDZ; D) TDZ w prébce surowicy ludzkiej: a) probka + 2 x 10710,
b)jak (a) + 2 x 10719, ¢) jak (a) + 4 x 10" mol L"! TDZ [RD9].

Warto podkresli¢, ze w zdecydowanej wigkszo$ci analizowane probki nie byty
w zaden sposOb przygotowywane przed pomiarami (probki moczu i1 $ciekdéw). Probki
wod rzecznych 1 preparatow farmaceutycznych poddano jedynie filtracji z uzyciem
filtrow strzykawkowych. W przypadku prébek surowicy ludzkiej, do probek dodawano
roztwor kwasu trichlorooctowego (TCA) celem stracenia rozpuszczonych w nich
biatek, ktore mogtyby blokowaé powierzchni¢ stosowanej elektrody. Po straceniu biatka
probki poddawane byly wirowaniu, a okre§long objeto$¢ uzyskanego w ten sposob
supernatantu dodawano do naczynka pomiarowego 1 analizowano.

Jednym ze sposobdéw minimalizacji interferencji pochodzacych od matrycy
probek bylto zastosowanie ukladu przeptywowego. Analize probek surowicy ludzkiej

prowadzono z uzyciem klasycznej analizy przeplywowo-wstrzykowej (FIA) [RDI1],
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a po kazdym pomiarze uktad wraz z elektroda przeptukiwano roztworem H>SOg4
0o wyzszym stezeniu niz elektrolit podstawowy (2,0 vs. 0,075 mol L) celem
doktadnego oczyszczenia. Analizg przeptywowa probek surowicy przedstawiono takze
w publikacji [RD6]. W procedurze oznaczania 4-CI-PIMT po etapie nagromadzania
analitu na powierzchni elektrody pracujacej do celki przeptywowej doprowadzono
roztwor elektrolitu podstawowego (0,025 mol L' HNOs). Mialo to na celu usuniecie
roztworu probki z przestrzeni przyelektrodowej aby zmniejszy¢ prawdopodobienstwo
redukcji interferentéw w etapie rejestracji sygnatu analitycznego. Zbadano w jakim
stopniu rosnaca objetos¢ surowicy dodawanej do roztworu pomiarowego wplywa na
sygnat analitu (Rys. 30). Stwierdzono, ze zastosowanie uktadu przeptywowego

minimalizuje thumienie sygnatu 4-CI-PIMT przez sktadniki matrycy probki.
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Rys. 30. Wplyw surowicy ludzkiej na prad piku 5 x 10 mol L' 4-CI-PIMT w uktadzie
klasycznym (czarny) 1 przeplywowym (czerwony) [RD6].

Dodatkowo w procedurze tej skrocono czas nagromadzania analitu ze 120 do 30
s, co rowniez zmniejsza adsorpcje potencjalnych interferentbw na powierzchni
elektrody pracujacej. Minimalizacje¢ interferencji przez skrocenie czasu analizy
zastosowano takze podczas oznaczania RIF [RD3].

W procedurze jednoczesnego oznaczania PA, DF 1 TR [RD2], a takze
w procedurze oznaczania NDIT [RD8] jako modyfikator elektrody pracujacej
zastosowano SDS. Dzigki zaadsorbowanemu na powierzchni elektrody surfaktantowi
mozliwe bylo uzyskanie wzmocnienia sygnatow pochodzacych od analitow. Dodatkowa

zaleta modyfikacji surfaktantem jest zabezpieczenie elektrody przed zanieczyszczeniem
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przez obecne w probce zwigzki organiczne. Badania pokazaly, ze zaadsorbowany SDS
pozwala zminimalizowa¢ wptyw CTAB i Tritonu X-100 na sygnaly analityczne PA, DF
i TR (Rys. 31) [RD2].

I : ol CTAB

2mg L CTAB + 15 mg L' SDS
I : mo L Triton X-100
120 — I : mg L Triton X-100 + 15 mg L' SDS

Sygnat wzgledny [%]

PA DF TR

Rys. 31. Wptyw 2 mg L' Triton X-100 i CTAB na sygnaly PA, DF i TR bez
i w obecnosci SDS [RD2].

Kolejnym sposobem minimalizacji wptywu obecnych w probkach zwigzkow
organicznych jest jej rozcienczenie. We wszystkich pracach, w przypadku analizy
probek ptynow ustrojowych i1 probek srodowiskowych anality oznaczano w probkach
rozcienczonych od 10 do 10000 razy. Duze krotnosci rozcienczen byly mozliwe
w przypadku oznaczania zwigzkéw, ktore w okreslonych probkach osiggaja wysokie

stezenia.
2.7. Poréwnanie opracowanych procedur z danymi literaturowymi

Ze wzgledu na opracowywanie ciggle to nowych czujnikow stosowanych
w woltamperometrii mozliwe jest rozszerzenie mozliwosci aplikacyjnych tej metody
analitycznej. W literaturze jest szereg prac opisujacych zastosowanie czujnikow
elektrochemicznych w oznaczeniach PA, DF, TR, RIF, TST, BLM i1 TDZ. W tabeli 7
przedstawiono pordéwnanie opracowanych procedur oznaczania tych zwigzkow,
wybranymi procedurami opisanymi w literaturze [9, 28, 66, 68, 80-111], ktore

charakteryzuja si¢ najkorzystniejszymi parametrami analitycznymi. W przypadku
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procedur oznaczania PA, DF, TR, RIF, TST i BLM uzyskano jedne z najnizszych
granic  wykrywalno$ci  sposrdd  woltamperometrycznych  procedur opisanych
w literaturze. Te charakteryzujgce si¢ lepszymi parametrami analitycznymi
wykorzystywaty czujniki, ktorych opracowanie bylo wysoce czaso- i pracochionne
1 wymagato czegsto kilkudniowej syntezy modyfikatorow. Ponadto, zaprezentowana
w pracy [RD2] procedura jest jedyng pozwalajaca na jednoczesne oznaczenie PA, DF
1 TR, natomiast procedury oznaczania RIF [RD3] i BLM [RD7] byly w momencie
opublikowania prac pierwszymi przyktadami zastosowania czujnikéw sitodrukowanych
w analizie tych zwigzkow. Procedura pozwalajaca na oznaczanie TDZ przy uzyciu
SPAuUE [RD9] cechuje si¢ wyjatkowo wysoka czuloscia, dzigki ktorej mozliwe byto
uzyskanie okoto tysigc razy nizszej granicy wykrywalnosci niz w przypadku innych
opisanych dotychczas procedur. Zwiazki przeciwnowotworowe: EIMTC, 4-CIl-PIMT
i NDIT sg substancjami nowo zsyntezowanymi, w zwigzku z czym brak jest
w literaturze danych na temat ich woltamperometrycznych oznaczen, a przedstawione
w pracach [RD1], [RD4] i [RD6] procedury sa pierwszymi sposobami analizy tychze
zwigzkow. Niezwykle istotny jest réwniez fakt, iz we wszystkich opracowanych
procedurach bazowano na dostgpnych handlowo czujnikach sitodrukowanych, ktére
byly ewentualnie poddawane prostym, szybkim i wysoce skutecznym modyfikacjom

1 pozwalaja na bezposrednig analiz¢ wigkszos$ci probek.

Tabela 7. Porownanie opracowanych procedur oznaczania PA, DF, TR, RIF, TST,
BLM 1 TDZ z opisanymi w literaturze procedurami charakteryzujacymi si¢

najkorzystniejszymi parametrami analitycznymi.

Elektroda Metoda Zakres liniowy LOD Zastosowanie Lit.
[mol L] [mol L]
Paracetamol (PA)
Co MPs/Pt SWV 5x107-1x10% 4,2 %107 Preparaty [80]
farmaceutyczne
ZMCPE DPV 1x10°-6x107 6,8 x 107 - [81]
NiFe;04/Gr/ SWV 1x10%-9x10° 3,6 x 107 Preparaty [82]
CPE farmaceutyczne,

surowica, mocz

SPCE/MW DPAdASV 5x10°-5x%x10° 1,4 x 107 Woda rzeczna, [28]
CNTs- $cieki
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COOH komunalne
Sm,03@Zr SWV 3,7x10°-2,2 %10 3,4 x 1010 Preparaty [83]
O,/CNTs/ farmaceutyczne,
GCE krew
COOH- SWASV 2510 -1,8x108 4,7 x 10 Preparaty [84]
CNTs/ZnO/ farmaceutyczne,
NHo- surowica, $lina,
CNTs/GCE mocz
aSPCE/SDS  DPAdSV 5x10%-2x10° 1,49 x 108 Woda z rzeki, [RD2]
surowica,
preparaty
farmaceutyczne
Diklofenak (DF)
La,Os@SF- DPV 1x10%-9x10* 1,7x 10 Preparaty [85]
L farmaceutyczne,
CuS/GCE surowica, mocz
Ru- SWV 1x107-2x10° 1,48 x 10° Preparaty [86]
TiO,/CPE farmceutyczne,
mocz
Aptamer- DPV - 1,1 x 1010 Surowica [87]
polydopami
ne@Fe304-
GCE
SPCE/MW  DPAdSV 1x1019-2x108 3 x 10! Woda rzeczna, [28]
CNTs- Scieki
COOH komunalne
SPCE/MW  DPAdSV 1x101°-1x108 2,8 x 10! Woda rzeczna [9]
CNTs-
COOH
COOH- SWASV 7,5 %1011 -2,1 x 108 7,8 x 1071 Preparaty [84]
CNTs/ZnO/ farmaceutyczne,
NH,- surowica, $lina,
CNTs/GCE mocz
aSPCE/SDS  DPAdSV 1x10°9-2x107 2,1 x 1010 Woda z rzeki, [RD2]
surowica,
preparaty
farmaceutyczne
Tramadol (TR)
MIP- SWV 1x10%-2x107 4 %107 Preparaty [88]
MWCNT/ farmaceutyczne,
CPE mocz
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f- DPV 1,2x10% -1 =107 5 %107 Mocz [89]
MWCNTs/ 1 x107-3x10%
AuNPs/PGE
GO- DPV 2x10°-1,1x103 1,5 %1010 Preparaty [90]
MWCNTs/ farmaceutyczne,
CPE surowica
Polypyrrole SWV 2x101°0-2 %107 3x 10! Preparaty [91]
@Sol-Gel farmaceutyczne,
MIP/f- mocz
MWCNT/
GCE
CNFs/SPE SWV 5x 101 —1x107 1,6 x 1071 Mocz [92]
Au disc AFFTCV  5,7x10"2-3,4x 107 1,2x 10?2 Mocz, surowica [93]
micro-
electrode
aSPCE/SDS DPV 1x108-2x107 1,71 x 10 Woda z rzeki, [RD2]
2x107-2x10° surowica,
preparaty
farmaceutyczne
Ryfampicyna (RIF)
Ni(OH)@r DPV 1x10°-2x107 3 %107 Preparaty [94]
GO/SPCE 2x107-5x107 farmaceutyczne,
surowica
3D DPV 1x10°—-1x107 2,7 %1010 Mleko [95]
pRGO/GCE
PbF/GCE SWAdSV 2,5%101°-1x 108 9 x 101 Preparaty [96]
farmaceutyczne
MWCNTs-  DPAdSV 1x1013-1x10° 3,4 %101 Surowica [97]
Ce0,/GCE
DNA/CPE DPAdSV - 8 x 1071 Surowica [98]
CoFe:04@C  SWAdSV 1 x101%-1x107 4,55 <107 Preparaty [99]
dSe/GCE farmaceutyczne,
surowica
aSPBDDE DPAdSV 2x1012-2x 10! 2,2 %101 Mocz, woda z [RD3]
2x 10" -2 x 1010 rzeki
2x101°-2 %107
2x10°-2x10%
Testosteron (TST)
GCE/CTAB SWAdSV 1x108-7x108 1,2 x 107 Preparaty [66]
farmaceutyczne,
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mocz

GCE/BiF SWAdSV 1x10°-4,5x10% 3x 1010 Preparaty [100]
+ CTAB farmaceutyczne,
mocz
MD/CNTs DPV 1 x1010-1x10° 1,4 x 10! Slina [101]
AuE/DMIP SwWv 1 x104-1x107"3 1x 101 Mocz [102]
SPE/MIP Cv 3,5x1018-35x101  3,5x 107" Mocz [103]
pSPCE/ DPAdSV 1 x101—-2x1071° 2,2 %1012 Mocz, $cieki [RD5]
PbNPs 2x 107102 %107 komunalne
2x10°-2x10%
Bleomycyna (BLM)
HMDE AdSV 1x10°—1x107 5% 10710 Surowica [104]
AuE/DNA Swv 1x1010-1x10° 1 x 1010 Surowica [105]
(E-DNA
sensor)
ITO/MB- DPV 1x1010—1x107 3,3 x 10! Surowica [106]
DNA
AuE/DNA DPV 1 x1012-1x107 7,4 x 1013 Surowica [107]
pSPCE/ SWAdSV 1 x1010-2x10? 2,8 x 107! Mocz, $cieki [RD7]
PbNPs 2x10°-2x1078 komunalne
Tiorydazyna (TDZ)
Bi/PSi/ DPV 1x107-2,6 x 10 3x10% Osocze [68]
CNTPE
SPCE/ DPV 2x108-1x10"* 8 x 107 Surowica [108]
FeV NPs
B-CD/CPE DPV 1x108%-1x107 7 x 107 Preparaty [109]
farmaceutyczne
NGO- DPV 4x10%-1,5x10* 4 %107 Mocz, surowica [110]
500/SPCE
Ru- DPV 5%x10°-1,4 %107 1x107 Surowica [111]
Bi,S3/GCE
SPAuE DPAdSV 1 %101 -2 x1010 2,9 x 102 Surowica, $cieki [RD9]

2x101°-2 %107
2x10°-2x108

komunalne

Co MPs/Pt — elektroda platynowa modyfikowana mikroczastkami kobaltu; ZMCPE — pastowa elektroda
weglowa modyfikowana nanoczastkami ZrO;; NiFe;O4/Gr/CPE — pastowa elektroda weglowa
modyfikowana nanokompozytem grafenu i NiFe O SmyO3@ZrO,/CNTs/GCE — elektroda z wegla
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szklistego modyfikowana kompozytem Sm>O; i ZrO,; La,O3;@SF-L Cu,S/GCE — elektroda z wegla
szklistego modyfikowana kompozytem La,O; i CuS; Ru-TiO,/CPE — pastowa elektroda weglowa
modyfikowana nanoczastkami TiO, domieszkowanymi rutenem; SPCE/MWCNTs-COOH -
sitoddrukowana elektroda weglowa modyfikowana wieloSciennymi nanorurkami weglowymi,
funkcjonalizowanymi grupami karboksylowymi; COOH-CNTs/ZnO/NH>-CNTs/GCE - elektroda
z wegla szklistego modyfikowana nanorurkami weglowymi funkcjonalizowanymi grupami aminowymi
i karboksylowymi oraz warstwg tlenku cynku pomig¢dzy nimi; SWASV — anodowa woltamperometria
stripingowa fali prostokatnej; MIP-MWCNT/CPE — pastowa elektroda weglowa modyfikowana
polimerem z  odciskiem  molekularnym i wieloSciennymi  nanorurkami =~ weglowymi;
f-MWCNTs/AuNPs/PGE — otéwkowa elektroda grafitowa modyfikowana funkcjonalizowanymi,
wielo$ciennymi nanorurkami weglowymi i nanoczatkami ztota; GO-MWCNTSs/CPE — pastowa elektroda
weglowa modyfikowana tlenkiem grafenu i wielo$ciennymi nanorurkami we¢glowymi; Polypyrrole@Sol-
Gel MIP/f-MWCNT/GCE - elektroda z wegla szklistego modyfikowana polimerem z odciskiem
molekularnym i funkcjonalizowanymi, wielo$ciennymi nanorurkami weglowymi; CNFs/SPE — elektroda
sitodrukowana modyfikowana nanowloknami weglowymi; AFFTCV — adsorpcyjna woltamperometria
cykliczna z transformacjg Fouriera; CoFe,O4@CdSe/GCE — elektroda z wegla szklistego modyfikowana
nanoczatkami CoFe;O4@CdSe o strukturze rdzen-powloka; DNA/CPE — pastowa elektroda weglowa
modyfikowana DNA; MWCNTs-CeO,/GCE - elektroda z wegla szklistego modyfikowana
wielo$ciennymi nanorurkami weglowymi i nanopretami tlenku ceru; PbF/GCE — elektroda z wegla
szklistego modyfikowana btonka otowiu; 3D pRGO/GCE - elektroda z wegla szklistego modyfikowana
trojwymiarowym, porowatym zredykowanym tlenkiem grafenu; Ni(OH),@rGO/SPCE — sitodrukowana
elektroda weglowa modyfikowana nanofilmem wodorotlenku niklu i zredukowanym tlenkiem grafenu;
GCE/CTAB - GCE modyfikowana CTAB; GCE/BiF + CTAB — GCE modyfikowana btonkg bizmutu
i CTAB; MD/CNTs - elektroda pastowa oparta na nanorurkach weglowych modyfikowana
maltodekstryna; AuE/DMIP — elektroda ztota modyfikowana dwuwarstwowym polimerem z odciskiem
molekularnym; SPE/MIP - elektroda sitodrukowana modyfikowana polimerem 2z odciskiem
molekularnym; AuE/DNA — elektroda ztota modyfikowana DNA; HMDE — wiszaca kroplowa elektroda
rtgciowa; ITO/MB-DNA — elektroda z tlenku indowo-cynowego modyfikowana bigkitem metylenowym
i DNA; Ru-Bi;S3/GCE — GCE modyfikowana siarczkiem bizmutu domieszkowanym rubidem; NGO-
500/SPCE — SPCE modyfikowana sferycznymi mikrostrukturami NiO i Gd,Os; B-CD/CPE — CPE
modyfikowana B-cyklodekstryng; SPCE/FeV NPs — SPCE modyfikowana nanoczastkami wanadanu
zelaza; Bi/PSi/CNTPE — pastowa elektroda oparta na nanorurkach weglowych modyfikowana bizmutem
i porowatym krzemem
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3. Dalsze perspektywy zastosowania czujnikow sitodrukowanych

W trakcie trwania studiow doktoranckich opracowano roéwniez procedure
oznaczania antybiotyku ciprofloksacyny (CFX) na nanoporowatej sitodrukowanej
elektrodzie weglowej (NPSPCE) [RD10]. Schemat zoptymalizowanej procedury zostat
przedstawiony na rysunku 32. Otrzymane wyniki zostaly opisane w pracy wystanej do
czasopisma Measurement (IF = 5,6, 200 pkt MEiN). Z uwagi na fakt, iz praca zostala
zaakceptowana w dzien przed zlozeniem rozprawy doktorskiej (dotagczono mail
potwierdzajacy akceptacje) 1 nie miala jeszcze nadanego numeru DOI, opis
przeprowadzonych badan i ich rezultat przedstawiono w rozdziale dotyczacym dalszych

perspektyw zastosowania czujnikow sitodrukowanych.

o CFX
y 3= CFX
NPSPCE
Aktywacja Ly
CV: 5 cykli od Y -'::anl DzP: _
0Odo2V :>l 05V s | <, |
\ ® :D ’ 2
v=100mVs ® 130s |ag,=150mv
t,=5ms
0,1 mol L? (.__ v=175mVs-! iy
NaOH
0,075 mol L A A ———————
huforPBS o8 or O.HE MOJ 1 11
(pH=7,1%20,1)

Rys. 32. Schemat procedury oznaczania CFX [opracowanie wlasne].

Ciprofloksacyna (CFX, Rys. 33) jest antybiotykiem fluorochinolonowym drugiej
generacji, skutecznym  zarbwno  wobec  bakterii = Gram-ujemnych,  jak
1 Gram-dodatnich. CFX jest stosowana w leczeniu szerokiego zakresu infekcji uktadu
moczowego, oddechowego 1 pokarmowego. Ponadto jest lekiem z wyboru
w leczeniu infekcji ko$ci 1 stawow, infekcji skory oraz chordb przenoszonych droga
piciowa. CFX jest substancja, ktora po podaniu doustnym jest wydalana w okoto 50%
przez drogi moczowe 1 jednym z najczesciej wykrywanych w srodowisku antybiotykow

[112-113].
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OH

Rys. 33. Wz6r strukturalny CFX [opracowanie wtasne].

W  zaproponowanej procedurze [RD10] sitodrukowana elektroda weglowa
(SPCE) byta aktywowana w ten sam sposob, co sitodrukowana elektroda diamentowa
domieszkowana borem (SPBDDE) w pracy [RD3], czyli metoda CV z uzyciem zasady
sodowej. Podobnie jak w tamtym przypadku aktywacja przyczynita si¢ do znacznego
(ok. 10-krotnego, Rys. 34A) wzrostu natezenia pradu piku (I,) analitu. Badania EIS
wykazaty spadek wartosci Ree wzgledem elektrody nieaktywowanej (784,9 vs. 406 Q
cm?) (Rys. 34B). Dodatkowo wartosci wzglednego rozdzielenia pikow (3°) utleniania
redukcji uktadu redoks Fe?'/Fe’" (Rys. 34C) potwierdzity poprawe efektywnosci
przenoszenia elektronéw dzigki zastosowaniu aktywacji. Warto$é y° dla elektrody
aktywowanej wynosi 2,39 i jest blizsza wartosci teoretycznej (3 = 1) niz x° uzyskane
dla SPCE (4,47). Badania CV wykonane dla v w zakresie 7,5 — 200 mV s™! postuzyly do
wykre$lenia zaleznosci I, = f(v’?) (Rys. 34D), na podstawie ktérych obliczono As obu
elektrod. W przypadku SPCE aktywacja spowodowata istotne zwigkszenie As (0,042
vs. 0,074 c¢m?). Obrazowanie powierzchni elektrod przy uzyciu SEM uwidocznito
przyczyng tak duzej zmiany. Na obrazach SEM (Rys. 35A 1 35B) mozna zauwazy¢, ze
wskutek aktywacji doszto do zmian morfologii powierzchni SPCE z wytworzeniem
wysoce porowatej struktury. Srednica ekwiwalentna poréw zostala wyznaczona przy
pomocy oprogramowania ,,NIS-Elements” i zawierata si¢ w zakresie 17,68 — 167,46
nm, przy sredniej wartosci 58,7 + 31,29 nm (n = 100), co pokazuje, Ze elektrochemiczna
aktywacja anodowa SPCE z uzyciem zasady sodowej prowadzi do wytworzenia
sitodrukowanej elektrody weglowej o strukturze nanoporowatej (NPSPCE). Bazujac na
wynikach niniejszych badan i badan przedstawionych w pracy [RD3] mozna wyciagna¢
wniosek, ze ten sam rodzaj aktywacji moze w rdézny sposob wplynaé na parametry

elektrody wyj$ciowej, w zaleznosci od materiatu, z ktorego jest ona wyprodukowana.
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Rys. 34. Woltamperogramy uzyskane dla 5 x 10® mol L' CFX na SPCE (a)
i NPSPCE (b). B) Widma EIS uzyskane dla SPBDDE (a) i aSPBDDE (b).
C) Krzywe CV zarejestrowane na SPCE (a) i NPSPCE (b) (v 100 mV s™).
D) Zaleznosé Ip = f(v'’?) wykre$lona dla SPCE (a) i NPSPCE (b) [RD10].

1yum

AT EVAEEE B SS/S

Rys. 35. Obrazy SEM powierzchni SPCE (A) i NPSPCE (B) [RD10].
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Charakter procesu elektrodowego okreslono przy uzyciu metody CV. Na
podstawie uzyskanych woltamperograméw cyklicznych (Rys. 36A) wykreslono
zaleznosci I, = f(v'?) oraz log I, = f(log v). Nieliniowy przebieg pierwszej z nich
(Rys. 36B) i wartos¢ wspodtczynnika kierunkowego prostej regresji (0,93) w drugiej
(Rys. 36C) jednoznacznie wskazuja na adsorpcyjny charakter elektroutleniania CFX na

NPSPCE.

¥Y=012"X-032 .
r=0.9637

Y=093"X-196
r=10.9950

leg v

Rys. 36. A) Woltamperogramy cykliczne zarejestrowane dla 1 x 10% mol L' CFX przy
v 50 (a), 100 (b) i 150 mV s! (c). B) Zalezno$¢ I, = f(v!'’?). C) Zaleznoéé log I, = f(log
v) [RD10].

W zoptymalizowanych warunkach krzywa kalibracyjna jest liniowa w zakresie
stezen CFX od 5 x 101° do 3 x 10® mol L' (Rys. 37A i B). Obliczone granice
wykrywalnoéci i oznaczalno$ci wynosza odpowiednio 6,3 x 1011 2,1 x 1071 mol L.,
Uzyskana LOD jest najnizsza sposréd woltamperometrycznych oznaczen CFX na
czujnikach sitodrukowanych. Poréwnanie wynikow otrzymanych z uzyciem NPSPCE
z procedurami o najkorzystniejszych parametrach analitycznych umieszczono w tabeli
8. Zbadano rowniez wpltyw potencjalnych interferentow, zaro6wno nieorganicznych
jonow (Fe**, Cu?', Ca*, Pb*', Cd**, Mg>" i Ni*") jak i zwigzkéw organicznych

(glukozy, adrenaliny, dopaminy, kwasu moczowego 1 kwasu askorbinowego) na sygnat
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analityczny 1 x 10 mol L' CFX. Zaobserwowano, ze 1000-krotny nadmiar badanych
interferentow nie powoduje zmiany intensywnosci sygnalu CFX wigkszej niz 10%

wartosci poczatkowej, podobnie jak dodatek 2 mg L™ Tritonu X-100.

Tabela 8. Porownanie parametréw analitycznych procedur oznaczania CFX.

Elektroda Metoda Zakres liniowy LOD Zastosowanie Lit.
[mol L] [mol L]
rGO/PPR/ DPV 2x10°-4x10* 2x 107 Surowica [114]
GCE
MMWCNTs DPV 5x107-8,5x107 1,7 x10? Preparaty [115]
@MIP farmaceutyczne,
/CPE mocz, surowica
ChCl/CPE SWV 5%x10°-2x10* 3,6 x 101 Krople do oczu, [116]
jaja, woda z
rzeki
MIP/PGE SwWv 1x10°-1x1073 7,6 x 107! Preparaty [117]
farmaceutyczne
Ag-B- DPV 1x1019-5x108 2,8 x 10" Surowica, wody [118]
CD/GCE powierzchniowe
NPSPCE DPAdSV 5x101°-3 x10% 6,3 x 101 Mocz, $cieki [RD10]
komunalne,

scieki szpitalne

rGO/PPR/GCE — GCE modyfikowana czerwienig polifenolowa i zredukowanym tlenkiem grafenu;
MMWCNTs@MIP/CPE — CPE modyfikowana MIP i magnetycznymi wielo§ciennymi nanorurkami
weglowymi; ChCl/CPE — CPE modyfikowana chlorkiem choliny; MIP/PGE — otéwkowa elektroda
grafitowa modyfikowana MIP; Ag-B-CD/GCE - GCE nanoczastkami srebra modyfikowanymi
B-cyklodekstryna

Uzytecznos¢ proponowanej procedury sprawdzono wykonujgc oznaczenia CFX
w probkach moczu ludzkiego, $ciekow komunalnych 1 S$ciekow szpitalnych.
Woltamperogramy otrzymane podczas analiz zaprezentowano na rysunkach 37C-E.
Dzigki niskiej granicy wykrywalnosci mozliwe byto zminimalizowanie interferencji
poprzez duze rozcienczenie probki. Ze wzgledu na fakt, iz CFX osigga w moczu
stezenie rzedu 107#-10° mol L, prébki rozcieficzono 10000-krotnie. W przypadku
sciekow komunalnych i szpitalnych rozcienczenia byly odpowiednio 10- 1 20-krotne.
Wszystkie probki analizowano metoda dodatku wzorca. Uzyskane wartos$ci odzyskow
w przedziale 97,1-103,5% dowodza niewielkiego wpltywu matrycy probek na sygnat
analitycznych (Tabela 9). Ponadto, nalezy zauwazy¢, ze mozliwe bylo oznaczenie

rzeczywistego stezenia CFX w probkach $ciekow szpitalnych.
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Rys. 37. A) Woltamperogramy otrzymane podczas oznaczania wzrastajacych stezen

CFX (a — g, 5 x 101 — 3 x 10® mol L!). B) Zakres liniowy krzywej kalibracyjne;j

CFX. Woltamperogramy otrzymane podczas oznaczania: C) CFX w probce materiatu

odniesienia-moczu ludzkim: a) probka + 2 x 107 b) jak (a) + 2 x 107,
c) jak (a) + 4 x 10° mol L' CFX; D) CFX w prébce oczyszczonych $ciekow
komunalnych: a) probka + 2 x 107, b) jak (a) + 2 x 10?, ¢) jak (a) + 4 x 10° mol L™
CFX; E) CFX w probce $ciekow szpitalnych: a) probka, b) jak (a) + 5 x 107, ¢) jak (a)
+1 %1078, d)jak (a) + 1,5 x 10 mol L"! CFX [RD10].

74



Tabela 9. Wyniki oznaczania CFX.

Dodano Oznaczono
Prébka 3 + SD (n=3) Odzysk* [%]
[mol L] y
[mol L]
2 %107 2,07 x 10+ 0,08 x 10° 103,5
Mocz ludzki
(materiat odniesienia) 5% 107 4,92 x 107+ 0,11 x 107 98,4
2 %107 1,96 x 10° + 0,07 x 10° 98
Oczyszczone $cieki
komunalne 5x107° 5,14 x10°+0,11 x 107 102,2
0 1,04 x 10%+0,05 x 108 -
Scieki szpitalne
5x107° 1,5 x 10+ 0,004 x 108 97,1
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4. Podsumowanie i wnioski

W ramach niniejszej rozprawy doktorskie;:

Opracowano woltamperometryczne procedury oznaczania zwigzkéw o dziataniu
przeciwnowotworowym (8-(4-metoksyfenylo)-4-okso-4,6,7,8-
tetrahydroimidazo[2,1-c][1,2,4]triazyno-3-karboksylanu etylu - EIMTC [RD1]
i 8-(4-chlorofenylo)-3-fenylo-7,8-dihydroimidazo[2,1-c][1,2,4]triazyno-4-(6H)-
onu - 4-CI-PIMT [RD6] na sitodrukowanej elektrodzie weglowej
modyfikowanej warstwg nanowldkien weglowych (SPCE/CNFs), 3-(4-
nitrofenylo)-8-(2,3-dimetylofenylo)-7,8-dihydroimidazo[2,1-c][ 1,2,4]triazyn-

4(6H)-onu (NDIT) na sitodrukowanej elektrodzie weglowej modyfikowanej
dodecylosiarczanem sodu (SPCE/SDS) [RD8], bleomycyny (BLM) na wstepnie
przygotowanej elektrochemicznie sitodrukowanej elektrodzie weglowej
modyfikowane;j nanoczastkami olowiu (pSPCE/PbNPs) [RD7])
1 przeciwbolowym (paracetamolu (PA), diklofenaku (DF) i tramadolu (TR) na
elektrochemicznie  aktywowanej sitodrukowanej elektrodzie wgglowej
modyfikowanej SDS (aSPCE/SDS) [RD2]) oraz procedur¢ oznaczania
antybiotyku ryfampicyny (RIF) na elektrochemicznie aktywowanej
sitodrukowanej elektrodzie diamentowej domieszkowanej borem (aSPBDDE)
[RD3], procedure oznaczania testosteronu (TST) na pSPCE/PbNPs [RDS] oraz
procedur¢ oznaczania zwigzku przeciwpsychotycznego, tiorydazyny (TDZ) na

sitodrukowanej elektrodzie ztotej (SPAuE) [RD9].

W publikacji przegladowej; [RD4] dokonano podsumowania danych
literaturowych dotyczacych woltamperometrycznych procedur oznaczania
zwigzkéw o wilasciwosciach przeciwbdlowych (paracetamolu, diklofenaku,
tramadolu, ibuprofenu, ketoprofenu, naproksenu i1 kwasu acetylosalicylowego)

w probkach wod przy uzyciu czujnikéw sitodrukowanych.

Wzmocnienie sygnatéw analitycznych oznaczanych zwigzkow, poprawe ich
ksztattu 1 powtarzalnosci, jednoczesnie minimalizujac interferencje wynikajace
z obecnosci  sktadnikow  analizowanych  probek uzyskano  dzigki
elektrochemicznej aktywacji  lub/i modyfikacji powierzchni elektrod
sitodrukowanych  warstwg nanowtokien weglowych, surfaktantem lub

nanoczgstkami otowiu.
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Zmiany w strukturze i wtasciwos$ciach elektrochemicznych czujnikéw zbadano
z wykorzystaniem szerokiej gamy technik instrumentalnych, takich jak
skaningowa (SEM) i transmisyjna (TEM) mikroskopia elektronowa,
profilometria optyczna, spektroskopia dyspersji energii promieniowania
rentgenowskiego (EDS) oraz rentgenowska spektroskopia fotoelektronéw (XPS),
woltamperometria  cykliczna (CV) 1  elektrochemiczna  spektroskopia
impedancyjna (EIS). Uzyskane wyniki wykazaty, ze elektrochemiczna aktywacja
lub/i modyfikacja powierzchni przyczynia si¢ do zmiany jej mikroskopowe;j
struktury, zmniejszenie oporu przenoszenia tadunku (R¢), zwiekszenie
powierzchni aktywnej (As) 1 poprawy efektywnosci przenoszenia elektrondow,

a tym samym do poprawy parametrow analitycznych opracowanych procedur.

Okreslono charakter zachodzacych procesow elektrodowych dla badanych
zwigzkow. Stwierdzono, ze w przypadku procedur oznaczania PA, DF, TST,
4-CI-PIMT 1 TDZ proces elektrodowy ma charakter adsorpcyjny. Natomiast
w opracowanej procedurze oznaczania RIF, BLM i NDIT mamy do czynienia
z charakterem mieszanym, za$ w przypadku oznaczania EIMTC i TR z procesem

dyfuzyjnym.

Przeprowadzono ocen¢ selektywno$ci opracowanych procedur. Wyznaczono
nadmiary mozliwych interferentow, ktore nie wpltywaja na zmiang sygnatu
analitycznego oznaczanych zwiazkoéw o wigcej niz £10%. W przypadku procedur
oznaczania EIMTC [RD1] 1 4-CI-PIMT [RD6] wykorzystano uktad
przeptywowy do analizy probek surowicy. Umozliwito to skuteczne usuwanie
zanieczyszczen 1 pozostatosci produktow reakcji elektrodowej analitu po kazdym
pomiarze. W celu minimalizacji interferencji stosowano rowniez wstgpne
odbiatczanie probek, krotkie czasy nagromadzania analitow, modyfikacje
powierzchni surfaktantem, dodatek do roztworu czynnika kompleksujacego (soli
sodowej kwasu pentetynowego, DTPA), czy duze rozcienczenie probek
(mozliwe dzigki bardzo niskim wartoSciom granic wykrywalnos$ci

1 oznaczalnosci).

Wykonano pomiary do krzywych kalibracyjnych oznaczanych zwiazkow,
wyznaczono zakresy liniowe oraz obliczono granice wykrywalnosci

1 oznaczalno$ci. Stwierdzono, ze zoptymalizowane procedury charakteryzuja si¢
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szerokimi zakresami liniowymi krzywych kalibracyjnych, a takze pozwolily
uzyska¢ jedne z najnizszych lub najnizsze granice wykrywalno$ci sposrod
woltamperometrycznych procedur opisanych w literaturze. W przypadku
oznaczen RIF (2,2 x 1073 mol L") [RD3] i BLM (2,8 x 107! mol L) [RD7]
obliczone granice wykrywalno$ci sa najnizszymi jakie uzyskano na czujnikach
sitodrukowanych, natomiast granica wykrywalno$ci obliczona dla TDZ
(2,9 x 102 mol L") [RD9] jest najnizsza sposrod wszystkich opisanych
woltamperometrycznych oznaczen tego zwigzku. Warto podkresli¢, ze procedury
oznaczania RIF 1 BLM stanowig pierwsze zastosowania czujnikow
sitodrukowanych w analizie tych zwigzkéw. Ponadto, procedury oznaczania
trzech zwigzkéw o wlasciwosciach przeciwnowotworowych — EIMTC [RD1],
4-CI-PIMT [RD6] i NDIT [RD8] sa pierwszymi metodami analizy ilo$ciowej
tych substancji.

Potwierdzono praktyczng uzyteczno$¢ opracowanych procedur do analizy
wybranych zwigzkéw w  probkach biologicznych (mocz, surowica)
i S$rodowiskowych (wody rzeczne, $cieki komunalne i S$cieki szpitalne).
W przypadku procedury oznaczania PA, DF i TR przeprowadzono roéwniez
analize preparatow farmaceutycznych. Nalezy podkreslic, ze wigkszos$¢
analizowanych probek nie byla poddawana przygotowaniu przed przystapieniem
do pomiarow. Probki wod rzecznych 1 preparatow farmaceutycznych poddano
jedynie filtracji, a probki surowicy poddano odbiatczaniu. Wysokie wartosci
odzyskoéw, zblizone do 100% dowodza minimalnego wplywu matrycy probek na
uzyskane sygnaly analityczne. Zgodno$¢ wynikdw uzyskanych za pomoca
opracowanych procedur z wynikami wuzyskanymi przy uzyciu metod
porownawczych, takich jak wysokosprawna chromatografia cieczowa
z detektorem diodowym (HPLC/PDA), ultrawysokosprawna chromatografia
cieczowa sprzezona ze spektrometrig mas (UHPLC-ESI-MS) lub tandemowa
spektrometria mas (UHPLC-ESI-MS/MS), potwierdza mozliwo$¢ efektywnego

wykorzystania opracowanych procedur do analizy probek rzeczywistych.

Wykonano dodatkowe badania pokazujace potencjal  wykorzystania
nanoporowatej sitodrukowanej elektrody weglowej (NPSPCE)
w woltamperometrycznych oznaczeniach antybiotyku ciprofloksacyny (CFX)

[RD10]. Elektrochemiczna aktywacja spowodowata wytworzenie porowate]
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struktury elektrody pracujacej. Przyczynita si¢ ona rowniez do zwickszenia As,
spadku Rei, poprawy efektywno$ci przenoszenia elektrondéw i wzmocnienia
sygnaltu CFX. Obliczona granica wykrywalnosci ma najnizszg wartoscia
osiggnieta na czujnikach sitodrukowanych. Zoptymalizowang procedure
zastosowano do oznaczania CFX w probkach wody rzecznej, $ciekow
komunalnych i szpitalnych. Warto zaznaczy¢, ze jest to pierwszy przypadek

oznaczenia rzeczywistego stezenia CFX w probce $ciekdéw szpitalnych.
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6. Streszczenie w jezyku polskim

Niniejsza rozprawa doktorska obejmuje cykl 10 prac [RD1-RD10]
(w tym 9 opublikowanych i 1 zaakceptowanej do druku) w czasopismach z listy
filadelfijskiej o fagcznym wspotczynniku wplywu IF rownym 46,372 1 1440 punktach
MEIN. Nadrzednym celem badan byto opracowanie woltamperometrycznych procedur
oznaczania wybranych zwigzkéw biologicznie czynnych, nalezacych do grup substancji
przeciwnowotworowych, przeciwbolowych, antybiotykoéw, hormonéw i substancji
psychotropowych, w  probkach  $rodowiskowych i  plynach  ustrojowych
z wykorzystaniem czujnikéw sitodrukowanych. Cele szczegdtowe dotyczyly migdzy
innymi poprawy parametrow czujnikow sitodrukowanych poprzez elektrochemiczng
aktywacje¢ elektrody pracujacej lub/i modyfikacje jej powierzchni, charakterystyki
otrzymanych czujnikow z wykorzystaniem szerokiej gamy technik, minimalizacji
interferencji pochodzacych od skladnikow probek i zastosowania opracowanych
procedur w analizie probek rzeczywistych.

Zwiazki biologicznie czynne bgdace przedmiotem badan do niniejszej rozprawy
doktorskiej wystepuja w plynach ustrojowych na poziomie stezen rzedu 107°-10°
mol L!. Ponadto, wickszoé¢ z nich stanowi $ladowe zanieczyszczenia $rodowiska
wodnego (stezenia rzedu 10°-10'2 mol L) i jest zagrozeniem dla organizmoéow
wodnych, jak réwniez organizmu czlowieka. W oznaczeniach woltamperometrycznych
stosuje si¢ calg game elektrod pracujacych, a dobor elektrody determinuje mozliwos¢
prowadzenia oznaczen na niskich poziomach stezen. W trakcie prowadzonych badan
skupiono si¢ na grupie czujnikéw sitodrukowanych z uwagi na ich zalety, tzn. niski
koszt produkcji, odpowiedni poziom odtwarzalnosci elektrod, dostgpnos$¢ oraz
mozliwos¢ zastosowania w analizatorach przenosnych. W literaturze mozna odnalez¢
prace dotyczace zastosowania tych czujnikow w analizie wybranych do niniejszej
rozprawy grup zwiazkéw. Niemniej jednak w wigkszosci przypadkow uzyskane
parametry analityczne nie pozwalaja na oznaczanie rzeczywistych stezen tych
zwigzkow w plynach ustrojowych 1 prébkach $rodowiskowych. W  zwiazku
z powyzszym istotne wydaje si¢ opracowanie woltamperometrycznych procedur
oznaczania charakteryzujacych si¢ nizszymi granicami wykrywalno$ci i oznaczalno$ci
oraz lepsza selektywno$cia w poréwnaniu z metodami opisanymi w literaturze.

Opracowano  woltamperometryczne  procedury  oznaczania  zwigzkow

0 dziataniu przeciwnowotworowym (8-(4-metoksytenylo)-4-okso-4,6,7,8-
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tetrahydroimidazo[2,1-c][1,2,4]triazyno-3-karboksylanu etylu - EIMTC [RD1] i 8-(4-
chlorofenylo)-3-fenylo-7,8-dihydroimidazo[2,1-c][1,2,4]triazyno-4-(6H)-onu - 4-Cl-
PIMT [RD6] na sitodrukowanej elektrodzie weglowej modyfikowanej warstwag
nanowlokien weglowych (SPCE/CNFs), 3-(4-nitrofenylo)-8-(2,3-dimetylofenylo)-7,8-
dihydroimidazo[2,1-c][1,2,4]triazyn-4(6H)-onu (NDIT) na sitodrukowanej elektrodzie
weglowej modyfikowanej dodecylosiarczanem sodu (SPCE/SDS) [RD8], bleomycyny
(BLM) na wstepnie przygotowanej elektrochemicznie sitodrukowanej elektrodzie
weglowej  modyfikowanej nanoczgstkami  otowiu  (pSPCE/PbNPs)  [RD7])
1 przeciwbolowym (paracetamolu (PA), diklofenaku (DF) i tramadolu (TR) na
elektrochemicznie aktywowanej sitodrukowanej elektrodzie weglowej modyfikowanej
SDS (aSPCE/SDS) [RD2]) oraz procedur¢ oznaczania antybiotyku ryfampicyny (RIF)
na elektrochemicznie aktywowanej sitodrukowanej elektrodzie diamentowe;j
domieszkowanej borem (aSPBDDE) [RD3], procedur¢ oznaczania testosteronu (TST)
na pSPCE/PbNPs [RD5] oraz procedure oznaczania zwigzku przeciwpsychotycznego,
tiorydazyny (TDZ) na sitodrukowanej elektrodzie ztotej (SPAuE) [RD9]. Cykl prac
wchodzacych w sklad niniejszej rozprawy doktorskiej zawiera rdéwniez prace
przegladowa [RD4], w ktérej podsumowano woltamperometryczne procedury
oznaczania zwigzkow o dziataniu przeciwbolowym (paracetamolu, diklofenaku,
tramadolu, ibuprofenu, ketoprofenu, naproksenu i1 kwasu acetylosalicylowego)
z uzyciem czujnikéw sitodrukowanych. Opisane w literaturze procedury pogrupowano
biorac pod wuwage rodzaj stosowanych czujnikow sitodrukowanych (czujniki
modyfikowane nanomateriatami weglowymi, modyfikowane polimerami oraz czujniki
elektrochemicznie aktywowane).

W trakcie prowadzonych badan zoptymalizowano procedury przygotowania
czujnikOw 1 oznaczania wybranych zwigzkow. Zbadano jak na warto$¢ natezenia pradu
pikdw oznaczanych zwigzkow 1 ich powtarzalno$¢ wptywa szereg czynnikow takich
jak: rodzaj 1 pH elektrolitu podstawowego, czas i1 potencjatl nagromadzania analitu
(w przypadku adsorpcyjnego 1 mieszanego procesu elektrodowego), a takze parametry
techniki rejestracji sygnalu — woltamperometrii impulsowo-r6znicowej (DPV)
(amplitudg, szybkos$¢ rejestracji sygnatu i czas modulacji) lub woltamperometrii fali
prostokatnej (SWV) (amplitude, krok potencjatu 1 czestotliwose).

Elektrochemiczng aktywacj¢ 1lub/i modyfikacje powierzchni elektrod
sitodrukowanych surfaktantem lub nanoczastkami otowiu zastosowano w celu

wzmocnienia sygnalow analitycznych oznaczanych zwigzkow, poprawy powtarzalnosci

88



sygnatow i ich ksztaltu oraz minimalizacji interferencji od sktadnikow probek. Zmiany
w strukturze, skladzie powierzchni i wlasciwosciach elektrochemicznych czujnika
potwierdzono na podstawie badan wykonanych z wykorzystaniem szerokiej gamy
technik instrumentalnych, takich jak skaningowa (SEM) 1 transmisyjna (TEM)
mikroskopia elektronowa, profilometria optyczna, spektroskopia dyspersji energii
promieniowania rentgenowskiego (EDS) i rentgenowska spektroskopia fotoelektronow
(XPS), woltamperometria cykliczna (CV) 1 elektrochemiczna spektroskopia
impedancyjna (EIS). Poza wykazaniem zmian w morfologii powierzchni stwierdzono,
ze elektrochemiczna aktywacja lub/i modyfikacja powierzchni przyczynia si¢ do
zmniejszenia oporu przenoszenia tadunku (Ret), zwigkszenia powierzchni aktywnej (As)
1 poprawy efektywnos$ci przenoszenia elektronow.

Przy uzyciu woltamperometrii cyklicznej okreslono takze charakter procesow
elektrodowych zachodzacych na powierzchni stosowanych elektrod. Wykazano, ze
transport EIMTC do powierzchni SPCE/CNFs zachodzi na drodze dyfuzji, a zwigzek
ten redukuje si¢ w sposéb nieodwracalny dajac jeden pik. Jeden pik zaobserwowano
réwniez w przypadku nieodwracalnej redukcji 4-C1-PIMT na SPCE/CNFs i testosteronu
na pSPCE/PbNPs, a takze nieodwracalnego utleniania tiorydazyny na SPAuE. W tych
czterech przypadkach stwierdzono adsorpcyjny charakter proceséw elektrodowych.
Podczas oznaczania bleomycyny na pSPCE/PbNPs rejestrowano trzy piki redukcji przy
jednoczesnym braku piku utleniania, natomiast nieodwracalna redukcja NDIT na
SPCE/SDS zachodzita dwustopniowo. W obu przypadkach charakter procesu
elektrodowego okreslono jako mieszany. Charakter mieszany procesu elektrodowego
stwierdzono réwniez w przypadku utleniania ryfampicyny na aSPBDDE. Zwiazek ten
daje trzy piki anodowe i dwa katodowe. W przypadku procedury jednoczesnego
oznaczania paracetamolu, diklofenaku i tramadolu charakter procesu elektrodowego
okreslono rejestrujagc krzywe pojemnosci rozniczkowej warstwy podwojnej na granicy
faz elektroda/elektrolit podstawowy. Widoczne na krzywych piki desorpcji
paracetamolu 1 diklofenaku potwierdzaja adsorpcje tych zwigzkéw na aSPCE/SDS,
natomiast nie zaobserwowano piku desorpcji tramadolu, co $wiadczy o dyfuzyjnym
charakterze procesu. W oparciu o badania wilasne lub dane literaturowe starano si¢
przedstawi¢ prawdopodobny mechanizm reakcji elektrodowych, jakim ulegaja
oznaczane zwigzki.

Jednym z etapéw prowadzonych badan bylo sprawdzenie selektywnosci

opracowanych procedur. W tym celu badano wplyw wzrastajacych stezen mozliwych

89



interferentow (jono6w metali 1 zwigzkéw organicznych) na sygnal analityczny
oznaczanych substancji. W przypadku procedury oznaczania EIMTC [RD1]
1 4-CI-PIMT [RD6] zastosowano uklad przeptywowy do analizy probek surowicy.
Pozwolito to na wymycie zanieczyszczen i pozostatosci produktow reakcji elektrodowe;j
analitu po kazdym pomiarze. W celu minimalizacji interferencji stosowano rowniez
wstepne odbiatczanie probek, krotkie czasy nagromadzania analitdéw, modyfikacje
powierzchni surfaktantem, dodatek do roztworu czynnika kompleksujacego (soli
sodowej kwasu pentetynowego, DTPA), czy duze rozcienczenie probek (mozliwe
dzigki bardzo niskim warto$ciom granic wykrywalnos$ci i oznaczalnosci).

W trakcie prowadzonych badan wykonano pomiary do krzywych kalibracyjnych
oznaczanych zwigzkow, obliczono granice wykrywalnosci
1 oznaczalno$ci. Stwierdzono, ze zoptymalizowane procedury charakteryzuja si¢
szerokimi zakresami liniowymi krzywych kalibracyjnych, a takze jednymi
z  najnizszych lub najnizszymi granicami wykrywalnosci sposrod
woltamperometrycznych procedur opisanych w literaturze. Granice wykrywalno$ci
obliczone dla oznaczen RIF (2,2 x 10™"* mol L) [RD3] i BLM (2,8 x 10! mol L)
[RD7] sa najnizszymi jakie uzyskano na czujnikach sitodrukowanych. Natomiast
granica wykrywalnosci obliczona dla TDZ (2,9 x 10712 mol L) [RD9] jest najnizsza
sposrod wszystkich opisanych woltamperometrycznych oznaczen tego zwigzku. Nalezy
podkresli¢, ze zaproponowane procedury oznaczania RIF i BLM s3 pierwszymi
wykorzystujacymi czujniki sitodrukowane. Ponadto, procedury oznaczania trzech
zwigzkow o wlasciwosciach przeciwnowotworowych — EIMTC [RD1], 4-CI-PIMT
[RD6] i NDIT [RDS8], sa pierwszymi sposobami analizy ilosciowej tych substancji.

Celem potwierdzenia praktycznej uzytecznosci opracowanych procedur do
analizy wybranych zwigzkow wykonano analizy probek biologicznych (mocz,
surowica) 1 $rodowiskowych (wody rzeczne, $cieki komunalne i $cieki szpitalne).
W przypadku procedury oznaczania PA, DF i TR analizowano réwniez preparaty
farmaceutyczne. Warto nadmieni¢, ze wigkszo$¢ analizowanych probek nie byla
w zaden sposoOb przygotowywana przed pomiarami. Probki wod rzecznych 1 preparatow
farmaceutycznych poddano jedynie filtracji, a probki surowicy poddano odbiatczaniu.
Warto$¢ odzyskow bliskie 100% $wiadcza o niewielkim wplywie matrycy probek na
sygnat analityczny. Zgodno$§¢ wynikow wuzyskanych 2z tymi otrzymanymi
z wykorzystaniem metod poréwnawczych (wysokosprawng chromatografig cieczowsg

z detektorem diodowym (HPLC/PDA), ultrawysokosprawng chromatografig cieczowa
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sprzezong ze spektrometria mas (UHPLC-ESI-MS) lub tandemowa spektrometrig mas
(UHPLC-ESI-MS/MS)) $wiadcza o mozliwosci zastosowania opracowanych procedur
w analizie probek rzeczywistych.

Dodatkowe badania (praca zaakceptowana 26.09.2023r. w czasopi$mie
Measurement) pokazaly perspektywe wykorzystania nanoporowatej sitodrukowanej
elektrody weglowej (NPSPCE) w woltamperometrycznych oznaczeniach antybiotyku
ciprofloksacyny (CFX) [RD10]. Porowatg strukture¢ elektrody pracujacej uzyskano
dzigki elektrochemicznej aktywacji. Przyczynia si¢ ona do spadku R, zwickszenia As,
poprawe efektywnosci przenoszenia elektronéw 1 wzmocnienia sygnatu CFX.
Obliczona granica wykrywalnosci jest najnizsza jaka uzyskano na czujnikach
sitodrukowanych. Zoptymalizowang procedure zastosowano do oznaczania CFX
w probkach wody rzecznej, sciekdw komunalnych i szpitalnych. Warto doda¢, ze po raz
pierwszy przy uzyciu czujnikow sitodrukowanych oznaczono rzeczywiste st¢zenie CFX

w probcee $ciekoéw szpitalnych.
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7. Streszczenie w jezyku angielskim

This doctoral dissertation comprises series of 10 papers [RDI1-RD10]
(9 published and 1 accepted for publication) in journals indexed in the Philadelphia list,
with a combined Impact Factor (IF) of 46.372 and 1440 points from the Polish Ministry
of Education and Science. The primary goal of the research was to develop
voltammetric procedures for the determination of selected biologically active
compounds, belonging to groups of anticancer, analgesic, antibiotic, hormonal, and
psychotropic substances, in environmental samples and body fluids using screen-printed
sensors. Specific objectives included improving the parameters of screen-printed
sensors through electrochemical activation of the working electrode and/or modification
of its surface, characterizing the obtained sensors using various techniques, minimizing
interferences from sample components, and applying the developed procedures to real
sample analysis.

The biologically active compounds studied in this doctoral dissertation are
present in body fluids at concentrations on the order of 10~ to 10® mol L'. Moreover,
most of them are trace contaminants in the aquatic environment (concentrations on the
order of 10 to 1012 mol L"), posing a threat to aquatic organisms as well as humans.
A wide range of working electrodes is used in voltammetric determinations and the
choice of electrode determines the possibility of conducting determinations at low
concentration levels. The research focused on screen-printed sensors due to their
advantages, such as low production cost, adequate -electrode reproducibility,
availability, and suitability for use in portable analyzers. Although the literature
contains studies on the application of these sensors in the analysis of compounds related
to this dissertation, in most cases the obtained analytical parameters do not allow for the
determination of real concentrations of these compounds in body fluids and
environmental samples. Therefore, it is crucial to develop voltammetric procedures with
lower detection and quantification limits and better selectivity compared to methods
described in the literature.

Voltammetric procedures were developed for the determination of compounds
with anticancer activity (8-(4-methoxyphenyl)-4-0x0-4,6,7,8-tetrahydroimidazo[2,1-
c][1,2,4]triazin-3-ethyl carboxylate - EIMTC [RD1] and 8-(4-chlorophenyl)-3-phenyl-
7,8-dihydroimidazo[2,1-c][1,2,4]triazin-4(6H)-one - 4-CI-PIMT [RD6] on a screen-
printed carbon electrode modified with carbon nanofibers (SPCE/CNFs), 3-(4-
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nitrophenyl)-8-(2,3-dimethylphenyl)-7,8-dihydroimidazo[2,1-c][1,2,4]triazin-4(6H)-one
(NDIT) on a screen-printed carbon electrode modified with sodium dodecyl sulfate
(SPCE/SDS) [RDS8], bleomycin (BLM) on an electrochemically pretreated screen-
printed carbon electrode modified with lead nanoparticles (pSPCE/PbNPs) [RD7], and
analgesic compounds (paracetamol (PA), diclofenac (DF) and tramadol (TR)) on an
electrochemically activated screen-printed carbon electrode modified with SDS
(aSPCE/SDS) [RD2], as well as a procedure for the determination of the antibiotic
rifampicin (RIF) on an electrochemically activated boron-doped diamond screen-printed
electrode (aSPBDDE) [RD3]. This also includes procedures for the determination of
testosterone (TST) on pSPCE/PbNPs [RDS5] and the antipsychotic compound
thioridazine (TDZ) on a screen-printed gold electrode (SPAuE) [RD9Y].

The research also included a review paper [RD4] summarizing voltammetric
procedures for the determination of analgesic compounds (paracetamol, diclofenac,
tramadol, ibuprofen, ketoprofen, naproxen, and acetylsalicylic acid) using screen-
printed sensors. The described procedures were categorized based on the type of screen-
printed sensors used (sensors modified with carbon nanomaterials, modified with
polymers and electrochemically activated sensors).

During the research, the procedures for sensor preparation and compound
determination were optimized. The influence of various factors, such as the type and pH
of the supporting electrolyte, accumulation time and potential (for adsorptive and mixed
electrode processes), and signal registration parameters (differential pulse voltammetry
(DPV — amplitude, scan rate and modulation time) or square-wave voltammetry (SWV)
— amplitude, step potential and frequency), was investigated with respect to the current
intensity of the analyte peaks and their repeatability.

Electrochemical activation and/or modification of the screen-printed electrode
surface with surfactants or lead nanoparticles were employed to enhance the analytical
signals of the determined compounds, improve the repeatability and shape of the
signals, and minimize interference from sample components. Changes in the structure,
surface composition, and electrochemical properties of the sensors were confirmed
using a wide range of instrumental techniques, including scanning (SEM) and
transmission (TEM) electron microscopy, optical profilometry, energy-dispersive X-ray
spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS), cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS). In addition to changes in

surface morphology, it was observed that -electrochemical activation and/or
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modification of the surface contributed to a decrease in charge transfer resistance (Re),
an increase in active surface area (As), and improved electron transfer efficiency.

The electrochemical processes occurring on the surface of the employed
electrodes were determined using cyclic voltammetry. It was found that the transport of
EIMTC to the SPCE/CNFs surface occurs through diffusion, and this compound is
irreversibly reduced to give a single peak. Irreversible reduction was also observed for
4-CI-PIMT on SPCE/CNFs, testosterone on pSPCE/PbNPs, and irreversible oxidation
of thioridazine on SPAuE. In these four cases, the electrochemical process was
characterized as adsorptive. During the determination of bleomycin on pSPCE/PbNPs,
three reduction peaks were observed in the absence of an oxidation peak, while the
irreversible reduction of NDIT on SPCE/SDS occurred in two steps. In both cases, the
electrochemical process was classified as mixed. A mixed electrochemical process was
also observed during the oxidation of rifampicin on aSPBDDE, which exhibited three
anodic peaks and two cathodic peaks. In the simultaneous determination of paracetamol,
diclofenac, and tramadol, the nature of the electrochemical process was determined by
recording differential capacity curves at the electrode/supporting electrolyte interface.
The desorption peaks of paracetamol and diclofenac confirmed the adsorption of these
compounds on aSPCE/SDS, while no desorption peak was observed for tramadol,
indicating a diffusive process. Based on the conducted research and available literature
data, an attempt was made to propose the likely mechanism of the electrochemical
reactions undergone by the determined compounds.

One of the stages of the research was to test the selectivity of the developed
procedures. To achieve this, the influence of increasing concentrations of potential
interferents (metal ions and organic compounds) on the analytical signal of the
determined substances was examined. For the determination procedures of EIMTC
[RD1] and 4-CI-PIMT [RD6], a flow system was applied to analyze serum samples,
allowing for the removal of impurities and remnants of the reaction products of the
analyte after each measurement. To minimize interferences, pre-deproteination of the
samples, short accumulation times, surface modifications with surfactants, the addition
of complexing agents (sodium pentethenate, DTPA) to the solution, and dilution of the
samples were employed due to the very low detection and quantification limits.

During the research, calibration curves for the determined compounds were
constructed, and detection and quantification limits were calculated. The optimized

procedures were found to have broad linear ranges in the calibration curves and some of
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the lowest detection limits among voltammetric procedures described in the literature.
The detection limits calculated for RIF (2.2 x 103 mol L™!) [RD3] and BLM (2.8 x 10-
""'mol L!) [RD7] are the lowest achieved on screen-printed sensors. Furthermore, the
detection limit calculated for TDZ (2.9 x 107'2 mol L) [RD9] is the lowest among all
described voltammetric determinations of this compound. It is worth noting that the
proposed determination procedures for RIF and BLM are the first to utilize screen-
printed sensors. Additionally, the procedures for the determination of three compounds
with anticancer properties — EIMTC [RD1], 4-CI-PIMT [RD6], and NDIT [RDS8] —
represent the first quantitative methods for the analysis of these substances.

To confirm the practical usefulness of the developed procedures for the analysis
of selected compounds, analyses of biological (urine, serum) and environmental (river
water, municipal sewage, and hospital sewage) samples were performed. In the case of
the determination procedure for PA, DF, and TR, pharmaceutical formulations were
also analyzed. It is worth mentioning that most of the analyzed samples were not
subjected to any preparation before measurements. River water and pharmaceutical
formulations were only filtered, and serum samples were only deproteinated. The
recoveries close to 100% indicate minimal interference from the sample matrix on the
analytical signal. The agreement between the results obtained with the developed
procedures and those obtained using comparative methods (high-performance liquid
chromatography with a diode array detector (HPLC/PDA), ultra-high-performance
liquid chromatography coupled with mass spectrometry (UHPLC-ESI-MS), or tandem
mass spectrometry (UHPLC-ESI-MS/MS)) demonstrates the potential for the
application of the developed procedures in the analysis of real samples.

Additional research (The paper was accepted on September 26, 2023, in the
Measurement journal.) revealed the prospect of using nanoporous screen-printed carbon
electrodes (NPSPCE) in voltammetric determinations of the antibiotic ciprofloxacin
(CFX) [RD10]. The porous structure of the working electrode was achieved through
electrochemical activation, contributing to a decrease in R, an increase in As, improved
electron transfer efficiency, and enhanced CFX signal. The calculated detection limit is
the lowest achieved on screen-printed sensors. The optimized procedure was applied to
determine CFX in samples of river water, municipal sewage, and hospital sewage. It is
worth adding that, for the first time, real CFX concentrations were determined using

screen-printed sensors in hospital sewage samples.
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8. Osiggni¢cia naukowe

W tabeli 10 podsumowano osiggniecia naukowe uzyskane w trakcie studiow
doktoranckich.

Tabela 10. Podsumowanie osiggni¢¢ naukowych.

Prace naukowe

Punkty

I MEIN

Liczba artykutow naukowych:

a) wchodzacych w sktad rozprawy doktorskiej 10 46,372 1440

b) niewchodzacych w sktad rozprawy doktorskie;j. 4 14,886 440

Lacznie 14 61,258 1880

9 liczb kté
Rozdzialy w monografiach (fgezna liczba punktow

MEIN — 180)
Prezentacje wynikow
Liczba prezentacji:
a) miedzynarodowych
- poster 5
b) krajowych
- komunikat 6
- poster 17*
Lacznie 28

* Wyrdznienie posteru pt. ,,Zastosowanie modyfikowanego czujnika sitodrukowanego
w analizie EIMTC - 2zwigzku o wlasciwosciach przeciwnowotworowych”,

VII Ogolnopolska konferencja naukowa Innowacje w Praktyce — 20.10.2020 r., Lublin;
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Spis publikacji niewchodzqcych w sktad rozprawy doktorskiej:

1.

I. Sadok, K. Tyszczuk-Rotko, R. Mroczka, J. Kozak, M. Staniszewska, Improved
voltammetric determination of kynurenine at the Nafion covered glassy carbon

electrode — application in samples delivered from human cancer cells, International

Journal of Tryptophan Research, 14 (2021) 1-14.

(IF2021-2022 = 4,4 MEIN =100 pkt.)

K. Tyszczuk-Rotko, J. Kozak, A. Wezinska, Electrochemically activated screen-
printed carbon electrode for determination of ibuprofen, Applied Sciences 11 (21)
(2021) 9908-9915.

(IF2021 = 2,838 MEIiN =100 pkt.)

K. Tyszczuk-Rotko, R. Olchowski, J. Kozak, O. Sekerzh-Zenkovich, R.
Dobrowolski, Modified mesoporous carbon material (Pb-N-CMK-3) obtained by a
hard-templating route, dicyandiamide impregnation and electrochemical lead
particles deposition as an electrode material for the U(VI) ultratrace
determination, Materials 14 (21) (2021) 6490-6504.

(IF2021 = 3,748 MEIiN = 140 pkt.)

K. Tyszczuk-Rotko, D. Gorylewski, J. Kozak, Supporting electrolyte manipulation
for simple improvement of the sensitivity of trace vanadium(V) determination at a
lead-coated glassy carbon electrode, Sensors 22 (21) (2022) 8209-8220.

(IF2022 = 3,9 MEIN =100 pkt.)
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Rozdzialy w monografiach:

1. K. Tyszczuk-Rotko, A. Sasal, J. Kozak, M. Rotko, Czujniki sitodrukowane —
przygotowanie, charakterystyka i zastosowanie, Nauka 1 przemyst — metody
spektroskopowe w praktyce, nowe wyzwania 1 mozliwosci, UMCS, Lublin 2020, str.

189-198, ISBN 978-83-227-9369-5.

2. J. Kozak, K. Tyszczuk-Rotko, A. Sasal, Nowy weglowy czujnik sitodrukowany
w analizie sladowej talu(l), Nauka 1 przemyst — lubelskie spotkania studenckie, UMCS,
Lublin 2020, str. 112-114, ISBN 978-83-227-9370-1.

3. A. Sasal, K. Tyszczuk-Rotko, J. Kozak, Woltamperometryczna metoda oznaczania
diklofenaku na elektrodzie sitodrukowanej modyfikowanej nanorurkami weglowymi,
Nauka i1 przemyst — lubelskie spotkania studenckie, UMCS, Lublin 2020, str. 234-236,
ISBN 978-83-227-9370-1.

4. J. Kozak, K. Tyszczuk-Rotko, Czujniki sitodrukowane w jednoczesnej analizie
paracetamolu, diklofenaku i tramadolu, Nauka i1 przemyst — lubelskie spotkania

studenckie, UMCS, Lublin 2021, str. 115-118, ISBN 9788322795033.

5. K. Tyszczuk-Rotko, A. Sasal, J. Kozak, Zastosowanie czujnikow sitodrukowanych
w analizie Sladowej pozostatosci farmaceutykow w probkach wod, Nauka 1 przemyst —
metody spektroskopowe w praktyce, nowe wyzwania i mozliwosci, UMCS, Lublin

2021, str. 65-68, ISBN 978-83-227-9504-0.

6. J. Kozak, K. Tyszczuk-Rotko, D. Gorylewski, Wykorzystanie technik

woltamperometrycznych w analizie sladowej testosteronu, Nauka 1 przemyst — lubelskie

spotkania studenckie, UMCS, Lublin 2022, str. 115-118, ISBN 978-83-227-9603-0.

7. D. Gorylewski, K. Tyszczuk-Rotko, J. Kozak, Zwigzki przeciwwirusowe —
wiasciwosci, zastosowanie i analiza z wykorzystaniem technik woltamperometrycznych,
Nauka i1 przemyst — lubelskie spotkania studenckie, UMCS, Lublin 2022, str. 115-118,
ISBN 978-83-227-9603-0.

8. D. Gorylewski, K. Tyszczuk-Rotko, J. Kozak, Elektrochemiczne procedury
oznaczania zwiqzku arsenoorganicznego — roksarsonu, Nauka i przemyst — lubelskie

spotkania studenckie, UMCS, Lublin 2023, str. 164-166, ISBN 9788322797013.
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9. J. Kozak, K. Tyszczuk-Rotko, D. Gorylewski, Wykorzystanie technik
woltamperometrycznych w analizie antybiotykow, Nauka 1 przemyst — lubelskie

spotkania studenckie, UMCS, Lublin 2023, str. 144-147, ISBN 9788322797013.
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Wykaz posterow i prezentacji wygloszonych na konferencjach i sympozjach

naukowych o zasiggu krajowym i miedzynarodowym:

1.

J. Kozak, K. Tyszczuk-Rotko, A. Sasal, Woltamperometryczna procedura
oznaczania TI(I) z uzyciem modyfikowanego czujnika sitodrukowanego, VII
Ogo6lnopolska konferencja naukowa INNOWACJE W PRAKTYCE — 20.10.2020
r., Lublin (poster);

J. Kozak, K. Tyszczuk-Rotko, A. Sasal, Zastosowanie modyfikowanego czujnika
sitodrukowanego w analizie EIMTC — zwigzku przeciwnowotworowego, VII
Ogo6lnopolska konferencja naukowa INNOWACJE W PRAKTYCE — 20.10.2020
r., Lublin (poster);

J. Kozak, K. Tyszczuk-Rotko, A. Sasal, Zastosowanie modyfikowanych czujnikow
sitodrukowanych w analizie Sladowej talu(l), XVII Konferencja z cyklu

"Elektroanaliza w teorii 1 praktyce" — 19-20.11.2020 r., on-line (poster);

J. Kozak, K. Tyszczuk-Rotko, A. Sasal, Woltamperometryczna procedura
oznaczania EIMTC — nowego zwiqgzku o wtasciwosciach przeciwnowotworowych,
XVII Konferencja z cyklu "Elektroanaliza w teorii i praktyce" — 19-20.11.2020 r.,

on-line (poster);

J. Kozak, K. Tyszczuk-Rotko, Woltamperometryczna procedura jednoczesnego
oznaczania paracetamolu, diklofenaku i tramadolu z wykorzystaniem czujnikow
sitodrukowanych, 11 edycja Konferencji dla Mtodych Naukowcoéw nt. Biologia,
Chemia i Srodowisko - SPOJRZENIE MLODYCH NAUKOWCOW,
24-25.04.2021 r., Krakéw, on-line (prezentacja ustna);

J. Kozak, K. Tyszczuk-Rotko, Modyfikowany czujnik sitodrukowany do
ilosciowego oznaczania nowego zwiqzku 0 wtasciwosciach
przeciwnowotworowych, 11 edycja Konferencji dla Mlodych Naukowcow nt.
Biologia, Chemia i Srodowisko - SPOJRZENIE MLODYCH NAUKOWCOW,
24-25.04.2021 r., Krakéw, on-line (poster);

J. Kozak, K. Tyszczuk-Rotko, Czujniki sitodrukowane w jednoczesnej analizie
paracetamolu, diklofenaku i tramadolu, IX Ogoélnopolskie Sympozjum ,,Nauka
1 przemyst — lubelskie spotkania studenckie”, 28.06.2021 r., Lublin, on-line
(poster);
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8.

10.

11.

12.

13.

14.

15.

J. Kozak, K. Tyszczuk-Rotko, M. Sztanke, K. Sztanke, 1. Sadok, Determination of
promising anticancer agent candidate using screen-printed carbon sensor modified

with carbon nanofibers, 3™ International Workshop on Functional Nanostructured

Materials, 6-8.10.2021 r., Krakéw, on-line (poster);

J. Kozak, K. Tyszczuk-Rotko, M. Wojciak, 1. Sowa, M. Rotko, Application of
electrochemically activated screen-printed boron-doped diamond electrode for
quantification of rifampicin, 3" International Workshop on Functional

Nanostructured Materials, 6-8.10.2021 r., Krakow, on-line (poster);

J. Kozak, K. Tyszczuk-Rotko, Woltamperometryczna procedura ozmnaczania
ryfampicyny z wykorzystaniem elektrochemicznie aktywowanego czujnika
sitodrukowanego, XI Polska Konferencja Chemii Analitycznej, 19-23.06.2022 r.,

L6dzZ (prezentacja ustna);

J. Kozak, K. Tyszczuk-Rotko, D. Gorylewski, Pierwsza metoda analityczna
oznaczania nowego zwiqzku o wlasciwosciach przeciwnowotworowych, XI Polska

Konferencja Chemii Analitycznej, 19-23.06.2022 r., £6dZ (poster);

J. Kozak, K. Tyszczuk-Rotko, D. Gorylewski, Wykorzystanie technik
woltamperometrycznych w analizie Sladowej testosteronu, X Ogolnopolskie
Sympozjum ,,Nauka i przemyst — lubelskie spotkania studenckie”, 27.06.2022 r.,

Lublin (prezentacja ustna);

D. Gorylewski, K. Tyszczuk-Rotko, J. Kozak, Zwigzki przeciwwirusowe -
wlasciwosci, zastosowanie i analiza  z  wykorzystaniem  technik
woltamperometrycznych, X Ogoélnopolskie Sympozjum ,Nauka i1 przemyst —

lubelskie spotkania studenckie”, 27.06.2022 r., Lublin (poster);

J. Kozak, K. Tyszczuk-Rotko, D. Gorylewski, Modified screen-printed sensor for
determination of anticancer drug candidate, 1 Mig¢dzynarodowa Konferencja
Doktorantow pt. ,SRODOWISKO-ROSLINA-ZWIERZE-PRODUKT”,
26.04.2022 r., Lublin (poster);

K. Tyszczuk-Rotko, J. Kozak, D. Gorylewski, M. Rotko, The determination of
Cr(VI) using catalytic adsorptive stripping voltammetric technique, 15™ Pannonian

International Symposium on Catalysis, 4-8.09.2022 r., Jastrzebia Gora (poster);
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16.

17.

18.

19.

20.

21.

22.

23.

K. Tyszczuk-Rotko, B. Czech, D. Gorylewski, J. Kozak, M. Rotko, Voltammetric
procedure for U(VI) determination with the use of TiO2/Al>O3 photocatalyst, 15"
Pannonian International Symposium on Catalysis, 4-8.09.2022 r., Jastrzebia Goéra

(poster);

J. Kozak, K. Tyszczuk-Rotko, D. Gorylewski, Zastosowanie elektrochemicznie
aktywowanego czujnika sitodrukowanego w analizie Sladowej ryfampicyny, 64.
Zjazd Polskiego Towarzystwa Chemicznego, 11-16.09.2022 r., Lublin (prezentacja

ustna);

D. Gorylewski, K. Tyszczuk-Rotko, J. Kozak, Wanad — wtasciwosci, zastosowanie
i analiza woltamperometryczna, 64. Zjazd Polskiego Towarzystwa Chemicznego,

11-16.09.2022 r., Lublin (prezentacja ustna);

D. Gorylewski, K. Tyszczuk-Rotko, J. Kozak, Nowa, bardzo czuta
woltamperometryczna procedura oznaczania wanadu(V) z wykorzystaniem
elektrody z wegla szklistego modyfikowanej blonkqg otowiu, IX Ogdlnopolska
Konferencja Naukowa Innowacje w Praktyce, 20-21.10.2022 r., Lublin (poster);

D. Gorylewski, K. Tyszczuk-Rotko, J. Kozak, Czujnik sitodrukowany
modyfikowany  nanowtoknami  weglowymi w  analizie nowego zwigzku
przeciwnowotworowego, 1X Ogoblnopolska Konferencja Naukowa Innowacje

w Praktyce, 20-21.10.2022 r., Lublin (poster);

D. Gorylewski, K. Tyszczuk-Rotko, J. Kozak, Zastosowanie woltamperometrii
stripingowej do analizy sladowej V(V) — wykorzystanie elektrody GCE/PbFE, 111
Ogolnopolska Studencka Konferencja Naukowa ,,Blizej Chemii”, 7-8.01.2023 r.,

on-line (poster);

D. Gorylewski, K. Tyszczuk-Rotko, J. Kozak, Wykorzystanie prostego
w przygotowaniu czujnika GCE/CTAB do woltamperometrycznego oznaczania
Sladowych ilosci roksarsonu, Fizykochemia Granic Faz — Metody Instrumentalne,

16-20.04.2023 r., Lublin (prezentacja ustna);

K. Tyszczuk-Rotko, J. Kozak, D. Gorylewski, Woltamperometryczna procedura
oznaczania tiorydazyny z wykorzystaniem czujnika sitodrukowanego, Krakowska

Konferencja Weglowa Krak-C, 25-26.05.2023 r., Krakow (poster);
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25.

26.

27.

28.

. K. Tyszczuk-Rotko, D. Gorylewski, J. Kozak, Czufa i selektywna
woltamperometryczna procedura oznaczania roksarsonu
w probkach srodowiskowych, Krakowska Konferencja Weglowa Krak-C, 25-
26.05.2023 r., Krakow (poster);

J. Kozak, K. Tyszczuk-Rotko, D. Gorylewski, Wykorzystanie technik
woltamperometrycznych w analizie antybiotykéw, XI Ogdlnopolskie Sympozjum
,Nauka 1 przemyst — lubelskie spotkania studenckie”, 26.06.2023 r., Lublin
(poster);

D. Gorylewski, K. Tyszczuk-Rotko, J. Kozak, Elektrochemiczne procedury
oznaczania zwigzku arsenoorganicznego — roksarsonu, XI Ogolnopolskie
Sympozjum ,,Nauka i przemyst — lubelskie spotkania studenckie”, 26.06.2023 r.,
Lublin (poster);

J. Kozak, K. Tyszczuk-Rotko, D. Gorylewski, Aleksy Keller, Zastosowanie
sitodrukowanej  elektrody zlotej w  woltamperometrycznych oznaczeniach
tiorydazyny, 65. Zjazd Polskiego Towarzystwa Chemicznego, 18-22.09.2023 r.,

Torun (poster);

J. Kozak, K. Tyszczuk-Rotko, D. Gorylewski, Aleksy Keller, Elektrochemicznie
aktywowane czujniki sitodrukowane w analizie Sladowej antybiotykow, 65. Zjazd

Polskiego Towarzystwa Chemicznego, 18-22.09.2023 r., Torun (poster);
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9. Inne osiagnie¢cia

1.

Zagraniczny staz naukowy w Uniwersytecie w Pardubicach (Czechy) w ramach
projektu ,,PROM — Miedzynarodowa wymiana stypendialna doktorantow i kadry
akademickiej” (19-23.09.2022 r.), opiekun stazu: dr Radovan Metelka;

Stypendium za osiggni¢cia naukowe z Wtasnego Funduszu Stypendialnego UMCS
w Lublinie, uzyskane w roku akademickim 2022/2023;

Nagroda za zajecie I miejsca w konkursie ,,Ad astra” dla wybitnych mtodych
naukowcow UMCS w Lublinie za osiggni¢cia naukowe z lat 2021-2022 w kategorii

Nauki Sciste i Przyrodnicze.
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Abstract: A carbon nanofibers modified screen-printed carbon sensor (SPCE/CNFs) was
applied for the determination of a novel promising anticancer agent candidate (ethyl
8-(4-methoxyphenyl)-4-oxo-4,6,7,8-tetrahydroimidazo[2,1-c][1,2,4]triazine-3-carboxylate, EIMTC)
using square-wave voltammetry (SWV). It is the first method for the quantitative determination of
EIMTC. The modified screen-printed sensor exhibited excellent electrochemical activity in reducing
EIMTC. The peak current of EIMTC was found to be linear in two concentration ranges of 2.0 X 107 —
2.0 x 1078 mol L™! and 2.0 x 1078 - 2.0 x 1077 mol L™!, with a detection limit of 5.0 x 107'* mol L.
The connection of flow-cell for the SPCE/CNFs with SWV detection allowed for the successful
determination of EIMTC in human serum samples. Ultra-high-performance liquid chromatography
coupled to electrospray ionization triple quadrupole mass spectrometry (UHPLC-ESI-MS/MS) acted
as a comparative method in the serum samples analysis.

Keywords: anticancer agent candidate; voltammetric analysis; screen-printed sensor; flow system;
liquid chromatography

1. Introduction

Ethyl 8-(4-methoxyphenyl)-4-ox0-4,6,7,8-tetrahydroimidazo[2,1-c][1,2,4]triazine-3-carboxylate
(PubChem CID: 11507951), namely EIMTC (Figure 1), is an interesting electroactive small molecule
for our current electrochemical research needs. EIMTC has been shown to possess a fully defined
molecular structure, and a low toxicity in vitro and in vivo [1-3]. The same compound has been
reported as the most promising innovative nucleobase-like structure (belonging to a class of fused
azaisocytosine-containing congeners) with a broad spectrum of anticancer activity (i.e., in multiple
myeloma cells and tumor cells of the cervix and breast) as well as good bioavailability and permeability
properties [3]. Its methods of synthesis, a complete structural, physico-chemical and pharmacological
characterization, have been published earlier together with all the derivatives belonging to the same
class of molecules [1-3]. EIMTC has been proposed as a novel anticancer drug candidate with potential
applicability in the treatment of multiple myelomas due to its remarkable antiproliferative activity in
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human multiple myeloma cells (i.e., resistant as well as susceptible to thalidomide) combined with a
less toxic effect on normal cells. In addition, this potential anticancer drug candidate has been shown
to induce growth arrest in cancer cells and evoke higher necrosis rates in tumor than in non-tumoral
cells of the same epithelial origin [3].
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Figure 1. The structure of the investigated EIMTC.

Despite the above-mentioned utilities, no analytical method of EIMTC determination has been
developed as of yet. Therefore, the present paper is aimed at developing and optimizing the first
electrochemical procedure that allows the quantitative determination of this novel anticancer agent
candidate. In the studies, unmodified and modified with carbon nanofibers screen-printed carbon sensors
(SPCE and SPCE/CNFs, respectively) were applied for the voltammetric determination of EIMTC.

It is worth mentioning that electrochemical methods, including among others voltammetry,
offer a high sensitivity with relatively low-cost instrumentation and analysis [4]. In turn, due to
the mass production nature, availability and low cost of screen-printed electrodes, they are now
a good approach to the preparation of voltammetric sensors [5-9]. Moreover, the application of
nanomaterials together with screen-printing fabrication is a very actual subject of research of particular
importance especially for environmental monitoring and medical diagnostics, but also in other fields
of analytical applications [10]. One of the attractive carbon nanomaterials for the sensor fabrication
are carbon nanofibers (CNFs). The beginning of their electrochemical applications can be dated to
early 2000s [11]. Until now, CNFs have found numerous applications, which are connected with their
attractive properties, especially their large number of edge-plane sites and their high surface active
group-to-volume ratio [12,13]. Furthermore, CNFs can be easily functionalized to suit a particular
detection mechanism [13].

2. Materials and Methods

2.1. Instrumentations

All voltammetric measurements were carried out using an electrochemical potentiostat (LAutolab,
Eco Chemie, Utrecht, The Netherlands) connected to a personal computer operated by GPES 4.9
software. The 4 mm diameter sensors (SPCE - ref. 110 and SPCE/CNFs — ref. 110CNF) were provided
by DropSens, Llanera, Spain. The sensors were immersed in a classic quartz cell (volume 10 mL) or a
commercially available methacrylate wall-jet flow-cell (ref. FLWCL, DropSens, Llanera, Spain). The
experiments on flow system were carried out using a peristaltic pump type MS-CA (Ismatec, Wertheim,
Germany) and sample injection with a 500 uL sample loop (Valco Instruments Co. Inc., Houston, USA).

The images of sensors surface were recorded using a high-resolution scanning electron microscope
Quanta 3D FEG (FEI, Hillsboro, USA).

The UHPLC-ESI-MS/MS system was used consisting of a model 1290 infinity ultra-high
performance liquid chromatograph (Agilent Technologies, USA) connected to a 6460 triple quadrupole
mass spectrometer (Agilent Technologies, USA) equipped with an electrospray ion source (Agilent Jet
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Stream) operating in the positive ion mode. The instrument was controlled using Agilent MassHunter
Acquisition software v.B.08. The data were analyzed by Agilent MassHunter Quantitative Analysis
software v.B.07. The chromatography was performed on a Zorbax Eclipse Plus-C18 Rapid resolution
HT column (2.1 mm X 50 mm X 1.8 um) protected by a Zorbax Eclipse Plus-C18 Narrow Bore Guard
Column (2.1 mm X 12.5 mm X 5 um), both purchased from Agilent Technologies.

2.2. Chemicals

The EIMTC was synthesized from 2-hydrazinylidene-1-(4-methoxyphenyl)imidazolidine and diethyl
2-hydroxyiminomalonate according to the synthetic approach published earlier [1,2]. The chemical
structure of the analyzed compound was determined by consistent spectroscopic data (including IR, 'H
NMR, EI-MS), whereas its high level of purity was confirmed by a sharp melting point (150-151 °C) and
found elemental analyses being within +0.4% of the theoretical values for each element analyzed.

The solutions of sulfuric acid, acetic acid, and acetate buffers of different pH were prepared from
Sigma-Aldrich reagents. The Merck (Darmstadt, Germany) standard solutions of Ca?*, Mg?*, Fe3*, C1~
as well as Sigma-Aldrich (Saint Louis, USA) reagents (adenine, dopamine, epinephrine, glucose, uric
acid, ascorbic acid and estradiol) were used in interference studies. For voltammetric measurements,
1.0 x 1073 mol L! solution of EIMTC was prepared in N,N-dimethylformamide (Sigma-Aldrich, Saint
Louis, USA). For UHPLC-ESI-MS/MS analysis, methanol (hypergrade, Merck, Darmstadt, Germany)
and formic acid (LC-MS, Sigma-Aldrich, Saint Louis, USA) were used.

2.3. Sample Preparation

The 100 pL of human serum sample 100-times diluted in ultrapure water (Sigma-Aldrich, Saint
Louis, USA) spiked with an appropriate concentration of EIMTC was transferred to a centrifugal tube,
mixed with 25 pL of 7.5% (w/v) trichloroacetic acid solution (TCA, Sigma-Aldrich, Saint Louis, USA) for
protein precipitation, vortexed well, and centrifuged at 14,000x g for 15 min at 4 °C (5415R Centrifuge,
Eppendorf, Germany). The collected supernatant was centrifuged once again (14,000 g, 15 min, 4 °C),
and the clear aliquot was analyzed in triplicate by the SWV and UHPLC-ESI-MS/MS methods.

2.4. SWV Analysis

In the case of measurements performed in a classic electrochemical cell, the standard solution of
EIMTC was added to the supporting electrolyte of 0.075 mol L=! H,SO,, mixed for 45 s (open circuit
potential), and SWV curves were registered. In flow system, in the first step of analysis 2 mol L™
H,S0O; for 55 s was directed through the cell in order to clean the electrode surface. Then, 500 uL of
0.075 mol L™! solution of H,SO, containing an appropriate concentration of EIMTC or the sample
added to 0.075 mol L™! solution of H,SO, was injected. After 55 s (open circuit potential) from the
moment of sample injection, SWV measurements were carried out. The flow rates of each solution
were about 3 mL min~!. For SWV, the optimum parameters are as follows: initial potential of —0.2'V,
final potential of —0.9 V, frequency (f) of 50 Hz, square-wave amplitude (AE4) of 50 mV, and step
potential (AEstgp) of 7 mV. The signal of EIMTC was measured after subtracting the background.

2.5. UHPLC-ESI-MS/MS Analysis

The ionization parameters were as follows: nebulizer: 35 psi; gas temperature: 300 °C; gas flow:
10 L min~; sheath gas temperature: 325 °C; sheath gas flow: 10 L min~!; and capillary voltage: 4000 V.
The mobile phase consisted of two solutions: A (0.1% (v/v) formic acid in water) and B (methanol). The
gradient program was as follows: 0-5 min—5% to 70% B; 5-7 min—5% B (column re-equilibration).
The column temperature and mobile phase rate were 40°C and 0.3 mL min ™!, respectively. The injection
volume was 5 uL. The analyte’s ions were monitored in Multiple Reaction Monitoring (MRM) mode.
MRM transitions: m/z 317 > 289 (quantifier, fragmentor: 140 V; collision energy: 20 eV) and m/z 317 >
245 (qualifier, fragmentor: 140 V; collision energy: 22 eV).
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3. Results and Discussion

3.1. Voltammetric Behaviour of EIMTC

The electrochemical behavior of EIMTC at the unmodified SPCE and carbon nanofibers modified
SPCE is shown in Figure 2. Before SWV curve registration, the solution was mixed for 45 s (open
circuit potential). It can be seen that the reduction peaks of EIMTC at the SPCE were weak, while the
EIMTC responses were considerably improved at the SPCE/CNFs. The reason for better performance of
SPCE/CNFs was explained in our earlier works [14,15]. In those papers, the active surface areas of the
SPCE and SPCE/CNFs were calculated using cyclic voltammetric studies in 0.1 mol L~! solution of KCI
and 5.0 X 1073 mol L1 K3[Fe(CN),] and the Randles-Sevcik equation. It was found that modification
of the electrode increases its active surface (Figure 3).

0 —

| [WA]

20 — T T T T 1
0.8 0.7 0.6
EV]

Figure 2. Square-wave voltammograms of 5.0 X 1077 mol L1 (a and ¢) and 1.0 x 107® mol L1 (b and
d) EIMTC in 0.1 mol L™! acetate buffer solution of pH 4.5 at the screen-printed carbon sensor (SPCE) (a
and b) and carbon nanofibers modified screen-printed carbon sensors (SPCE/CNFs) (c and d). The
SWYV parameters: open circuit potential, ¢ of 45 s, initial E of 0.6 V, final E of —=1.0'V, f of 50 Hz, AE 4 of
25 mV, and AEste of 4 mV.

SPCE/CNFs

Figure 3. SEM images of SPCE and SPCE/CNFs.
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In the next part of the experiments, cyclic voltammograms (CVs) were recorded in the range of
—0.2-(=0.75)V to get information about the behavior of EIMTC at the SPCE/CNFs. Figure 4A represents
CV curves recorded for 1.0 X 107> mol L~! EIMTC in 0.1 mol L™! acetate buffer of pH 4.5 with scan
rates (v) of 50, 100, and 150 mV s~!. As it can be seen, well-defined irreversible reduction peaks of
EIMTC were obtained. To ascertain the effect of scan rate on the reduction peak current of EIMTC,
the scan rate studies were carried out in the range of 20-500 mV s~!. The linearity of peak current
(Iy) of EIMTC vs. y12 plot (Figure 4B) indicated that the reduction of EIMTC at the SPCE/CNFs is
diffusion controlled, which was further confirmed by the slope value (0.49) of logl, vs. logv plot
(Figure 4C) [16]. Furthermore, the I, values of 2.0 X 1077 mol L™! EIMTC were almost stable during
changes in the potential (0—(—0.8)V) applied to the electrode, which also confirmed that the reduction
of EIMTC is diffusion-controlled at the SPCE/CNFs. While the potential does not significantly affect
the EIMTC signal, mixing of the solution prior the SWV curves registration (open circuit potential)
is very important. As can be seen in Figure 4D, the I, value of 2.0 x 1077 mol L™! EIMTC reached
maximum at the solution mixing time (f) of 45 s. It is connected with the facilitated diffusion of EIMTC
molecules to the electrode surface during solution mixing [17].

40 — 100 —
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40 - 1
25 —
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0.8 0.6 0.4 0.2 o 10 20 30
E [V] V2V s1)12]
2/ 8 —
C) y =0.49 * x + 0.61 D) 3
r=0.9918 = i
6 *
- <
m 1.5 — T
° o
E 3
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- 4
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Figure 4. (A) Cyclic voltammograms of 1.0 x 1075 mol L1 EIMTC at v of 50 (a), 100 (b) and 150 mV s~!
(c). The dependence between (B) Ip and v/ and (C) loglp and logv. (D) Effect of t on I, of 2.0 x 1077
mol L™! EIMTC (open circuit potential). The average values of I, are shown with the standard deviation
ofn=3.
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3.2. Effect of pH

The pH dependence of 5.0 X 10~ mol L~! EIMTC at the SPCE/CNFs was investigated using
0.1 mol L™ sulfuric acid, acetic acid, and acetate buffer (pH of 3.5-6.0). From the plot of I, of EIMTC
vs. pH (Figure 5A) it is clear that peak current is affected by the pH value. The best result with
respect to sensitivity accompanied with a well-defined response was obtained in the H,SO4 solution,
so this solution was used in further studies. The linearity of peak potential (E,) of EIMTC vs. pH plot
(Figure 5B) was obtained in the pH range of 2.9-6.0 (r = 0.9950). The slope of the equation was found to
be 51 mV pH~!. This closeness of the slope to the expected theoretical value of 59 mV pH™! suggested
that the number of electrons is equal to the hydrogen ions taking part in the electrode reaction.

2 -0.6 y =-0.051 * x - 0.48
A & B | . r=0.9953
-0.65 —
8 — -
—_ = T
cté | * a; 0.7 — ¢
o +» w
4— * ¢
- .75 — *
i - |
0 . T . T . | 08 — 1 T o
0 2 4 3 2 3 4 5 ®
pH PH
C) —0 —0
—— h‘-\-‘-‘-‘-‘
\ 7
N\]{/N\N (CH?’ +2H* +2¢ —m N\f/N\NH (CHB
QNW-I/H\W/O &NWO
o © ° °

Figure 5. Effect of pH on: (A) I, and (B) Ep, of 5.0 x 1077 mol L1 EIMTC (open circuit potential, ¢ of
45 s). The SWV parameters: initial E of —0.2'V, final E of ~0.9 V, f of 50 Hz, AE4 of 25 mV and AEgy of
4 mV. (C) The mechanism proposed for the reduction of EIMTC. The average values of I, are shown
with the standard deviation of n = 3.

EIMTC is a small molecule possessing in a privileged triazinone scaffold the azomethine grouping
of ketimine type (C=N) that can be reduced electrochemically. The reduction of this C=N grouping in
the analyzed molecule, leads to the protonated CH-NH grouping. This is consistent with previous
studies on electrochemical behavior of monocyclic as well as fused triazinones [18,19]. The one-step
reduction process at the SPCE/CNFs surface occurs through an electron-gain mechanism, including
the transfer of two electrons and two protons (Figure 5C).

Moreover, the effect of selected supporting electrolyte (H,SO4) concentration (0.025-0.2 mol L™1)
on the peak current of 5.0 x 107 mol L™} EIMTC at the SPCE/CNFs was studied. The highest signals
were obtained at a concentration of 0.075 mol L™! and at higher concentrations of H,SO4 the EIMTC
signals are almost stable. Therefore, 0.075 mol L1 H,S0, solution was selected for further experiments.
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3.3. Effect of SWV Parameters

The dependence of the reduction in peak current (I,) of 5.0 x 1077 mol L™! EIMTC on the
square-wave frequency (f) was studied in the range of 10~125 Hz at the SPCE/CNFs (Figure 6A). The I,
values were found to increase linearly, with increasing f to 50 Hz, and then to decrease. That is why f
to 50 Hz was chosen for further studies. Next, the effect of step potential (AEstgp) on the 5.0 x 1077
mol L~! EIMTC signals was examined from 2 to 9 mV (f to 50 Hz and AE,4 of 25 mV). The highest
EIMTC signal was obtained at AEss, of 7 mV (Figure 6B). Furthermore, the influence of square-wave
amplitude (AE,) on the 5.0 x 1077 mol L~! EIMTC responses was examined in the rage of 25-100 mV
(Figure 6C, f to 50 Hz and AEgtep of 7 mV). The maximum value of EIMTC signal (5.0 pA) was achieved
at AE4 of 100 mV. However, due to the much lower background current and a slight difference in
EIMTC peak current (4.6 vs. 5.0 uA), AE4 of 50 mV was selected for further experiments.
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L 3
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2
3 [
N T T T T 1 — T T T T T T 1 4 T T ” 1
o 50 100 150 2 4 6 8 10 25 50 75 100
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Figure 6. Effect of (A) f (10-125 Hz), (B) AEstep (2-9 mV) and (C) AE4 (25-100 mV) on 5.0 X 10~7 mol
L~ EIMTC responses. The average values of I, are shown with the standard deviation of n = 3.

3.4. Interferences

The presence of common ions (Ca?*, Mg?*, Fe3*, and CI~) and organic compounds (uric acid,
ascorbic acid, glucose, adenine, dopamine, epinephrine, and estradiol) in human serum samples may
alter electrochemical EIMTC signals and consequently affect the selectivity. The tolerance concentration
ratios with respect to 5.0 X 1077 mol L~! EIMTC for interferences at 10% level were examined. The
results given in Table 1 show that Fe3*, estradiol, and ascorbic acid have a maximum effect on the
determination of EIMTC.

Table 1. Results of interference studies for the determination of 5.0 x 1077 mol L~! EIMTC at the

SPCE/CNFs.
Species Tolerance Limits
Ca?* 50
Mg?*, Cl~, uric acid, glucose, adenine, dopamine 5
epinephrine 2.5
Fe3+, estradiol, ascorbic acid 0.5

The preliminary analysis of human serum samples spiked with 5.0 x 1078 mol L~! EIMTC in
the classical electrochemical cell did not bring expected results. No EIMTC signals were observed.
This signal attenuation was related to the serum sample matrix. Therefore, flow-injection analysis in a
commercially available wall-jet flow-cell was proposed to resolve this problem. It is well known that the
electrochemical detection under hydrodynamically controlled conditions reveals some benefits. Among
others, the shear forces of the flowing liquid continuously regenerate the working electrode surface
and remove reaction products [20]. Consequently, the selectivity under flow analytical conditions can
be improved, which was confirmed by our research (see Section 3.6).
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3.5. Calibration Curve in Flow System, Precision and Reproducibility

The SPCE/CNFs sensor coupled with flow system was used for the quantitative determination of
a novel promising anticancer agent candidate EIMTC. The flow conditions and SWV parameters are
described in Section 2.4. The responses were linear with EIMTC concentrations ranging from 2.0 x 10~°
t0 2.0 X 1078 mol L~ and 2.0 x 1078 t0 2.0 x 10~7 mol L~! (Figure 7A,B). The limits of detection (LOD)
and quantification (LOQ) were determined 5.0 x 107!% and 1.7 x 10~% mol L™}, respectively, according
to the definitions of LOD = 35D,/b and LOQ = 105D,/b (SD;—standard deviation of intercept (n = 3);
b—slope of calibration curve) [21].

2= 6 =
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I,=0.25* Cope + 1.1
r=0.9986

I [uA]

14 1,=0.61" Cgyye +0.025
_f r=10.9992
16 . T T ] 0 ) L
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Figure 7. (A) SWV curves registered in flow system at the SPCE/CNFs in 0.075 mol L1 H,50, solution
containing increasing concentrations of EIMTC: 2.0 X 1077 (a), 5.0 x 10~° (b), 1.0 x 1078 (c),2.0x 10~8
(d), 5.0 x 1078 (), 1.0 x 1077 (f), 2.0 x 1077 (g) mol L~1. (B) Linear ranges of the calibration graph of
EIMTC in flow system at the SPCE/CNFs. (C) SWV curves registered in flow system at the SPCE in
0.075 mol L~ H,SOy solution containing increasing concentrations of EIMTC: 2.0 x 1077 (a), 5.0 X 10~/
(b), 1.0 X 1076 (c), 2.0 x 107 (d), 5.0 x 107° (e), 1.0 x 107> (f), 2.0 X 107> (g), 5.0 x 10~ (h) mol L~!. (D)
Linear ranges of the calibration graph of EIMTC in flow system at the SPCE. The average values of I,
are shown with the standard deviation of n = 9. After 55 s (open circuit potential) from the moment of
sample injection (500 uL sample loop), SWV measurements were carried out. The SWV parameters:
initial E of —0.2 'V, final E of —0.9V, f of 50 Hz, AE4 of 50 mV, and AEstep of 7mV.

The relative standard deviation (RSD) values of 2.9% and 5.2% calculated for ten repeated
measurements of 2.0 X 1078 and 2.0 x 1077 mol L~! EIMTC at the SPCE/CNFs, respectively, confirmed
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the satisfactory precision of the signals at the SPCE/CNFs. In turn, the RSD values of 3.4% and
4.7% (n = 9) calculated for the same EIMTC concentrations but using three electrodes, indicated the
acceptable reproducibility of the sensor.

Moreover, in order to confirm the advantage of using the SPCE/CNFs instead of the unmodified
SPCE in the EIMTC determinations, the voltammetric measurements to the calibration curve were also
made at the SPCE (Figs. 7C and 7D). The calibration curve was linear in two ranges from 2.0 x 10~ to
2.0 X 107 mol L' and from 2.0 x 107 to 5.0 x 107> mol L™}, with detection and quantification limits
of 3.4 x 1078 and 1.1 x 1077 mol L™}, respectively. The comparison demonstrates that the SPCE/CNFs
provides two orders of magnitude lower detection and quantifications limits.

3.6. Serum Samples Assay in Flow System

To establish the utility of the developed flow voltammetric procedure in biological samples,
EIMTC was determined in the spiked human serum samples. The calibration graph was used for the
determination of spiked serum samples. The results obtained for the SWV and UHPLC-ESI-MS/MS
analysis are listed in Table 2. The recovery obtained was 97.2% and 99.0%. The relative error values of
3.0% and 7.2% show satisfactory agreement with the cooperative UHPLC-ESI-MS/MS method. It was
also confirmed by the t-Student test. The calculated ¢ values (teyp.) are 1.98 and 0.71, which is below the
critical value equal to 2.78 (level of significance of 0.05, number of degrees of freedom (f) of 4, f = n;+
ny —2) [22]. Moreover, the results indicate that there is no significant effect of the sample serum matrix
on the voltammetric EIMTC signal, and the developed SWV procedure in a flow system is feasible for
EIMTC analysis in real biological samples.

Table 2. Results obtained for EIMTC in human serum samples using SWV at the SPCE/CNFs and
UHPLC-ESI-MS/MS.

EIMTC Concentration [mol L-1] + SD (n = 3)

Found Recovery Relative
oun [%] Error [%] p-
Added Found SWV UHPLC-ESI-MS/MS ° °
Human  5.0x 1078 486x1078+£0.17x107® 521 x 1078 £0.05%x 1078 97.2 7.2 1.98
serum 1.0x 1077 0.99%x 1077 £0.03x 1077  0.96 x 10~/ +0.03 x 107 99.0 3.0 0.71

4. Conclusions

In the present studies, the first analytical method was proposed for sensitive and selective
determination of a novel promising anticancer agent candidate (EIMTC) using the carbon nanofibers
modified screen-printed carbon sensor. The modified sensor showed great improvement to the EIMTC
reduction electrode process compared to the unmodified sensor (LOD: 5.0 x 1071 mol L~ vs. 3.4 x
1078 mol L' and 1.7 x 107 mol L' vs. 1.1 x 1077 mol L7}, respectively). The reason for enhanced
detection performance at the SPCE/CNFs is related to an increase in the number of active sites, as we
showed earlier [14,15]. Furthermore, the electrochemical responses of EIMTC at the SPCE/CNFs were
characterized by the CV technique and the results indicated that the reduction process of EIMTC is
diffusion-controlled. The diffusion of EIMTC molecules to the electrode surface was facilitated during
solution mixing before the SWV curve registration. Moreover, the flow system successfully resolved
the problem with the influence of the human serum matrix on the EIMTC signal. The application
of the developed voltammetric procedure for analysis of human serum samples was successfully
demonstrated. The results show satisfactory agreement with the cooperative UHPLC-ESI-MS/MS
method. The proposed method is characterized by a wide linear range, low detection and quantification
limits, as well as satisfactory precision and reproducibility.
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Abstract: In this work, an electrochemically activated screen-printed carbon electrode modified
with sodium dodecyl sulfate (aSPCE/SDS) was proposed for the simultaneous determination of
paracetamol (PA), diclofenac (DF), and tramadol (TR). Changes of surface morphology and electro-
chemical behaviour of the electrode after the electrochemical activation with H,O, and SDS surface
modification were studied by scanning electron microscopy (SEM), cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS). The influence of various parameters on the responses
of the aSPCE/SDS such as pH and concentration of the buffer, SDS concentration, and techniques
parameters were investigated. Using optimised conditions (Eacc. of —0.4 V, tacc. of 120 s, AE4 of
150 mV, v of 250 mV s~ 1, and ty, of 10 ms), the aSPCE/SDS showed a good linear response in the
concentration ranges of 5.0 x 1078-2.0 x 107> for PA, 1.0 x 107°-2.0 x 10~ for DF, and 1.0 x 1078~
2.0 x 1077 and 2.0 x 1077-2.0 x 10~° mol L~! for TR. The limits of detection obtained during the
simultaneous determination of PA, DF, and TR are 1.49 x 1078 mol L™!,2.10 x 107 mol L™}, and
1.71 x 1072 mol L~1, respectively. The selectivity of the aSPCE/SDS was evaluated by examination
of the impact of some inorganic and organic substances that are commonly present in environmental
and biological samples on the responses of PA, DF, and TR. Finally, the differential pulse adsorptive
stripping voltammetric (DPAdSV) procedure using the aSPCE/SDS was successfully applied for the
determination of PA, DF, and TR in river water and serum samples as well as pharmaceuticals.

Keywords: electrochemically activated screen-printed carbon electrode modified with sodium dodecyl
sulfate; simultaneous determination of paracetamol; diclofenac and tramadol; differential pulse
adsorptive stripping voltammetry; river water; human serum and pharmaceutical formulation samples

1. Introduction

Paracetamol (PA), also called acetaminophen, is a widely used pain reliever and
antipyretic drug. However, it has no anti-inflammatory effect. Paracetamol is the main
ingredient in many cold and flu medications. It is usually used to relieve headaches,
toothaches, backaches, muscle aches, and other minor aches. An overdose of paracetamol
may result in the accumulation of toxic metabolites that can cause acute and sometimes
fatal nephro- and hepatotoxicity [1-3].

Diclofenac (DF) is a well-known, non-steroidal anti-inflammatory drug (NSAID) for
the treatment of post-traumatic pain and pain in chronic diseases. It exhibits activities
characteristic of this group of drugs, i.e., anti-inflammatory, antipyretic, analgesic, and
inhibiting platelet aggregation. Despite its undoubted advantages, it can be very dangerous
for living organisms. It causes an increase in blood pressure and thus strokes and worsens
the functioning of the liver [2,4].
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Tramadol (TR) is an opioid drug, a synthetic analog of codeine. It is a centrally acting
pain reliever and is used to treat mild to severe pain. Tramadol can be used alone or in
combination with NSAIDs to deal with cases associated with severe acute or chronic pain,
lower back pain, and postoperative pain management. Overdosing on tramadol can cause
slow or ceased breaths because this substance can accumulate in the body, causing critical
levels of poisoning [5,6].

The presented pharmaceuticals may be present in the environment and have a negative
impact, e.g., diclofenac affects the quality of water and is harmful to fish.

Due to the possible side effects for humans as well as the negative impact on the
environment, it is extremely important to develop sensitive and accurate methods for the
determination of the presented drugs in samples of biological fluids and environmental
samples. There are many analytical methods such as high-performance liquid chromatogra-
phy (HPLC) [7-9], liquid chromatography-tandem mass spectrometry (LC-MS/MS) [10-12],
gas chromatography-mass spectrometry (GC-MS) [13-15], and spectrophotometry [16-18],
which are used to determine paracetamol, diclofenac, and tramadol. However, these
methods are generally costly, requiring a time-consuming sample preparation step. Com-
pared to other analytical techniques, electrochemical methods, including voltammetry,
are simple, relatively cheap, and more sensitive. In this type of procedures, apart from
classic electrodes, we can use screen-printed sensors with many advantages, i.e., low cost,
simplicity of construction and operation, diversification of the selection of electrode ma-
terials, portability, and ease in modification of the electrodes for various uses [19]. In the
literature, we can find procedures for the determination of paracetamol alone or in the
presence of various compounds [2,3,19-29], diclofenac [2,30-32], and tramadol [33] using
screen-printed electrodes but there is no article showing the simultaneous determination
of these three compounds.

In this work, for the first time, an electrochemically activated screen-printed carbon
sensor (aSPCE) modified with an anionic surfactant (sodium dodecyl sulfate, SDS) was
prepared and applied for the simultaneous determination of paracetamol, diclofenac, and
tramadol. The activation can functionalize the electrode surface, increase the active surface
or remove surface contamination [34,35]. Due to the adsorption of surfactants on the
electrode surface, its properties change, which influences the reaction speed. Furthermore,
surfactants effectively stabilize the voltammetric response by protecting the electrode sur-
face from contamination. It has been shown that surfactants can increase the accumulation
of some electroactive molecules on the electrode surface, which results in an improvement
in the analytical signal and an increase in the sensitivity of the developed method [36—46].

2. Materials and Methods
2.1. Apparatus

Voltammetric measurements were performed using a pAutolab analyzer (Eco Chemie,
Utrecht, The Netherlands) controlled by GPES 4.9 software. All experiments were carried
out in a 10 mL quartz electrochemical cell using commercially available screen-printed sen-
sors (Ref. C150, DropSens, Llanera, Spain,), which were activated electrochemically prior
to measurements. These sensors consisted of a screen-printed carbon working electrode
(SPCE), a platinum screen-printed auxiliary electrode, and a silver screen-printed pseudo-
reference electrode. The pAutolab analyzer (Eco Chemie, Utrecht, The Netherlands),
controlled in this case by FRA 4.9 software, was also used to record the differential capacity
curves and Nyquist plots by the electrochemical impedance spectroscopy (EIS) method.

Microscopic images of the SPCE surface were obtained with a high-resolution scanning
electron microscope Quanta 3D FEG (FEI, Hillsboro, FL, USA). The experiments were
carried out under required conditions (acceleration voltage of 5.0 kV, horizontal field width
of 5.97 um, working distance of 9.0 mm).

HPLC analyses were performed on a VWR Hitachi Elite LaChrom HPLC (Tokyo,
Japan) with PDA detector using an XB-C18 reversed phase core-shell column (Kinetex,
Phenomenex, Aschaffenburg, Germany) (25 cm x 4.6 mmi.d., 5 pm).
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2.2. Reagents and Solutions

All solutions were prepared with Sigma-Aldrich or Merck reagents purchased from
Merck KGaA company (Darmstadt, Germany). Appropriate amounts of paracetamol
sulfate potassium salt (PA), diclofenac sodium salt (DF), and tramadol hydrochloride (TR)
(Sigma-Aldrich, St. Louis, MO, USA) were dissolved in deionized water to obtain 0.01
mol L~! solutions of PA and TR and 0.001 mol L~ solution of DF. These solutions were
diluted with deionized water as needed. A SDS (sodium dodecyl sulfate) solution was
obtained by dissolving a weighed amount of Sigma-Aldrich reagent in deionized water.
When selecting the base electrolyte and examining the effect of pH on the signals of the
analytes, 0.1 mol L1 solutions of sulfuric acid, acetic acid, and acetate buffers with pH
values of 3.5 + 0.1, 4.0 & 0.1, 45 + 0.1, 5.0 £ 0.1, 5.5 £ 0.1, and 6.0 £ 0.1 were used.
DTPA (diethylenetriaminepentaacetic acid) solution was prepared in deionized water
using Sigma-Aldrich reagent. The influence of interferents such as Ca(Il), Mg(II), Fe(III),
Ni(II), Cd(II), Pb(II), Cu(Il), V(V), Mo(VI), and CI" was checked using Merck standard
solutions. The effect of organic substances was checked using Sigma-Aldrich reagents:
glucose, ascorbic acid, Triton X-100, and cetyltrimethylammonium bromide (CTAB). The
solutions were prepared using ultrapurified water (>18 MW cm, Milli-Q system, Millipore,
UK). HPLC-grade acetonitrile and trifluoroacetic acid (TFA) were from Merck.

2.3. Preparation of aSPCE/SDS

The screen-printed carbon electrode surface was electrochemically activated before
the measurements [34]. Activation consisted of 25 repetitive voltammetric cycles between
1.0 and —0.7 V at a scan rate of 10 mV s~! in 0.1 mol L~! acetate buffer of pH = 4.0 + 0.1
containing 10 mmol L~1 H,O,. After activation, the sensor was rinsed with deionized
water and allowed to air dry. Then, the electrode surface was modified with SDS during
analysis of PA, DF, and TR by immersing the SPCE in a supporting electrolyte solution
(acetate buffer of pH = 4.0 & 0.1) containing 15 mg L~! SDS.

2.4. Voltammetric Analysis

Voltammetric measurements of PA, DF, and TR in optimized conditions were carried
out in a solution composed of 0.075 mol L ~! acetate buffer (pH of 4.0 £ 0.1), 1.0 x 10>
mol L~! DTPA and 15 mg L~! SDS. The procedure consists of an accumulation step at a
potential (Eacc.) of —0.4 V for a time (tacc.) of 120 s. Differential pulse adsorptive stripping
voltammetric (DPAdSV) curves were recorded from 0 to 2 V with an amplitude (AEA) of
150 mV, a scan rate (v) of 250 mV s, and a modulation time (t,) of 10 ms. The background
curve was subtracted from each voltammogram. The average values of peak current (I,)
are shown with the standard deviation of n = 3.

2.5. HPLC/PDA Analysis

For high-performance liquid chromatography photodiode array detection (HPLC/PDA),
a mixture of acetonitrile and water with 0.025% of trifluoroacetic acid was used as mobile
phase. The acetonitrile concentration in the eluent increased constantly from 12 to 80%
during 0-30 min. The flow rate was 1.0 mL min~! and temperature was set at 25°C. The
injection volume was 20 uL. All samples were analyzed in triplicate, at a wavelength of
248 nm, 273 nm, and 277 nm for paracetamol, tramadol, and diclofenac, respectively.

2.6. Real Sample Analysis

Bystrzyca river water (Lublin, Poland), pharmaceuticals (first tablets containing PA
(325 mg) and TR (37.5 mg) (Polfarmex S.A., Kutno, Poland) and second tablets containing
DF (25 mg) (GSK, Brentford, UK)), and normal human serum from Merck (Darmstadt,
Germany) were tested. River water samples were spiked with appropriate concentrations
of the analytes and filtered through a 0.45 um Millipore filter. Pharmaceuticals were
prepared as follows. Three tablets of each drug were weighed and the average tablet
weights were determined. Then, the three tablets of each drug were powdered in a mortar
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and the samples with corresponding average weight of one tablet were dissolved in 100 mL
of deionized water. The samples were subsequently placed in an ultrasonic bath for 10 min
and filtered through a 0.45 um Millipore filter. Frozen human serum was thawed at room
temperature. Then, 100 uL of the human serum sample 100 times diluted in deionized water
spiked with appropriate concentrations of the analytes was transferred to a centrifugal
tube, mixed with 50 pL of 7.5% (w/v) trichloroacetic acid solution (Sigma-Aldrich) for
protein precipitation, centrifuged at 4000 g for 10 min, and filtered through a 0.45 um
Millipore filter. The collected supernatant was analyzed in triplicates by the optimized
voltammetric procedure and HPLC/PDA methods.

3. Results and Discussion
3.1. Microscopic and Electrochemical Characteristic of Sensors

The preliminary studies (Figure 1A) showed that the application of electrochemical
treatment of the SPCE surface with H,O, [34] shifts the peak potentials of PA, DF, and TR
towards less positive potential values (0.35 vs. 0.26 V for PA, 0.56 vs. 0.50 V for DF, and 1.19
vs. 1.17 V for TR) and contributes to a significant enhancement of the analytical signal of TR
(1.6 vs. 2.6 pA for 2.0 x 1075 mol L), with a statistically insignificant change in the peak
current of PA and DF. The surface morphology of the bare SPCE and the electrochemically
activated screen-printed carbon electrode (aSPCE) was examined by SEM. It was found that
electrochemical activation leads to visible changes on the surface of the working electrode
as the number and size of the pores increase (Figure 1B,C). This is because the organic
ink constituents or contaminants introduced into the printing stage can be removed by
electrochemical treatment in H,O, [34].

Figure 1. (A) Voltammograms of 2 X 10 mol L 1PA,1x 107" molL 1 DF, and 2 x 1075 mol L ! TR in 0.1 mol L.~}
CH3COOH/CH3COONa buffer of pH 4.0 £ 0.1 recorded at the bare SPCE (a) and electrochemically activated SPCE (b).
The DPAdSV parameters: Eyec. of —0.25V, tace. 0f 30's, AEA of 50 mV, ty, of 50 ms, and v of 140 mV s~ 1. SEM images with
25,000 x magnification of bare SPCE (B) and aSPCE (C).

Further modification of the activated electrode surface with sodium dodecyl sulfate
during the analysis of PA, DF, and TR in a supporting electrolyte solution containing SDS
allows for a significant increase in the TR peak (0.74 vs. 1.7 pA for 5.0 x 107® mol L™!
of TR and 15 mg L~! SDS), with a statistically insignificant change in the peak current
of PA and DF (Figure 2A). Figure 2B shows the changes in the intensity of the TR peak
current with the changing concentration of SDS. The oxidation peak current increased with
the concentration of SDS, increasing from 0 to 15.0 mg L™}, and the response decreased
when the amount of SDS further increased. The increase of the TR peak current can be
explained by the electrostatic attraction between TR cations (the acidic environment) and
polar groups (‘heads’) of the SDS molecules [1]. While the excess of SDS immobilizes
the electrode surface, the film becomes detached and decreases the adsorption amount
of tramadol. The surface morphology of the activated electrode surface modified with
sodium dodecyl sulfate (aSPCE/SDS) imaged using SEM does not differ from the un-
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modified electrode (aSPCE) (results not shown). This is because the used concentration
of SDS is below the critical micelle concentration and the surfactant in agglomerates is
not visible [40]. Moreover, the influence of other surfactants (Triton X-100 and CTAB)
on the analytical signals of PA, DF, and TR at the aSPCE was studied (see Section 3.5).
However, the PA, DF, and TR signals decreased in the presence of CTAB and Triton-X in
the supporting electrolyte.

TR 4=
B
L] L'SDS
szzusns I E
15mg L' SDS 1.6 - I
= 3
= 1.2
—ﬂ.
0.8
E 3
T T 1T + 1 Y1771 717 T T T
0 04 0.8 1.2 1.6 0 5 10 15 20 25
E[V] Cgps [mg L]

Figure 2. (A) Voltammograms of 2 x 10 mol L1 PA,1 x 1077 mol L~! DE and 5.0 x 10~ mol L~! TR in 0.1 mol L~}
CH3COOH/CH3COONa buffer of pH 4.0 = 0.1 containing 0, 5, and 15 mg L~! SDS. (B) Influence the SDS concentration on
voltammetric response of 5.0 x 107¢ mol L~! TR. The DPAJSV parameters as in Figure 1A.

In order to characterize the influence of the modifications on the electrochemical
properties of the sensor, measurements using electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) were performed. The impedance spectra (Nyquist plots)
were recorded at a potential of 0.25 V in the frequency range from 10 kHz to 0.1 Hz, from
a solution of 0.1 mol L~! CH3COOH/CH3COONa buffer of pH = 4.0 & 0.1 containing
1 x 1073 mol L™! PA, DF, or TR. As can be seen in Figure 3A obtained for the supporting
electrolyte containing PA (selected example), electrochemical activation of the electrode
causes a significant reduction in the value of the charge transfer resistance (Rc) (red curve)
compared to the unactivated electrode (blue curve) (388.7 vs. 950.6 () cm?). It has also
been shown that the modification of the aSPCE surface with SDS causes a slight increase in
Rt (black curve) compared to the activated electrode (388.7 vs. 487.6 Q) cm?). In addition,
the active surface areas (Ag) of the SPCE, aSPCE, and aSPCE/SDS were calculated using
the Randles—Sevcik equation [47]. Figure 3B shows the relationship between anodic peak
currents (Ip) and the square root of the scan rates (v!/2). For the bare SPCE, aSPCE, and
aSPCE/SDS, the A is equal to 0.056, 0.054, and 0.059 cm?, respectively. The Ag is almost
the same for all studied electrodes.

To sum up, the SPCE morphology surface changed greatly after electrochemical
treatment with H,O,. This contributes to lowering the charge transfer resistance of the
electrode. The SDS modification slightly increases the charge transfer resistance of the
activated electrode but does not block the electrode surface, whereas the active surface
areas for the bare SPCE, aSPCE, and aSPCE/SDS are almost the same.
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Figure 3. (A) Nyquist plots of SPCE (a), aSPCE (b), and aSPCE/SDS recorded at a potential of 0.25V,
in the frequency range from 10 kHz to 0.1 Hz, from a solution of 0.1 mol L~! CH3COOH/CH3COONa
buffer of pH = 4.0 + 0.1 containing 1 x 1072 mol L~! PA. (B) Dependence between anodic peak
currents and the square root of scan rates obtained in 0.1 mol L~! KCI containing 5.0 mmol L~!
K3[Fe(CN);] at the SPCE (a), aSPCE (b), and aSPCE/SDS (c), v range: 5.0-500 mV s 1.

3.2. Influence of pH

The effect of the type and pH of the supporting electrolyte on the signals of 2 x
107® mol L™' PA, 1 x 107 mol L™! DF, and 2 x 107> mol L~! TR was investigated for
0.1 mol L~ ! of H,SO,, CH3COOH solutions, and CH;COOH/CH3;COONa buffers with
pHof35+0.1,40+0.1,45+0.1,50+0.1,55 £ 0.1, and 6.0 = 0.1. The corresponding
data are presented in Figure 4A. As can be seen for the simultaneous determination of PA
and TR, a sulfuric acid solution should be used as the supporting electrolyte. However,
in the case of the simultaneous determination of PA, DF, and TR, the acetate buffer at pH
of 4.0 & 0.1 is the best choice considering the peak currents. In addition, the influence of
the concentration of the selected supporting electrolyte on the voltammetric response of
the analytes was also checked (Figure 4B) and it was shown that the highest peak current
values were obtained for 0.075 mol L~! CH3COOH/CH3COONa bulffer of pHof 4.0 £0.1,
hence it was used for further research.

3 ‘98B i E E 3
® & eorr k3 * & oPr
¥ * & eoF & & ooF
5 * ¢ Om 3 ¢ ¢ ¢w
3 <
4 — =2
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Figure 4. Effect of pH (A) and the concentration of the CH;COOH/CH3COONa buffer solution with a pH of 4.0 £ 0.1 (B)
on the signals of 2 X 10 molL 1 PA,1 x 1077 mol L~ DE, and 2 x 10~° mol L~! TR. The DPAdSV parameters as in

Figure 1A.
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3.3. Adsorption Studies

The information on the electrochemical response of PA, DE, and TR on the aSPCE/SDS
was obtained from the analysis of differential capacity curves. For each analyte, measure-
ments were made at a frequency of 200 Hz in the potential range of —0.1 to 2 V. Based
on the obtained results, it can be concluded that the SDS used as a modifier adsorbs onto
the aSPCE surface, which is evidenced by the difference in the curves of the double layer
interface aSPCE /acetate buffer of pH = 4.0 in the absence and presence of 15 mg L~!
SDS (Figure 5A). No adsorption peaks of any of the analytes occurred in the potential
range used. However, in the presence of PA, a desorption peak can be seen at a potential
of 0.25V, the height of which increases with the increasing concentration of PA in the
solution (Figure 5B). This proves the strong adsorption of PA. In the case of adding DF,
for a concentration of 2 x 10 mol L' and higher, two very small desorption peaks (0.3
and 0.45 V) can be noticed, which may indicate slight adsorption of this analyte on the
aSPCE/SDS surface (Figure 5C). Figure 5D shows the differential capacity curves recorded
for increasing TR concentrations. No peak was observed here, which makes it possible
to conclude that TR existing in the cationic form reaches the electrode by diffusion and
becomes electrostatically attracted by the surface adsorbed SDS anions.

0.011 —
B

C, [WF cm?]
|

0.005 Y

0.004

15 2 25 0 0.5 15 2 25

1 1
E[V] E[V]

Figure 5. The differential capacity-potential curves of the double layer interface aSPCE/acetate buffer of pH = 4.0 £ 0.1 in
the presence of: (A) 0 (a) and 15 (b) mg L~! SDS, (B) 15 mg L' SDSand (a) 2 x 10~7, (b) 2 x 1074, (c) 2 x 107>, (d) 2 x
104 mol L' PA, (C) 15mg L~ SDS and (a) 2 x 107, (b) 2 x 107, (c) 2 x 107> mol L~! DF, (D) 15 mg L~! SDS and (a) 2
%1077, ()2 x 107°, (c) 2 x 107" mol L~! TR.
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3.4. Optimization of Procedure Parameters

In order to find the most optimal conditions for the analysis of PA, DF, and TR at the
aSPCE/SDS, the effect of parameters such as the accumulation potential (Ec..) and time
(tacc.), amplitude (AE,), scan rate (v), and modulation time (t) on the peak currents was
investigated. The effect of Ea.c was tested in the range from 0 to —0.5 V with the t,.. of
30 s. The highest signals were obtained at a potential of —0.4 V (Figure 6A). Then, for the
selected value of the potential, the effect of tacc. in the range of 15-300 s was investigated.
The tacc. of 120 s was chosen (Figure 6B), but the accumulation stage can be extended to
obtain lower detection limits.

25 A 2 — B
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g ® & oOF * & o0F
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Figure 6. Influence of Eacc. (A) and tacc. (B) on voltammetric response of 2 x 107 mol L1 PA, 1 x 1077 mol L~ DF, and 1
x 1075 mol L~ITR. The DPAdSV parameters: AE5 of 50 mV, t of 50 ms, and v of 140 mV s L,

The AE varied from 25 to 175 mV. For further experiments, the value of 150 mV was
selected (Figure 7A). Then, the effect of v in the range of 50-300 mV s~ ! was checked. It
was found that the highest PA and DF signals were recorded for v equal to 250 mV s~ ! and
this value was considered as the most optimal. For v equal to 300 mV s~!, the TR peak was
higher, but the PA and DF signals decreased (Figure 7B). The last analyzed parameter was
tm checked in the range of 2 to 40 ms. The highest signals of all three tested compounds
were recorded for the ty, of 10 ms (Figure 7C).
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Figure 7. Influence of AEA (A), v (B), and tm, (C) on voltammetric response of 2 x 10~ mol L~1PA, 1 x 107 mol L~ DF,
and 1 x 1072 mol L~ ! TR. The DPAdV parameters: E,cc. of —0.4 V and tacc. of 120 s.
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3.5. Selectivity

In the optimized conditions, the influence of potential interferents on the determi-
nation of PA, DE, and TRA was investigated. The tolerance limit was defined as the
concentration, which gave an error of < 10% in the determination of 5 x 10~® mol L~1 PA,
2 x 1077 mol L~! DF, and 2 x 10~ mol L~! TR. It needs to be highlighted that the addition
of 1.0 x 1072 mol L~! DTPA to the supporting electrolyte solution was applied. This was
to minimize the interference from metal ions due to their complexation with DTPA. It was
noticed that an excess of glucose (up to 100-fold), ascorbic acid (up to 10-fold), Fe(Ill) (up
to 10-fold), Ca(Il) (up to 40-fold), Cu(Il) (up to 2-fold), Mg(II) (up to 100-fold), Cd(Il) (up
to 10-fold), Pb(II) (up to 1000-fold), Ni(Il) ions (up to 10-fold), Mo(VI) (up to 200-fold),
and CI(-I) (up to 20-fold) had negligible effects on the assay of PA. It was observed that an
excess of glucose (up to 2500-fold), ascorbic acid (up to 100-fold), Fe(IlI) (up to 100-fold),
Ca(II) (up to 100-fold), Cu(Il) (up to 25-fold), Mg(II) (up to 500-fold), Cd(II) (up to 10-fold),
Pb(II) (up to 1000-fold), Ni(Il) (up to 25-fold), Mo(VI) (up to 500-fold), and CI(-I) (up to
2500-fold ex) had negligible effects on the assay of DF. Moreover, an excess of glucose (up
to 2500-fold), ascorbic acid (up to 5-fold), Fe(Ill) (up to 100-fold), Ca(Il) (up to 500-fold),
Cu(II) (up to 10-fold), Mg(II) (up to 250-fold), Cd(II) (up to 25-fold), Pb(II) (up to 1000-fold),
Ni(II) (up to 25-fold), Mo(VI) (up to 50-fold), and CI(-I) (up to 25-fold) had negligible effects
on the assay of TR.

Due to the fact that natural waters contain surfactants with a surface active effect
comparable to the effect of 0.2 to 2 mg L1 of Triton X-100 [48], the influence of 2 mg L1 of
Triton X-100 on the voltammetric response of 5 X 10 mol L1 PA, 2 x 10~7 mol L~! DE,
and 2 x 107® mol L~! TR was investigated. Moreover, the influence of cationic surfactant
(CTAB) was studied. As can be seen in Figure 8, the adsorption of SDS on the aSPCE
surface contributes to minimizing the effect of the surfactants (Triton X-100 and CTAB) on
the analytical signal of all analyzed substances. In the presence of 2 ppm of Triton X -100,
2 ppm of CTAB, and 15 mg L~! SDS in the supporting electrolyte, the signals do not fall
below 60% of their original values and are well formed and easy to measure.

3.6. Analytical Characteristic

Under the optimized conditions, the ability of the aSPCE/SDS for individual and
simultaneous determination of PA, DF, and TR was studied. The results are summarized in
Table 1. Figure 9 shows the voltammograms and linear ranges of the calibration plots ob-
tained during simultaneous determination of PA, DF, and PA. The limits of detection (LOD)
and quantification (LOQ) obtained during simultaneous determination of PA, DF, and TR
are 14.87,0.21, and 1.71 nmol L1, and 49.56, 0.69, and 5.69 nmol L1, respectively, accord-
ing to the definitions of LOD = 3SD, /b and LOQ = 10SD, /b (SD,—standard deviation of
intercept (n = 3); b—slope of calibration curve) [49]. Table 2 shows the comparison tech-
niques used for the determination of PA, DF, and TR. It should be clearly emphasized that
the proposed voltammetric procedure using the aSPCE/SDS mostly allows a significantly
lower LOD to be obtained than those obtained for other techniques [7-12,14,16-18 47].
In the case of the article [9], the calculated LOD of TR is lower (5.33 x 10710 vs. 1.71 x
1072 mol L™1), but the first concertation of TR from the calibration graph is higher than
the one obtained at the aSPCE/SDS (1.67 x 108 vs. 1.0 x 1078 mol L!). On the other
hand, in the article [15], the LOD is equal to the first concertation of TR, which is incorrect.
Moreover, both techniques [9,15] require more expensive equipment, the procedures are
more laborious, and more reagents are used. Furthermore, it should be emphasized that
this is the first electrochemical sensor for simultaneous determination of PA, DF, and TR.
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B g L CTAB

[ 2mg L CTAB + 15 mg L SDS
I 2 mg L' Triton X-100

120 — I 2 mg L Triton X-100 + 15 mg L' SDS

80 — I I

40 —

Relative signal [%]

PA DF TR

Figure 8. Influence of 2 ppm Triton X-100 and CTAB on voltammetric response of 5 x 107¢ mol L1
PA,2 x 1077 mol L~! DF, and 2 x 10~ mol L~! TR in the absence and presence of 15 mg L1 SDs.

Table 1. Analytical parameters obtained for individual and simultaneous determination of PA, DF, and TR at the aSPCE /SDS.

Parameter PA DF TR PA, DE, and TR
50-20,000 (PA)
. 1 g ~ 10-200 1-200 (DF)
Linear range (nmol L") 50-100000 1-200 200-2000 10-200 (TR)
200-2000 (TR)
Calibration graph equation I, = 0.44cpp +0.10
I, (uA) I, =5.95ctRr + 0.33 I, = 11.62cpf + 0.024
p I, = 0.30 0.77 I, =14.27 0.063 P P DF
cpa (umol L™1) P e P coF T I, = 1.63crg + 1.31 I, = 5.51crg + 034
cpr (nmol L~1) I, =161lcr +123
crr (umol L~1) 0.9983 (PA)
. .- 0.9940 0.9996 (DF)
Correlation coefficient (r) 0.9947 0.9967 0.9947 0.9945 (TR)
0.9952 (TR)
14.87 (PA)
LOD (nmol L~1) 12.93 0.12 2.47 0.21(DF)
1.71 (TR)
49.56 (PA)
LOQ (nmol L~ 1) 43.09 0.39 8.24 0.69 (DF)
5.69 (TR)

Additionally, the precision was verified for the determination of 5 x 10~® mol L~!
PA,2 x 1077 mol L~! DF, and 2 x 1077 mol L~! TR with ten replicates. The results were
2.7,1.2, and 1.8%, respectively, indicating the satisfactory repeatability of the signals at the
aSPCE/SDS. The reproducibility was assessed based on voltammograms registered in the
solution containing 1 x 107® mol L' PA, 1 x 1078 mol L~! DF,and 2 x 107 mol L~! TR
at three freshly prepared electrodes. The RSD was calculated as 2.5, 3.1, and 3.5% (n = 6),
respectively, confirming the acceptable reproducibility of the aSPCE/SDS.
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Figure 9. (A) Voltammograms obtained at the aSPCE/SDS in 0.075 mol L~ CH3COOH/CH;3COONa buffer solution of
pH 4.0 £ 0.1 containing increasing concentrations of PA (a—i, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 pmol L_l), DF (a—i, 0.001,
0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.2 umol L™1), TR (a—i, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 2 umol L~1). (B) Segment
of voltammograms (A) in the potential range of 0.1-0.7 V. Linear range of the calibration curve of PA (C) and DF (D,E)
Segment of voltammograms (A) in the potential range of 0.9-1.4 V. (F) Linear ranges of the calibration curve of TR. The
DPAdSV parameters: Eqee. of —0.4 'V, tace. 0of 120 s, AEA of 50 mV, ty, of 10 ms, and v of 250 mV s 1L
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Table 2. Comparison of techniques for analysis of PA, DF, and TR.
Method Analyte Linear Range (mol L-1) LOD (mol L-1) Application Ref.
HPLC PA 5.74 x 104-9.93 x 10~* 1.50 x 10~5 Pharmaceutical 7]
formulations
3.14 x 1079-2.30 x 107° 3.77 x 10710 Hospital wastewater,
HPLC DF 1.26 x 1078-1.97 x 10~° 1.57 x 107? human serum (8]
HPLC TR 1.67 x 1078-1.0 x 10~° 5.33 x 1010 Urine, plasma [9]
LC-MS/MS PA 8.28 x 1077-3.31 x 10~* 221 x 1078 Human plasma [10]
LC-MS/MS DF 1.57 x 1078-3.14 x 107> 6.29 x 107° Cow plasma [11]
LC-MS/MS TR 6.67 x 10-5-833 x 107 8.66 x 10~ Pharmaceutical [12]
ormulations
GC-MS PA 497 x 1074-331 x 1073 132 x 1074 P?armace‘.mcal [47]
ormulations
GC-MS DF 7.86 x 10710157 x 1077 3.93 x 10710 Human plasma [14]
1.50 x 1072-1.0 x 10~ 1.50 x 10~? Plasma,
GC-MS TR 1.83 x 1078-8.33 x 10~7 8.33 x 107° urine, [15]
8.33 x 107°-1.0 x 10~° 267 x 107° saliva
Pharmaceutical
. —4 -
Spectrophotometry PA 0-9.94 x 10 formulations [16]
Pharmaceutical
—5_ —4 _
Spectrophotometry DF 1.57 x 107°-2.52 x 10 formulations [17]
Pharmaceutical
—6_ -5 _
Spectrophotometry TR 5.67 x 107°-1.43 x 10 formulations [18]
PA 5.0 x 1078-2.0 x 1075 1.49 x 1078 River water, .
DPAdSV DF 1.0 x 1079-2.0 x 107 2.10 x 1010 human serum, This work
1.0 x 1078-2.0 x 1077 9 pharmaceutical
TR 2.0 x 1077-2.0 x 10~ 171x 10 formulations

3.7. Sample Analysis

In order to confirm the usefulness of the developed voltammetric procedure at the aS-
PCE/SDS, the simultaneous determination of PA, DF, and TR was carried out in Bystrzyca
river water samples and human serum samples, the results of which are presented in
Table 3. The recovery values obtained by DPV were between 97.0 and 102.0%, which
corresponds to a satisfactory degree of accuracy of the method. The HPLC/PDA was
used as a comparative method for the determination of PA, DF, and TR in river water
and human serum samples. However, the concentrations of PA, DF, and TR were below
the detection limits of the chromatographic method. The calculated LOD by HPLC/PDA
for PA, DF, and TR was 2.4 x 1077,52 x 1077, and 2.7 x 1077 mol L1, respectively.
Moreover, the contents of the analytes, PA and TR in the pharmaceutical tablets 1 and DF in
the pharmaceutical tablets 2, were determined. The results are summarized in Table 4. The
obtained values are consistent with the values declared by the manufacturer. The calculated
relative errors (0-2.1%) indicated that there were no important matrix interferences for the
pharmaceuticals analyzed by the proposed DPAdSV procedure at the SPCE/SDS.

Table 3. The results of simultaneous PA, DF, and TR determination in river water and human serum samples.

PA Concentration (nmol L=1) 4 SD (n = 3)

Sample Recovery * (%)
Added Found DPAdSV Found HPLC/PDA
Bystrzyca river 0 <LOD <LOD -
200 191 £9.0 <LOD 97.0
Human serum 0 <LOD <LOD -
200 204 +1.2 <LOD 102.0
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Table 3. Cont.

DF concentration (nmol L~1) 4 SD (n = 3)

Sample Recovery * (%)
Added Found DPAdSV Found HPLC/PDA
Bustr ; 0 <LOD <LOD -
ystrzyca vet 20 20.1 +0.2 <LOD 100.5
Human serum 0 <LOD <LOD -
20 19.7 £1.0 <LOD 98.5
TR concentration (nmol L~10 + SD (n = 3)
Sample Recovery * (%)
Added Found DPAdSV Found HPLC/PDA
Bust . 0 <LOD <LOD -
ystrzyca rivet 20 204 + 0.6 <LOD 102.0
Human serum 0 <LOD <LOD -
20 20.0+0.4 <LOD 100.0

* Recovery (%) = (Found DPAdASV x 100)/Added.

Table 4. The results obtained during the determination of PA, DF, and TR in pharmaceutical formulations at the aSPCE/SDS.

Tablets Compound Label Value (mg) Determined DPAASV (mg) £ SD (n = 3) Relative Error * (%)
1 PA 325.0 3213 £3.8 1.1
TR 375 383+21 2.1
2 DF 25.0 25.0 £ 0.64 0.0

* Relative error (%) = (| DPAdSV value — label value | /label value) x 100.

4. Conclusions

In summary, in this study, an electrochemically activated screen-printed carbon elec-
trode modified with sodium dodecyl sulfate (aSPCE/SDS) was introduced for the first time
for the simultaneous analysis of paracetamol (PA), diclofenac (DF), and tramadol (TR). The
electrochemical activation of the SPCE surface using CV in acetate buffer of pH =4.0 + 0.1
containing H,O, significantly changes the electrode surface morphology and reduces the
charge transfer resistance. The modification with SDS allows for the enhancement of the
TR signal, while not negatively affecting the PA and DF signals, and greatly minimizes the
influence of surfactants (Triton X-100 and CTAB) on the analytical signal of all analyzed sub-
stances. The DPAdSV procedure with the aSPCE/SDS allows for selective determination
of low PA, DF, and TR concentrations. The LODs and LOQs obtained during simultaneous
determination of PA, DF, and TR are 14.87 and 49.56 nmol L1, 0.21 and 0.69 nmol L1,
and 1.71 and 5.69 nmol L~!, respectively. The developed sensor was successfully used to
determine PA, DF, and TR in river water and human serum samples as well as in phar-
maceutical preparations. The concentrations of PA, DF, and TR determined by DPAdSV
method in river water and human serum samples were below the detection limits of the
chromatographic method (HPLC/PDA). The obtained results show that the procedure can
be used as a quick, simple, and cheap alternative to other methods. Moreover, it should be
highlighted that the further advantage of the aSPCE/SDS sensor is it portability, which is
very promising for quick field analysis.
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Abstract: In this paper, a screen-printed boron-doped electrode (aSPBDDE) was subjected to electro-
chemical activation by cyclic voltammetry (CV) in 0.1 M NaOH and the response to rifampicin (RIF)
oxidation was used as a testing probe. Changes in surface morphology and electrochemical behaviour
of RIF before and after the electrochemical activation of SPBDDE were studied by scanning electron
microscopy (SEM), CV and electrochemical impedance spectroscopy (EIS). The increase in number
and size of pores in the modifier layer and reduction of charge transfer residence were likely respon-
sible for electrochemical improvement of the analytical signal from RIF at the SPBDDE. Quantitative
analysis of RIF by using differential pulse adsorptive stripping voltammetry in 0.1 mol L~! solution
of PBS of pH 3.0 £ 0.1 at the aSPBDDE was carried out. Using optimized conditions (Eacc of —0.45V,
tacc 0f 120's, AE of 150 mV, v of 100 mV s~! and tr, of 5 ms), the RIF peak current increased linearly
with the concentration in the four ranges: 0.002-0.02, 0.02-0.2, 0.2-2.0, and 2.0-20.0 nM. The limits of
detection and quantification were calculated at 0.22 and 0.73 pM. The aSPBDDE showed satisfactory
repeatability, reproducibility, and selectivity towards potential interferences. The applicability of
the aSPBDDE for control analysis of RIF was demonstrated using river water samples and certified
reference material of bovine urine.

Keywords: electrochemically activated screen-printed boron-doped diamond sensor; first screen-
printed sensor for rifampicin determination; differential pulse adsorptive stripping voltammetry;
river water and urine samples

1. Introduction

Rifampicin (RIF) ((3-[[(4-methyl-1-piperazinyl)-imino]-methyl])-rifamycin) is a semi-
synthetic macrocyclic antibiotic, which is a derivative of rifamycin antibiotics produced
by fermentation of the strain Streptomyces mediterranei. Rifampicin is an odorless red
powder that is very slightly soluble in water, acetone, alcohol, and ether. It is soluble in
methanol and ethyl acetate, and easily soluble in chloroform [1,2]. Rifampicin is a first-
line antibiotic along with isoniazid, pyrazinamide, ethambutol, and streptomycin in the
treatment of pulmonary and extrapulmonary tuberculosis and has a unique role in killing
semi-dormant tubercle bacilli (Mycobacterium tuberculosis) [3]. In a standard treatment
procedure for tuberculosis, all four drugs are administered in various combinations over
the first 2 months, and isoniazid and rifampicin are continued for the next 4 months [4]. RIF
is also used for the treatment of leprosy, and some types of osteomyelitis and endocarditis.
The action of this antibiotic is based on the inhibition of DNA-dependent RNA polymerase
in bacterial cells, resulting in suspending their growth [5].
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Inappropriate dosage during the long-term treatment period often leads to drug
resistance and even death despite the disease being curable. Therefore, possible drug
dosing irregularities are monitored. The simplest approach to detecting dosing abnor-
malities is to assess the patients’ urine levels of rifampicin. Therefore, many methods
are used to determine rifampicin, including supercritical fluid chromatography (SFC) [2],
high-performance liquid chromatography (HPLC) [3], fluorescence quenching [4], liquid
chromatography-tandem mass spectrometry (LC-MS/MS) [5-7], ultra performance liquid
chromatography (UPLC) [8], and spectrophotometry [1,9]. Electrochemical methods such
as amperometry [10] and voltammetry [11-13] are also used here.

One of the popular electrodes working in voltammetry is a boron-doped diamond
electrode (BDDE), which is an alternative to classical carbon electrodes. A diamond, a
wide gap insulator, can be converted into a metal conductor with strong boron doping [14].
Most BDDEs are produced by the chemical vapor deposition technique and the properties
of the electrode can be manipulated depending on the doping agent (B and C), surface
termination, impurity level (sp3/sp2 ratio), morphological factors, and crystallographic
orientation [15]. The BDDE provides superior chemical stability, low background current,
a very wide potential window of water stability, low double-layer capacitance, chemical
inertness, and long life-time [16,17]. One of the most valuable properties of BDDEs is
the electrogeneration of hydroxyl radicals under polarization at high anodic potentials
resulting in a low electrochemical activity for the oxygen evolution reaction and a high
chemical reactivity for organics oxidation [18]. Furthermore, BDDEs are stable at extreme
temperatures and pressures and resistant to fouling, so are ideal for the application of
portable sensors for in situ measurements over extended periods of time, even in harsh
environments [19].

The aim of the work presented here was to develop a simple, fast and highly sensitive
voltammetric procedure for the determination of RIF in urine and water samples using an
electrochemically activated screen-printed boron-doped diamond electrode (aSPBDDE). It
should be noted that for the first time rifampicin was determined using a screen-printed
Sensor.

2. Materials and Methods
2.1. Apparatus

Voltammetric experiments were undertaken using a pAutolab analyzer (Eco Chemie,
Utrecht, The Netherlands) controlled by GPES 4.9 software. The measurements were per-
formed in a classic electrochemical cell with a commercially available screen-printed sensor
(Metrohm-DropSens, Oviedo, Spain). The same analyzer controlled by FRA 4.9 software
was also used to record Nyquist plots in the electrochemical impedance spectroscopy (EIS)
method. The three-electrode sensor consisted of a boron-doped diamond (BDD) working
electrode, a carbon auxiliary electrode, and a silver pseudo-reference electrode. In order
to characterize the aSPBDDE, the optical profiles and the microscopic images of the sen-
sors were recorded using a Contour GT-K1 optical profilometer (Veeco, New York, NY,
USA) and a high-resolution scanning electron microscope Quanta 3D FEG (FEI, Hillsboro,
OR, USA). The optical profiles were obtained using vertical scanning interferometry (VSI)
mode with magnification of 40x. The SEM experiments were carried out under conditions
(acceleration voltage of 5.0 kV, horizontal field width of 5.97 um, working distance of
9.8 mm, magnification of 25,000 x). Chromatographic measurements were performed on a
VWR Hitachi Elite LaChrom HPLC system equipped with a spectrophotometric detector
(PDA), an XB-C18 reversed phase core-shell column (Kinetex, Phenomenex, Aschaffenburg,
Germany) (25 cm x 4.6 mm i.d., 5 pm), and EZChrom Elite software (version 3.2 SP2,
Merck, Germany).

2.2. Reagents and Solutions

Rifampicin (Sigma-Aldrich, Darmstadt, Germany) was dissolved in ethanol to prepare
1.0 mM stock solution. This solution was diluted in 0.1 M phosphate buffer saline (PBS)
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with a pH value of 7.5 £ 0.1. The dilutions were prepared each day. The effect of the pH
of the supporting electrolyte on the RIF signal was investigated using 0.1 mol L~! PBS
solutions with a pH value of: 3.0 £0.1,4.5+0.1,6.0 £0.1,7.5 £ 0.1,85 £ 0.1,9.5 £ 0.1,
and 11.0 &£ 0.1. The effect of inorganic interferences was examined using standard solutions
(Merck) of: Mg(Il), Ca(II), Cu(ll), Cd(Il), Pb(II), Ni(II), Fe(Ill), and V(V). The influence
of organic substances was checked for reagents purchased from Sigma-Aldrich: glucose,
ascorbic acid, dopamine, epinephrine, uric acid, acetylsalicylic acid, amoxicillin, and from
Fluka—Triton X-100. Acetonitrile and trifluoroacetic acids (TFA) were HPLC-grade (Merck,
Darmstadt, Germany). All solutions were prepared using ultrapurified water (>18 MW cm,
Milli-Q system, Millipore, UK).

2.3. Preparation of Activated Screen-Printed Boron-Doped Diamond Electrode (aSSPBDDE)

Before each series of measurements (after each solution change in the electrochemical
cell), the SPBDDE was electrochemically activated. The activation consisted of five voltam-
metric cycles between 0 and 2 V at a scan rate of 100 mV s~! in a solution of NaOH at a
concentration of 0.1 M. After activation, the sensor was rinsed with deionized water and
used for RIF determination.

2.4. Rifampicin (RIF) Differential Pulse Adsorptive Stripping Voltammetric (DPAdSV) Analysis

Voltammetric analysis of RIF under optimized conditions were carried out in 0.1 M
solution of PBS (pH of 3.0 & 0.1). An accumulation potential (Eacc) of —0.45 V was applied
during stirring for 120 s (accumulation time—t,cc). The differential pulse adsorptive strip-
ping voltammetric (DPAdSV) curves were recorded in the potential range from —0.25to 1V
with an amplitude (AE) of 150 mV, a scan rate (v) of 100 mV s~ !, and a modulation time
(tm) of 5 ms. The background curve was subtracted from each voltammogram. The average
values of Ip are shown with the standard deviation of n = 3.

2.5. RIF High-Performance Liquid Chromatography (HPLC)/PDA Analysis

HPLC conditions were based on the literature [20]. Separation was achieved using
a mixture of acetonitrile and water with 0.025% of trifluoroacetic acid (50:50, v/v) as the
mobile phase. The flow rate was 1.0 mL min~! and temperature was set at 25 °C. The
injection volume was 20 pL. All samples were analysed in triplicate at a wavelength of
330 nm. Quantification was performed using the calibration curve constructed based on
peak areas of standard solutions of RIF.

3. Results and Discussion
3.1. Characteristics of aSPBDDE Sensors

According to the literature data, activation can functionalize the electrode surface,
increase the active surface, or remove surface contamination [21,22]. Therefore, in the
first stage of the research, electrochemical activation (five voltammetric cycles between
0and 2V at a scan rate of 100 mV s~ 1) in two different solutions (0.1 M NaOH and 0.1 M
acetate buffer of pH 4.0 containing 10 mmol L~! H,O,) was applied. The studies showed
that electrochemical activation of the electrode contributes to a significant increase in the
RIF peak current. The signals obtained showed that the activation with NaOH was much
more effective (Figure 1A). In order to test the influence of activation on the electrochemical
properties of the electrodes, measurements were performed using cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS). Impedance spectra (Nyquist plots) were
recorded in the frequency range from 1 MHz to 0.1 Hz at a potential of 0.2 V, from a solution
of 0.1 M KCl containing 5.0 mM K3[Fe(CN)¢]. As can be seen in Figure 1B, electrochemical
activation of the electrode (blue curve) significantly reduces the charge transfer resistance
(Ret) compared to the unactivated electrode (black curve) (105.4 vs. 286.5 () cm?). The
electrochemical activation of the SPBDDE changes the surface morphology, reduces the
Rt but does not change the active surface areas (As) of the SPBDDE and aSPBDDE, which
were 0.0146 + 0.000510 and 0.0157 4 0.000470 cm?, respectively. The active surface areas
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were calculated using CV measurements in 0.1 M solution of KCl containing 5.0 mM
K;3[Fe(CN)g] based on the Randles-Sevcik equation [23] and the dependence between
anodic peak currents and the square root of the scan rates (Figure 2).
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Figure 1. (A) Voltammograms of 0.2 nM rifampicin (RIF) in 0.1 M phosphate buffer saline (PBS) of pH 7.5 obtained at the
bare screen-printed boron-doped diamond electrode (SPBDDE) (a), electrochemically activated in 0.1 M acetate buffer of
pH 4.0 containing 10 mM H,O, SPBDDE (b) and electrochemically activated in 0.1 M NaOH SPBDDE (c). The differential
pulse adsorptive stripping voltammetric (DPAdSV) parameters: Eacc of —0.25 V, tacc of 60's, AE of 50 mV, v of 100 mV s~
and ty of 10 ms. (B) Nyquist plots of SPBDDE (a) and aSPBDDE (b).
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Figure 2. Cyclic voltammograms recorded in a solution of 0.1 M KCl containing 5.0 mM K3[Fe(CN)¢] at the bare SPBDDE

(A) and electrochemically activated in 0.1 M NaOH SPBDDE (B). (C) Dependence between anodic peak currents and the
square root of the scan rates for the bare SPBDDE (a) and aSPBDDE (b), v range of 50-400 mV s L.

The surface morphology of the bare SPBDDE and the electrochemically activated
electrode (aSPBDDE) was examined using scanning electron microscopy (SEM) and optical
profilometry. It was found that electrochemical activation causes visible changes in the
surface of the working electrode, increasing the number and size of pores in the modifier
layer located near the support surface (Figure 3A). This is related to the removal of organic
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binders existing on the electrode surface [21]. Changes in the structure of the electrode
surface after activation were also found using optical profilometry. The examination of the
electrodes using an optical profilometer showed an increase in surface roughness and total
height of the profile (R,: 0.451 and 0.517 um, and R¢: 7.833 and 10.627 pum for the SPBDDE
and the aSPBDDE, respectively) (Figure 3B).

Figure 3. (A) Scanning electron microscope (SEM) images and (B) optical profiles of SPBDDE (a) and aSPBDDE (b).

3.2. Influence of pH and Concentration of Supporting Electrolyte

In order to select the optimal pH of the base electrolyte, the electrochemical behavior
of 0.1 and 0.2 nM RIF in 0.1 M PBS was examined over a pH range of 3.0 to 11.0 (Figure 4A).
It was observed that, with increasing pH, the peak potential shifts to less positive potential
values. The maximum RIF peak current was observed at pH of 3.0 £ 0.1 and this value
was considered suitable for further studies. Moreover, the influence of PBS concentration
ranging from 0.025 to 0.175 M was checked (Figure 4B). The highest analytical signal of RIF
was obtained for 0.1 and 0.125 M PBS and, therefore, finally the concentration of 0.1 M PBS
pH 3.0 + 0.1 was considered optimal.
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Figure 4. Influence of pH value (A) and concentration of the PBS solution of pH 3.0 & 0.1 (B) on RIF peak current. The
DPAdSV parameters: Eacc of —0.25V, tacc of 60 s, AEA of 50 mV, v of 100 mV s~ 1 and ty, of 10 ms.

3.3. Cyclic Voltammetry (CV) Behaviour of RIF

The electrochemical behaviour of RIF was examined at the aSPBDDE in the 0.1 M
solution of PBS (pH of 3.0) containing 5.0 uM RIF using cyclic voltammetry and the
recorded voltammograms are depicted in Figure 5A. As can be seen, RIF was oxidized
quasi-reversibly. The partially reversible oxidation of RIF also occurs in voltammetric
procedures using a glassy carbon electrode modified with a gold nanoparticles/poly-
melamine nanocomposite [24] and a carbon paste electrode [25]. In the potential range
used, three anode peaks at potentials about —0.17, 0.10 and 0.75 V and two cathode peaks
at potentials about 0.02 and —0.25 V were visible (v = 100 mV s~!). Two protons and two
electrons are involved in the oxidation of RIF to RIF-quinone [24]. Taking into account
the peak current and signal repeatability, the second oxidation RIF peak at potential about
0.10 V was selected for studies. On the basis of the obtained values of the RIF oxidation
peak currents for the different scan rates from 15 to 500 mV s~ !, the relationship between
the peak current (Ip) and the square root of scan rate (v!/2) indicated that the oxidation
processes of RIF are controlled by diffusion at the aSPBDDE (Figure 5B). Moreover, the
relationship between the log of the peak current (log Ip) and the log of the scan rate (log v)
was plotted (Figure 5C). The slope of 0.77 observed in the plot of log Ip vs. log v indicated
that this process was not purely diffusion- or adsorption-controlled.
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Figure 5. (A) Cyclic voltammograms recorded in 0.1 M solution of PBS (pH 3.0 £ 0.1) containing 5.0 uM RIF at different

scan rates, (B) the dependence between Ip and v

1/2

, (C) dependence between log Ip and log v for v from 15 to 500 mV s~ L
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3.4. Optimization of DPAASV Parameters

In order to obtain the best analytical signal of RIF, the effect of various parameters,
including accumulation potential (Eacc) and time (tacc), amplitude (AE,), scan rate (v),
and modulation time (tm), on the RIF peak current was investigated. The influence of
Eacc on the RIF peak current was examined in the range from 0 to —0.7 V with the tacc of
60 s. The peak current increased strongly, reaching a maximum at a potential of —0.45 V.
As the potential was shifted towards more negative values, the peak current remained
almost constant, hence a potential of —0.45 V was chosen as the optimal RIF accumulation
potential (Figure 6A). For a potential of —0.45 V, the effect of accumulation time in the
range of 15-300 s was investigated. As can be seen in Figure 6B, taking into account the
highest peak currents of RIF, the tac of 300 s can be considered as an optimum. However,
in order to reduce analysis time, the t,.. of 120 s was selected for further experiments.
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Figure 6. Influence of Eacc (A) and tacc (B) on the analytical signal of 1.0 and 0.5 nM RIF, respectively.

For v of 100 mV s~ ! and t,, of 10 ms, the amplitude was varied from 25 to 200 mV.
The highest RIF signal was obtained at an amplitude value of 150 mV (Figure 7A). Then,
the effect of the scan rate, ranging from 25 to 200 mV g1 (AEA of 150 mV, ty, of 10 ms),
was tested. The RIF peak current reached its maximum value at a scan rate of 100 mV s,
while a further increase in the scan rate resulted in a significant decrease in peak current. A
scan rate of 100 was found to be optimal (Figure 7B). In addition, the modulation time was
varied from 2 to 40 ms (AEx of 150 mV, v of 100 mV sfl). For ty of 5 ms, the highest RIF
signal was obtained (Figure 7C).
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Figure 7. Effect of AEA (A), v (B) and t, (C) on analytical response of 0.5 nM RIF. The DPAdSV parameters: E,cc of —0.45V

and taec of 120 s.
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3.5. Interference Studies

In order to test the selectivity of the proposed sensor, the influence of interferents
potentially occurring in natural waters and biological fluids on the RIF voltammetric
response was tested (Figure 8). The tolerance limit was defined as the concentration that
gave an error of <10% in the determination of 0.5 nM RIF. The results obtained showed
that Mg(II) (up to 1000-fold excess), Ca(Il) (up to 1000-fold excess), epinephrine (EPI,
up to 400-fold excess), amoxicillin (AMX, up to 200-fold excess), Fe(IIl) (up to 100-fold
excess), Cd(II) (up to 100-fold excess), Cu(Il) (up to 100-fold excess), Pb(Il) (up to 100-fold
excess), Ni(Il) (up to 100-fold excess), V(V) (up to 100-fold excess), dopamine (DOP, up to
100-fold excess), ascorbic acid (AA, up to 100-fold excess), uric acid (UA, up to 100-fold
excess), acetylsalicylic acid (ASA, up to 100-fold excess), and glucose (GLU, up to 100-fold
excess) had negligible effects on the assay of RIF. Natural waters contain surfactants with
a surface active effect comparable to Triton X-100 in a concentration of 0.2 to 2 ppm [26].
For this reason, the DPAdSV response of 0.5 nM RIF in the presence of 2 ppm Triton X-100
was checked and it was found that the peak current did not change by more than £10%.
Interference studies showed that the developed procedure is characterized by satisfactory
selectivity and can be used for the determination of RIF in natural water samples and
biological fluids without a complicated sample preparation step.

300 —
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<
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s
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Mglll) Cdll) EPI AMX Fe(lll) Cd(ll) Cu{ll) Pb(ll) Ni(ll) V(V) DOP AA UA ASA GLU

Figure 8. Histogram bars of the RIF peak current in the presence of interferents.

3.6. Analytical Characteristic

Under optimized conditions, RIF was determined in the concentration range of
2 pmol L~1-20 nmol L~! using differential pulse adsorptive stripping voltammetry
(DPAASV). It was found that the RIF peak current increased linearly with the concen-
tration in the four ranges: 0.002-0.02 nM (I, [nA] = 2744.71 £ 71.52 X cgir [nM] + 16.64
+ 0.20), 0.02-0.2nM (I, [nA] = 620.36 + 21.52 X cgrr [NM] + 64.29 + 2.79), 0.2-2.0 nM
(Ip [nA]=133.23 4 8.54 X crir [nM] + 163.77 & 6.52), and 2.0-20.0 nM (I, [nA] = 38.020 =+
1.14 x crrp [nM] + 372.85 £ 19.54). Figure 9 shows the voltammograms and linear ranges
of the rifampicin calibration plots at the aSPBDDE. The limits of detection (LOD) and
quantification (LOQ) were calculated at 0.22 and 0.73 pM, respectively, according to the
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1200 —

definitions of LOD = 3SDa/b and LOQ = 10SDa/b (SDa—standard deviation of intercept
(n = 3); b—slope of calibration curve) [27].
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Figure 9. (A) DPAdSV curves recorded at the aSPBDDE in the PBS solution of pH 3.0 & 0.1 containing increasing
concentrations of RIF: (a) 0.002, (b) 0.005, (c) 0.01, (d) 0.02, (e) 0.05, (f) 0.1, (g) 0.2, (h) 0.5, (i) 1.0, (j) 2.0, (k) 5.0, (1) 10.0,
(m) 20.0 nM. (B) DPAASV curves for the RIF concentration: (a) 0.002, (b) 0.005, (c) 0.01, (d) 0.02 nM. (C) Calibration plot of
RIF. The DPAdSV parameters: Eacc of —0.45 V, tacc of 120 s, AE4 of 150 mV, v of 100 mV s~ 1 and ty, of 5 ms.

Table 1 presents a comparison of the different methods of RIF determination. It
should be clearly stated that the developed voltammetric procedure for the determination
of rifampicin enables the achievement of a much lower limit of detection than other
methods [1,3-5,8,10]. When it comes to voltammetry, there are only three procedures in the
literature in which the detection limit was lower than in this paper [28-30]. However, these
procedures require time-consuming preparation of working electrodes, which consists of
complex, multi-step modifier synthesis processes. Moreover, it is particularly noteworthy
that in this work a screen-printed sensor was used for the first time to quantify RIF.

Table 1. Comparison of different methods for RIF determination.

Method Linear Range (uM) LOD (uM) Application Ref.
Spectrophotometry 6.08-60.80 4.25 Pharmaceutical formulations [1]
Fluorescence quenching 0.61-1000.0 0.085 Human urine [4]
HPLC 0-2.0 5.86 Herbal extracts, liver microsomes [3]
LC-MS/MS 0.030-7.78 0.30 Human plasma [5]
UPLC 0.0790-31.60 - Human plasma [8]
Amperometry - 1.69 Pharmaceutical formulations, urine [10]

DPAdSV 0.0000020-0.020 0.00000022 Bovine urine, river water This work

Moreover, repeatability was checked for the determination of 0.1 nM RIF and a relative
standard deviation (RSD) of 2.5% (n = 10) was obtained. This RSD value proves the good
repeatability of the RIF analytical signal at the aSPBDDE. The reproducibility was assessed
on the basis of measurements made during the determination of 0.05 nM RIF at three
sensors. The RSD value was 5.2%, which confirmed the acceptable reproducibility of
the sSPBDDE.

3.7. Real Sample Analysis

In order to check the usefulness of the developed RIF determination DPAdSV pro-
cedure using the aSPBDDE, the analysis of the Bystrzyca river (Lublin, Poland) and
bovine urine (certified reference material, ERM-BB386, Sigma-Aldrich) samples was per-
formed. The measurements were done by voltammetric and chromatographic method
(HPLC/PDA). The results are shown in Table 2. After collecting samples from the river,
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they were filtered using 0.45 um Millipore filter and stored in the refrigerator. River wa-
ter samples spiked with 0.001 and 0.05 uM RIF and bovine urine samples spiked with
1.0 and 50.0 uM were analysed by the standard addition method. It should be added that
to reduce interference from the sample matrix, the accumulation step was shortened to 30 s.
According to our knowledge, there is no information in the literature on the concentration
of RIF in environmental water samples but the concentration in urine is given. The average
concentration of RIF in the urine of patients treated with this antibiotic is in the range
of 55.0-67.0 uM [4]. The very low detection and quantification limits of the DPAdSV
procedure (0.22 pM) obtained and a high concentration of RIF in urine samples allow for
multiple dilution of the sample in the electrolyte solution, which contributes to minimizing
the interference from the sample matrix. A 10-fold dilution of river water samples and
10,000-fold dilution of bovine urine samples were used for voltammetric measurements.
The recovery values attained by the proposed voltammetric procedure were between 91.4%
and 98.6% and indicate satisfactory accuracy of the method. Moreover, as can be seen in
Table 2, no significant difference was observed between the concentrations of RIF deter-
mined by the DPAdSV at the aSPBDDE and the HPLC/PDA (the relative error values are
3.0% for Bystrzyca river samples and 3.6% for bovine urine samples). It should be added
that the comparison of the results could only be done for higher RIF concentrations (river
water sample spiked with 0.05 uM and bovine urine sample spiked with 50.0 x 10~° M),
whereas for lower ones (0.001 and 1.0 uM), HPLC/PDA determinations were outside the
LOD method. The DPAdSV curves obtained during the determination of RIF in Bystrzyca
river water and bovine urine samples are shown in Figure 10.

Table 2. The results of RIF determination in river water and bovine urine samples.

RIF Concentration (uM) + SD (n = 3)

Sample Added Found RIF Concentration Found Found Recovery * Relative Error
DPAdSV in Electrochemical Cell HPLC/PDA (%) ** (%)
Bystrzyca 0.001  0.000973 £ 0.0000240 0.0000973 + 0.00000240 <LOD 97.3 -
river 0.05 0.0457 + 0.00110 0.00457 + 0.000110 0.0471 + 0.00250 914 3.0
Bovine 1.0 0.920 + 0.0070 0.0000920 =+ 0.00000070 <LOD 92.0 -
urine 50.0 49.30 £ 0.40 0.00493 £ 0.000040 47.60 £ 0.018 98.6 3.6

* Recovery (%) = (Found DPAdSV x 100)/Added; ** Relative error (%) = ((|Found HPLC/PDA — Found DPAdSV |)/Found
HPLC/PDA) x 100.
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Figure 10. DPAdSV curves obtained for the determination of RIF in Bystrzyca river water sample (A): (a) 1 mL of sample + 0.1,
(b) as (a) + 0.1, (c) as (a) + 0.2 nM RIF and bovine urine sample (B): 1 pL of sample + 0.1, (b) as (a) + 0.1, (c) as (a) + 0.2nM
RIF. The DPAdSV parameters: Eacc of —0.45 V, tacc of 30 s, AE4 of 150 mV, v of 100 mV s 1 and ty, of 5 ms.
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4. Conclusions

In summary, in this study a simple, fast, and cost-effective differential pulse adsorptive
stripping voltammetric procedure (DPAdSV) using an electrochemically activated screen-
printed boron-doped diamond electrode (aSPBDDE) for quantification of rifampicin (RIF)
was developed. For the first time, a screen-printed sensor was introduced for analysis of
RIF. The electrochemical activation of the electrode surface using cyclic voltammetry (CV)
in 0.1 mol L~! NaOH resulted in changes in its morphology and a decrease in the charge
transfer resistance, which translated into a significant increase in the RIF oxidation peak
current. Moreover, the electrochemical behaviour of RIF in 0.1 M PBS (pH of 3.0 & 0.1) was
characterized by CV. The results obtained show that the oxidation of RIF at the aSPBDDE
was not purely diffusion- or adsorption-controlled. The DPAdSV procedure developed
using the aSPBDDE showed good selectivity and sensitivity. The calculated LOD and LOQ
values were 0.22 and 0.73 pM, respectively. The DPAdSV procedure at the aSPBBDE was
successfully used for the determination of RIF in river water and bovine urine samples.
The recovery values (91.4% and 98.6%) and the good agreement with the results obtained
by the DPAASV procedure and by the referenced HPLC/PDA method (relative errors of
3.6 and 4.0%) showed satisfactory accuracy of the method. The results obtained revealed
the analytical usefulness of the presented voltammetric procedure for RIF analysis in body
fluids and natural water samples.

Author Contributions: Conceptualization, ].K. and K.T.-R.; methodology, ] K. and K.T.-R.; inves-
tigation, J.K., K.T.-R., M\W., LS. and M.R.; writing—original draft preparation, J].K. and K.T.-R;
writing—review and editing, ] K., K.T.-R.,, M.W,, LS. and M.R,; supervision, K.T.-R. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tilinca, M.; Hancu, G.; Mircia, E.; Iriminescu, D.; Rusu, A.; Vlad, R.A.; Barabas, E. Simultaneous determination of isoniazid and
rifampicin by UV spectrophotometry. Farmacia 2017, 65, 219-224.

2. Wei, L,; Wang, ].; Yan, Z.-Y. Development of a sensitive and rapid method for rifampicin impurity analysis using supercritical
fluid chromatography. J. Pharm. Biomed. Anal. 2015, 114, 341-347.

3. Kumar, S.; Bouic, PJ.; Rosenkranz, B. A validated stable HPLC method for the simultaneous determination of rifampicin and
25-O-desacetyl rifampicin—evaluation of in vitro metabolism. Acta Chromatogr. 2019, 31, 92-98. [CrossRef]

4. Chatterjee, K.; Kuo, CW.; Chen, A.; Chen, P. Detection of residual rifampicin in urine via fluorescence quenching of gold
nanoclusters on paper. . Nanobiotechnol. 2015, 13, 46. [CrossRef]

5. Srivastava, A.; Waterhouse, D.; Ardrey, A.; Ward, S.A. Quantification of rifampicin in human plasma and cerebrospinal fluid by a
highly sensitive and rapid liquid chromatographic-tandem mass spectrometric method. J. Pharm. Biomed. Anal. 2012, 70, 523-528.
[CrossRef] [PubMed]

6. Oswald, S.; Peters, J.; Venner, M.; Siegmund, W. LC-MS/MS method for the simultaneous determination of clarithromycin,
rifampicin and their main metabolites in horse plasma, epithelial lining fluid and broncho-alveolar cells. J. Pharm. Biomed. Anal.
2011, 55, 194-201. [CrossRef]

7. Rakusa, Z.T,; Rogkar, R; Andrejc, AK,; Lu$in, T.T.; Faganeli, N.; Grabnar, I.; Mrhar, A.; Kristl, A.; Trontelj, ]. Fast and simple
LC-MS/MS method for rifampicin quantification in human plasma. Int. |. Anal. Chem. 2019, 2019, 4848236.

8.  van Ewijk-Beneken Kolmer, EEWJ.; Teulen, M.].A.; van der Hombergh, E.C.A.; van Erp, N.E; te Brake, L.H.M.; Aarnoutse, R.E.
Determination of protein-unbound, active rifampicin in serum by ultrafiltration and ultra performance liquid chromatography
with UV detection. A method suitable for standard and high doses of rifampicin. J. Chromatogr. B 2017, 1063, 42-49. [CrossRef]

9. Szipszky, C.; Van Aartsen, D.; Criddle, S.; Rao, P.; Zentner, I; Justine, M.; Mduma, E.; Mpagama, S.; Al-Shaer, M.H.; Peloquin,

C.; et al. Determination of rifampin concentrations by urine colorimetry and mobile phone readout for personalized dosing in
tuberculosis treatment. J. Pediatric Infect. Dis. Soc. 2021, 10, 104-111. [CrossRef] [PubMed]


http://doi.org/10.1556/1326.2018.00361
http://doi.org/10.1186/s12951-015-0105-5
http://doi.org/10.1016/j.jpba.2012.05.028
http://www.ncbi.nlm.nih.gov/pubmed/22709606
http://doi.org/10.1016/j.jpba.2011.01.019
http://doi.org/10.1016/j.jchromb.2017.08.004
http://doi.org/10.1093/jpids/piaa024
http://www.ncbi.nlm.nih.gov/pubmed/32170944

Materials 2021, 14, 4231 12 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Alonso-Lomillo, M.A.; Dominguez-Renedo, O.; Arcos-Martinez, M.]. Optimization of a cyclodextrin-based sensor for rifampicin
monitoring. Electrochim. Acta 2005, 50, 1807-1811. [CrossRef]

Tyszczuk, K.; Korolczuk, M. New protocol for determination of rifampicine by adsorptive stripping voltammetry. Electroanalysis
2009, 21, 101-106. [CrossRef]

Rawool, C.R;; Srivastava, A K. A dual template imprinted polymer modified electrochemical sensor based on Cu metal organic
framework/mesoporous carbon for highly sensitive and selective recognition of rifampicin and isoniazid. Sens. Actuators B Chem.
2019, 288, 493-506. [CrossRef]

Zou, J.; Huang, L.-L.; Jiang, X.-Y,; Jiao, E-P,; Yu, ].-G. Electrochemical behaviors and determination of rifampicin on graphene
nanoplatelets modified glassy carbon electrode in sulfuric acid solution. Desalination Water Treat. 2018, 120, 272-281. [CrossRef]
Watanabe, T.; Shimizu, TK,; Tateyama, Y.; Kim, Y.; Kawai, M.; Einaga, Y. Giant electric double-layer capacitance of heavily
boron-doped diamond electrode. Diam. Relat. Mater. 2010, 19, 772-777. [CrossRef]

Divyapriya, G.; Nidheesh, P.V. Electrochemically generated sulfate radicals by boron doped diamond and its environmental
applications. Curr. Opin. Solid State Mater. Sci. 2021, 25, 100921. [CrossRef]

Zhi, J.; Luo, D. Fabrication and electrochemical behavior of vertically aligned boron-doped diamond nanorod forest electrodes.
Electrochem. Commun. 2009, 11, 1093-1096.

Shi, D.; Liu, L.; Zhai, Z.; Chen, B.; Lu, Z.; Zhang, C.; Yuan, Z.; Zhou, M.; Yang, B.; Huang, N.; et al. Effect of oxygen terminated
surface of boron-doped diamondmthin-film electrode on seawater salinity sensing. J. Mater. Sci. Technol. 2021, 86, 1-10. [CrossRef]
Kapatka, A.; Féti, G.; Comninellis, C. Investigations of electrochemical oxygen transfer reaction on boron-doped diamond
electrodes. Electrochim. Acta 2007, 53, 1954-1961. [CrossRef]

McLaughlin, M.H.S.; Pakpour-Tabrizi, A.C.; Jackman, R.B. A detailed EIS study of boron doped diamond electrodes with gold
nanoparticles for high sensitivity mercury detection. Sci. Rep. 2021, 11, 9505. [CrossRef] [PubMed]

Goutal, S.; Auvity, S.; Legrand, T.; Hauquier, E; Cisternino, S.; Chapy, H.; Saba, W.; Tournier, N. Validation of a simple HPLC-UV
method for rifampicin determination in plasma: Application to the study of rifampicin arteriovenous concentration gradient. J.
Pharmaceut. Biomed. 2016, 123, 173-178. [CrossRef] [PubMed]

Gonzalez-Sanchez, M.I.; Gomez-Monedero, B.; Agrisuelas, ].; Iniesta, J.; Valero, E. Highly activated screen-printed carbon
electrodes by electrochemical treatment with hydrogen peroxide. Electrochem. Commun. 2018, 91, 36—40. [CrossRef]
Gonzalez-Sanchez, M.I.; Gomez-Monedero, B.; Agrisuelas, ].; Iniesta, J.; Valero, E. Electrochemical performance of activated
screen printed carbon electrodes for hydrogen peroxide and phenol derivatives sensing. J. Electroanal. Chem. 2019, 839, 75-82.
[CrossRef]

Gosser, D.K. Cyclic Voltammetry: Simulation and Analysis of Reaction Mechanism; VCH: New York, NY, USA, 1993.

Amidi, S.; Hosseinzadeh Ardakani, Y.; Amiri-Aref, M.; Ranjbari, E.; Sepehri, Z.; Bagheri, H. Sensitive electrochemical determina-
tion of rifampicin using gold nanoparticles/poly-melamine nanocomposite. RSC Adv. 2017, 7, 40111-40118. [CrossRef]
Hammam, E.; Beltagi, A.M.; Ghoneim, M.M. Voltammetric assay of rifampicin and isoniazid drugs, separately and combined in
bulk, pharmaceutical formulations and human serum at a carbon paste electrode. Microchem. |. 2004, 77, 53-62. [CrossRef]
Grabarczyk, M.; Koper, A. How to determine uranium faster and cheaper by adsorptive stripping voltammetry in water samples
containing surface active compounds. Electroanalysis 2011, 23, 1442-1446. [CrossRef]

Mocak, J.; Bond, A.M.; Mitchell, S.; Scollary, G. A statistical overview of standard (IUPAC and ACS) and new procedures for
determining the limits of detection and quantification: Application to voltammetric and stripping techniques. Pure Appl. Chem.
1997, 69, 297-328. [CrossRef]

Zhang, N.; Brites Helu, M.; Zhang, K.; Fang, X.; Yin, H.; Chen, ].; Ma, S.; Fang, A.; Wang, C. Multiwalled Carbon Nanotubes-CeO2
Nanorods: A “Nanonetwork” Modified Electrode for Detecting Trace Rifampicin. Nanomaterials 2020, 10, 391. [CrossRef]
Asadpour-Zeynali, K.; Mollarasouli, F. Novel electrochemical biosensor based on PVP capped CoFe204@CdSe core-shell nanopar-
ticles modified electrode for ultra-trace level determination of rifampicin by square wave adsorptive stripping voltammetry.
Biosens. Biolelectron. 2017, 92, 509-516. [CrossRef]

Girousi, S.T.; Gherghi, I.C.; Karava, M.K. DNA-modified carbon paste electrode applied to the study of interaction between
rifampicin (RIF) and DNA in solution and at the electrode surface. |. Pharm. Biomed. Anal. 2004, 36, 851-858. [CrossRef]


http://doi.org/10.1016/j.electacta.2004.08.032
http://doi.org/10.1002/elan.200804447
http://doi.org/10.1016/j.snb.2019.03.032
http://doi.org/10.5004/dwt.2018.22750
http://doi.org/10.1016/j.diamond.2010.02.022
http://doi.org/10.1016/j.cossms.2021.100921
http://doi.org/10.1016/j.jmst.2021.01.028
http://doi.org/10.1016/j.electacta.2007.08.066
http://doi.org/10.1038/s41598-021-89045-2
http://www.ncbi.nlm.nih.gov/pubmed/33947929
http://doi.org/10.1016/j.jpba.2016.02.013
http://www.ncbi.nlm.nih.gov/pubmed/26907700
http://doi.org/10.1016/j.elecom.2018.05.002
http://doi.org/10.1016/j.jelechem.2019.03.026
http://doi.org/10.1039/C7RA04865C
http://doi.org/10.1016/j.microc.2003.12.003
http://doi.org/10.1002/elan.201000657
http://doi.org/10.1351/pac199769020297
http://doi.org/10.3390/nano10020391
http://doi.org/10.1016/j.bios.2016.10.071
http://doi.org/10.1016/j.jpba.2004.08.034

RD4

K. Tyszczuk-Rotko, J. Kozak, B. Czech, Screen-printed voltammetric sensors—tools

for environmental water monitoring of painkillers, Sensors, 22 (7) (2022) 2437-2454.

147



ﬂ Sensors

Review

Screen-Printed Voltammetric Sensors—Tools for Environmental
Water Monitoring of Painkillers

Katarzyna Tyszczuk-Rotko *', Jedrzej Kozak

check for
updates

Citation: Tyszczuk-Rotko, K.; Kozak,
J.; Czech, B. Screen-Printed
Voltammetric Sensors—Tools for
Environmental Water Monitoring of
Painkillers. Sensors 2022, 22, 2437.
https://doi.org/10.3390/522072437

Academic Editor: Craig E. Banks

Received: 14 January 2022
Accepted: 20 March 2022
Published: 22 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Bozena Czech

Faculty of Chemistry, Institute of Chemical Sciences, Maria Curie-Sktodowska University in Lublin,
20-031 Lublin, Poland; jedrekkozak@onet.pl (J.K.); bczech@hektor.umcs.lublin.pl (B.C.)
* Correspondence: katarzyna.tyszczuk-rotko@mail.umcs.pl; Tel.: +48-81-537-5585

Abstract: The dynamic production and usage of pharmaceuticals, mainly painkillers, indicates the
growing problem of environmental contamination. Therefore, the monitoring of pharmaceutical
concentrations in environmental samples, mostly aquatic, is necessary. This article focuses on apply-
ing screen-printed voltammetric sensors for the voltammetric determination of painkillers residues,
including non-steroidal anti-inflammatory drugs, paracetamol, and tramadol in environmental water
samples. The main advantages of these electrodes are simplicity, reliability, portability, small instru-
mental setups comprising the three electrodes, and modest cost. Moreover, the electroconductivity,
catalytic activity, and surface area can be easily improved by modifying the electrode surface with
carbon nanomaterials, polymer films, or electrochemical activation.

Keywords: screen-printed sensor; voltammetric analysis; painkillers; environmental water monitoring

1. Introduction

Increased production and consumption of over-the-counter drugs such as painkillers,
e.g., diclofenac, ibuprofen, naproxen, ketoprofen, or acetaminophen, are connected with
their increased excretion and presence in wastewater from homes and hospitals [1-8].
There are different sources for the contamination of surface and underground waters with
drug residue, including the pharmaceutical industry, farming and veterinary, healthcare
centers, and households (incorrect waste management in case of expired drugs). Some
residues of the pharmaceutical substances, together with sewage, enter wastewater treat-
ment plans (WWTP), which unfortunately are not adjusted to degrade those highly specific
compounds [9,10]. Interestingly, about 2000 active pharmaceutical ingredients are adminis-
tered worldwide [11]. The greatest input of pharmaceuticals into the environment have,
however, treated wastewater [12-15]. It was established that 30-90% of oral doses are ex-
creted as active substances (Table 1) [16]. Conventional WWTP are not designed to remove
pharmaceuticals; therefore, the removal rates vary (Table 1). The fate of pharmaceuticals in
WWTP and the environment is affected by the pharmaceutical properties, including their
persistence and connected half-life. Solubility, transformation products, bioaccumulation
potential, and, first of all mobility, affect their toxicity [16].

Insufficient removal from wastewater influents was a main background for the ap-
plication of various wastewater treatment methods: filtration [17], adsorption [18-21],
Advanced Oxidation Processes [22-25], UV [26,27], ozonation [28-31], H,O, [32,33], pho-
tocatalysis [34-40], Fenton and photo-Fenton process [41-43], electro-catalysis [44,45],
electro-Fenton [46] etc.

Although the reported concentrations of pharmaceuticals in the environmental matri-
ces are generally low—usually less than 1 ug L1, but their huge usage and abundance in
the environment make the authorities worried about the long-term impact on animals and
humans (Table 1) [47]. Although there are no requirements to detect and limit the concen-
tration of pharmaceuticals in wastewater and water, some of them have been identified as
a priority for further study, including paracetamol and diclofenac [48].
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Despite the large differences in the removal rates, it is known that sorption, adsorp-
tion, sedimentation, and biotransformation in WWTP occurred [49-54]. Hydrophobic or
electrostatic interactions are responsible for the sorption of drugs [55]. However, highly
hydrophilic acidic drugs such as acetylsalicylic acid, ibuprofen, ketoprofen, naproxen,
and diclofenac (pKa 4.2—4.9) are not sorbed and remain in the water [50]. The other neg-
ative effect can arise from the presence of metabolized (mainly its hydroxy and carboxy
derivatives) drugs as they can form conjugates with similar or even increased toxicity in
comparison to the parent drug [6]. It was established that the presence of drugs in the water
revealed significant oxidative stress and caused histological changes in Cyprinus Carpio
tissues [56] or disrupted microalgal growth.

The presence of those substances in surface waters has a toxic action on fish and other
water organisms and can cause an increase in the incidence of some diseases, e.g., cancer
(female sex hormones). The presence of antibiotics in water is connected with the observed
increase in drug resistance of various microorganisms, even pathogenic ones. Constant
exposure to pharmaceuticals in drinking water has endangered the most sensitive groups
such as infants, the elderly, or patients with kidney, liver failure, or cancer. Due to the
presence of estrogens in the water, feminization of male individuals and an increase in the
incidence of breast and testicular cancer are noted [57-59]. Some of the pharmaceuticals
present in water (i.e., anticancer drugs) can penetrate the blood-placenta barrier revealing
teratogenic and embryotoxic effects endangering pregnant women in particular [60,61].

Induction of oxidative stress is connected with the production of reactive oxygen
species (ROS) (such as hydroxyl radicals (*OH), superoxide radicals (O,°~), and hydrogen
peroxide (H,O,) responsible for peroxidation of membranes’ polyunsaturated fatty acids
and proteins [62]. In the studies considering the 98 pharmaceuticals detected in different
water matrices (treated wastewater, surface water, and groundwater), it was established
that 11 out of 49 pharmaceuticals were found to exert human health risk from ingesting
contaminated surface water of India [63]. The growing problem of contamination of
the water environment forces the use of various methods of removing pollutants and
constant monitoring.

Residual pharmaceuticals in water samples are determined with laboratory methods,
such as fluid /gas chromatography coupled with mass spectrometry. Unfortunately, these
methods are expensive (cost of devices + cost of analysis) and frequently, among others,
relate to the very low concentration of analytes in water samples (at ng L1 or pg L~! levels)
and the costly and time-consuming initial sample preparation stage [64—68]. Compared
to that, the voltammetric techniques are characterized by their low cost, simplicity of the
analytic process, and the possibility to accumulate the analyte onto the surface of the
working electrode before the appropriate electrode process, which eliminates the need to
apply additional concentrating techniques (e.g., the extraction to solid phase) [69].

Table 1. The concentrations and removal rates of painkillers in the environmental matrices.

WWTP Removal Wastewater Wastewater Surface Water
Drug Excretion and Metabolites Rate Influent Effluent (ng/L)
(%) (ng/L) (ng/L) 8
o 1300-3300 [51]
4 5-10% unchanged, 9-60 [50] upto302[50]  Uptossso[so]  UP 04901501
iclofenac metabolites: glucuronide, 57.9 [47] 191,000 [47] 10,000 [52] 1200 [48]
sulfate conjugates [49] ’ ! g 1410 [53]

80,000 [47]
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Table 1. Cont.

WWTP Removal Wastewater Wastewater Surface Water
Drug Excretion and Metabolites Rate Influent Effluent (ng/L)
(%) (ng/L) (ng/L)
1% unchanged
Metabolites: (+)-2-40-(2-

Hydroxy-2-methylpropyl)-
bubrofen phe“y;flg’l(c’i‘)’gl_‘;gf(f_ (25%) 78-100 [50] 5533 [50] 711 [50] 400 [50]
P 94.8 [47] 344,000 [47] 18,000 [47] 126 [53]

carboxypropyl)-
phenylpropionic acid (37%),
conjugated ibuprofen
(14%) [49]
<1 unchanged, metabolites: 297 [53]
6-0-Desmethyl naproxen 33,900 [50] .
naproxen (01%), conjugates 50-98 [50] 611,000 [50] 10,000 [52] 2(9)3 Eg}
(66-92%) [49]
Metabolites: Glucuronide 5700 [50] 120 [48]
ketoprofen conjugates [49] 157100501 4000-10,000 [54] 1620 [501 329 [50]
80% as conjugates,
metabolites: Sulphate
) o . 292,000 [50] 1480 [50] 10,000 [48]

paracetamol conjugate (30%), 91-99 [50] 1000-10,000 [54] 100,000 [52] 66 [50]

paracetamol cysteinate,
mercapturate (5%) [49]

Metabolites: Salicylic acid
(10%), salicyluric acid (75%),
acetylsalicylicacid salicylic phenolic (10%) and 0 [50] 1000-10,000 [54] 1510 [50] <50 [50]
acyl (5%) glucuronides,
gentisic acid (01%) [49]

In the 1990s, screen printing technology for the preparation of electrochemical sensors
was introduced. The screen-printed electrodes (SPEs) became objects of numerous research
efforts aimed at investigating their practical application. The low manufacturing costs,
appropriate repeatability levels, and electrochemical properties, all make them an attractive
analytical tool [70-77].

The manufacture of screen-printed electrodes is the process of designing appropriate
ink (print) composition and then pressing it through the appropriate template (screen) onto
the carrier surface (most often ceramic or polymer). Both the ink composition and the area
of the working electrode can be modified, e.g., with nanoparticles/metal films, polymer, or
enzyme, depending on the application-specific requirements [70-77]. The entire electrode
system (reference, counter, and working electrodes) is printed on the same substrate surface
(Figure 1).

The key feature of the screen-printed electrodes, among other electrochemical sensors,
is their miniaturization, enabling them to apply in portable/field devices. The application
of the screen-printed electrodes in the carrying out measurements in situ enable mini-
malization or even elimination of errors, reduces the test time, and consequently, costs
usually connected with sampling, transport, and storage of representative samples [78].
This justifies the thesis saying that there is a significant need to develop field devices for
monitoring waters that will allow us to evaluate water quality at the sampling location in
an easy and fast manner. Recent years saw the growing interest in the development of such
devices. The use of portable devices is one of the development trends in environmental
analytics [79].
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working electrode

counter electrode

Figure 1. Optical microscopic image of screen-printed carbon electrode (SPCE, Metrohm DropSens,
Oviedo, Spain).

A lot of papers describe the application of electrochemical sensors for the determi-
nation of residues of pharmaceuticals and screen-printed sensors [74,75,80]. Most elec-
trochemical methods allow for the quantitative determination of these compounds in
pharmaceutical preparations, biological samples, and beverages. However, the litera-
ture has available articles on the development of electrochemical sensors to determine
pharmaceuticals, including painkillers in water samples. This article focuses on a sum-
mary of achievements in the field of screen-printed voltammetric sensors application in
environmental water monitoring of painkillers.

2. Application of Screen-Printed Voltammetric Sensors for the Painkillers
Determination in the Environmental Water Samples

Non-steroidal anti-inflammatory drugs (NSAIDs) are an important class of drugs
because they are widely used to treat muscle pain and inflammatory rheumatic diseases,
and this is an increasing trend. This fact, combined with improper disposal and ineffec-
tiveness of wastewater treatment, leads to the ubiquitous presence of these drugs in the
environment [81]. Diclofenac (DF), ibuprofen (IB), acetylsalicylic acid (AS), naproxen (NP)
and ketoprofen (KP) belong to the NSAIDs (Figure 2A-E). Diclofenac exhibits activities
characteristic of this group of drugs, i.e., anti-inflammatory, antipyretic, analgesic, and
inhibiting platelet aggregation [82,83]. It is used to relieve symptoms of many illnesses,
including non-articular rheumatism, osteoarthritis, sports injuries, and rheumatoid arthritis.
In the proposed daily dose (50-150 mg), DF is completely tolerated [84]. Although no
problems are caused when an appropriate amount of DF is used, its excessive or continuous
use may cause symptoms such as epigastric discomfort, gastric ulcer, hematuria; meantime,
the accumulated mass of toxic substances can cause kidney and liver dysfunctions [85].
Furthermore, the ubiquity of DF in the environment impairs fish health and water quality
due to its poor degradation [86]. Ibuprofen ( (2—4 isobutyphenyl) propionic acid is com-
monly prescribed to treat chronic and acute pain and many rheumatic and musculoskeletal
disorders. IB is also used to reduce fever [87]. Its action is due to the inhibition of cyclo-
oxygenases, which are involved in the synthesis of prostaglandins involved in producing
pain, inflammation, and fever [88]. Acetylsalicylic acid (aspirin) is an anti-inflammatory,
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antipyretic, and analgesic drug. Thanks to its effectiveness, it has a place in treating an-
tithrombotic coronary heart disease, prevention of colon cancer, fever, headaches, and
Alzheimer’s disease [89,90]. Naproxen (2-(6-methoxy-2-naphthyl)propionic acid) is an
antipyretic and anti-inflammatory compound applied in the treatment of nonrheumatic in-
flammation, migraine, and gout [91]. Association therapy with paracetamol and naproxen
has also been reported to benefit patients with pain related to rheumatoid arthritis. The
naproxen drug should be given with precaution to elderly patients and patients with
hemophilia, gastrointestinal bleeding, and platelet coagulation dysfunction. [92]. Ketopro-
fen is an arylpropionic acid derivative with anti-inflammatory, antipyretic, and analgesic
properties [93]. It relieves pain associated with rheumatic and nonrheumatic inflammatory
disorders, vascular headaches, and dysmenorrhea [94]. It is well absorbed after oral and
rectal administration, and it can be administered by injection and transdermally. KP is
metabolized in the liver and mainly excreted in urine [93].

Paracetamol (N-acetyl-p-aminophenol, Figure 2F), also known as acetaminophen or
Tylenol, is extensively used to relieve moderate pain and reduce fever globally [95]. It has no
anti-inflammatory effect. PA is the main ingredient in many cold and flu medications [82].
The antipyretic effect of this drug is related to the inhibition of prostaglandin synthesis in
the central nervous system [83]. An overdose of PA may result in the accumulation of toxic
metabolites that can cause acute and sometimes fatal nephro- and hepatotoxicity [82]. As a
widely used pharmaceutical, PA is present in the environment, its concentration found in
environmental water samples ranges from 1 to 10 nM.

Cl

A B CH, o.. .o C D CH,
o : OH
NH CH, O_ _CH,
SH Y HyC. o
cl OH MG i o
o)
o
.
F G CH,
NH _CH,
T o
© CH
HO rir’ 3
CH,

Figure 2. The structural formulas of diclofenac (A), ibuprofen (B), acetylsalicylic acid (C),
naproxen (D), ketoprofen (E), paracetamol (F) and tramadol (G).

Tramadol, (1R,2R)-2-[(dimethylamino)methyl]-1-(3-methoxyphenyl)cyclohexanol, TR,
Figure 2G, is an l-opioid recipient agonist that acts on analgesic centrally is applied initially
for treating modest to severe pain [96]. TR is a commonly misused drug that can lead
to addiction or even death, although it has a preferable safety profile than other opioid
analgesic drugs such as morphine or hydrocodone [97]. The typical dosage requirement
for oral consumption of TR ranges between 50 and 100 mg per 4 to 6 h. The maximal dose
of the drug will be 400 mg every day. Overdosing of TR can cause nausea, respiratory
depression, vomiting, coma, dizziness, and tachycardia.

In the literature are few articles describing the use of screen-printed sensors in
the monitoring of painkillers residues (DF, PA, IB, and TR) in environmental waters
samples [82,83,98-104]. These sensors have also found application in the determination
of painkillers in pharmaceutical preparations and biological samples, e.g., urine and
serum [84-87,96,97,105-113]. There are no studies on voltammetric procedures to deter-
mine acetylsalicylic acid and naproxen in water samples in the literature. However, there
are single procedures for determining AS [89,90,114] and NP [92,115] on screen-printed
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electrodes in pharmaceuticals and /or human physiological fluids. There are no attempts to
use screen-printed sensors to analyze ketoprofen in any type of sample.

2.1. SPEs Modified with Carbon Nanomaterials

Carbon nanomaterials are very attractive for the mass production of SPEs and repre-
sent a significant opportunity to increase the analytical sensitivity of these devices, enabling
new sensing applications [116,117]. These materials are characterized by excellent electrical
conductivity, low electrical resistance, large surface area, and good physical and chemi-
cal stability [118]. In addition, the possibility of functionalization of their surface leads
to an increase in analytical efficiency, including sensitivity and selectivity [119]. Carbon
nanomaterials used as SPEs modifiers include mainly carbon black (CB), graphene-related
materials, carbon nanofibers (CNFs), various forms of carbon nanotubes—single-, double-,
and multiwalled (SWCNTs, DWCNTs, and MWCNTs), carbon nanohorns (CNHs), as well
as carbon nano-onions (CNOs) [117,120-123].

In the literature, few articles describe the use of screen-printed sensors modified with car-
bon materials to monitor painkillers residues in environmental water samples [83,98,99,101,102].
The comparison of these assay procedures is presented in Table 2. The lowest detection
limit of paracetamol for the accumulation time of 90 s (LOD, 0.54 nM) was obtained using
a screen-printed carbon/carbon nanofibers sensor (SPCE/CNFs) [98]. Sasal et al. [98]
described the application of a commercially available SPCE/CNFs sensor and differential
pulse adsorptive stripping voltammetry (DPAdSV) for the direct determination of the
low (real) concentration of PA in environmental water samples. This was done by mon-
itoring the oxidation current of PA after adsorption of molecules onto the SPCE/CNFs
surface at the potential of —0.95 V. According to the literature data, a PA oxidation mech-
anism at the SPCE/CNFs is associated with the formation of N-acetyl-p-quinoneimine
(NAPQI) [99]. The adsorption of PA onto the electrode surface was confirmed by electro-
chemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and theoretical studies.
Moreover, the authors found that the SPCE/CNFs sensor presented better performance
than the screen-printed sensors with carbon or carbon/multiwalled carbon nanotubes
working electrodes. It was related to the developed active surface of the SPCE/CNFs,
which mediates PA adsorption. Under optimized conditions, the DPAdSV measurements
were performed in 0.1 M H,SO4 containing 0.01 uM EDTA to minimize the influence effect
of interfering metal ions. The developed analytical procedure using SPCE/CNFs was
applied to the direct determination of PA (in the range of 5-200 nM) in water samples
collected from two Polish rivers and sea with the recovery values between 96.2 to 104.6%.

In [102], Sasal et al. proposed a DPAdSV voltammetric procedure at the commer-
cially available screen-printed carbon sensor modified with carboxyl functionalized mul-
tiwalled carbon nanotubes (SPCE/MWCNTs-COOHR) for the trace analysis of diclofenac
(DF) (Figure 3). The authors stated that DF is irreversibly oxidized, and the oxidation
process of DF is not purely diffusion-or adsorption-controlled at the SPCE/MWCNTs-
COOH. Moreover, the number of electrons involved in the DF oxidation process equals 2.
These results are consistent with the literature data, which proposed that DF is oxidized
to 5-hydrohydiclofenac by losses of 2e~ and 2H* [124,125]. The SPCE/MWCNTs-COOH
provided a higher sensitivity and wider linear range than the SPCE (0.019 vs. 0.040 pA/nM
and 0.5-200.0 vs. 1.0-200 nM, respectively). It is connected with the fact that the application
of MWCNTs-COOH improved the electron transfer process and the active surface area of
the electrode. The proposed DPAdSV procedure is characterized by simplicity, sensitivity,
and time-saving. For the first time, the electrochemical sensor was applied to determine
the real concentration of DF (0.42 4 0.080 nmol L™!) in the river water samples without the
sample pre-treatment step.
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Figure 3. SEM images and DPAdSV curves recorded at the SPCE and SPCE/MWCNTs-COOH.
DPAdSV curves recorded at the surface of the SPCE/MWCNTs-COOH in solution containing in-
creasing concentrations of DF: 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 and 10.0 nmol L1 and calibration graph of
DF [102].

In voltammetric measurements, even a low concentration of surface-active substances
can block the active surface of the electrode. Therefore, UV irradiation or microwave
heating of the samples are suggested for the elimination of this type of interference. There
are also other simple ways to minimize interferences from the organic matrix of samples,
e.g., the application of potential pulses for accumulation. In that approach, the potential
of cathode pulses was chosen in a way that made it represent the maximum adsorption
of the determined element and the potential of anode pulses to desorb the interfering
surfactants [126]. This method of eliminating interference from surfactants was described
by Sasal et al. in [83]. The authors proposed using the DPAdSV technique, a commer-
cially available SPCE/MWCNTs-COOH sensor, and pulsed potential accumulation for
individual and simultaneous determination of paracetamol and diclofenac. The scheme
of the individual steps of the optimized voltammetric procedure is presented in Figure 4.
Moreover, the authors found that the application of carboxyl functionalized multiwalled
carbon nanotubes and pulsed potential accumulation contributes to improving PA and DF
peaks currents. The amplification of the PA and DF signals is related to a greater number
of active centers at the SPCE/MWCNTs-COOH than at the SPCE. Based on the cyclic
voltammetric examination, it was found that the PA and DF are irreversibly oxidized at
the SPCE/MWCNTs-COOH, and these processes are not purely diffusion or adsorption
controlled. The DPAdSV procedure with SPCE/MWCNTs-COOH shows the low LODs of
1.4 nM for PA and 0.03 nM for DE. The DPAdSV procedure at the SPCE/MWCNTs-COOH
was successfully applied for the simultaneous analysis of PA and DF in spiked river water
samples with recovery values between 96.5% and 104.8%. Moreover, the voltammetric pro-
cedure proposed by Sasal et al. allowed for the direct determination of PA (24.3 £ 0.5 nM)
and DF (3.7 £ 0.7 nM) in the wastewater samples purified in a sewage treatment plant.
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Figure 4. Scheme of voltammetric measurements of PA and DF at the SPCE/MWCNTs-COOH [83].

Serrano et al. [99] compared the analytical performances of the commercially available
screen-printed carbon electrode (SPCE), multiwalled carbon nanotubes modified screen-
printed carbon electrode (SPCNTE), screen-printed carbon electrode modified with carbon
nanofibers (SPCNFE), and screen-printed graphene electrode (SPGPHE) for the individual
and simultaneous determination of ibuprofen, paracetamol, and caffeine. The authors
suggest that the SPCNFE was the most suitable carbon-based electrode for the voltammetric
determination of the selected analytes in water at trace levels. Moreover, the applicability
of SPCNEFE for the analysis of environmental water samples was demonstrated by the
simultaneous determination of PA, IB, and CF in spiked tap water samples. The good
recoveries (103.1, 99.5, and 97.6% for PA, 1B, and CF, respectively) and reproducibility
(RSD of 8.93, 0.96, and 8.63% for PA, IB, and CF, respectively) were obtained. In hospital
wastewater samples, only PA (7.74 uM) was determined. The IB and CF were not detected
since the studied hospital wastewater sample did not contain IB, and the concentration of
CF was below the LOD obtained for the SPCNFE.

In paper [101], Deroco et al. described the use of carbon black as a modifying nano-
material of SPEs. The application of CB film onto the SPE surface contributed to the
improvement of electrocatalytic activity for the [Fe(CN)g]>~/#~ redox probe, and parac-
etamol and levofloxacin (LVF) signals. The authors stated that PA and LVF oxidation
processes were fully controlled by diffusion, and these processes involved an equal num-
ber of electrons and protons. The developed sensor was successfully used to analyze PA
(6.0,10.0, and 70.0 uM) and LVF (2.0, 9.0, and 60.0 uM) in spiked river water samples with
recovery values between 98.3 and 106.0%.

Table 2. Summary of voltammetric procedures to determine painkillers residues at the screen-printed
electrodes modified with carbon materials in environmental water samples.

Electrode

Analyte

Method Llne[ﬁﬁf nge LOD [uM] Application Ref.

SPCE/CNFs

PA

DPAdSV 0.002-0.05 0.00054 river water,

0.1-2.0 sea water [98]

SPCE/MWCNTs-
COOH

DF

DPAdSV 0.0001-0.01 0.000028 river water [102]

SPCE/MWCNTs-
COOH

PA
DF

DPAdSV 0.005-5.0 0.0014 wastewater, 83]
(PPA) 0.0001-0.02 0.000030 river water
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Linear Range

Electrode Analyte Method [uM] LOD [pM] Application Ref.
SPCE 13.20-377.0 717
SPCNTE A 2.64-33.70 0.66
SPCNFE 1.98-33.70 0.66
SPGPHE 3.31-23.20 0.66
SPCE 18.40-489.60 5.33 tap water
SPCNTE 9.21-155.10 2.91 arel
SPCNFE IB DPV 19.40-114.40 5.82 hofpltatl (991
SPGPHE 30.50-86.30 9.21 wastewater
SPCE 24.70-480.0 7.21
SPCNTE CF 20.60-480.0 6.18
SPCNFE 61.80-330.0 2.06
SPGPHE 15.50-44.80 4.63
PA 0.80-30.0 2.60 .
CB/SPCE LVE SWV 0.90-70.0 0.42 river water [101]

PA—paracetamol; DF-diclofenac; IB-ibuprofen; CF—caffeine; LVF-levofloxacin; DPAdSV-differential-pulse ad-
sorptive stripping voltammetry; PPA—pulsed potential accumulation; DPV-differential-pulse voltammetry; SWV-
square-wave voltammetry; SPCE-screen-printed carbon electrode; SPCE/MWCNTs-COOH—-carboxyl functional-
ized multiwalled carbon nanotubes modified screen-printed carbon electrode; SPCNTE-screen-printed carbon
electrode modified with carbon nanotubes; SPCE/CNFs (SPCNFE)-screen-printed carbon electrode modified
with carbon nanofibers; SPGPHE-screen-printed graphene electrode; CB/SPCE-screen-printed carbon electrode
modified with carbon black.

2.2. SPEs Electrochemically Pretreated

SPEs consist of working electrodes made of conductive inks based on platinum, gold,
silver, or carbon, the latter being the most used material because it is universal and cheap.
Conductive inks from screen-printed carbon electrodes (SPCEs) contain carbon with organic
solvents, binding pastes (e.g., polyester resin, ethylcellulose, or epoxy-based polymeric
binder), and some additives that provide functional properties. The presence of these
additional non-conductive materials can lead to a slowdown in the kinetics of heteroge-
neous electrochemical reactions. Therefore, much attention has been paid to developing
surface treatment methods to improve the electrochemical properties of the SPCEs. The
main purpose of the SPCEs pre-treatment was to remove organic ink components or con-
taminants and increase surface roughness or functionality [127-129]. Several methods of
pre-treatment of SPEs can be found in the literature, such as heat treatment [127], oxygen
plasma treatment [128], chemical treatment [129], polishing [130,131], and electrochem:i-
cal treatment [132-134]. Electrochemical treatments allow the in situ easy activation of
SPCEs. They usually hold the electrode at a constant potential for a short time or potential
cycling to extreme anodic and/or cathodic potentials [127,135]. Table 3 shows summary of
voltammetric procedures for painkillers residues determination at the electrochemically
pretreated screen-printed electrodes electrochemically.

In paper [82], Kozak et al. proposed an electrochemically activated (25 voltammetric
cycles from 1.0 to —0.7 V at a scan rate of 10 mV s~! in a solution containing 0.1 M acetate
buffer of pH =4.0 & 0.1 and 10 mM H;05) screen-printed carbon electrode modified with
sodium dodecyl sulfate (aSPCE/SDS) for the simultaneous determination of paracetamol,
diclofenac, and tramadol. At the moment, there is the first paper describing the voltam-
metric procedure of tramadol determination with the use of screen-printed electrodes
in environmental water samples [82]. The electrochemical activation contributes to the
removal of the organic ink constituents or contaminants introduced into the printing stage,
which consequently changes the morphology of the electrode surface and reduces the
charge transfer resistance. Furthermore, the modification of the electrode surface with SDS
contributes to the TR signal amplification and minimizes the influence of surfactants (Triton
X-100 and CTAB). The author proved the adsorption of PA and DF onto the SPCE/SDS
surface by analyzing differential capacity curves and stated that TR existing in the cationic
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form reaches the electrode surface by diffusion and is electrostatically attractive for the
surface covered by SDS anions. The aSPCE/SDS showed a good linear response in the con-
centration ranges of 0.05-2.0 uM for PA, 0.001-0.2 uM for DF, and 0.01-0.2 and 0.2-2.0 uM
for TR. The limits of detection obtained during the simultaneous determination of PA, DF,
and TR are 0.015 uM, 0.00021 uM, and 0.0017 puM, respectively. The DPAdSV procedure
with the aSPCE/SDS was successfully applied for the determination of PA, DF, and TR in
river water and serum samples (the recovery values between 97.0 and 102.0%) as well as
pharmaceuticals (the relative errors between determined and label values are in the ranges
of 0 and 2.1%).

Table 3. Summary of voltammetric procedures for painkillers residues determination at the electro-
chemically pretreated screen-printed electrodes or modified with polymer film in environmental

water samples.

Linear Range

Electrode Analyte Method [uM] LOD [uM] Application Ref.
DF 005.200 00021
aSPCE/SDS PA DPAdSV 0 01_0'"2 0 015 river water [82]
TR 0.2-2.0
electrochemicall PA 0.5-10.0 0.22
pretreated SP CEy HQ DPV 0.5-10.0 0.19 tap water [100]
E2 0.5-10.0 0.89
electrochemically river water,
pretreated SPGE 1B SWv 0-80-30.0 630 wastewater [104]
MIP/SPCE DF DPV 0.1-10 0.07 Tiver water, [103]

tap water

PA-paracetamol; DF-diclofenac; HQ-hydroquinone; E2-estradiol; IB-ibuprofen; DPAdSV-differential-pulse
adsorptive stripping voltammetry; DPV-differential-pulse voltammetry; SWV-square-wave voltammetry;
aSPCE/SDS-activated screen-printed carbon electrode modified with sodium dodecyl sulfate; electrochemi-
cally pretreated SPCE—electrochemically pretreated screen-printed carbon electrode; electrochemically pretreated
SPGE-electrochemically pretreated screen-printed graphite electrode; MIP /SPCE-screen-printed carbon electrode
modified with molecularly imprinted polymer.

In paper [100], Raymounds-Pereira et al. proposed electrochemically pretreated
(2 voltammetric cycles from —2.5 to 2.5 V at a scan rate of 100 mV s~! in 0.5 M sulfu-
ric acid solution) screen-printed carbon electrode (SPCE) for the determination of hydro-
quinone (HQ), paracetamol and estradiol (E2) in tap water. The authors concluded that
pre-treatment did not affect the morphology of the electrode surface and did not introduce
functional groups to the surface but removed non-conducting residues from the printing
ink. This consequently contributed to the improvement of the sensor’s conductivity (the
charge-transfer resistance decreased from 30 to 5 k() due to the pre-treatment) and sensitiv-
ity of the voltammetric procedure. The ability to determine PA, HQ, and E2 was verified
by taking voltammetric measurements with tap water samples spiked with analytes in
the concentration range of 1-7 uM). The results were compared to those obtained by high-
performance liquid chromatography (HPLC). Using the Student’s test the author found
that the voltammetric procedures yielded the same results as the standard method HPLC.

Amin et al. [104] show the application of electrochemically pretreated screen-printed
graphite electrode (SPGE) to the electrochemical oxidation and detection of ibuprofen (IB).
An SPGE surface was pretreated (conditioned) by applying a fixed potential of 1.6 V for
3 min vs. Ag pseudo reference electrode. Using pretreated SPGE, detection limits were im-
proved 12.5 times to instrumental detection limits, thereby, LOD of 6.30 uM was achieved.

2.3. SPEs Modified with Polymers

Polymers are widely used modifiers for electrodes and SPEs. The most frequently used
polymers for this purpose are conductive polymers that combine conventional properties
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of polymers with the electronic properties of metals and/or semiconductors. Mainly
polyacetylene, polyaniline, polypyrrole, or polythiophene are used here [136,137]. In
addition, it was found that the use of a conductive polymer to modify the electrode surface
increases the electrical conductivity, high chemical stability, good magnetic properties, high
electron affinity, optical properties, and low ionization potential [138]. Another group
of polymers that can be used to modify the surface of the electrodes are ion-exchange
polymers, one example of which is the well-known Nafion—perfluorinated sulfonated
cation-exchanger [138]. Today, molecularly imprinted polymers (MIPs) in combination
with electrochemical sensors are of great interest. MIP modified electrodes have proven
the usefulness of both small and large biomolecules, such as proteins or DNA [139,140].
MIPs are typically prepared by forming a three-dimensional polymer network around
a molecular template via a cross-linking step. Removal of this matrix creates binding
cavities that retain the shape, size, and orientation of the target molecule, leading to a
high selectivity in the recognition process [141,142]. MIPs offer some clear advantages,
including very good stability with a high surface area over a wide range of experimental
conditions and solvents, becoming powerful alternatives to biorecognition elements such
as antibodies. Because of their high selectivity, simple synthesis methods, high stability, low
cost, and good engineering capability, MIPs receive great attention as recognition elements
in various fields, especially in electrochemical sensing [143,144]. The polymer layer on
the surface of the electrodes can be applied in several ways. Most often it is done by
dropping a polymer solution [145] or electropolymerization [137,146,147]. Other methods
described in the literature are dispensing, inkjet printing, screen-printing, electrodeposition,
electrospray, or pen-writing [138].

Seguro et al. [103] proposed a disposable voltammetric molecularly imprinted polymer
screen-printed carbon sensor (MIP/SPCE) for the selective determination of diclofenac
(Table 3). MIP preparation was achieved by cyclic voltammetry, using dopamine as a
monomer in the presence of DF. The MIP/SPCE showed adequate selectivity (in comparison
with other drug molecules), intra-day repeatability of 7.5%, inter-day repeatability of 11.5%,
a linear range between 0.1 and 10 uM, and a limit of detection and quantification of 70 and
200 nM, respectively. Its applicability was demonstrated by the determination of DF in
spiked water samples (river and tap water).

3. Conclusions

Monitoring the water environment for the presence and content of residues of phar-
maceuticals, including painkillers a significant issue for contemporary analytical chemistry.
This review demonstrates the applications of screen-printed sensors for the sensitive deter-
mination of environmental water pollutants (painkillers). Several examples described in
this review paper show that the developed simple, sensitive, and selective voltammetric
procedures with screen-printed sensors can be good tools for this purpose. The screen-
printed electrodes modified with carbon nanomaterials, polymer film, or electrochemically
activated showed advantageous electroconductivity, catalytic activity, and surface area.
Moreover, the screen-printed sensors are potentially applicable not only in laboratory
measurements but also in-field analysis. Due to their electrochemical properties, simplicity,
disposability, short response time, and miniaturization, screen-printed sensors can find
application in environmental water monitoring.

The screen-printed sensors area is expected to grow with new application domains.
Future work will focus on improving the analytical parameters of screen-printed sensors
to adjust them to the relative concentrations of the analytes in the environmental water
samples, and on developing procedures and sensors for new substances AS, NP, KP)
with analgesic properties. More attention should be given to expected interfering species
and proven or possible strategies for mitigating their effects and improving selectivity.
Moreover, sensor miniaturization, shortening the analysis time, reducing the volume of
analyzed samples, and using reagents should be the aim of subsequent studies.
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Abstract: Testosterone (TST), despite its good properties, may be harmful to the human organism
and the environment. Therefore, monitoring biological fluids and environmental samples is impor-
tant. An electrochemically pretreated screen-printed carbon sensor modified with Pb nanoparticles
(pSPCE/PbNPs) was successfully prepared and used for the determination of TST. The surface
morphology and electrochemical properties of unmodified and modified sensors were characterized
by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), scanning and trans-
mission electron microscopy (SEM and TEM), and energy-dispersive X-ray spectroscopy (EDS).
Selective determinations of TST at the pSPCE/PbNPs were carried out by differential pulse ad-
sorptive stripping voltammetry (DPAdSV, Epp dep.and TsT ace. Of =1.1 V, t pp dep.and TsT acc. Of 120's,
AEp of 50 mV, v of 175 mV s~ L, and ty, of 5 ms) in a solution containing 0.075 mol L1 acetate
buffer of pH=4.6 £ 0.1, and 7.5 x 10~° mol L=1 Pb(NO3),. The analytical signal obtained at the
potential around —1.42 V (vs. silver pseudo-reference electrode) is related to the reduction pro-
cess of TST adsorbed onto the electrode surface. The use of pSPCE/PbNPs allows obtaining a
very low limit of TST detection (2.2 x 1072 mol L™') and wide linear ranges of the calibration
graph (1.0 x 10711-1.0 x 10719, 1.0 x 1071°-2.0 x 107, and 2.0 x 107°-2.0 x 1078 mol L~'). The
pSPCE/PbNPs were successfully applied for the determination of TST in reference material of human
urine and wastewater purified in a sewage treatment plant without preliminary preparation.

Keywords: testosterone; electrochemical preparation; screen-printed carbon sensor; lead nanoparticles;
differential-pulse adsorptive stripping voltammetry; human urine; wastewater

1. Introduction

Hormones regulate many types of cellular and physiological functions in the human
body, such as reproduction, growth, and differentiation [1]. Testosterone (TST), chemically
known as 173-hydroxyandrost-4-en-3-one, is the principal endogenous androgenic-anabolic
steroid in humans. In the human body, it is produced primarily in the testes of males and
in the ovaries of females, while small amounts are produced by adrenal glands in both
sexes [2,3]. In men, TST plays a key role in the development of male reproductive tissues
such as the testis and prostate, as well as in promoting secondary sexual characteristics such
as increased muscle, bone mass, and the growth of body hair. Moreover, TST is essential
for health and well-being as well as the prevention of osteoporosis. Testosterone abuse is
widespread among sportsmen willing to increase aggressiveness, strength, and recovery,
making it the most frequently reported substance in steroid misuse. The World Anti-Doping
Agency prohibited its use to ensure fair play and protect athletes from possible adverse side
effects such as heart attack, high blood pressure, liver disease, or mental effects [2,4]. TST
can be an ingredient in pharmaceuticals. In the urine of an average man, TST is present at a
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level of 1078 mol L™, but in the case of hormone therapy using TST, these concentrations
can be several times higher [5]. Currently, we are dealing with increasing pollution of the
environment with various types of pharmaceuticals, including hormones. TST is one of
the organic micropollutants present in the environment and in natural waters and can
cause adverse biological effects on humans and wildlife below the physiological levels
(sub-ng L~1) [6,7]. Due to the fact that TST concentrations detected in the environment are
in the order of 107 12-10~1 mol L1 (groundwater [8] and municipal wastewater [9]), it is
necessary to develop highly sensitive methods of measuring this hormone.

Among the popular analytical methods used for the detection of TST, chromatographic
methods can be indicated, e.g., high-performance liquid chromatography coupled with
tandem mass spectrometry (HPLC-MS/MS) [10], isotope dilution ultra-performance liquid
chromatography—tandem mass spectrometry (ID-UPLC-MS/MS) [11], liquid chromatogra-
phy coupled with mass spectrometry (LC-MS) [12,13], and gas chromatography coupled
with mass spectrometry (GC-MS) [14,15]. Other methods that allow us to determine TST
are capillary electrophoresis (CE) [16,17] and the molecularly imprinted plasmon resonance
method [18]. While chromatographic methods are extremely effective, most have many dis-
advantages, such as cost and long and complicated sample pretreatment, usually involving
different types of derivatization, extraction, and purification prior to analysis.

On the other hand, electrochemical methods provide fast, low-cost on-site analysis
with high specificity and high sensitivity [4,6]. However, there are only a few studies
available on the voltammetric determination of testosterone. Most of them show the use
of conventional working electrodes such as glassy carbon electrodes modified in various
ways—modified with a lead film (PbFE) [19], a cationic surfactant (GCE/CTAB) [4], or a
cationic surfactant and a bismuth film (GCE/CTAB/BiF) [3]. It can also include maltodextrin-
modified paste electrodes based on various carbon materials (graphite, graphene, carbon
nanotubes, and fullerene Cgp) [1], the hanging mercury drop electrode (HMDE) [20], the
edge plane pyrolytic graphite electrode modified with single-walled carbon nanotubes
(SWNTs-EPPGE) [2], and a gold electrode modified with a double-layered molecularly im-
printed polymer (AuE/DMIP) [21]. The lowest detection limit at the conventional working
electrode, equal to 1.0 x 10~ mol L1, was obtained on the AuE/DMIP. However, the
preparation of this electrode requires many reagents and a multi-step procedure consisting
of cleaning the gold surface and electrodepositing the first conductive polymer layer, and
then another one forming the DMIP. The final step is to remove the testosterone template
and dry the electrode.

Unlike individual working electrodes in electrochemical analysis, all electrodes of
screen-printed sensors (SPEs), i.e., reference, working, and counter electrodes, are printed
and integrated on the same substrate. SPEs represent a modern analytical chemistry trend
in miniaturization [22,23]. Screen-printed electrodes have advantages such as simplicity of
construction and operation, diversification of the selection of electrode materials, low cost,
design flexibility, reliability for detecting different substances, portability, and simplicity of
modification of the electrodes for various uses [24]. An SPE is a good electrode due to its
mass production, low cost, and low background current [25]. Conductive inks from screen-
printed carbon electrodes (SPCEs) contain carbon with organic solvents, bonding pastes
(e.g., polyester resin, ethyl cellulose, or epoxy-based polymer binder), and some additives
that provide functional properties. The presence of these additional non-conductive materi-
als can lead to a slowdown in the kinetics of heterogeneous electrochemical reactions [26].
The main purpose of the SPCE pretreatment is to remove the organic components of the ink
or contaminants and to increase the surface roughness or functionality [27]. The following
methods of pretreatment of SPEs can be found in the literature—heat treatment [27], oxy-
gen plasma treatment [28], chemical treatment [29], polishing [30,31], and electrochemical
treatment [32-34].

Nanomaterials are chemical substances or materials that are manufactured and used
at a very small scale [35]. Among the nanomaterials, carbon nanomaterials are often used
today as electrode modifiers. We can distinguish here graphene, carbon black (CB), carbon



Materials 2022, 15, 4948

30f16

nanofibers (CNFs), carbon nanotubes (CNTs), and carbon nanohorns (CNHs). Carbon
nanomaterials have proven to be efficient electrode materials as they exhibit remarkable
electronic, mechanical, and chemical properties; high surface areas; low electrical resistance;
excellent electrical conductivity; and low cost. Additionally, the ability to functionalize
their surfaces with antibodies, nucleic acids, or catalysts can lead to enhanced analytical
performance, including sensitivity and selectivity [36-38]. Another group of commonly
used nanomaterials is nanoparticles (NPs), mainly metal nanoparticles. Due to their small
size, nanoparticles can increase the surface area of the electrode used. In addition, metallic
nanoparticles can increase the mass transport speed and provide fast electron transfer
between the electroactive species and the electrode surface, which increases the sensitivity
of the electrodes used [39,40].

Only one study describes the determination of testosterone using screen-printed
sensors [41]. The TST determination procedure presented in the article [41] used SPEs
modified with molecularly imprinted polymer (MIP). A very low LOD was obtained on
this electrode, equal to 3.5 x 10717 mol L~!. However, the preparation of the SPE/MIP
is laborious and time-consuming and requires steps such as electropolymerizing the MIP
on the surface of the working electrode in the presence of a high concentration of TST as
a template and then removing this template. Therefore, a very simple procedure for the
preparation of the modified screen-printed sensor was proposed while maintaining the
high sensitivity and selectivity of the sensor. In this work, the combination of the valuable
properties of screen-printed carbon electrode (SPCE) and lead nanoparticles (PbNPs), as
well as the electrochemical pretreatment step in the fabrication of a novel voltammetric
sensor of TST, was proposed for the first time. The use of a lead film glassy carbon
electrode for TST determination was described in the literature [19]. However, as far as
we know, the application of an electrochemically pretreated screen-printed carbon sensor
modified with Pb nanoparticles (pSPCE/PbNPs) has never been reported. Moreover, it
is the first time a voltammetric sensor has been used in TST determinations not only in
body fluids (urine) but also in environmental samples (wastewater). It is worth adding
that the samples do not require preliminary preparation. To specify the advantages of
PbNPs and the use of the electrochemical pretreatment step, the pSPCE/PbNPs were
characterized by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS),
scanning and transmission electron microscopy (SEM and TEM), and energy-dispersive
X-ray spectroscopy (EDS).

2. Materials and Methods
2.1. Apparatus

Transmission electron microscopy (TEM) analysis was performed by means of a
high-resolution transmission electron microscope Tecnai G2 T20 X-TWIN (FEI) equipped
with an energy dispersive X-ray spectrometer (EDS). The samples were prepared for analy-
sis by scratching the film from the surface of the electrode and placing it on a TEM copper
grid. Moreover, microscopic images of the pSPCE/PbNPs surface were attained with a
high-resolution scanning electron microscope Quanta 3D FEG (FEI, USA) (acceleration
voltage of 5.0 kV, working distance of 9.3 mm, magnification of 25,000 ).

All voltammetric studies were made using a pAutolab electrochemical analyzer
(Eco Chemie, Utrecht, The Netherlands) controlled by GPES 4.9 software. The standard
quartz electrochemical cell with a volume of 10 mL composed of a commercially avail-
able screen-printed carbon sensor (SPCE, DropSens, Spain, Ref. C150) was applied for
experiments. The SPCE sensor consisted of a screen-printed carbon working electrode, a
platinum screen-printed auxiliary electrode, and a silver screen-printed pseudo-reference
electrode. The pAutolab analyzer controlled by FRA 4.9 software was used for electrochem-
ical impedance spectroscopy (EIS) measurements.

HPLC analyses were performed on a VWR Hitachi Elite LaChrom HPLC with a PDA
detector using an Ascentis Express C18 column (15 cm x 2.1 mm i.d., 2.7 um).
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2.2. Reagents and Solutions

Appropriate amounts of Merck reagent (Darmstadt, Germany), testosterone propi-
onate, were dissolved in ethanol to obtain a 10~3 mol L~ solution of TST. This solution was
diluted with ethanol to obtain a 10~% mol L~! solution of TST or with 0.1 mol L~! acetate
buffer of pH = 4.6 & 0.1 to obtain 107> or 10~° mol L~ solutions of TST. The supporting
electrolyte, acetate buffer of pH = 4.6 & 0.1, was prepared with reagents (CH3;COONa and
CH3COOH) purchased from Merck. The 10~2 mol L~! stock solutions of Fe(III), Ca(Il),
Cu(Il), Mg(II), Cd(II), Ni(Il), V(V), glucose (GL), dopamine (DA), ascorbic acid (AA), uric
acid (UA), epinephrine (EP), and adenine (AD) were prepared from Merck reagents in
deionized water before starting the set of experiments and stored at 4 °C in the dark until
used. HPLC-grade acetonitrile was purchased from Merck. The solutions were prepared
using ultra-purified water supplied by a Milli-Q system.

2.3. Fabrication of pSPCE/PbNPs and Voltammetric Determination of TST

The scheme of sensor fabrication and voltammetric measurements of TST at the
pSPCE/PbNPs is presented in Figure 1. The commercially available SPCE was simultaneously
electrochemically pretreated and electrochemically decorated by lead nanoparticles (PbNPs) in
0.075 mol L~! acetate buffer of pH = 4.6 + 0.1 containing 7.5 x 10~> mol L~! Pb(NO3),. After
placing a fresh electrode in the solution, 15 consecutive differential-pulse voltammograms
were recorded (an electrochemical cleaning step at a potential of 0.5 V (Ejean.) for 10 s (tjean.),
modification of the surface with PbNPs at a potential of —1.1 V (Epp, gep.) for 120 s (tpp dep.), @
scan rate (v) of 175 mV s~ 1, an amplitude (AEA) of 50 mV, a modulation time (tm,) of 5 ms, and
a differential-pulse scan from —1.1 to —1.7 V). Then, after rinsing the electrode with water,
it was allowed to dry for 10 min at room temperature. The sensor was electrochemically
pretreated only once before a series of measurements of TST.

Pretreatment and
maodification with PBNPs

15 = DPY:
from-1.1w-17V
Eyean 8T D5V, 1, ., OF 105,
Ere o, of -1.1v,
toy, gap, O 120 5,

2
Maodification with PhNPs
and determination of TST
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Figure 1. Scheme of sensor fabrication and voltammetric measurements of TST at the pSPCE/PbNPs.

The pSPCE/PbNPs fabricated were used for TST determination in the same solution
(0.075 mol L~! acetate buffer of pH = 4.6 + 0.1 containing 7.5 x 107> mol L~! Pb(NO3),) in
which it had been prepared. Only a specified amount of TST standard solution (concentra-
tion of TST in the range of 1.0 x 10~1'-2.0 x 1078 mol L~!) or sample was introduced into
the supporting electrolyte. The procedure consists of an electrochemical cleaning step at a
potential of 0.5 V (Ejean.) for 10 s (tcjean.), simultaneous modification of the surface with
PbNPs, and accumulation of TST at a potential (Epp, dep. and TsT ace.) Of —1.1 V for a time
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(tPb dep. and TST acc.) Of 120 s. Differential-pulse scans were registered from —1.1to —1.7V
with v of 250 mV s~ 1, AEA of 150 mV, and t, of 5 ms.

2.4. HPLC/PDA Analysis

Chromatographic conditions were established based on the literature [42] with slight
modification. A mixture of acetonitrile and water (65:35 v/v) at a flow rate of 0.25 mL min !
was used as the mobile phase. The temperature was set at 30 °C. The injection volume was
10 pL, and the analytical wavelength was 240 nm.

2.5. Sample Analysis

The reference material of human urine (Medidrug Basis-line U) and wastewater
purified in a sewage treatment plant (Lublin, Poland) were analyzed using the DPAdSV
and HPLC/PDA methods. The desired concentrations of TST were added to the samples,
and they were directly analyzed without any separation steps.

3. Results and Discussion
3.1. Characteristics of Sensors

In the first phase of the research, the differential-pulse adsorptive stripping voltam-
metry (DPAdSV) technique was used to characterize TST behavior at the pSPCE /PbNPs
sensor. The studies were performed in 0.1 mol L~! acetate buffer of pH equal to 4.6 + 0.1
containing 7.5 x 107> mol L~! Pb(NO3), and 2.0 x 10~? mol L~! TST. For comparison,
the DPAdSV curves were recorded under the same conditions at the unmodified SPCE
and the SPCE/PbNPs that was not electrochemically pretreated. The studies (Figure 2A)
showed that the use of modification with lead nanoparticles was necessary to obtain a
reduction in the TST signal. Moreover, the application of electrochemical pretreatment of
the SPCE (15 consecutive DPV measurements: 0.5V for 10 s, —1.1 V for 120 s, scan from
—1.1to —1.7 V in the solution used further for TST determinations, rinsing with water and
drying for 10 min) practically does not change the TST peak current (1.80 vs. 1.74 pA), but
significantly improves its shape and shifts the peak potential of TST towards less negative
potential values (—1.45 vs. —1.36 V). Furthermore, the electrochemical pretreatment signifi-
cantly improves the repeatability of the analytical signal (Figure 2B, 2.0 x 10~ mol L~!
TST RSD of 24.77 vs. 3.58%, n = 10). In summary, the electrochemical pretreatment step
was crucial for a nicely shaped and repeatable signal, which has already been described
in the literature [33]. It is worth adding that in contrast to the works described so far [43],
in the electrochemical pretreatment step, the same solution and parameters as for the TST
determination were used, which simplifies the electrode preparation step and reduces the
consumption of reagents.

EETY %—g 2477
SPCE

SPCE/PbNPs -
pSPCEPBENPs

o — T T T T
EV
Figure 2. (A) DPASV curves of 2 x 10~2 mol L~! TST recorded at the unmodified SPCE (a), modified
with PbNPs (b), and the electrochemically pretreated SPCE/PbNPs (c). (B) Histogram bars of the
repeatability of the TST signal (relative standard deviation (RSD), 2 x 10~2 mol L=1 TST, n = 10) at
the SPCE/PbNPs and pSPCE/PbNDPs.

SPCE/PbNPs pSPCE/PbNPs
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The interfacial electron transport ability of the unmodified SPCE and the electrochemi-
cally pretreated SPCE /PbNPs was studied using EIS and CV techniques in 0.1 mol L~! KCl
containing 5.0 mmol L~! K3(Fe(CN)g). The CV curve displayed a pair of well-defined
redox peaks of (Fe(CN)g)3/# at the unmodified SPCE (Figure 3A, curve a). In the case
of the pSPCE/PbNPs (Figure 3A, curve b), the peak-to-peak separation (AE) increases
from 123.6 to 169.0 mV, which is ascribed to the inhibition of the electrochemical reac-
tion process by the PbNPs modification and electrochemical pretreatment. Moreover, the
rate of the electron transfer at the SPCE and the pSPCE/PbNPs was calculated as the
relative peak separations (x°) by dividing AE by 59 mV. The x° values for the SPCE and
pSPCE/PbNPs were greater than the theoretical value (x° = 1) and were equal to 2.09 and
2.86, respectively. Furthermore, the pSPCE/PbNPs show a higher anodic current intensity
than the SPCE. The new peak at a potential around —0.5 V is related to the oxidation
of lead from the pSPCE/PbNPs surface. The obtained results indicate that the PbNPs
modification and electrochemical pretreatment inhibit the electron transfer kinetics. In
addition, the Randles-Sevcik equation, CV curves recorded at scan rates of 5-150 mV s~
and the dependence between the anodic peak current (I,) and the square root of the scan
rate (v1/2) (Figure 3B) were used to calculate of the electrochemically active electrode area
(As) of the SPCE and pSPCE/PbNPs [44]. The As values of the SPCE and pSPCE/PbNPs
were calculated to be 0.072 and 0.22 cm?, respectively. It is evident that the PbNPs mod-
ification and electrochemical pretreatment significantly increase the As. Moreover, the
impedance spectra (Nyquist plots) were recorded at the SPCE and pSPCE/PbNPs in the
frequency range from 50 kHz to 1 Hz (Figure 3C). According to the experimental results,
the charge transfer resistance (R¢t) values obtained for the SPCE and pSPCE/PbNPs are
146.7 and 121.3 (), respectively. The pSPCE/PbNPs are characterized by lower Rt and
good conductivity.
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Figure 3. (A) Cyclic voltammograms recorded at the SPCE (a) and pSPCE/PbNPs (b) using the scan
rate of 100 mV s~1; (B) the relationship between the anodic peak current (Ip) and the square root
of the scan rate (v!/2) obtained at the SPCE (a) and pSPCE/PbNPs using the scan rate from 5 to
150 mV s~1; (C) Nyquist plots of the SPCE (a) and pSPCE/PbNPs (b) registered at a potential of
0.2V, in the frequency range from 50 kHz to 1 Hz. All results were performed in 0.1 mol L~! KCl
and 5.0 mmol L~! K3(Fe(CN)g).

In order to specify the advantages of PbNPs and the use of the electrochemical pre-
treatment step, the pSPCE/PbNPs were also characterized by scanning and transmission
electron microscopy (SEM and TEM) and energy-dispersive X-ray spectroscopy (EDS). The
SEM image of the pSPCE/PbNPs shows cracks formed during the drying of the SPCE
surface (Figure 4A). Moreover, the characteristic structure of the carbon layer obtained by
the screen-printing technique is visible in the higher resolution SEM image (Figure 4B).
However, the presence of electrochemically deposited lead nanoparticles (PbNPs) was
only detected using a high-resolution transmission microscope equipped with an energy



Materials 2022, 15, 4948 7 of 16

dispersive X-ray spectrometer (EDS) (Figure 4C,D). The EDS analysis confirms that the
black dots contain very small amounts of lead (mass % = 0.11), which confirms that the
electrochemically deposited lead is rewarded in the form of nanoparticles.

(D)

g

Number of counts

¢

. - -
“MEDS elemental analysis
" of the circled area

4 H
o Pb

o Pb  Pb

Energy [keV]

4.0

P 200 nm

Figure 4. The SEM (A,B) and TEM (C) images of the pSPCE/PbNPs surface. (D) The EDS spec-
trum of the highlighted fragment of the pSPCE/PbNPs. The concentration of Pb(NO3), was
7.5 x 107> mol L.

3.2. Mechanism and Optimization Procedure

In order to identify the involved TST reduction mechanism at the pSPCE/PbNPs, the
effect of scan rate was investigated. The cyclic voltammograms of 0.075 mol L~! acetate
buffer of pH + 0.1 containing 7.5 x 107> mol L~! Pb(NO3); and 5.0 x 107¢ mol L~! TST
were recorded at scan rates from 5 to 250 mV s~ !. Figure 5A demonstrates the CVs obtained
for three scan rate values (35, 50, and 75 mV s’l). There is a cathodic peak and no anodic
peak in the CVs of TST, indicating an irreversible electrode process. The TST reduction mech-
anism (Figure 5C) is well described in the literature [3]. It shows that the electrode process
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for TST is two-proton coupled two-electron transfer. As can be seen in Figure 5B, the TST
signal (Ip) increases non-linearly with the square root of the scan rate (v). The non-linear
I, /v plot with the regression equation of I, (LA) = 0.74 X V2 (mV s~ 1H1/2) — 2.17 indi-
cates that the faradic reaction is controlled by an adsorption process.

O—A ‘IU—B

*
1 .
a_
10 —
2l *
L 3
4 L 4
< 2
320 3 .
— _:I.
- 4_ .
.:o_
:—
. .
40 T T ' T ' T T ! 0 —1
1.8 1.6 1.4 1.2 1 0 16
E[V]
Cc

CH; oH

Figure 5. (A) CVs obtained at the pSPCE/PbNPs in the 0.075 mol L~! acetate buffer of pH 4.6 + 0.1
containing 7.5 x 107> mol L~! Pb(NO3), and 5.0 x 107® mol L~! TST (v of 35, 50, 75 mV s~ ).
(B) The dependence between TST signal (I,) and the square root of the scan rate (v) (v in the range of
5-250 mV s~ 1). (C) The possible TST reduction mechanism.

Additionally, the effect of pH value (acetic acid and acetate buffer) on the reduc-
tion peak current of 1.0 x 1078 mol L™! TST was studied. The progress of I with pH
shows that (Figure 6A) this parameter increased up to pH 4.6 &= 0.1, and therefore, an
acetate buffer of pH 4.6 £ 0.1 was selected for further studies. Furthermore, the TST
reduction process was analyzed at various concentrations (from 0.025 to 0.125 mol L™1)
of acetate buffer (pH 4.6 & 0.1) at the pSPCE/PbNPs. The fixed concentration of TST
(1.0 x 1078 mol L~!) was added to the supporting electrolyte. According to the results,
the highest peak current was obtained at an acetate buffer concentration of 0.075 mol L.
Then, the effect of Pb(NOs3), concentration was evaluated in the range of 2.5 x 107 to
1.25 x 10~* mol L~! towards the reduction peak current of 1.0 x 1078 mol L~! TST. As
exposed in Figure 6B, when increasing the Pb(NO3), concentration, the TST response also
increases up to 7.5 x 10~° mol L~! and therefore, this concentration value was chosen.
Moreover, the impact of DPAdSV procedure parameters, such as simultaneous modification
of the surface with PbNPs and accumulation of TST potential (Epp, dep. and TST acc.) and time
(tPb dep. and TST acc.), amplitude (AE,), scan rate (v), and modulation time (tm), on the peak
currents of 1.0 x 1078 mol L~! TST was investigated. The Epp, gep. and TST ace. Were tested in
the range from —0.8 to —1.3 V. The results (Figure 6C) show that the highest TST signal was
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obtained for —1.1 V (tpp dep. and TST ace. Was equal to 120 s), and hence this value was chosen
as optimal. Next, for the selected value of the potential, the effect of tpy, dep. and TST ace. It
the range of 15-300 s was examined. The tpp, dep. and TST ace. Of 120 s was selected for further
study (Figure 6D), but the stage of simultaneous modification of the surface with PbNPs
and accumulation of TST can be extended to obtain lower detection limits.

400 — 400 —
A B
300 —
_—
g
£, 200 —
_ﬂ.
100 —
i A T T T T T 1 4 T T T T T T T 1
2 5 6 25 50 75 100 125
-1
pH Cpp [HMol L]
350 — c 500D
300 —
g 400 —
250 — E
<
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o L —_—
200 —
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150 — i
100 l T l T | T ] T | 0 T | ! ] ! |
0.8 0.9 4 1.4 12 13 o 100 200 300

EPb dep. and TST acc. [V] th dep. and TST ace, [5]

Figure 6. The dependence of pH (A), Pb(NOj3), concentration (B), Epp dep. and TsT ace. (C), and
tPb dep. and TsT acc. (D) on 1 X 1078 mol L~ TST signal. The DPAdSV parameters: ty of 10 ms,
AEA of 50 mV and v of 40 mV s~!. The mean values of I, are given with the standard deviation
forn =3.

In order to investigate the effect of AE (from 25 to 200 mV), the reduction peak current
of TST was measured (Figure 7A). The best responses were obtained with AEA of 150 and
175 mV. For further studies, the value of 150 mV was chosen. Figure 7B depicts the effect
of v in the range of 25-200 mV s~ ! on the TST signal. The TST reduction signal increased
by increasing v up to 200 mV s~!. Due to the better repeatability of the TST signal, v of
175 mV s~! was selected as optimal. The t,, was checked in the range from 2 to 40 ms. The
highest TST signal was recorded for the ty, of 5 ms (Figure 7C).
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Figure 7. The dependence of AEA (A), v (B), and ty, (C)on 1 X 10~8 mol L—1 TST signal. The DPAdSV
parameters: Epp dep. and TST ace. ©f —1.1 V and Epp, dep. and TST acc. 0f 120 s. The mean values of I, are
given with the standard deviation for n = 3.

3.3. Voltammetric Determination of TST

The determination of TST at different concentrations was performed at the pSPCE/PbNPs
by the DPAdSV technique under the developed conditions. Figure 8 shows the obtained
results. Ag the concentration of TST increased, the related reduction peak current also
increased. The plot of the peak current against TST concentration exhibited three lin-
ear ranges. The first one was from 1.0 x 10711 6 1.0 x 10719 mol L1, the second one
was from 1.0 x 10710 t0 2.0 x 102 mol L1, and the third one was from 2.0 x 10~°
t0 2.0 x 1078 mol L~1. The detection (LOD) and quantification (LOQ) limits were esti-
mated to be 2.2 x 10712 and 7.3 x 107!2 mol L™, respectively, using LOD = 3SD, /b
and LOQ = 10 SD, /b equations (SD,—standard deviation of intercept (n = 3); b—slope of
calibration curve) [45].

I, [MA]

o 1= 840" crg; +0.082
r=0.9993

*
*

I =0.88" c.., +1.06
2 — TST

* ¢ 09902
I,= 013" gy +2.63

r = 0.9966

*
*

*

1.2

T T 1 T 1 1
-1.65 0 4 8 12 16 20
E[V] Crsr [Nmol L]

Figure 8. The DPAdSVs of the pSPCE/PbNPs in the presence of various TST concentrations (a — k,
1.0 x 1071-2.0 x 1078 mol L) in 0.075 mol L~ acetate buffer of pH 4.6 + 0.1 and 7.5 x 10~> mol
L~1 Pb(NO3), (A).Calibraion graph of TST (B). The obtained average values of the peak current are
shown with standard deviation for n = 3. The DPAdSV parameters: ty, of 5 ms, AEA of 150 mV, v of

175 mV Silr Epp dep. and TST acc. of —1.1V and Ep, dep. and TST acc. of 120's.
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The linear range and the LOD of the pSPCE/PbNPs were compared with other
previously reported voltammetric sensors, and the data are presented in Table 1. It can be
seen that only two studies describe the determination of TST with a lower LOD [2141].
However, the preparation of these electrodes (SPEs modified with a molecularly imprinted
polymer and AuE modified with a double-layered molecularly imprinted polymer) requires
a more expensive apparatus; the procedures are more labor-intensive, and more chemicals
are used.

Table 1. Comparison of techniques for analysis of TST.

Electrode Method Linear Range [mol L—1] [m];(ljll?* 1 Application Ref.
SWNT-EPPGE SWV 5.0 x 1079-1.0 x 10~° 2.8 x 1077 Urine [2]
GCE/BiF + CTAB SWAJSV 1.0 x 1079-4.5 x 10~8 3.0 x 10710 Pharmaceutical 3]
formulations, urine
HMDE AdSV 1.0 x 1078-7.3 x 106 5.0 x 107 Pharmaceutical [20]
formulations
MD/ graphite DPV 1.0 x 1078-1.0 x 107° 41x1078 Saliva [1]
MD/Graphene DPV 1.0 x 1077-1.0 x 10~ 6.7 x 107° Saliva [1]
MD/CNTs DPV 1.0 x 10710-1.0 x 10~° 1.4 x 1071 Saliva [1]
MD/fullerene Cqg DPV 1.0 x 1078-1.0 x 10 1.5 x 1078 Saliva [1]
SPE/MIP Ccv 35 x 1071835 x 10°1° 35 x 10717 Urine [41]
PbFE (GCE/PbF) SWAJSV 2.0 x 1078-3.0 x 1077 9.0 x 10~? Urine [19]
AuE/DMIP SWV 1.0 x 10714-1.0 x 10713 1.0 x 10714 Urine [21]
GCE/CTAB SWAJSV 1.0 x 1078-7.0 x 108 1.2 x 1079 Pharmaceutical [4]
formulations, urine
1.0 x 10711-1.0 x 10710
pSPCE/PbNPs DPAdSV 2.0 x 1071020 x 107 22 x 10712 Urine, wastewater ~ This work

2.0 x 1072-2.0 x 108

SWNT-EPPGE—edge plane pyrolytic graphite electrode modified with single-walled carbon nanotubes;
GCE/BiF + CTAB—glassy carbon electrode modified with bismuth film and cetyltrimethylammonium bro-
mide; HMDE—hanging mercury drop electrode; MD/graphite—maltodextrin-modified paste electrode based on
graphite; MD/graphene—maltodextrin-modified paste electrode based on grapheme; MD/CNTs—maltodextrin-
modified paste electrode based on carbon nanotubes; MD/fullerene Cgp—maltodextrin-modified paste elec-
trode based on fullereneCg); SPE/MIP—screen-printed electrode modified with molecularly imprinted poly-
mer; PbFE—lead film electrode; AuE/DMIP—gold electrode modified with a double-layered molecularly
imprinted polymer; GCE/CTAB—glassy carbon electrode modified with cetyltrimethylammonium bromide;
pSPCE /PbNPs—electrochemically pretreated screen-printed carbon electrode modified with lead nanoparticles;
SWV—square-wave voltammetry; SWAdSV—square-wave adsorptive stripping voltammetry; AdSV—adsorptive
stripping voltammetry; DPV—differential-pulse voltammetry; CV—cyclic voltammetry; DPAdSV—differential-
pulse adsorptive stripping voltammetry.

In order to investigate the selectivity of the DPAdSV procedure with the use of the
pSPCE/PbNPs for TST determination, increasing concentrations of potential interferents
were added to the supporting electrolyte. The tolerance limit was defined as the concen-
tration that gave an error of <10% in the determination of 1.0 x 10~2 mol L~! TST. It was
noted that studied substances have negligible effects on the peak current of TST (Figure 9).



Materials 2022, 15, 4948

12 0of 16

10,000 —

1000 1000 1000 1000

n-fold excess of interferents over 1 nM TST

Ni(ll) Mg(ll) GLU AA ADN Ca(ll) Cu(l) DOP UA EPI Fe(lll) V(V)

Figure 9. Histogram of the selectivity of pSPCE/PbNPs for TST determination. GLU—glucose,
AA—ascorbic acid, ADN—adenine, DOP—dopamine, UA—uric acid, EPI—epinephrine.

3.4. TST Determination in Real Samples

The high performance of the DPAdSV procedure at the pSPCE/PbNPs for TST de-
termination makes it a great potential for the analysis of environmental and biological
samples. Therefore, the practical ability of DPAdSV at the pSPCE/PbNPs was checked by
the determination of TST in reference material of human urine and wastewater samples
purified in a sewage treatment plant without any separation steps. The samples were
spiked with a known concentration of TST standard solution and analyzed by the stan-
dard addition method. Table 2 presents the obtained results. The very low value of LOD
(2.2 x 10712 mol L™ 1) allows for the use of small sample volumes and multiple dilutions
of the sample in the electrolyte solution (10 x dilution of wastewater and 1000 x dilution
of urine, which contributes to minimizing the interference from the sample matrix). The co-
efficient of variation values obtained between 0.8 and 4.7% indicate very good repeatability
of the signal. The recovery values were between 98.7 and 104.5%, which confirms a satisfac-
tory degree of accuracy of the DPAdSV procedure at the pSPCE/PbNPs. The DPAdSVs
registered during the determination of TST in real samples are shown in Figure 10. The
HPLC/PDA was applied to compare the results of TST analysis in samples without prelim-
inary preparation. However, the concentrations of TST were below the LOD and LOQ of
HPLC/PDA. The calculated LOD and LOQ for the standard solution were 7.5 x 10~8 and
2.5 x 10~7 mol L™}, respectively.
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Table 2. The outcomes of TST determination in reference material of human urine and wastewater

purified in a sewage treatment plant.

TST Concentration [umol L—1] + SD (n = 3)

Found in Coefficient of e [0
Sample Added Found DPAASV Electrochemical Cell Variation * [%] Recovery ** [%]
Purified 0.0003 0.000297 £+ 0.000012  0.0000297 + 0.0000012 4.05 99.0
wastewater 0.002 0.00201 = 0.000026 0.000209 = 0.0000017 0.80 100.5
RM of human 0.03 0.0296 + 0.0012 0.0000296 =+ 0.0000012 4.07 98.7
urine 0.02 0.209 £ 0.0017 0.000209 =+ 0.0000017 1.29 104.5

* Coefficient of variation [%] = (SD x 100)/Found DPAdSV, ** Recovery [%] = (Found DPAdSV x 100)/Added.
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Figure 10. The DPAdSVs recorded for the determination of TST in reference material of human urine
(A,B) and wastewater samples purified in a sewage treatment plant (C,D): (A): (a) 10 pL of sample + 0.03,
(b) as (a) +0.03, (c) as (a) + 0.06 nM TST, (B): (a) 10 uL of sample + 0.2, (b) as (a) + 0.2, (c) as (a) + 0.4 nM TST,
(O): (@) 1 mL of sample + 0.03, (b) as (a) + 0.03, (c) as (a) + 0.06 nM TST, and (D): (a) 1 mL of sample + 0.2,
(b) as (a) + 0.2, (c) as (a) + 0.4 nmol L1 TST. The DPAdSV parameters: AEA of 150 mV, ty, of 5 ms, v of
175 mV Sil/ Epp, dep. and TST acc. of —1.1 V and Epy, dep. and TST acc. of 120s.
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4. Conclusions

In summary, in this study, for the first time, an electrochemically pretreated screen-
printed carbon electrode modified with lead nanoparticles (pSPCE/PbNPs) was intro-
duced for trace analysis of testosterone (TST). The pSPCE/PbNPs were characterized by
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), scanning and
transmission electron microscopy (SEM and TEM), and energy-dispersive X-ray spec-
troscopy (EDS). The electrochemical pretreatment of the SPCE surface and electrochem-
ical modification with PbNPs reduce the charge transfer resistance, inhibit the electron
transfer kinetics, and significantly increase the active surface area of the sensor, which
is translated into a significant increase in the TST reduction peak current. The DPAdSV
procedure using the pSPCE/PbNPs is a highly sensitive and selective method for the
determination of TST. The use of the pSPCE/PbNPs allows obtaining a very low limit
of TST detection (2.2 x 10712 mol L~!) and wide linear ranges of the calibration graph
(1.0 x 1071-1.0 x 10719, 1.0 x 10719-2.0 x 107?, and 2.0 x 107°-2.0 x 1078 mol L™ 1).
The practical ability of DPAdSV at the pSPCE/PbNPs was successfully confirmed by
the determination of TST in spiked reference material of human urine and wastewater
samples purified in a sewage treatment plant without any separation steps. These findings
suggest that it is a promising analytical electrochemical sensing procedure for TST analysis
in environmental and biological samples. Furthermore, the advantage of the sensor is its
portability, which is very promising for quick field analysis.
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Abstract: In this paper, we propose the first analytical procedure—using a screen-printed carbon
electrode modified with carbon nanofibers (SPCE/CNFs)—for the detection and quantitative deter-
mination of an electroactive disubstituted fused triazinone, namely 4-CI-PIMT, which is a promising
anticancer drug candidate. The electrochemical performances of the sensor were investigated by
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and square-wave adsorptive
stripping voltammetry (SWAdSV). The presence of carbon nanofibers on the sensor surface caused
a decrease in charge-transfer resistance and an increase in the active surface compared to the bare
SPCE. Under the optimised experimental conditions, the proposed voltammetric procedure possesses
a good linear response for the determination of 4-CI-PIMT in the two linear ranges of 0.5-10 nM
and 10-100 nM. The low limits of detection and quantification were calculated at 0.099 and 0.33 nM,
respectively. In addition, the sensor displays high reproducibility and repeatability, as well as good
selectivity. The selectivity was improved through the use of a flow system and a short accumulation
time. The SWAdSV procedure with SPCE/CNFs was applied to determine 4-CI-PIMT in human
serum samples. The SWAdSV results were compared to those obtained by the ultra-high-performance
liquid chromatography coupled with electrospray ionization/single-quadrupole mass spectrometry
(UHPLC-ESI-MS) method.

Keywords: disubstituted fused triazinone; anticancer agent candidate; square-wave adsorptive
stripping voltammetry; screen-printed sensor; carbon nanofibers; flow system

1. Introduction

Among pharmaceutically important disubstituted fused triazinones, 4-CI-PIMT (i.e.,
8-(4-chlorophenyl)-3-phenyl-7,8-dihydroimidazo[2,1-c][1,2 4]triazin-4(6H)-one; Figure 1),
with a fully defined molecular structure, is the most promising anticancer drug can-
didate. This innovative nucleobase-like molecule revealed significant, concentration-
dependent antiproliferative effects in human peripheral blood myeloma cells, indicating
a possible usefulness in the treatment of such haematological malignancies. Further-
more, this compound proved to have the strongest antimigratory property in human
tumour cells of the cervix among all disubstituted fused triazinones, suggesting the highest
antimetastatic potential and, consequently, an applicability in the prevention of metas-
tasis [1]. It is worth noting that 4-CI-PIMT, as a promising candidate for an anticancer
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agent, was found to be completely nontoxic to normal human skin fibroblast [1] and
African green monkey kidney (data not published) cells and low in toxicity for mice
(LDsg > 2000 mg kg~ !, i.p.) [2]. This compound was predicted (using OSIRIS Property
Explorer: http:/ /www.organic-chemistry.org/prog/peo/) (accessed on 7 February 2022)
to have no adverse side effects, such as mutagenicity, tumorigenicity, irritating and repro-
ductive effects, due to the lack of “genotoxicophore” fragments in its structure. Based
on the highly significant QSARs between the experimentally determined lipophilicity pa-
rameters (on columns imitating biosystems) and pharmacokinetic parameters, as well as
the reliable and predictive QSAR models developed for assessing the penetration of the
blood-brain barrier, this small molecule could be expected to have good bioavailability and
high permeability through biological barriers [2—4]. The ability to penetrate the blood-brain
barrier was also confirmed by its effect on the central nervous system in mice [2]. The
above features indicate that this anticancer fused triazinone can be qualified as a promising
candidate for further pharmacological in vivo studies.

Cl

Y

N

o)

Figure 1. 8-(4-Chlorophenyl)-3-phenyl-7,8-dihydroimidazo[2,1-c][1,2,4]triazin-4(6H)-one (4-Cl-
PIMT)—an electroactive molecule used in this study.

Chromatography and spectroscopy are among the popular methods used in the anal-
ysis of organic compounds, especially pharmaceuticals. However, these techniques are
time-consuming, labour-intensive, and generate a high consumption of reagents. In ad-
dition, they require expensive equipment, and due to their complexity, highly qualified
analysts are required [5,6]. In contrast to the above-mentioned methods, electrochemical
methods, which include voltammetry, are characterised by a relatively low cost and sim-
plicity of operations, as well as high stability and sensitivity [5,7]. Electrochemical analysis
is practically free of organic solvents, is fast, and can be used on a large scale, thanks to
portable, miniaturised tools [6,8,9]. Electrochemical methods, including voltammetry, use
electrodes as a conversion element, the surface of which interacts with the analyte and
converts the information obtained into a signal that can be measured and identified by
means of electrochemical analysis control devices [10]. The most frequently used method in
quantitative analysis is voltammetry coupled with pulse waveform and the accumulation
of analyte on the electrode surface, e.g., square-wave adsorptive stripping voltammetry
(SWAASV). Techniques of this kind are considered a tool to obtain the very low limits of
detection (LODs) and quantification (LOQs) [11].

A whole range of working electrodes is used in voltammetry, e.g., mercury electrodes,
glassy carbon electrodes, carbon paste electrodes, or boron-doped diamond electrodes [12].
Since the initial development of screen-printed carbon electrodes (SPCEs) in the 1980s,
these sensors have found applications in biomedical, environmental, and industrial anal-
yses. Unlike individual electrodes in traditional electrochemical analysis, all SPCEs are
printed and integrated on an inert plastic or ceramic substrate, where a carbon ink and
silver pseudo-electrodes usually serve as working, counter, and reference electrodes [13,14].
Screen-printing techniques offer simple means of possible mass production of dispos-
able, stable, and low-cost screen-printed electrodes to be used in on-site analyses [15,16].
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Screen-printed electrodes are often employed in analytical applications due to their spe-
cific characteristics, including small dimensions and determination limits, quick response
duration, reproducibility, ability to operate at room temperature, and low background
current [5,17,18]. Additional advantages of screen-printed electrodes are diversification of
the selection of electrode materials, portability, reliability for detecting different substances,
and an ease of surface modification for various uses [19].

Often, both conventional and screen-printed electrodes require surface modification
for improved selectivity and sensitivity in determining the analyte. The modifier applied
to the electrode increases its active surface and improves electron transfer. Among the
currently popular modifiers, various types of nanoparticles and nanomaterials are used,
including carbon nanomaterials [12,20]. Nanomaterials are chemicals or materials that are
produced and used on a very small scale. Nanomaterials are being developed to exhibit new
properties compared to the same material without nanoscale features [21]. Carbon-based
nanomaterials have attracted much attention due to their large surface area, interconnecting
network, low electrical resistance, and excellent electrical conductivity, as well as good
chemical and physical stability toward electrochemical purposes [22]. Among carbon
nanomaterials, we can distinguish carbon nanofibers (CNFs); carbon nanohorns (CNHs);
and carbon nanotubes, including single-walled (SWCNTs), double-walled (DWCNTs) and
even multiwalled (MWCNTs) nanotubes [23-25]. Carbon nanofibers (CNFs) are graphitic
materials with a high surface area-to-volume ratio and excellent mechanical strength,
flexibility, chemical stability, and biocompatibility [26].

Despite the above-mentioned facts, no analytical procedure has been described in
the literature to date for the quantitative determination of an anticancer fused triazinone
(4-C1-PIMT). On the other hand, this promising small molecule is the subject of our current
electrochemical studies due to the attendance (in its structure) of an electroactive azome-
thine moiety of the ketimine-type, which may be the most susceptible to electrochemical
reduction under experimental conditions. The purpose of the present study is to develop
and optimise the first analytical procedure—using the most suitable screen-printed sensor
coupled with a flow system—which would enable the detection and subsequent quantita-
tive determination of this potential anticancer drug in both solution and enriched serum
samples.

2. Results and Discussion
2.1. Initial Studies

In the initial stage of the experiments, we compared the voltammetric response of the title
compound at the commercially available unmodified screen-printed carbon electrode (SPCE),
screen-printed carbon electrode modified with carbon nanofibers (SPCE/CNFs), and screen-
printed carbon electrode modified with multiwalled carbon nanotubes (SPCE/MWCNTs).
SWYV curves of 0.05 and 0.1 uM 4-Cl-PIMT were recorded at all electrodes after 45 s
of solution stirring (Figure 2). The analytical signals obtained at the SPCE/CNFs were
significantly improved compared to those obtained at the SPCE and the SPCE/MWCNTs.
Therefore, the commercially available screen-printed carbon electrode modified with carbon
nanofibers was selected for further study.
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Figure 2. SW voltammograms of 0.05 (a, ¢, and e) and 0.1 uM (b, d, and f) 4-CI-PIMT in 0.1 M HpSO,4
solution at the screen-printed carbon electrode (SPCE) (a and b), screen-printed carbon electrode
modified with carbon nanofibers (SPCE/CNFs) (c and d), and screen-printed carbon electrode modi-
fied with multiwalled carbon nanotubes (SPCE/MWCNT5) (e and f). SWV parameters: open-circuit
potential, t of 45 s, initial E of —0.2'V, final E of —1.1V, f of 50 Hz, Egy of 50 mV, and AE of 7 mV.

To explain the advisability of modification of the electrode surface by carbon nanofibers,
the commercially available, unmodified screen-printed carbon electrode (SPCE) and screen-
printed carbon electrode modified with carbon nanofibers (SPCE/CNFs) were examined
using the electrochemical impedance spectroscopy (EIS) method. Impedance spectra
(Nyquist plots) were recorded in the frequency range from 20.0 kHz to 1.0 Hz at a potential
of 0.2 V from a solution of 0.1 M KCl containing 5.0 mM K3[Fe(CN)s]. The obtained curves
(Figure 3) clearly show that the presence of carbon nanofibers on the surface of the SPCE
(black curve) causes a decrease in the charge-transfer resistance (R.) compared to the
bare SPCE (blue curve) (63.5 vs. 197.3 Q) cm?). Moreover, a better electrochemical perfor-
mance of the SPCE/CNFs compared to the SPCE is observed as a result of the increase
in its active surface due to modification (0.0809 + 0.0014 vs. 0.061 4 0.00058 cm? (1 = 3),
respectively) [27-29].

2.2. Effect of Type and pH of Supporting Electrolytes

The effect of the type of supporting electrolytes on the voltammetric response of 0.05
and 0.1 uM 4-CI-PIMT was checked using 0.1 M solutions of H,SO,, HNO3, CH3COOH,
and acetate buffers with pH values of 3.5 = 0.1, 4.0 £ 0.1, and 5.0 £ 0.1, respectively; the
corresponding data are depicted in Figure 4A. It is clearly visible that the highest peak
current of the reduction was obtained in acidic media. Figure 4B shows a comparison of the
SWYV curves recorded for 0.1 uM 4-CI-PIMT in 0.1 M solutions of acetic (red), sulfuric (blue),
and nitric (black) acids. Considering the obtained results, the nitric acid solution was found
to be the most suitable for the determination of 4-C1-PIMT. Moreover, the concentration of
nitric acid from 0.01 to 0.125 M was evaluated (Figure 4C). The highest and best-shaped
analytical signal of 4-Cl-PIMT was attained for the 0.025 M concentration of HNOj3, so it
was selected for subsequent experiments.
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In addition, the linearity of peak potential (Ep) of 4-CI-PIMT vs. pH plot (Figure 4D)
was obtained within the pH range of 1.0-5.0 (r = 0.9910). The equation slope is identical to
the theoretical value of 0.059 V pH ™!, indicating that the electrode process involves an equal
number of protons and electrons. This is demonstrated in the reduction mechanism of our
anticancer agent candidate (Figure 4E). It was found that the reduction process of 4-C1-PIMT
occurs at the surface of screen-printed carbon electrode modified with carbon nanofibers
(SPCE/CNFs)—as a sensor—through an electron-gain mechanism, with the transfer of two
electrons and two protons. The analyte possesses two azomethine moieties of the ketimine-
type (C=N). The reduction of each of these azomethine groups (C3=N2, C8a=N1) implies
the same number of protons and electrons. On the basis of previous findings [29-32],
it was proposed that the C=N moiety located at positions 3 and 2 would be exclusively
susceptible to the electrochemical reduction under these experimental conditions, leading to
a protonated CH-NH group. This proposal may be supported by the proven susceptibility
of this azomethine moiety to electrochemical reduction in structures of monocyclic, as well
as fused, triazinones with single N-N bonds [29-31]. In addition, this may be supported by
the experimentally observed reduction peak potential, the value of which is close to that of
the same azomethine moiety of the ketimine-type undergoing regioselective electrochemical
reduction in a structurally similar triazinone [32].

400 —
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Figure 3. Nyquist plots of SPCE/CNFs (a) and SPCE (b).
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Figure 4. (A) Influence of the type of supporting electrolytes (0.1 M H,SO,, HNO3;, CH3COOH and
acetate buffers with pH values of 3.5 & 0.1, 4.0 £ 0.1, and 5.0 & 0.1) on the 4-CI-PIMT peak current.
The mean values of I, are given with the standard deviation for n = 3. (B) SWV curves recorded in
0.1 M solutions of acetic acid (a), sulfuric acid (b), and nitric acid (c) containing 0.1 uM 4-CI-PIMT. (C)
Influence of the concentration of nitric acid on the peak current of 0.1 uM 4-CI-PIMT. (D) Effect of pH
on the Ey of 0.1 uM 4-CI-PIMT. (E) The proposed reduction mechanism of 4-CI-PIMT at the surface of
SPCE/CNFs.

2.3. CV Studies

The electrochemical responses of 4-CI-PIMT (10.0 uM) at the SPCE/CNFs in 0.025 M HNOs
were examined using cyclic voltammetry (CV). The CV curves were recorded for differ-
ent values of scan rate (v) from 20 to 450 mV s~1. Figure 5A shows the CV curves for
the selected v of 50, 100, and 200 mV s~ 1. In the potential range used, one irreversible
cathode peak was visible at -0.88 V (v = 100 mV s~!). The reduction peak potential shifted
toward more negative values with the increase in scan rate, which confirmed that the
analyte (4-CI-PIMT) was irreversibly reduced. More information about the electrochemical
behaviour of 4-C1-PIMT at the SPCE/CNFs was obtained based on the measured values of
the reduction peak current at various scan rates (20-450 mV s~1). The dependence between
the intensity of the peak current (I,) and the square root of the scan rate (v1/2) was plotted
(Figure 5B), the non-linear course of which indicates that the 4-CI-PIMT reduction process
on the SPCE/CNF surface was adsorption-controlled. Furthermore, the relationship be-
tween the log of the peak current (logl,) and the log of the scan rate (logv) was plotted
(Figure 5C). The slope of 1.011 in the plot of logl}, vs. logv indicates that this process was
purely adsorption-controlled [33].



Int. J. Mol. Sci. 2022, 23, 2429

7 of 14

1[uA]

150 —

-300 T

SGH*B 2.ﬂ_c

Y=1011%X-0.16 *
. r=0.9586

16

8 12 16 20 24
vz [(mV s1)172] log v
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2.4. Effect of SWAASV Parameters

Due to the confirmation of the adsorption of the 4-Cl-PIMT onto the surface of
SPCE/CNFs by CV, we decided to evaluate the influence of parameters such as the ac-
cumulation potential (Eaec) and time (tacc) on the peak current of this compound. The
accumulation potential was varied over the range from —0.2 to 0.3 V, and ta. was equal to
45 s. Figure 6A shows that the peak current increased when the accumulation potential was
changed from —0.2 V towards more positive values and reached its maximum intensity
at 0.1 V. Further increasing the potential value did not increase the analytical signal. For
the selected value of E,, the effect of accumulation time was investigated in the range
of 15-600 s. As can be seen, in Figure 6B, the highest peak current was obtained for an
accumulation time of 600 s; however, to make the analysis less time consuming, 120 s was
chosen for further study. To further improve the detection limit, an accumulation time
greater than 120 s is recommended.
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Figure 6. Influence of Eyec (A) and taec (B) on the peak current intensity of 20.0 nM 4-CI-PIMT. The
mean values of I, are given with the standard deviation for n = 3.

The influence of the square-wave frequency (f) on the analytical signal of the 20.0 nM
4-Cl-PIMT was studied in the range of 10-200 Hz (Figure 7A). For further research, we
decided to choose an f value of 75 Hz. The next step was to select the appropriate step-
potential (AE) value. For this purpose, the influence of this parameter was investigated
from 2 to 9 mV (Figure 7B). An increase in the peak current was observed as the step
potential increased to 7 mV and then decreased. Therefore, 7 mV was considered the
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optimal value. In addition, an influence of the square-wave amplitude (Egy) was checked
over the range from 25 to 200 mV (Figure 7C, f of 75 Hz and AE of 7 mV). The highest
4-Cl-PIMT peak current was obtained for the Egy value of 150 mV.
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Figure 7. Effect of f (A), AE (B), and Egy (C) on the analytical signal of 20 nM 4-CI-PIMT. Es¢c of 0.1
V and tacc of 120 s. The mean values of I, are given with the standard deviation for 1 = 3.

2.5. Analytical Performance

Under the optimised experimental conditions presented above, the 4-Cl-PIMT was
analysed on the SPCE/CNFs by SWAdSV. The reduction current responses were found to
be proportional in the two linear ranges of 0.5-10 nM and 10-100 nM (Figure 8A,B). This is
probably connected with the fact that at concentrations higher than 10 nM, saturation took
place or the analyte transport mechanism was altered. The limits of detection (LOD) and
quantification (LOQ) were calculated at 0.099 and 0.33 nM, respectively, using the following
formulas: LOD = 35Da/b and LOQ = 10SDa/b (SDa, standard deviation of intercept (1 = 3);
b, slope of calibration curve) [34].
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Figure 8. (A) Voltammograms obtained at the SPCE/CNFs in the 0.025 M solution of HNOj3 contain-
ing increasing concentrations of 4-CI-PIMT: (a) 0.5, (b) 1.0, (c) 2.0, (d) 5.0, (e) 10.0, (f) 20.0, (g) 50.0, and
(h) 100.0 nM. (B) Calibration plot of 4-CI-PIMT. SWAdSV parameters: Eacc 0f 0.1 V, taec of 120 s, f of
75 Hz, AE of 7 mV, and Egw of 150 mV. The mean values of I, are given with the standard deviation
forn=3.
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The 4-CI-PIMT analytical peak at the SPCE/CNFs displays very good repeatability,
with an RSD of 2.2% (20.0 nM 4-CI-PIMT, n = 10). To examine the reproducibility of
SPCE/CNFs, three different sensors were applied for the analysis of 20.0 nM 4-CI-PIMT.
The RSD value of 5.1% (1 = 9) confirmed the acceptable reproducibility of the SPCE/CNFs.

2.6. Selectivity

We examined the effect of interferences that can potentially occur in biological fluids
on the electrochemical response of 4-CI-PIMT. The tolerance limit was defined as the
concentration that gave an error of <10% in the assay of 5 nM 4-CI-PIMT. It was observed
that glucose (up to 2000-fold excess), epinephrine (up to 1000-fold excess), ascorbic acid
(up to 1000-fold excess), uric acid (up to 1000-fold excess), C1(-I) (up to 1000-fold excess),
adenine (up to 200-fold excess), Ca(Il) (up to 200-fold excess), dopamine (up to 100-fold
excess), Mg(II) (up to 100-fold excess), and Fe(III) (up to 40-fold excess) had negligible
effects on the assay of 4-CI-PIMT (Figure 9). Considering that the developed procedure is
intended to be used for the determination of 4-C1-PIMT in biological samples, the influence
of human serum on the analytical signal of 5 nM 4-CI-PIMT was also investigated. Due to
the significant influence of the serum matrix on the analyte peak current, we decided to use
a flow system in the analysis of real samples in order to reduce the influence of interferents
present therein. A comparison of the effect of serum on the voltammetric response of 5 nM
4-CI-PIMT in the classical and flow systems is presented in Figure 10.

5 —
I 2-c1-PiMT I 1:2000 I 1:1000
_ I 1:200 NN 1:100 ENNNNEN 1:40

0 —
GLU EPI AA UA CI(i) ADN Ca(lll DOP Mg(ll) Fe(lll)

Figure 9. Histogram bars of the 5 nM 4-CI-PIMT peak current in the presence of interferents. GLU—
glucose, EPI—epinephrine, AA—ascorbic acid, UA—uric acid, ADN—adenine, DOP—dopamine.



Int. J. Mol. Sci. 2022, 23, 2429

10 of 14

100 —¢
BO —
)
‘ﬂ\\ -
&
W gn—
c 60
>
m -
S
= 40
L]
7] 4
o
20 —
u T | T | L I T I T Y
0 200 400 600 800 1000

Vssrum [[JL]

Figure 10. Effect of human serum on the 5 nM 4-CI-PIMT peak current in the classic (black) and flow
(red) systems.

2.7. Serum Sample Analysis

In order to confirm the usefulness of the developed voltammetric procedure using
SPCE/CNFs, 4-CI-PIMT was determined in spiked human serum samples. As mentioned
in Section 2.6, in order to minimise interference from the sample matrix, a flow system
was used, in which, after the accumulation step, a supporting electrolyte solution was
introduced to the flow cell, followed by recording of the voltammograms. This procedure
was aimed at removing the sample solution from the near-electrode space in order to
reduce the probability of reducing interferents at the stage of recording the analytical
signal. Additionally, for the same purpose, we decided to reduce the accumulation time
from 120 to 30 s. Table 1 summarises the results obtained in the flow electrochemical
cell. The recovery values obtained by SWAdSV were 100.7 and 105.0%. The SWAdSV
results were compared to those obtained by ultra-high-performance liquid chromatography
coupled with electrospray ionization/single-quadrupole mass spectrometry (UHPLC-ESI-
MS). As can be seen, the relative error values between the results obtained by SWAdSV and
UHPLC-ESI-MS are satisfying, amounting to 2.18 and 9.48%, respectively.

Table 1. Results of 4-Cl-PIMT determination in human serum samples.

4-C1-PIMT Concentration [nM] £ SD (n = 3)

Found Found Recovery * Recovery ** . w% [0
Added SWAdSV UHPLC-ESI-MS SWAASV [%] UHPLC-ESI-MS [%]  Relative Error =% [%]
2.0 2.10 + 0.072 232 + 0.34 105.0 116.0 9.48
20.0 20.13 + 0.55 19.7 + 0.30 100.7 985 2.18

* Recovery [%] = (Found SWAdSV x 100)/Added; ** Recovery [%] = (Found UHPLC-ESI-MS x 100)/Added;
*** Relative error [%] = ((| Found UHPLC-ESI-MS—Found SWAdSV |)/Found UHPLC-ESI-MS) x 100.

3. Materials and Methods
3.1. The Investigated Electroactive Molecule

4-Cl-PIMT was chosen for the current electrochemical research and was freshly re-
synthesised from 1-(4-chlorophenyl)-2-hydrazinylideneimidazolidine hydroiodide (as the
starting nucleophilic building block) and «-oxophenylacetic acid (as the electrophilic annu-
lation reagent), according to one of the original synthetic approaches described in [1]. The
analyte had a fully defined molecular structure, as all its spectroscopic data (see Supplemen-
tary Material Table S1) were consistent with those previously reported [1]. This highly pure
white organic compound had a sharp melting point (275-276 °C) after recrystallization
from a binary solvent mixture of dichloromethane/methanol. Furthermore, when dis-
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solved in buffer/acetonitrile and injected into the immobilised-artificial- membrane (IAM)
column, the 4-CI-PIMT revealed a symmetric peak of a Gaussian shape in its chromatogram
(Figure S1 in the Supplementary Materials).

3.2. Apparatus

Voltammetric measurements were performed using a pAutolab analyser (Eco Chemie,
Utrecht, The Netherlands) controlled by GPES 4.9 software in an electrochemical quartz
cell with a commercially available screen-printed sensor (Metrohm-DropSens, Oviedo,
Spain). The same analyser controlled by FRA 4.9 software was also used to record Nyquist
plots in the electrochemical impedance spectroscopy (EIS) method. The three-electrode
commercially available sensors consisted of a carbon working electrode unmodified or
modified with carbon nanofibers or multiwalled carbon nanotubes, as well as a carbon
auxiliary electrode and a silver pseudo-reference electrode (SPCE, ref. 110; SPCE/CNFs,
ref. 110CNF and SPCE/MWCNTs, ref. 110CNT). The experiments on the flow system were
carried out using a peristaltic pump-type MS-CA (Ismatec, Wertheim, Germany) and a
commercially available methacrylate wall-jet flow cell (FLWCL, DropSens, Llanera, Spain).
Chromatographic measurements were conducted using an Agilent Technologies 1200 Infin-
ity ultra-high-performance liquid chromatography system consisting of an autosampler,
degasser, binary pump, and column thermostat connected to an Agilent Technologies 6120
quadrupole mass spectrometer equipped with an electrospray ionization source (API-ESI)
(Wilmington, DE, USA). Chromatographic separation was achieved on a Zorbax Eclipse
Plus C18 rapid-resolution HT (2.1 x 50 mm, 1.8 pm) analytical column protected by a
Zorbax Eclipse Plus-C18 narrow-bore guard column (2.1 x 12.5 mm, 5 um), both purchased
from Agilent Technologies.

3.3. Reagents and Solutions

The solutions of sulfuric acid, acetic acid, nitric acid, and acetate buffers of different
pH were prepared from Sigma-Aldrich reagents. Merck (Darmstadt, Germany) standard
solutions of Ca(Il), Mg(Il), Fe(Il), and CI(-I), as well as Sigma-Aldrich (Saint Louis, MO,
USA) reagents (adenine, dopamine, epinephrine, glucose, uric acid, and ascorbic acid)
were used in interference studies. For voltammetric measurements, a 1.0 mM solution of
4-Cl-PIMT was prepared in N,N-dimethylformamide (Sigma-Aldrich, Saint Louis, MO,
USA). For UHPLC-ESI-MS analysis, acetonitrile (Merck, Darmstadt, Germany), formic
acid (LC-MS, Sigma, Saint Louis, MO, USA), and trichloroacetic acid (TCA, Sigma-Aldrich,
Saint Louis, MO, USA) were used. A stock solution of the analyte (1 g L~!) was prepared
in dimethyl sulfoxide (DMSO, Merck, Darmstadt, Germany). Working solutions of the
analyte were prepared in 0.1% (v/v) formic acid in acetonitrile. All solutions were prepared
using ultra-purified water (>18 MQ) cm, Milli-Q system, Millipore, UK).

3.4. 4-CI-PIMT SWAdASV Analysis

Voltammetric measurements of 4-Cl-PIMT were carried out in a classic electrochemical
cell under optimised conditions in 0.025 M solution of HNO3. An accumulation potential
(Eacc) of 0.1 V was applied during stirring for 120 s (accumulation time, t;cc). Voltammo-
grams were recorded within the potential range from —0.2 to —1.0 V with a frequency (f)
of 75 Hz, a step potential (AE) of 7 mV, and a square-wave amplitude (Esy) of 150 mV. The
background curve was subtracted from each voltammogram. In the flow system during
serum sample analysis, in the first step 0.025 M solution of HNOj3 containing the spiked
sample for 40 s was directed through the cell in order to accumulate the analyte on the
surface of SPCE/CNFs. During this step, an accumulation potential of 0.1 V was used.
Then, 0.025 M HNOj was directed to the cell for 10 s in order to remove the sample solution,
and voltammograms were recorded. The average values of I, are shown with the standard
deviation of n = 3.
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3.5. 4-CI-PIMT UHPLC-ESI-MS Analysis

Volumes of 0.1% (v/v) formic acid in water (A) and acetonitrile (B) were used as
solvents for elution (flow rate of 0.3 mL min~!). The gradient used for the analysis was as
follows: 15% B at 0 min, 70% B at 7-8 min, 15% B at 10 min (post run: 2 min). The injection
volume and column temperature were 5 uL and 40 °C, respectively. Spectra were recorded
in positive-ion mode, with a capillary voltage of 4000 V, nebuliser pressure of 45 psi, drying
gas flow of 11 L min~! at 350 °C, and fragmentor voltage of 140 V. Selected ion monitoring
(SIM) was used to record the abundance of the [M + H]" ion peak at m/z 325.1 (retention
time: ~6.78 min)

3.6. Serum Sample Analysis

Normal human serum purchased from Merck (Darmstadt, Germany) was tested.
Frozen human serum was thawed at room temperature. Then, 100 uL of the human serum
sample was 100 times diluted in deionised water spiked with appropriate concentrations of
the analyte, transferred to a centrifugal tube, mixed with 50 pL of 7.5% (w/v) TCA solution
(Sigma-Aldrich, Saint Louis, MO, USA) in order to precipitate proteins, centrifuged at
4000x g for 10 min, and filtered through a 0.22 um Millipore filter. The supernatant
was analysed in triplicate by the optimised voltammetric procedure and UHPLC-ESI-MS
method.

4. Conclusions

In the present studies, a screen-printed carbon electrode modified with carbon nanofibers
(SPCE/CNFs) was proposed as the sensor in the first analytical procedure allowing for
the selective and sensitive determination of the most promising anticancer drug candi-
date from a class of disubstituted fused triazinones, i.e., 4-CI-PIMT. The increase in the
analytical signal of the 4-Cl-PIMT at the SPCE/CNFs compared to an unmodified SPCE
results from an increase in the active surface of the working electrode and a reduction in
the charge-transfer resistance. The developed SWAASV procedure is characterised by good
sensitivity and selectivity. The calculated LOD and LOQ values were found to be 0.099 and
0.33 nM, respectively. The developed procedure using SPCE/CNFs was successfully used
to determine the title analyte in human serum samples. The flow system minimised the
effect of human serum matrix on the analyte signal. The SWAdSV results were compared
to those obtained by the UHPLC-ESI-MS method, and the relative error values between
the results obtained by both methods proved to be satisfying (2.18% and 9.48%). The
4-Cl-PIMT analytical peak at the SPCE/CNFs as a sensor displayed high reproducibility
and repeatability.
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Abstract: In this paper, we report a highly sensitive voltammetric sensor for the determination of
the anti-cancer antibiotic bleomycin (BLM) based on a screen-printed carbon sensor that is electro-
chemically pretreated and decorated with lead nanoparticles in the sample solution (pSPCE/PbNPs).
These sensor surface manipulations contribute to significant amplification of the analytical signal and
improvement of its shape and repeatability. The effect of the electrochemical behavior of BLM on the
pSPCE/PbNPs was examined by electrochemical strategies. CV, EIS, and XPS were used to compare
the sensor surface modifications. The effects of the type and pH of the supporting electrolyte and the
procedure parameters were optimized. The features of the proposed procedure include: (a) very low
limits of detection and quantification (2.8 x 1071 and 9.3 x 10711 M, respectively), (b) linear ranges
(1.0 x 1071920 x 107 M and 2.0 x 1079-2.0 x 1078 M, and (c) a high sensitivity of 0.32 pA/nM.
The electrochemical sensor was successfully applied for the determination of BLM in wastewater and

reference material of human urine samples.

Keywords: electrochemically prepared screen-printed carbon electrode; lead nanoparticles; anti-

cancer antibiotic; bleomycin; voltammetry; human urine and wastewater sample

1. Introduction

Cancer is one of the most dangerous diseases and one of the greatest challenges of
modern medicine. The use of anti-cancer drugs is still the basic method of treatment [1].
One of the anti-cancer drugs is bleomycin (BLM), which is a mixture of natural structurally
related glycopeptide antibiotics produced by the bacterium Streptomyces verticillus. Clini-
cally used bleomycin contains mainly bleomycin A2 and B2 and small amounts of other
subfractions [2—4]. In combination with other chemotherapeutic agents, BLM is used in the
treatment of many types of cancer. It is the first-line drug in the treatment of Hodgkin’s
lymphoma [5], but it is also used in the treatment of non-Hodgkin lymphomas and head,
neck, and skin cancers. In combination therapy with cisplatin and etoposide, it is highly
effective against testicular cancer [6]. BLM is also used in the treatment of malignant pleural
effusion [7] and in sclerotherapy in patients with vascular malformations [8]. The wide use
of BLM results from the fact that it causes myelosuppression and immunosuppression at a
relatively low level [7,9].

The anti-tumor activity of BLM is related to the fact that it induces selective DNA
cleavage. BLM produces this effect on both single-stranded and double-stranded DNA. In
the presence of oxygen, BLM forms binary Fe(Il)eéBLM complexes with Fe(Il) ions. When
Fe(II) is oxidized to Fe(IIl), oxygen is reduced to free radicals, which then induce DNA
cleavage, ultimately leading to cell death [7,10,11]. Despite the aforementioned relatively
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low toxicity of BLM, the use of this substance is, however, associated with serious dose-
limiting side effects, such as kidney and lung toxicity. Treatment with BLM may result
in pneumonia progressing to irreversible pulmonary fibrosis with high mortality. An
important risk factor is the cumulative BLM dose exceeding 300 mg [5,8,11]. Therefore, in
order to achieve the best possible results of BLM therapy while minimizing its side effects,
it is necessary to develop sensitive and selective methods of BLM determination in clinical
samples.

Several methods allowing the determination of BLM can be found in the literature.
High-performance liquid chromatography (HPLC) [2,12,13], high-performance liquid chro-
matography quadrupole-time of flight mass spectrometry (HPLC-QTOF-MS) [4], electro-
generated chemiluminescence (ECL) [7] or radioimmunoassay (RIA) can be mentioned
here [9]. However, these methods require expensive equipment, are often time-consuming
and labor-intensive, and generate a high consumption of reagents.

As an alternative, electrochemical methods can be proposed; they require relatively
inexpensive devices, are simple, very sensitive, and selective, and also allow analyses
to be performed in a short time. Only a few papers describing the voltammetric proce-
dures for BLM determination are available. One of them [14] shows the use of a hanging
mercury drop electrode (HMDE). The remaining articles [1,11,15] present voltammetric
assays based on BLM-induced DNA strand scission. The lowest limit of detection (LOD),
7.4 x 10713 mol L™!, was obtained using the procedure described in [1]. Nonetheless,
this procedure, similar to those described in [11,15], requires the complicated and time-
consuming preparation of a working electrode modifier, which is DNA in this case, and
the subsequent immobilization of DNA on the surface of the electrode. The DNA cleavage
reaction itself, which is the basis for obtaining the BLM analytical signal, also takes a
relatively long time (10 min, while in the case of other works, even several hours).

To the best of our knowledge, there have been no attempts to use screen-printed
electrodes (SPEs) in BLM analysis so far. SPEs have been an increasingly popular type
of electrode in recent years. They are characterized by low production costs and high
commercial availability. The diversity of electrode materials used to produce SPEs and
the ease of modification of the electrode surface make them a very versatile tool for the
determination of a whole range of substances [16-18]. One of the ways to modify the
electrode surface is the electrochemical deposition of metal particles, e.g., lead. The lead
film electrode exhibited interesting characteristics, such as lower toxicity and volatility
compared with the mercury electrodes, a wide potential window, the ability to operate in a
wide range of pH media, good reproducibility, simple preparation, and a simple way of
electrochemical surface renewal [19]. This paper presents for the first time the use of modi-
fied screen-printed electrodes for BLM detection. The use of the electrochemically prepared
screen-printed carbon electrode decorated with lead nanoparticles (pSPCE/PbNPs) allowed
highly sensitive and selective determination of BLM in urine and also, in environmental
samples, in this case, municipal wastewater.

2. Results and Discussion
2.1. Sensor Characterization

Initially, the BLM voltammetric response at the electrochemically prepared screen-
printed carbon electrode decorated with lead nanoparticles (pSPCE/PbNPs) was examined
using square-wave adsorptive stripping voltammetry (SWAdSV). Measurements were
made in 0.075 M acetate buffer (pH 4.5) with the addition of 75 pM Pb(II) and 2 nM BLM.
Then, under the same conditions, SWAdSV curves were recorded on an unmodified screen-
printed carbon electrode (SPCE), and the screen-printed carbon electrode was decorated
with lead nanoparticles (SPCE/PbNPs) that had not been pretreated. In Figure 1, it can be
seen that the modification of the electrode with PbNPs is necessary to obtain the BLM peak.
In the case of the bare SPCE, no BLM reduction signal was observed (2 nM BLM—curve
a), which was confirmed by measuring a higher concentration of the analyte (5 nM BLM—
curve b). As can be seen, electrochemical pretreatment does not significantly affect the BLM
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peak current intensity but causes a slight shift of the peak potential towards less negative
potential values (—1.50 vs. —1.46 V) and improves the shape of the BLM peak. Moreover,
pretreatment of the sensor before its use in a series of BLM measurements significantly
improves the repeatability of the signal (5 nM BLM, RSD of 17.74% for the SPCE/PbNPs,
and 3.25% for the pSPCE/PbNPs, n = 10), which is in line with our previous research [20].
We tried to explain this phenomenon using various analytical techniques.

1 —

——— SPCE
——— SPCE
. ———— SPCE/PbNPs c
——— pSPCE/PbNPs
o_
—
<
=3 -1
| S
.2_
3 1 f T = T T

-1.4
E[V]
Figure 1. Comparison of the SWAdSV response for: (a and b) unmodified SPCE, (c) SPCE/PbNPs,

and (d) pSPCE/PbNPs. BLM concentration of 2 (a, ¢, and d) and 5 (b) nM. Eace. = —1.0V, taee. =120s,
f =50 Hz, Egyy =50 mV, and AE = 10 mV.

The pSPCE/PbNPs and the bare SPCE had been characterized using cyclic voltam-
metry (CV), electrochemical impedance spectroscopy (EIS), scanning and transmission
electron microscopy (SEM and TEM), and energy-dispersive X-ray spectroscopy (EDS) in
our previous research [20]. In paper [20], we stated that the electrochemically deposited
lead nanoparticles were not visible in SEM images, but the PbNPs presence on the electrode
surface was confirmed using a TEM-EDS. In this work, the research was supplemented
by the analysis of the sensors using X-ray photoelectron spectroscopy (XPS) and the CV
and EIS characteristics. The parameters for all tested sensors are summarized in Table 1.
The active area of the SPCE/PbNPs electrode was calculated in the same way as for the
other electrodes: CV measurements were made in a 0.1 M KClI solution containing 5 mM
K;3[Fe(CN)g], and the Randles-Sevcik equation was used here [21]. It can be seen that the
active surface area (Ag) significantly increases with modification with PbNPs (0.072 cm?
for the SPCE, 0.23 cm? for the SPCE/PbNPs, 0.22 cm? for the pSPCE/PbNPs). However,
electrochemical pretreatment does not contribute to an increase in As. Similarly, in the case
of the value of the charge transfer resistance (Rct), only the modification with PbNPs causes
a slight decrease in the resistance in relation to the unmodified electrode (146.7 Q) cm? for
the SPCE, 121.5 Q) em? for the SPCE/PbNPs, 121.3 () cm? for the pSPCE/PbNPs). The XPS
analysis shows that the percentage atomic concentration of Pb is as follows: 0.3% for the
SPCE/PbNPs and 0.9% for the pSPCE/PbNPs. The higher content of lead is associated
with its additional deposition during the electrochemical pretreatment of the sensor. How-
ever, this increase does not translate into an increase in As. A very interesting conclusion
can be drawn after a careful analysis of the deconvoluted Pb4f signal. The metallic form
of lead (55.6%) prevails over lead oxides (i.e., PbO) at the electrochemically pretreated
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SPCE/PbNPs. In the case of the non-pretreated electrode, an opposite situation is observed
since the metallic form of lead accounts for 40.3% of the total deposited lead film. Most
probably, the increased proportion of metallic lead affects the repeatability of the deposited
lead film before each measurement, thus contributing to the improvement in the shape of

the BLM signal and its repeatability. Figure 2 shows the XPS spectrum of the SPCE/PbNPs
and pSPCE/PbNPs, and the deconvoluted Pb4f region.

Table 1. Characteristics of the sensors.

RSD [%]
2 2
Electrode Ag [em?] Ret [Q em~] (1 = 10) Ref.
SPCE 0.072 146.7 - [20]
SPCE/PbNPs 0.23 121.5 17.74 This work
pSPCE/PbNPs 0.22 121.3 3.25 [20]
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Figure 2. The XPS spectrum of the SPCE/PbNPs and pSPCE/PbNPs, and the deconvoluted Pb4f region.

2.2. Supporting Electrolyte Composition

The first step in optimizing the procedure was to select the appropriate type and
pH of the supporting electrolyte. For this purpose, the influence of the pH value on the
reduction signal of 2 nM BLM in the environment of acetic acid and NaAc—HAc solutions
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with different pH were evaluated. An increase in the BLM peak current was observed
with an increase in pH to 4.5, and then a decrease in the BLM signal above this value
until it disappeared completely at a pH value of 5.9 (Figure 3A). In view of the obtained
results, NaAc—HAc solution (pH 4.5) was selected for further research. Subsequently,
the effect of the selected NaAc—HAc buffer concentration on the 2 nM BLM signal was
also examined in the range from 0.01 to 0.1 M. The highest peak current was obtained
with a buffer concentration of 0.05 M (Figure 3B), and therefore this concentration was
considered optimal. The last component of the base electrolyte whose influence on the
BLM peak current was checked was Pb(II). The effect of Pb(II) concentration on the 2 nM
BLM reduction signal was investigated over a concentration range of 0.01 to 0.1 mM. The
highest peak current was obtained at the Pb(Il) ion concentration of 0.05 mM (Figure 3C),
and this value was chosen for further studies.

0.6 — 0.6 = 0.6 =
A B C
= 5 = i_ .’_ —_— -
0.4 — 0.5 — | 0.4 — ..,"
/
; ( /
— ) — —_— |
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Figure 3. The dependence of pH (A), acetate buffer (B), and Pb(II) concentration (C) on the 2 nM
BLM peak current. Eqee. = =1.0'V, taee. =120 s, f = 50 Hz, Egyy = 50 mV, and AE = 10 mV. The received
average values of the peak current are shown with a standard deviation for n = 3.

2.3. Voltammetric Behavior of BLM on the pSPCE/PbNPs

The voltammetric behavior of BLM at the pSPCE/PbNPs in the supporting electrolyte
solution (0.05 M NaAc—HAc buffer of pH 4.5 and 0.05 mM Pb(II)) containing 0.1 pM
BLM was examined using cyclic voltammetry. Figure 4A shows the CVs recorded for the
supporting electrolyte (dashed line) and for 0.1 uM BLM (solid line) at a scan rate (v) of
50, 100, and 200 mV /s. With the potential range used in the measurements, three cathode
peaks were visible at potentials of —1.15, —1.45, and —1.65 V (v = 200 mV/s). However, no
oxidation signals were observed, which suggests that the BLM electroreduction process
on the electrode is irreversible. Due to the best shape and repeatability of the signal at
the potential of —1.45 V on the SWV voltammograms, this peak was selected for further
study. In an attempt to determine the nature of the electrode process, the BLM reduction
peak current was measured for increasing scan rates ranging from 5 to 200 mV/s. The
linear course of the dependence of the peak current (I) on the square root of the scan rate
(L1/2) (Figure 4B) suggests that the process is diffusion-controlled, but the slope (0.81) in
the plot of the relationship between the log of the peak current and the log of the scan rate
(Figure 4C) shows that the process has a mixed nature because it is not fully controlled by
diffusion, but also partially by adsorption.

The information on the electrochemical response of BLM was also obtained from the
analysis of differential capacity curves of the double-layer interface pSPCE/PbNPs/NaAc—
HAc buffer (pH 4.5) (frequency of 200 Hz). As shown in Figure 5, in the presence of 2 and
5 uM BLM, three desorption peaks (—1.17, —1.4, and —1.59 V) are visible. This proves the
adsorption of BLM onto the electrode surface.
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Figure 4. (A) CV curves obtained at the pSPCE/PbNPs in the 0.05 M NaAc—HAc buffer (pH 4.5)
containing 0.05 mmol L1 Pb(Il) and 0 M BLM (dashed line, a) or 0.1 uM BLM (solid line, b, ¢, and d)
(v =50, 100 and 200 mV/s). (B) The dependence between the BLM peak current (I,) and the square
root of the scan rate (v 1/2) (v in the range of 5-200 mV/s). (C) The dependence between the log of
the BLM peak current (log I,) and the log of the scan rate (log v) (v in the range of 5-200 mV /s).
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Figure 5. The differential capacity-potential curves of the double layer interface pSPCE/PbNPs/NaAc—

HAc buffer (pH 4.5) in the presence of 0 (a), 2 (b), and 5 (c) uM BLM.

2.4. Optimization Step

In order to achieve the best analytical signal, and thus the best sensitivity and accuracy
of the determinations, the SWAdSV procedure parameters were optimized, such as the
potential for simultaneous deposition of PbNPs and BLM accumulation on the electrode
surface (E,cc.) as well as time (tacc.), frequency (f), square-wave amplitude (Esw), and step
potential (AE). BLM at a fixed concentration (2 nM) was added to the supporting electrolyte
solution, and then the effect of the potential (Eacc.) on the reduction peak ranging from —0.8
to —1.3 V was examined. The highest peak current intensity was obtained at —1.0 V, and
therefore this value was considered optimal (Figure 6A). In the next stage, the influence of
the time of applying this potential was tested for the selected potential value. A deposition
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time (t acc.) of 120 s was chosen; however, since the signal continues to increase with
accumulation up to 600 s (Figure 6B), it is possible to attain an even lower detection limit
when a longer accumulation time is chosen.
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Figure 6. The dependence on Eic.. (A) and tace. (B) on the 2 nM BLM peak current. f = 50 Hz,
Esw =50 mV, and AE = 10 mV. The received average values of the peak current are shown with a
standard deviation for n = 3.

For the Egyy of 50 mV and the AE of 10 mV, the frequency was varied in the range from
10 to 200 Hz. The peak current increased with increasing frequency up to 50 Hz; higher
frequencies caused a decrease in the signal, and therefore the value of 50 Hz was selected
for subsequent studies (Figure 7A). Then, the influence of AE was checked by changing the
value of this parameter from 3 to 11 mV. The best result was obtained for the value of 10 mV
(Figure 7B). Finally, the effect of Egyy values in the range of 25-175 mV was optimized. The
highest BLM analytical signal was observed for the Egyy of 50 mV (Figure 7C).

0.75 — 06 —
B Cc

0.6 — \
ﬁ 0.5 — A\
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Figure 7. The dependence of f (A), AE (B), and Egw (C) on the 2 nM BLM peak current. The received
average values of the peak current are shown with a standard deviation for n = 3.
2.5. Selectivity Studies and Sensor Reproducibility

In order to test the selectivity of the pSPCE/PbNPs sensor, the voltammetric response
of 2nM BLM was checked in the presence of increasing concentrations of potential interfer-
ents. It was found that a 2500-fold excess of epinephrine and a 1000-fold excess of Mg(Il),
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Ca(Il), glucose, dopamine, ascorbic acid, and uric acid do not significantly alter the peak
current of BLM (they do not cause changes greater than 10%). Moreover, a 500-fold excess
of V(V), a 200-fold excess of Ni(Il), and a 100-fold excess of Fe(IIl), Cd(II), Cu(Il), adenine,
and testosterone had negligible effects on the BLM analytical signal. Since natural waters
contain surfactants with a surface-active effect corresponding to 0.2-2.0 ppm of Triton
X-100 [22], the influence of the presence of 2.0 ppm of this surfactant on the 2 nM BLM
signal was also investigated, and no peak current changes exceeding 10% were observed.

Furthermore, three sensors were prepared independently and employed in the SWAdSV
analysis of 2 nM BLM. The RSD value equal to 7.5% (1 = 9) confirms the acceptable repro-
ducibility of the pSPCE/PbNPs sensor.

2.6. Voltammetric Determination of BLM

The determination of the effect of increasing BLM concentrations on the electrode was
performed under optimized conditions using square-wave adsorptive stripping voltamme-
try (SWAdSV) (Figure 8A). It was observed that the BLM analytical signal increased linearly
with increasing concentration over two ranges, the first one from 1 x 1071%t02 x 1072 M
and the second one from 2 x 1077 to 2 x 10~8 M (Figure 8B). The limits of detection and
quantification were calculated to be 2.8 x 107! and 9.3 x 10~ M, respectively, using
the LOD = 3SD, /b and LOQ = 10 SD, /b equations (SD,—standard deviation of intercept
(n = 3); b—slope of calibration curve) [23]. The analytical performance of the proposed
sensor was compared with other voltammetric BLM determination procedures described
in the literature. The collected data are presented in Table 2. Only one of the procedures [1]
allows a lower limit of detection to be achieved, but it requires many hours and multi-stage
preparation of the working electrode, and the analysis time is relatively long.

4_
B
1 =0.32*¢c +0.11
P BLM
3 — . A .r=D.9934
I,=0.12* ¢, + 0.61
® ¢ * 09936
=
<
= 2
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Figure 8. (A) The SWAdSV curves obtained on the pSPCE/PbNPs in the presence of increasing
BLM concentration (a — h, 0.1-20 nM) in 0.05 M NaAc—HAc buffer (pH 4.5) and 0.05 mM Pb(II).
(B) Linear ranges of BLM. The received average values of the peak current are shown with a standard
deviation for n = 3. Egec. = —1.0V, taec. = 120 s, f = 50 Hz, Egyy = 50 mV, and AE = 10 mV.
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Table 2. Comparison of voltammetric analyses of BLM.

Electrode

Linear Range LOD

Method ™) ™)

Application Ref.

AuE/DNA

AuE/DNA (E-DNA sensor)

HMDE
ITO/MB-DNA

pSPCE/PbNPs

DPV 1.0 x 10712-1.0 x 107 7.4 x 10713 Serum [1
SWV 1.0 x 10710-1.0 x 10~ 1.0 x 10710 Serum [11]
AdSV 1.0 x 1072-1.0 x 1077 5.0 x 10710 Serum [14]
DPV 1.0 x 1071010 x 107 33 x 1071 Serum [15]
1.0 x 1071020 x 10~?

SWAdSV 2.0 x 1079-2.0 x 1078

—

=~

28 x 10711 Urine, wastewater This work

AuE/DNA—DNA probe modified gold electrode; HMDE—hanging mercury drop electrode; ITO/MB-DNA—
methylene blue-DNA modified indium oxide electrode; pSPCE/PbNPs—electrochemically pretreated screen-
printed carbon electrode decorated with lead nanoparticles; DPV—differential-pulse voltammetry; SWV—square-
wave voltammetry; AdSV—adsorptive stripping voltammetry; SWAdSV—square-wave adsorptive stripping
voltammetry.

2.7. Real Samples Analysis

The last stage of the research was to confirm the usefulness of the proposed SWAdSV
procedure for BLM determination in real samples. Samples of human urine and purified
municipal sewage were analyzed. In a single session during BLM therapy, the maximum
dose of the drug is 15 IU, which corresponds to 15 g L~!, and 50~70% of BLM is excreted
within 24 h after administration in the urine in the unchanged form [24,25]. Accordingly,
the BLM concentrations in the urine of the patients are in the order of 10~5 M, and therefore,
when analyzing human urine samples, multiple sample dilutions (10,000 ) could be used.
The wastewater samples, on the other hand, were diluted 10x and analyzed with an
additional 1 x 10~° mol L~! DTPA in order to minimize the possible influence of metal
ions present in the sample. Spiked samples were analyzed using the standard addition
method. The small values of the coefficient of variation (1.16-2.5%) and the values of
recoveries (96.0-103.5%) prove the good repeatability of the analytical signal and the good
accuracy of the applied method, respectively (Table 3). Figure 9 shows the voltammograms
obtained during the determination of BLM in the human urine and municipal sewage
samples.

Table 3. The results of BLM determination in reference material of human urine and wastewater
purified in a sewage treatment plant.

BLM Concentration [uM] £ SD (1 = 3)

Sample

Added

Coefficient of Recovery **

Found Found Variation * [%] [%]

SWAdSV in Electrochemical Cell

Purified
wastewater
RM of human
urine

0.005
0.02
20.0
40.0

0.0048 £ 0.00012 0.00048 £ 0.000012 2.13 103.5
0.0193 £ 0.00035 0.00193 4 0.000035 1.16 99.0
20.7 £0.44 0.00207 £ 0.000044 2.50 96.0
39.6 £0.46 0.00396 £ 0.000046 1.81 96.5

* Coefficient of variation [%] = (SD x 100)/Found SWAdSV, ** Recovery [%] = (Found SWAdSV x 100)/Added.
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Figure 9. Voltammograms recorded for the determination of BLM in reference material of human urine
(A,B) and wastewater samples purified in a sewage treatment plant (C,D). (A): (a) 1 puL of sample + 2,
(b) as (a) + 2, (c) as (a) + 4 nM BLM, (B): (a) 1 puL of sample + 4, (b) as (a) + 4 (c) as (a) + 8 nM BLM,
(©): (a) 1 mL of sample + 0.5, (b) as (a) + 0.5, (c) as (a) + 1 nM BLM, and (D): (a) 1 mL of sample + 2, (b)
as(a) +2,(c)as (@) + 4 nM BLM. Eqec. = —1.0V, taee. = 120 s, f = 50 Hz, Egyy = 50 mV, and AE = 10 mV.

3. Materials and Methods
3.1. Apparatus

The electrochemical studies were performed using a pLAutolab electrochemical ana-
lyzer (Eco Chemie, Utrecht, Netherlands) controlled by GPES 4.9 software (voltammetric
measurements) and FRA 4.9 software (electrochemical impedance spectroscopy (EIS) stud-
ies). The standard quartz electrochemical cell with a volume of 10 mL and a commercially
available screen-printed carbon sensor (SPCE, DropSens, Llanera, Spain, Ref. C150) were
applied for the experiments. The SPCE sensor consisted of a screen-printed carbon working
electrode with a diameter of 4 mm, a silver screen-printed pseudo-reference electrode, and
a platinum screen-printed auxiliary electrode.

X-ray photoelectron spectroscopy (XPS) spectra were obtained using a Multi-Chamber
Analytical System (Prevac, Rogéw, Poland) with monochromated Ko-Al radiation (1486.6 eV)
(Gammadata Scienta, Uppsala, Sweden) and an X-ray power of 450 W.
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3.2. Reagents and Solutions

A 1 mM standard BLM solution was prepared by dissolving an appropriate amount
of bleomycin sulfate (Merck, Darmstadt, Germany) in a 0.9% NaCl (saline) solution. This
BLM solution was further diluted with saline to obtain BLM solution with a concentration
of 10 uM. Sodium acetate and acetic acid used to make an acetate buffer (NaAc—HACc) of
pH 4.5, which acted as the supporting electrolyte, were purchased from Merck. There were
1 mM stock solutions of Ni(II), Cd(II), Ca(Il), V(V), Fe(IlI), Mg(II), Cu(Il), glucose, ascorbic
acid, dopamine, adenine, epinephrine, uric acid and testosterone that were prepared from
Merck reagents in deionized water or ethanol (testosterone) and stored at 4 °C in the
dark until the influence of interferents was examined. Diethylenetriaminepentaacetic acid
(DTPA) was purchased from Merck. Ultra-purified water from a Milli-Q system (Millipore,
Livingston, Scotland, UK) was used to prepare the solutions.

3.3. Preparation of the pSPCE/PbNPs and Bleomycin (BLM) Analysis

For electrochemical pretreatment and simultaneous decoration of the electrode with
nanoparticles of lead (PbNPs), a fresh electrode was placed in a 0.05 M NaAc—HAc solution
(pH 4.5) containing 50 uM Pb(Il), and subsequently, ten consecutive scans were performed
using square-wave voltammetry (SWV). Apart from recording the voltammetric curve,
each measurement consisted of electrochemical cleaning at a potential of 0.5 V (Ejean.)
for 10 s (tcean.) and then deposition of PbNPs on the electrode surface at a potential of
—1.0 V during 120 s. SWV curves were recorded in the range from —1.0 to —1.7 V using a
frequency (f) of 50 Hz, a square-wave amplitude (Esw) of 50 mV, and a step potential (AE)
of 10 mV. After the presented sequence of measurements was performed, the electrode was
rinsed with water and allowed to dry in the air. The pretreatment of the electrode was
conducted only once before it was used in a series of measurements.

The BLM determination on the pSPCE/PbNPs was performed in the same solution
that had been used for the pretreatment of the electrode. Only appropriate amounts of the
sample or BLM standard were added to the solution. The square-wave adsorptive stripping
voltammetric (SWAdSV) procedure also consisted of the same steps as outlined above,
i.e., simultaneous electrodeposition of PbNPs and BLM accumulation at a potential (Eacc.)
of —1.0 V for a time (tacc.) of 120 s, followed by electrochemical cleaning of the electrode
surface at a potential of 0.5 V (Ejean.) for 10 s (tijean.). SWV curves were recorded from —1.0
to —1.7 V with f of 50 Hz, Egy of 50 mV, and AE of 10 mV.

3.4. Real Sample Analysis

The samples of purified municipal wastewater obtained from a municipal sewage treat-
ment plant (Lublin, Poland), as well as samples of reference material (human urine) (Medidrug
Basis-line U), were used for BLM determination at the pSPCE/PbNPs. The samples were
spiked with a specific concentration of BLM and analyzed without any preparation.

4. Conclusions

In summary, we proposed the application of electrochemical pretreatment (p) of the
screen-printed carbon electrode (SPCE) surface and its modification with nanoparticles of
lead (PbNPs) in the sample solution as an easy-to-employ method to prepare sensors and
further use them for voltammetric determination of the anti-cancer antibiotic bleomycin
(BLM). The modification of the electrode with PbNPs is necessary to obtain the BLM signal
(no BLM reduction signal was observed at the bare SPCE). Moreover, electrochemical
pretreatment does not significantly affect the BLM peak current intensity but causes a slight
shift of the peak potential towards less negative potential values and improves the shape
of the BLM peak. Furthermore, pretreatment of the sensor before its use in a series of BLM
measurements significantly improves the repeatability of the signal.

The results obtained using cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS), and X-ray photoelectron spectroscopy (XPS) were used to characterize the
sensors (bare SPCE, SPCE/PbNPs, and pSPCE/PbNPs). The active surface area (As) increases,
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and the charge transfer resistance (R.) decreases with PbNPs modification. However, elec-
trochemical pretreatment does not contribute to a change in As and Rt compared to the
SPCE/PbNPs. Most probably, the increased proportion of metallic lead (confirmed by the
XPS analysis) affects the repeatability of the deposited lead film before each measurement,
thus contributing to the improvement of the shape of the BLM signal and its repeatability.

It was confirmed based on the CV results that the process of BLM reduction on the
pSPCE/PbNPs is not purely diffusion- or adsorption-controlled. The developed sensor
was validated for selectivity, repeatability, and reproducibility toward BLM. The specific
features of the proposed sensor include wide linear ranges (1.0 x 10719-2.0 x 10~° M and
2.0 x 1079-2.0 x 10-8 M), very low limits of detection and quantification (2.8 x 10~!! and
9.3 x 101 M, respectively), and a high sensitivity of 0.32 nA/nM. The pSPCE/PbNPs
sensor and the SWAdSV procedure were effectively applied for direct analysis of human
urine and wastewater samples towards the determination of BLM. The results show the
potential of the pSPCE/PbNPs in using it as an electrochemical sensor for direct BLM
analysis in real samples with a good recovery rate.
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Abstract: 3-(4-Nitrophenyl)-8-(2,3-dimethylphenyl)-7,8-dihydroimidazo[2,1-c][1,2,4]triazin-4(6 H)-
one (NDIT) is one of the most promising candidates for anticancer agents. Hence, a sensitive and
selective sodium dodecyl sulfate-modified screen-printed carbon sensor (SPCE/SDS) was used for
its quantitative analysis. The SPCE/SDS, in contrast to the SPCE, showed excellent behavior in the
electrochemical reduction of NDIT by differential-pulse adsorptive stripping voltammetry (DPAdSV).
Cyclic voltammetric (CV) studies reveal an irreversible, two-stage and not purely diffusion-controlled
reduction process in 0.01 M HNOj. The sensor was characterized by CV and electrochemical
impedance spectroscopy (EIS). Under the optimized conditions (t 45 s, AE 175 mV, v 150 mV /s,
and tym 5 ms), the DPAdSV procedure with the SPCE/SDS presented a very wide linear range from
1 to 2000 nM and a low detection limit of 0.29 nM. A 1000-fold excess concentration of potential
interferents commonly present in biological samples did not significantly alter the peak current
of NDIT. The practical application of the proposed DPAdSV procedure with the SPCE/SDS was
successfully checked by analyzing spiked human serum samples.

Keywords: fused azaisocytosine-containing congener with the para-nitrophenyl group; anticancer
agent candidate; voltammetry; screen-printed sensor; anionic surfactant

1. Introduction

Among antiproliferative active disubstituted fused azaisocytosine-containing con-
geners with fully defined and patented molecular structures [1,2], 3-(4-nitrophenyl)-8-
(2,3-dimethylphenyl)-7,8-dihydroimidazo[2,1-c][1,2,4]triazin-4(6 H)-one, abbreviated in this
paper as NDIT (Figure 1), has previously been disclosed as one of the most promising can-
didates for anticancer agents [1]. This innovative nucleobase-like small molecule evoked
a concentration-dependent growth-inhibitory effect in human epithelial tumor cells of
the breast, cervix, lung, and ovary, which was the strongest in breast and cervical cancer
cells [1,2]. In light of the current knowledge, the mechanism of its anticancer action may be
related to the selective activation (via reduction with the participation of a number of flavo-
proteins) of this nitroaromatic-containing prodrug in tumor tissue into an anticancer active
agent (i.e., the cytotoxic nitroanion radical and the cytotoxic hydroxylamine molecule) [1,3].
Furthermore, it has been found that NDIT—as a drug candidate for pharmaceutical use [2]—
is distinctly less toxic towards normal epithelial Vero cells, reveals the optimal lipophilicity
for high bioavailability after per os administration [1], as well as high thermal stability
and high chemical purity [4]. These advantageous features indicate that this heterocyclic
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compound can be classified as a promising candidate for further in vivo pharmacological
studies in the drug development process.

CH,

N
Il
0

Figure 1. 3-(4-Nitrophenyl)-8-(2,3-dimethylphenyl)-7,8-dihydroimidazo[2,1-c][1,2,4]triazin-4(6H)-one
(NDIT)—an electroactive small molecule used in the present study.

Taking into account the potential usefulness of NDIT in cancer chemotherapy [2], it
is of great importance to develop a sensitive, selective, and reliable analytical procedure
as the first method for its quantitative determination in solution, as well as biological
samples. Such a method with optimized experimental and instrumental parameters could
be used in the future to detect and determine the concentration of this substance in the
blood serum of treated patients. It is supposed that such a method, after evaluating its
linearity, selectivity, sensitivity, limit of detection, and limit of quantification, would have a
chance for the prospective use in clinical analytics. Notwithstanding, as yet, no analytical
procedure allowing the quantitative analysis of this small molecule has been developed
to date or described. NDIT, as a drug candidate for pharmaceutical use, is the subject of
our current electrochemical investigation due to the presence of an electroactive (prone
to reduction both in in vitro and in vivo systems) para-nitrophenyl moiety at the C3 of the
heterocyclic scaffold in its molecule. To date, no information about the electrochemical
behavior of NDIT has been disclosed. Moreover, so far, no voltammetric sensor has been
designed and applied for the quantification of NDIT.

In general, electrochemical methods are characterized by simplicity, the use of rela-
tively inexpensive equipment, high sensitivity, speed, and high accuracy [5,6]. The main
challenge of voltammetry as an electrochemical method is the fabrication of a suitable
electrode. An ideal electrode should be mechanically stable and chemically non-reactive
and should have a wide range of operating potentials [7]. Among the whole range of
working electrodes used in voltammetry, in recent years, screen-printed electrodes (SPEs)
are gaining more and more popularity. The screen-printing technique is considered to be
an effective method of producing electrodes individually or in the form of entire electrode
systems consisting of a working electrode, a reference electrode, and an auxiliary elec-
trode. SPEs can be fabricated on different kinds of substrates, such as ceramic, glass, and
flexible polymer polyimide, based on the characteristics of printing [8]. SPEs have been
developed as single-use, disposable sensors for a variety of applications in environmental,
clinical, and industrial analysis [9]. Disposable electrodes can be easily mass-produced,
making them readily available and relatively inexpensive. Due to their small size, SPEs
can be used with portable devices in field analysis. SPEs also allow working with small
sample volumes. Moreover, these electrodes do not require laborious pretreatment and the
cleaning of the surface. SPEs are easy to modify, which can be conducted by immobilizing
the modifier on the electrode surface or by adding it to the ink that will be used to make
the electrode [10-15].
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Among the numerous modifiers of working electrodes used in voltammetry, we
can distinguish surfactants. Due to their unique molecular structure, surfactants are
widely used in the field of electrochemistry and electroanalytical chemistry for various
purposes. They are often used as the selective masking agents to improve the selectivity
and sensitivity of the electrochemical analysis [16]. The surfactant adsorbs on the electrode
surface in the form of a layer that aggregates the electron allocation and enhances the peak
current [17]. Furthermore, surfactants stabilize the electrochemical signal, enhancing the
electron transfer rate and improving the detection limits [18]. Additionally, a medium
containing a surfactant can prevent the fouling of the electrode [19,20]. There are many
examples of voltammetric determinations with the use of surfactants in the literature.
These are anionic surfactants such as sodium dodecyl sulfate (SDS) [15,20-24], cationic
surfactants such as cetyltrimethylammonium bromide (CTAB) [18,25], and amphoteric [26]
or non-ionic ones such as Triton X-100 [27].

Because NDIT may be useful in the future as a new anticancer agent, the present study
was conducted with the goal of developing and optimizing the first analytical procedure
allowing its quantitative determination based on a screen-printed carbon electrode (SPCE)
modified with anionic surfactant, sodium dodecyl sulfate (SDS). The assimilation of SDS
on the SPC surface of the electrode forms an adsorptive layer, which charges the surface
negatively, prevents the accumulation of interferents, and enhances the NDIT peak current
in acidic media. Therefore, an SDS-modified SPC sensor has outstanding electrochemical
performance in highly sensitive and selective NDIT analysis. The results presented in this
paper are important because the development of such a method, employing a reusable
sensor, may be useful in the future for monitoring the concentrations of this potential
anticancer agent in body fluids.

2. Results and Discussion
2.1. Characterization of SPCE and SPCE/SDS

The interfacial electron transport ability of the SPCE and the SDS-modified SPCE was
analyzed using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
in the K3[Fe(CN);] solution, as well as in the HNOj3; supporting electrolyte. Figure 2A
shows CV curves at the SPCE and SPCE/SDS in 5.0 mM Kj3[Fe(CN)g] and 0.1 M KCl
at a scan rate of 150 mV/s. According to the experimental results, the SPCE depicts a
slightly lower Fe(II) and Fe(III) peak current intensity than the SPCE/SDS. This relationship
translates into a similar active surface area (Ag) of a modified electrode (0.0521 + 0.0023 vs.
0.0551 + 0.0028 cm?). It is worth adding that for A calculation, the relationship between
the oxidation peak current of Fe and the square root of the scan rate (v from 5 to 300 mV/s,
Figure 2B), as well as the Randles-Sevcik equation, were used [28]. Moreover, the relative
peak separations (x°) were calculated for v of 150 mV /s. It was found that the x° value
of 2.86 for the SPCE/SDS is closer to the theoretical value (x° = 1) than the x° value of
4.12 obtained for the SPCE. In summary, the experimental results indicate that the SDS
adsorption layer improves the electron transfer kinetics.

The influence of the surfactant on the peak current of NDIT was analyzed by adding
an increasing concentration of SDS to the supporting electrolyte. As shown in Figure 3A,
the introduction of SDS (10 mg/L) allows for a significant increase in the 50 nM NDIT
reduction signals (0.57 vs. 2.2 uA for peak 1 (peak potential of —0.37 V) and 0.54 vs. 1.4 A
for peak 2 (peak potential around —0.65 V)). In an acidic pH range, NDIT must exist in
cationic form because the SDS molecules aggregate the species with alike charges and
repel the species with like charges. SDS enhances the polarity on the exterior surface
of the SPCE, as an outcome of which the enhancement of NDIT current signals can be
observed. The adsorption of SDS on the SPCE surface was evidenced by the difference in
the curves of the double-layer interface SPCE/HNOj3 in the absence and presence of SDS
(10 and 20 mg/L) (Figure 3B). The additional peak that appears at the potential of —0.7 V
shows the desorption of previously adsorbed SDS during the recording of the differential
capacity—potential curves. Moreover, Figure 3C shows the changes in the intensity of the
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50 nM NDIT analytical signal with the changing concentration of SDS (0 to 15 mg/L). In
the presence of 15 mg/L SDS, a large standard deviation of the peak current intensity was
observed. Therefore, taking into account the NDIT peak current and the repeatability of
the signal, an SDS concentration of 10 mg/L was selected for further measurements.
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Figure 2. (A) Cyclic voltammograms of 5.0 mM Kj3[Fe(CN)g] and 0.1 M KCl at the SPCE (a) and
SPCE/SDS (b) (v of 150 mV /s). (B) The relationship between I,, and v1/2 for v from 5 to 300 mV/s.
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Figure 3. (A) Voltammograms of 50 nM NDIT obtained at the SPCE and SPCE/SDS (in the pres-
ence of 10 mg/L SDS). (B) The differential capacity—potential curves of the double-layer interface
SPCE/supporting electrolyte in the presence of 0 (a), 10 (b), and 20 (c) mg L1 SDS. (C) The relation-
ship between the 50 nM NDIT peak current and SDS concentration from 0 to 15 mg/L.

2.2. Electrochemical Reduction of NDIT over SPCE/SDS

The effects of the scan rate were evaluated in the range of 5-300 mV /s towards NDIT.
Figure 4A shows the CVs at the SPCE/SDS with 10 mM NDIT for different scan rates (v
of 50, 100, and 150 mV/s). The electroreduction of NDIT occurs irreversibly and in two
stages (potential peak 1 of —0.66 and peak 2 of —0.97 V for v of 150 mV /s) in 0.01 M HNOs.
The reduction signal responses have good linearity with the square root of the scan rates
for the two NDIT peaks (Figure 4B). These results explained that the reduction of NDIT at
the SPCE/SDS is followed by a diffusion-controlled process. However, the relationships
between the log of the peak current and the log of the scan rate (Figure 4C) indicate that the
process of NDIT reduction at the SPCE/SDS was not purely diffusion-controlled. Therefore,
the influence of the selected potentials (0.1, 0, —0.1, and —0.25 V for 60 s) on the NDIT
signal was examined. However, no improvement in the peak current was observed. Only
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examining the influence of mixing time (without applying the potential), before recording
the signal, confirmed that the mixing solution would facilitate diffusion to the electrode
surface and the adsorption of NDIT on the electrode surface (Figure 5A). Furthermore, the
process of 50 nM NDIT reduction was studied in various supporting electrolytes (0.1 and
0.01 M solutions of HNOj3, 0.1 M CH3COOH, and 0.1 M acetate buffers with a pH of 3.5,
4.0, and 4.5) (Figure 5B). The highest and best-shaped peak current with a low standard
deviation was obtained for peak 1 in 0.01 M HNOj. Therefore, this solution was used in
further studies.
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Figure 4. (A) Cyclic voltammograms of 0.01 M HNOj at the SPCE/SDS for v of 50 (a), 100 (b), and
150 (c) mV/s. (B) The relationship between I, and v1/2 for v from 5 to 300 mV/s. (C) The relationship
between I, and log v for v from 5 to 300 mV/s.
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Figure 5. Influence of: (A) solution mixing time and (B) the type of supporting electrolytes (0.1 and
0.01 M solutions of HNOj3, 0.1 M CH3COOH, and 0.1 M acetate buffers with a pH of 3.5, 4.0, and
4.5) on the 50 nM peak current of NDIT. The mean values of I, are given with the standard deviation
forn=3.

As mentioned above, in the case of NDIT, an irreversible two-step reduction process

took place at the surface of the SPCE/SDS as a sensor. The proposed electrochemical NDIT
reduction course proceeding through an electron-gain mechanism is outlined in Figure 6. At
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the pretreatment step, due to the presence of strong nitric acid as the supporting electrolyte,
the prior protonation [29,30] of NDIT to a cationic form at the sensor surface is most likely.

CHj

R-NO, + H" — R-NO,H"
CHj
R-NO,H" + 4¢ + 3H" — R-NHOH + H,0O

N
R-NHOH + H" — R-NHOH," R = ¢ ?/ ;N

R-NHOH, + 2¢"+ H" — R-NH, + H,0

O

Figure 6. The hypothetical NDIT reduction mechanism.

It has been proved in previous studies that the course of the electrochemical reduction
of nitro-containing pharmaceutics strictly depends on the reaction conditions (e.g., the
electrolyte solution pH and the electrode potential) [3,31,32]. Thus, the most probable
course is that under acidic conditions the electrochemical reduction of NDIT in the first
step leads to the NDIT hydroxylamine derivative, while in the second step (preceded by
further protonation of the previously formed hydroxylamine derivative), it leads to the
NDIT amino derivative, as shown in Figure 6.

2.3. Effect of DPV Parameters

Further studies focused on the reduction peak 1 (the peak at less negative potential)
due to the higher intensity of the peak current and the better repeatability of the signal.
Much better reproducibility of the first signal (RSD of 3.5% for n = 10) was observed
compared to the second signal (RSD of 10.7% for n = 10). Furthermore, the influence of
the differential-pulse voltammetric (DPV) parameters (amplitude—AEx; scan rate—v; and
modulation time—t,) on the analytical signal of 50 nM NDIT was studied. In order to
examine the influence of AE4 (from 25 to 200 mV), the NDIT reduction signal was measured
(Figure 7A). The highest responses were obtained with an AE, of 175 and 200 mV, so for
further studies, the value of 175 mV was selected. Figure 7B represents the relationship
between the v in the range of 25-200 mV /s and the NDIT peak current. The highest
responses were obtained with a v of 150 and 175 mV /s, and therefore, a v of 150 mV /s
was selected as optimal. A ty, was studied in the range from 2 to 40 ms. As can be seen in
Figure 7C, the highest NDIT signal was obtained for a ty, of 5 ms.
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Figure 7. Influence of (A) AE,, (B) v, and (C) tm on the analytical signal of 50 nM NDIT. The mean
values of I, are given with the standard deviation for n = 3.
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2.4. Sensitive and Selective Voltammetric Determination of NDIT

It is evident from Figure 8 that the NDIT reduction peaks at the SPCE/SDS increase
with an increasing concentration of NDIT. The SDS film allowed better electron transfer
on the SPCE surface and showed an extremely good linear response towards NDIT. As
mentioned above, due to the higher intensity of the peak current (Figure 8A,B) and the
better repeatability, the signal 1 is recommended for the quantitative analysis of NDIT.
The reduction signal was found to be proportional in a very wide linear range of NDIT
concentrations (1-2000 nM, Figure 8C,D). The detection limit (LOD) and quantification
limit (LOQ) were calculated at 0.29 and 0.96 nM, respectively, using the following formulas:
LOD =3SD, /b and LOQ = 105D, /b (SD,—standard deviation of intercept (n = 3); b—slope
of calibration curve).
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Figure 8. DPAdSV curves registered at the SPCE/SDS in 0.01 M solution of HNOj3 containing
10 mg/L SDS and increasing concentrations of NDIT: (A) (a) 1, (b) 2, (c) 5, (d) 10, (e) 20, (f) 50, (g) 100,
(h) 200, (i) 500, (j) 1000, and (k) 2000 nM; (B) (a) 1, (b) 2, (c) 5, (d) 10, (e) 20 and (f) 50 nM; (C) (a) 1,
(b) 2, (c) 5, (d) 10, (e) 20, (f) 50, (g) 100, (h) 200, (i) 500, (j) 1000, and (k) 2000 nM; and insert in C) (a) 1,
(b) 2, (c) 5, (d) 10, (e) 20, and (f) 50 nM. (D) Calibration plot of NDIT (peak 1). DPAdSV parameters:
tof 45 s, AE of 175 mV, v of 150 mV /s, and tm of 5 ms. The mean values of I, are given with the
standard deviation for n = 3.
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The interference studies were performed under the optimized conditions (0.01 M
HNO3, 10 mg/L SDS and 50 nM NDIT) in the presence of various ions and organic
substances commonly present in body fluids. On the basis of the conducted research, it
was found that a 1000-fold excess of Fe(IIl), Ca(II), Mg(II), CI(-I), glucose, epinephrine,
ascorbic acid, and uric acid does not significantly alter the peak current of NDIT (does not
cause changes greater than 10%). In the case of dopamine, a 100 times higher concentration
than that of NDIT caused no significant influence on the NDIT response. In summary, the
SPCE/SDS with a high interference withstanding ability permits the selective determination
of NDIT.

2.5. Serum Sample Analysis

The DPAdSV procedure with the SPCE/SDS was used for NDIT determination in
spiked human serum samples to prove its viability in real sample analysis. The samples
were prepared as follows: 10 mL of human serum thawed at room temperature was spiked
with 2.5 mL of 15% (w/v) TCA solution and the appropriate NDIT concentration. Then,
the resultant solution was transferred to a centrifugal tube, centrifuged at 4000x g for
10 min, and filtered through a 0.22 um Millipore filter. Next, 1 mL of sample was added
to the supporting electrolyte, and the DPAdSV curves (Figure 9) were recorded under the
optimized conditions. The recovery values were found to be very close to 100% (Table 1),
which proves that the fabricated sensor is a reliable tool for the sensitive and selective
determination of NDIT in real samples.

1B

0.4 0.5 0.6 0.2 0.3 04 0.5
E V] E[V]
Figure 9. DPAdSV curves registered at the SPCE/SDS in 0.01 M solution of HNOj3 containing
10 mg/L SDS during human serum analysis: (A) (a) sample + 20 nM NDIT, (b) as (a) + 20 nM NDIT,

and (c) as (a) + 40 nM NDIT; (B) (a) sample + 50 nM NDIT, (b) as (a) + 100 nM NDIT, and (c) as
(a) + 150 nM NDIT. DPAASV parameters: t of 45 s, AE of 175 mV, v of 150 mV /s, and t, of 5 ms.

Table 1. Results of NDIT determination in human serum samples.

NDIT Concentration (nM) + SD (n =3)

Found Recovery *
Added DPAdSV (%)
20 20.1 £0.88 100.5
50 50.4 +1.44 100.8

* Recovery (%) = (Found DPAdSV x 100)/Added.
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3. Materials and Methods
3.1. The Investigated Electroactive Molecule

For current electrochemical research needs, an electroactive NDIT molecule with a fully
defined structure (i.e., 3-(4-nitrophenyl)-8-(2,3-dimethylphenyl)-7,8-dihydroimidazo[2,1-
c]1,2 4]triazin-4(6H)-one [1,2], which is prone to reduction in biological systems, was cho-
sen. The analyte was obtained from 1-(2,3-dimethylphenyl)-2-hydrazinylideneimidazolidine
hydroiodide and ethyl 2-(4-nitrophenyl)-2-oxoacetate, according to the synthetic procedure,
which was described in an earlier paper [1].

3.2. Instrumentation, Reagents, and Solutions

The electrochemical experiments were performed using a pAutolab analyzer (Eco
Chemie, Utrecht, The Netherlands) controlled by GPES 4.9 software (CV, AdSV) or FRA 4.9
software (EIS) in a 10 mL quartz cell with a commercially available screen-printed sensor
(Metrohm-DropSens, Oviedo, Spain). The sensors consisted of a carbon working electrode
(diameter of 4 mm), a carbon auxiliary electrode, and a silver pseudo-reference electrode
(SPCE, ref. 110).

The 1 M solution of HNO3;, CH3COOH, and acetate buffers with a pH of 3.5, 4.0,
and 4.5 were prepared from Merck (Darmstadt, Germany) reagents. Additionally, Merck
standard solutions of Ca(Il), Mg(II), Fe(IIl), and CI(-I), as well as Sigma-Aldrich (Saint
Louis, MO, USA) reagents (epinephrine, dopamine, uric acid, glucose, and ascorbic acid)
were used in interference studies. The 1.0 and 0.1 mM solutions of NDIT were prepared in
N,N-dimethylformamide (Sigma-Aldrich, Saint Louis, MO, USA). Normal human serum
was purchased from Merck (Darmstadt, Germany). In order to precipitate proteins from
serum samples, 15% (w/v) TCA solution (Sigma-Aldrich, Saint Louis, MO, USA) was used.

3.3. Fabrication of SPCE/SDS and Assay Procedure

The SPCE/SDS sensor was fabricated during the NDIT analysis. Under the optimized
conditions, the supporting electrolyte consisted of 0.01 M HNO3 and 10 mg/L SDS. The
45 s solution mixing time before recording the signal facilitates the diffusion of the NDIT
molecules from the solution to the electrode surface and the adsorption of the NDIT
particles on the electrode surface. Sometimes, adsorption of SDS takes place on the surface
of the SPCE. The DPAdSV curves were registered within the potential range from —0.2
to —1.1 V with amplitude-AE—of 175 mV, scan rate—v—of 150 mV /s and modulation
time—ty—of 5 ms. The background curve was subtracted from each voltammogram and the
baseline was corrected.

4. Conclusions

In summary, for the fabrication of the screen-printed carbon modified sodium dode-
cyl sulfate sensor (SPCE/SDS), we report the adsorption of anionic surfactant molecules
on the electrode surface during the analysis. The unmodified SPCE and the SPCE/SDS
sensors were characterized by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). Furthermore, the SPCE/SDS sensor showed an electrochemical response
towards 3-(4-nitrophenyl)-8-(2,3-dimethylphenyl)-7,8-dihydroimidazo[2,1-c][1,2,4]triazin-
4(6H)-one (NDIT), one of the most promising candidates for anticancer agents. The sub-
stantial increase in the NDIT peak current with a sharper and well-defined peak at the
SPCE/SDS reflects the faster electron transfer kinetics due to the presence of the SDS film.
The SPCE/SDS sensor with its outstanding electrochemical performance is highly sensitive
and selective for NDIT analysis. The DPAdSV procedure with the SPCE/SDS presented a
very wide linear range from 1 to 2000 nM and a low detection limit of 0.29 nM. It should be
highlighted that this is the first analytical procedure developed for the NDIT analysis. The
results suggest a promising analytical tool for NDIT analysis in human serum samples.
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A highly sensitive, fast and simple analytical procedure for analysis of the antypsychotic drug thioridazine (TDZ)
using an original screen-printed gold electrode (SPAuUE) was developed. The cyclic voltammetry, scanning
electron microscopy, electrochemical impedance and energy-dispersive X-ray spectroscopy were used for the
SPAUE characterization. The results showed the advantage of the commercially available SPAuE in terms of
working electrode active surface and the efficiency of kinetics of electron transfer compare to unmodified and ex
situ modified gold film screen-printed carbon electrode. Moreover, the results displayed that an irreversible,
adsorption-controlled oxidation process of TDZ in phosphate buffered saline of pH 2.6 is connected with the

strong affinity of sulfur atoms for gold. The SPAuE allows for a much lower detection limit (2.9 x 10~'2 M) than
in the case of other electrochemical sensors used for TDZ analysis. The measurements results were validated by
official and standard addition methods.

1. Introduction

Antipsychotics are the mainstay of treatment for psychotic disorders,
including schizophrenia. Drugs in this group are commonly used to treat
psychotic symptoms such as paranoia, hallucinations, agitation, and
delirium. They are also used to treat psychotic depression, bipolar dis-
order, and anxiety. One of the drugs used in the treatment of schizo-
phrenia is thioridazine; it is administered to patients who do not respond
adequately to treatment with other antipsychotics [1]. Thioridazine is a
phenothiazine neuroleptic drug and in pharmaceuticals it is present in
the form of thioridazine hydrochloride (TDZ) [2]. This drug works by
regulating the level of substances such as serotonin, dopamine and
glutamate in the human brain, inadequate amounts of which cause
symptoms in schizophrenia [3]. In addition to schizophrenia, TDZ is
used to control mania and agitation, and can be used to treat anxiety and
behavioral problems in children. The use of TDZ in combating infections
with methicillin-resistant Staphylococcus aureus (MRSA) and
multidrug-resistant Mycobacterium tuberculosis is also known [4-6].

Despite numerous therapeutic applications, high doses of TDZ can
cause serious side effects, such as the potentially fatal neuroleptic ma-
lignant syndrome exerting its effect through central dopamine-blocking,
adrenergic-blocking and minor anticholinergic activity [5,7]. Other side
effects include arrhythmia, dry mouth and cardiac death [2].
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Therapeutic doses for an adult are usually in the range of 50-800 mg
TDZ per day. During therapy, the maximum concentration of TDZ in the
blood of patients ranges from 3.2 x 107t 1.3 x 10°°M [8,9].

Nowadays, the problem is the release of various groups of pharma-
ceuticals into the environment, which is related to their increasing
consumption. Psychotropic drugs, also after being excreted with urine
and feces, are transported to the sewage treatment plant. However,
treatment plants are not designed to eliminate drugs and their metab-
olites, and therefore a certain amount of administered drugs is released
into the environment [10]. The presence of TDZ at low concentration
levels in wastewater in various regions of the world has been reported.
For example, 1.5 x 107! — 5.4 x 1071° M TDZ was detected at the site
of discharge of sewage into the Medway River in the UK [11]. In the
same country, while examining the degree of removal of various phar-
maceuticals, TDZ was determined in the sewage flowing in and out of
the Motney Hill treatment plant and the concentrations of TDZ were 1.1
x 1071% and 8.1 x 107! M, respectively [12]. In turn, in the Tehran
South Municipal Wastewater Treatment Plant, up to 1.2 x 10~° M TDZ
was detected in the wastewater flowing in, and about 7 x 10~ M in the
wastewater flowing out of the treatment plant [13].

Taking into account the dangerous side effects of TDZ overdose as
well as the presence of this drug in environmental samples, it is essential
to create highly sensitive assay methods. The literature describes the
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Fig. 1. The DPAdSVs of the SPCE (A), SPCE/AuF (B) and SPAUE (C) in the presence of following TDZ concentration: (a) 1.0 x 10’9, (b) 2.0 x 10’9, (c) 5.0 x 10’9,
(d) 1.0 x 108 M in 0.1 M PBS of pH 7.2. Linear dependences between I, and TDZ concentration (1.0 x 10° - 1.0 x 108 M) obtained on SPCE (A), SPCE/AUF (B)
and SPAUE (C). The DPAASV parameters: v of 100 mV s, t; of 10 ms, AE4 of 100 mV, Egcc. of —0.2 V and tyec. of 60 s.
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Fig. 2. (A) CV curves recorded at the SPCE (a), SPCE/AuF (b) and SPAUE (c) using the scan rate of 100 mV s~1; (B) the relationship between the anodic I, and the
square root of the scan rate (v'/?) obtained at the SPCE (a) SPCE/AuF (b) and SPAUE (c) using the scan rate ranging from 5 to 300 mV s’l; (C) Nyquist plots of the
SPCE (a) SPCE/AUF (b) and SPAUE (c) recorded at a potential of 0.2 V, in the frequency range from 50 kHz to 1 Hz. All measurements were performed in 0.1 M KCl

and 0.005 M [Fe(CN)6]®~.

methods of TDZ determination using, e.g., colorimetry [14], spectro-
photometry [15], spectrofluorimetry [16], gas-liquid chromatography
[17], supercritical fluid chromatography [18], and high-performance
liquid chromatography [19,20]. However, these methods are mostly
time-consuming, requiring laborious sample pretreatment and expen-
sive equipment. An alternative are electrochemical methods, including
voltammetry, the undoubted advantages of which are the simplicity of
the procedures used, high accuracy and precision, repeatability and
selectivity as well as short analysis time [21,22].

Among the multitude of voltammetric sensors, screen-printed elec-
trodes are used nowadays, apart from classic electrodes. This type of
electrodes is part of the trend of miniaturization of measuring devices
due to the possibility of integrating the working, auxiliary and reference
electrodes on the same substrate (plastic or ceramic) [23-26]. The ad-
vantages of SPEs are their design flexibility, low cost, portability, the
possibility of using them for the determination of various substances,
and the diversity of electrode materials. In addition, these electrodes
have a low background current and ease of operation, and can be
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Table 1
Electrochemical characteristics of SPCE, SPCE/AuF and SPAUE using EIS and CV
in 0.1 M KCl and 0.005 M [Fe(CN),]>".

Electrode Ag R [Q x° (for v of 100 mV Sensitivity [uM
[cmz] cmZ] s’l) nA’l]
SPCE 0.052 499.1 3.45 0.012
SPCE/ 0.078 263.2 2.68 0.11
AuF
SPAUE 0.089 193.0 1.90 0.15

modified for various applications [27,28].

One of frequently used modifiers of working electrodes in voltam-
metry are metals in the form of particles of different sizes. Metal parti-
cles deposited on the surface of the working electrode increase the active
surface. Their use also provides a fast transfer of electrons between the
surface of electrode and the electroactive species and as well as the
speed of mass transport, which translates into high sensitivity of ana-
lyses performed [29,30]. A number of analytical procedures can be
found in the literature using electrodes modified with films or metal
nanoparticles, including Pb, Bi, and Sb [31], but also with noble metals
such as Ag [32] or Au [33,34]. Gold is also a popular electrode material,
widely used in electrochemical studies of many substances. The ad-
vantages of the gold electrode are inertness in the presence of most re-
agents, a wide range of work potentials, stability, and very favorable
kinetics of electron transfer [35-37].

In this paper, we describe a highly sensitive, fast and simple pro-
cedure for voltammetric analysis of thioridazine (TDZ) in human serum
and sewage samples, based on a screen-printed gold electrode (SPAUE)
that does not require any preliminary preparation. In the study, the
SPAUE was characterized using a scanning electron microscope (SEM),
electrochemical impedance spectroscopy (EIS), and cyclic voltammetry
(CV), and the obtained parameters were compared with those obtained
for other compared electrodes, i.e. a screen-printed carbon electrode
(SPCE) and a SPCE modified with gold film (SPCE/AuF).

2. Materials and equipment
2.1. Apparatus

The pAutolab potentiostat/galvanostat (Netherlands, Eco Chemie)
connected with FRA 4.9 (EIS studies) and GPES 4.9 software (voltam-
metric studies) was applied for the electrochemical experiments. The
standard 10 mL electrochemical cell made of quartz with a screen-
printed gold sensor (SPAuE, Ref. 250BT, commercially available,
DropSens, Spain) was adopted for experiments. This sensor consisted of
a gold working electrode, a silver pseudo-reference electrode, and a
platinum counter electrode. For characterization and comparison of the
SPAUE, a screen-printed carbon electrode (SPCE, DropSens; Ref. 110)
and the SPCE electrochemically plated during experiment with gold film
(SPCE/AuF) were used.

A scanning electron microscope (SEM, high-resolution, Quanta 3D
FEG, FEIL, USA, was applied for the microscopic images of the studied
sensors. The equivalent diameters of Au particles and agglomerates were
determined using NIS-Elements Advanced Research software.

2.2. Chemicals

Thioridazine (hydrochloride form, Merck, Germany) was dissolved
in deionized water to obtain a 10~> M TDZ. The 107> or 107® M solu-
tions of TDZ were obtained by dilution of 103 M standard by 0.1 M PBS
(pH = 7.2). The dilutions were prepared each day. 0.1 M PBS (phosphate
buffered saline) solutions with the following pH values: 2.6, 3.9, 6.0,
7.2, 9.1 and 11.0, were used to evaluate the pH effect on the analytical
signal of TDZ. The 103 M solutions of Cd(ID), Mg(11), Fe(IIl), Ca(Il), Pb
(ID), Cu(Il), Ni(Il), dopamine (DOP), glucose (GLU), adenine (ADN),

Measurement 217 (2023) 113107

ascorbic acid (AA), epinephrine (EPI) and uric acid (UA) were made
from chemicals bought from Merck in ultrapurified water before mea-
surements, stored in the refrigerator and protected from light. The
following samples were analyzed: normal human serum (Merck, Ger-
many) and purified wastewater (Municipal Water Supply and Waste
Water Treatment Company Ltd, Lublin, Poland).

2.3. DPAASV analysis of TDZ

DPAASV analysis of TDZ under optimized conditions was carried out
in a 0.075 M PBS of pH = 2.6. TDZ accumulation was performed at a
potential of —0.2 V for 60 s. The procedure consisted of electrochemical
cleaning of the electrode surface before each measurement by applying a
potential of 0.5 V (E¢jean.) for 10's (tclean.), followed by TDZ accumulation
at —0.2 V (E,cc) for 60 s (tacc.). DPAASV scans were recorded from 0 to
1.2 V with t, (the modulation time) of 10 ms, v (the scan rate) of 75 mV
s !and AE, (the amplitude) of 100 mV. The baseline was corrected and
blank was subtracted from every voltammogram.

2.4. Sample analysis

The determination of TDZ in samples of spiked human serum and
treated wastewater the DPAdSV was applied to demonstrate its useful-
ness in analysis of real samples. The serum samples were prepared by
mixing 10 mL of human serum thawed at room temperature with 2.5 mL
of trichloroacetic acid (15% solution) and TDZ standard solution. Then,
the samples were centrifuged at 4000 (rotations per minute) for 10 min
and filtered through syringe filter (Millipore) with 0.22 um pore size.
Then, 10 pL of sample was introduced into the electrochemical cell, and
the voltammograms were registered.

The samples of treated wastewater were spiked with the desired
concentration of TDZ and 100 pL of sample was introduced into the
electrochemical cell and analyzed directly.

3. Experimental section
3.1. Initial experiments

In the early stage of the tests, the voltammetric response of TDZ was
compared on a SPAUE, a bare SPCE, and a SPCE modified with ex situ
deposited gold film (SPCE/AuF). The electrode was modified by
immersing the SPCE in 0.2 M sulfuric acid and 2.0 x 10~* M chloroauric
acid, applying a potential of —0.2 V for 90 s. The electrode prepared in
this way was rinsed and transferred to the supporting electrolyte solu-
tion. Voltammograms were registered on each electrode for four
increasing concentrations (1.0 x 10’9, 2.0 x 10’9, 5.0x 102 and 1.0 x
1078 M) of TDZ after 10 s of electrode electrochemical cleaning at 0.5 V
and after analyte accumulation at —0.2 V for 60 s. The obtained
analytical signals show more clearly that the modification of the SPCE
with a gold film results in a significant enhancement (Fig. 1B) relative to
the bare SPCE (Fig. 1A). The use of the SPAuE, in turn, allows higher
signals to be obtained (Fig. 1C) than on the SPCE/AuF. Measurements
conducted for four concentrations of TDZ made it possible to plot a
linear dependence of the peak current (Ip) on the concentration of TDZ,
and thus calculate the sensitivity of each of the three electrodes. The
highest sensitivity was shown by the SPAuE (Fig. 1F), while the SPCE/
AuF is slightly less sensitive (Fig. 1E). The SPCE has the lowest sensi-
tivity (Fig. 1D) among the tested electrodes, about 10 times lower than
the SPCE/AuF and SPAUE. Such a huge increase in sensitivity of gold-
based electrodes is most likely due to the strong affinity of sulfur for
gold. Sulfur atoms, especially in thiol groups, adsorb on the gold surface
forming strong covalent bonds [38-40]. Therefore, TDZ with two sulfur
atoms in the molecule, including one in the thiomethyl group, should
most likely be adsorbed on the surface of gold electrodes.

All the three electrodes studied were characterized electrochemically
using EIS and CV in a solution of 0.1 M KCI and 0.005 M [Fe(CN)g]®~.
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Fig. 3. SEM images of SPCE (A), SPCE/AuF (C) and SPAUE (E). EDS spectra of SPCE (B), SPCE/AuF (D) and SPAUE (F).
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Fig. 2A illustrates the CVs recorded on the SPCE, SPCE/AuF and SPAuE
at a scan rate of 100 mV s *. Both the SPCE/AuF and SPAUE show an
amplification of the Fe(Il) to Fe(IIl) oxidation signal (107.0 pA for the
SPCE/AUF and 112.0 pA for the SPAUE) relative to the SPCE (81.1 pA).
For each of the electrodes, the relative peak separation (y°) was calcu-
lated and a value closest to the theoretical value (XO = 1) was obtained
for the SPAUE, which proves its best kinetics of electron transfer among
the tested electrodes. In addition, based on the entire scan rate range in
which the CV measurements were made (5-300 mV s’l), the equation of
Randles-Sevcik [41] and the dependence of I, and the scan rate square
root (W% (Fig. 2B), the electrochemically active area (A;) of the elec-
trodes, were calculated. EIS studies showed that the modification of the
SPCE with a gold film results in a significant lowering of the charge-
transfer resistance (R¢), and also that the lowest R value, compared
to the rest of the electrodes, was obtained for the SPAuE (Fig. 2C). In
Table 1 all the mentioned parameters are summarized, the analysis of
which allows us to clearly state that due to its very efficient electron
transfer, high sensitivity and large active surface, the SPAUE has the best
properties among the tested sensors. Therefore, this type of sensor was
used for further experiments.

The morphology of all three sensor surfaces was characterized using
a SEM-EDS (Fig. 3). It was shown that in the case of the SPCE/AuF the
gold film is composed of nanoparticles with an equivalent diameter
ranging from 44.59 to 88.86 nm. The SPAuE, on the other hand, consists
of particles and agglomerates of gold with a size of 143.93 to 2100.23
nm.

3.2. Effect of pH and concentration of the measurement solution

The effect of pH value on the oxidation peak of 2.0 x 10~° M TDZ
was examined in PBS (0.1 M, pH values from 2.6 to 11) (Fig. 4A). The
highest I, was obtained for pH of 2.6 and this value was considered
optimal. The next step was to evaluate the effect of PBS concentration in
the range of 0.025-0.125 M (Fig. 4B). The highest values of the TDZ
signal were attained in 0.075 M PBS with a pH value of 2.6 and therefore
it was adopted for the next stages of the studies.

3.3. CV studies

The voltammetric responses of 2.0 x 107> M TDZ at the SPAuE in
0.075 M PBS of pH = 2.6 was tested using CV. The CVs were registered

for v ranging from 0.005 to 0.4 Vs~ 1. Fig. 5A illustrates the CV curves for
the following values of the scan rate: 0.05, 0.1 and 0.2 V s™. One
irreversible TDZ oxidation signal was observed. The anode peak at about
1.0 V is due to gold oxidation, and the visible reduction peaks are most
likely the result of a quasi-reversible reduction process of previously
oxidized gold. An additional confirmation of the irreversibility of TDZ
oxidation is the shift of the peak potential (Ep) in the positive direction
with increasing scan rate. More information was obtained by analyzing
the relationship between the measured values of the TDZ I, over the
entire potential range (5-400 mV s~ ) and the square root of the scan
rate W72 (Fig. 5B). The non-linear course of this relationship indicates
that the oxidation process of TDZ on the SPAuE is controlled by
adsorption. The above conclusion was confirmed by the dependence of
the TDZ I, logarithm (log I,) and the scan rate logarithm (log v)
(Fig. 5C), the slope of which is 1.01, which allows us to state unequiv-
ocally that the process is purely adsorption-controlled. In addition,
based on Laviron’s equation [42] of the linear relationship between the
peak potential (Ep) and the square root of the scan rate w7 F ig. 5D),
the number of electrons involved in the TDZ oxidation reaction was
calculated. The calculated value is 2.36, which corresponds to two
electrons and is confirmed in literature data [5,6,21]. The probable
mechanism of TDZ oxidation involving two electrons is illustrated in
Fig. SE.

3.4. Effect of DPAdSV parameters

Due to the adsorption of TDZ on the SPAUE surface, demonstrated by
the CV studies, we considered it necessary to investigate the effect of
Eace. and taec, on the current intensity of the TDZ peak. For tacc. of 60 s,
the Eae.. was changed from 0.1 to —0.4 V. In Fig. 64, it can be seen that
the TDZ I, increases when the potential is shifted in the negative di-
rection, reaches a maximum at —0.2 V and then decreases for lower
potentials. Therefore, the E,.. of —0.2 V was selected for further
research. Next, the influence of the ty.. in the range of 15-240 s was
studied. Fig. 6B shows that the highest signal was obtained for 240 s, but
to shorten the analysis time, 60 s was selected for further testing. In
order to possibly lower the detection limit, it is recommended to use tacc,
of 240 s.

The effect of AE4 on the 2.0 x 10~° M TDZ I, intensity was evaluated
over the range from 0.025 to 0.15 V (Fig. 7A). The I, reached maximum
value for AE, of 0.1 V, so this value was adopted for further research.
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The next step was to check the influence of the v, which was done by
altering its value from 0.025 to 0.125 Vs~ *. With the increase of v, the I,
increased, reaching the highest intensity at the scan rate of 75 mV s .
Further increasing v resulted in a lower analytical signal (Fig. 7B), so a
value of 75 mV s ! was considered optimal. The last optimized
parameter was the ty, the influence of which was evaluated over the
range of 2-40 ms. The maximum TDZ signal height was recorded at 10
ms (Fig. 7C).

3.5. Voltammetric determination of TDZ

Table 2 presents a comparison of the developed procedure using the
SPAUE with other voltammetric procedures for the TDZ analysis
[2-6,8,21,22,43-45]. In optimized conditions, the determination of
increasing concentrations of TDZ (1.0 x 10 M t02.0 x 1078 M) on the
SPAUE was performed (Fig. 8A). The analytical signal of TDZ linearly
increases with the concentration in three ranges (1.0 x 107 112.0 x
1071°, 2.0 x 1071°-2.0 x 107° and 2.0 x 10~°-2.0 x 10~8 M) (Fig. 8B)
with the limits of detection (LOD) and quantification (LOQ) of 2.9 x
107'? and 9.8 x 10712 M, respectively, (LOD was calculated as (3 x SD

of intercept, n = 3) divided by slope of calibration plot, LOQ was
calculated as 3.3(3) x LOD) [46]. It can be undoubtedly stated that the
SPAUE is characterized by extraordinary sensitivity and allows for a
much lower detection limit than in the case of other electrochemical
sensors used for TDZ detection. It should also be emphasized that the
sensor used is commercially available, which avoids the time-consuming
process of preparing the sensor as well as the reagents needed for it.

The SPAUE selectivity was examined studying voltammetric response
of TDZ in the presence of various organic compounds and metal ions.
The tolerance limit was considered to be 1.0 x 10~ M TDZ peak current
changes not exceeding 10% (Fig. 9). The presence of 0.2-2.0 ppm Triton
X-100 in voltammetric cell has a similar effect on the signal as surfac-
tants in natural waters [47]. Therefore, the effect of 2 ppm of Triton X-
100 on the TDZ peak was examined and found to be negligible.

In addition, repeatability of the determination of 1.0 x 10~% M TDZ
on the SPAUE was examined. The RSD (relative standard deviation) of
3.5% (n = 10) was reached, which confirms good repeatability of the
TDZ signal. Reproducibility was determined based on the results of
measurements made for 0.1 nM TDZ on three SPAuEs in the separate
solutions. The RSD was 6.25%, which proves that reproducibility is
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Table 2
Comparison of procedures for analysis of TDZ.
Electrode Method Linear LOD Application Ref.
range (mol
(molL™H) L™H
SPCE/FeV DPV 2.0 x 8.0 x Serum [8]
NPs 1078 - 107°
1.2 x
107*
CPE/NiAIPO- DPAdSV 1.0 x 9.0 x Pharmaceutical [21]
5 1077 - 1078 formulations,
1.0 x serum
10°°
CoNP/ CV 5.0 x 5.0 x Pharmaceutical [6]
MWCNT/ 1077 - 1078 formulations,
GCE 1.0 x serum
10*
NGO-500/ DPV 4.0 x 4.0 x Urine, serum [22]
SPCE 1078 10°°
1.5 x
1074
P-MCO/GCE DPV 5.0 x 4.7 x Serum [5]
107 - 1078
1.4 x
1073
BDDE DPV 2.0 x 1.2 x Urine [4]
107 - 1077
4.0 x
10°°
ZIF-67/Bio- DPV 6.0 x 3.1 x Pharmaceutical [2]
MCM-41/ 1078 - 1078 formulations,
CQDs/GCE 7.0 x serum
10°°
AgNPs-NDG/ cv 8.0 x 1.0 x Pharmaceutical [7]
PGE 1078 - 1078 formulations,
1.0 x serum
1074
Bi/ DPV 1.0 x 3.0 x Plasma [3]
PSi/ 107 - 1078
CNTPE 2.6 x
10*
p-CD/CPE DPV 1.0 x 7.0 x Pharmaceutical [43]
108 10°° formulations
1.0 x
1077
Ru-BiyS3/ DPV 5.0 x 1.0 x Serum [44]
GCE 107° - 107°
1.4 x
1073
N-CNTs/ DPV 1.2 x 1.3 x - [45]
gold- 1075 - 107°
modified 8.5 x
GCE 1074
SPAuUE DPAdSV 1.0 x 2.9 x Serum, wastewater This
10°M - 10712 work
2.0 x
10-10
2.0 x
10-10_
2.0 x
107°
2.0 x
1079 -
2.0 x
1078

SPCE/FeV NPs — screen-printed carbon electrode modified with iron vanadate
nanoparticles; CPE/NiAIPO-5 — carbon paste electrode modified with nickel (II)
incorporated aluminophosphate; CONP/MWCNT/GCE - glassy carbon electrode
modified with multi-walled carbon nanotubes with immobilized cobalt nano-
particles;

NGO-500/SPCE - screen-printed carbon electrode modified with spherical-like
microstructures of NiO and Gd,Os; P-MCO/GCE - glassy carbon electrode
modified with magnesium cobalt oxide; BDDE — boron-doped diamond elec-
trode; ZIF-67/Bio-MCM-41/CQDs/GCE glassy carbon electrode modified with
nanocomposite based on zeolitic imidazolate framework-67 (ZIF-67), bio-mobile
crystalline material-41 (Bio-MCM-41) and carbon quantum dots (CQDs); AgNPs-
NDG/PGE - nanodiamond graphite (NDG) decorated with Ag nanoparticles
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pyrolytic graphite electrode; Bi/PSi/CNTPE - bismuth@porous silicon carbon
nanotubes paste electrode; p-CD/CPE — carbon paste electrode modified with
B-cyclodextrin; Ru-Bi,S3/GCE - glassy carbon electrode modified with ruthe-
nium doped bismuth sulfide; N-CNTs/gold-modified GCE - glassy carbon elec-
trode modified with nitrogen doped carbon nanotubes/gold nanoparticles
composites; SPAUE - screen-printed gold electrode; DPV - differential-pulse
voltammetry; CV - cyclic voltammetry; DPAdSV - differential-pulse adsorptive
stripping voltammetry.

acceptable.

3.6. Application

To examine the practicality of the proposed TDZ determination
procedure with the SPAuE, human serum and purified wastewater
samples analysis was performed. The results are presented in Table 3.
Considering the very low LOD of the developed procedure (2.9 x 10712
M) and the fact that TDZ reaches a concentration of 1077-10~° M in
human serum [8,9], it was possible to use a high dilution of serum
samples to minimize interference (1000x). Wastewater samples were
diluted 100-fold. The high accuracy of the DPAdSV procedure at the
SPAUE is evidenced by the obtained recovery in the range of
98.5-102.5%. The coefficient variation between 0.76 and 4.88 indicates
a good repeatability [48]. Fig. 10 shows obtained voltammograms.

4. Conclusions

Summarizing, this paper presents a fast, extremely sensitive and
simple voltammetric procedure using a screen-printed gold electrode
(SPAUE) for quantification of thioridazine (TDZ). The sensor was char-
acterized by cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS). Using these methods, the SPAuE
was compared with the SPCE and SPCE/AuF. The obtained results show
the advantage of the SPAUE in terms of working electrode active surface
and the efficiency of kinetics of electron transfer, which, combined with
the high chemical affinity of gold atoms to sulfur atoms present in the
structure of the analyte molecule, makes this sensor an extremely
effective tool in the detection of TDZ. The CV studies of the TDZ elec-
trooxidation process at the SPAUE showed that this process is controlled
purely by adsorption. In addition, the developed procedure shows good
selectivity, and the calculated LOD and LOQ were 2.9 x 102 and 9.8 x
10712 M, respectively. The practicality of the procedure was verified by
successfully determining TDZ in spiked purified wastewater and human
serum samples. The results suggest that the SPAuE has the potential to
be used as a sensor for electrochemical determination of TDZ in real
samples. The statistical evaluation of DPAdSV procedure showed satis-
factory accuracy and precision.

CRediT authorship contribution statement
Jedrzej Kozak: Conceptualization, Methodology, Investigation,
Writing — original draft, Writing — review & editing. Katarzyna Tyszc-

zuk-Rotko: Conceptualization, Methodology, Investigation, Writing —
original draft, Writing — review & editing, Supervision.

Declaration of Competing Interest

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

Data availability

Data will be made available on request.



J. Kozak and K. Tyszczuk-Rotko Measurement 217 (2023) 113107

A

I, [MA]

1,=3.73 " cp; + 0.16
r=0.9939

*
L ]

*

"l 1, =1.03%cppy + 0.77
¢ &+ 09946

,=0.43% Crgy + 2.58

r=0.9980

* ¢ 9

“ — T T 1 T+ 1 T T T 71 T 1T T T T 1
0.2 0.3 04 05 0 4 8 12 16 20

E [V] Croz [Nnmol L]

Fig. 8. (A) The DPAdSVs obtained on the SPAUE in the presence of various TDZ concentration (a — k, 1.0 x 10711 - 2.0 x 1078 M) in 0.075 mol L~! PBS of pH 2.6.
(B) Calibration plot of TDZ. The obtained average values of the I, are shown with standard deviation for n = 3. The DPAdSV parameters: v of 75 mV s, ty of 10 ms,
AEA of 100 mV, E,¢.. of —0.2 V and t.. of 60 s.

1000 - 1000 1000 1000 1000 1000 1000 1000 1000 1000

N
[a
l— -
=
S 800 —
-
| =
[«}]
> —
o
1]
= 600 —
5
t —
Q
=
£ 400 —
[rem
o
wn il
wn
Q
2
X 200 —
S
° p-
w

0 e

Fe(lll) Ni(ll) Mg(ll) Ca(ll) Cu(ll) Cd(ll) Pb(l) AA GLU UA ADN EPI DOP

Fig. 9. Histogram bars of the selectivity of SPAuE for determination of TDZ. AA-ascorbic acid, GLU-glucose, UA-uric acid, ADN-adenine, EPI-epinephrine,
DOP-dopamine.



J. Kozak and K. Tyszczuk-Rotko

Table 3
The results of TDZ determination in real samples.
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Sample TDZ concentration [umol L’l] 4+ SD (n = 3) Coefficient variation* [%]

Added Found DPAdSV Found in electrochemical cell Recovery** [%]
Human serum 0.05 0.0503 + 0.0024 0.0000503 + 0.0000024 4.77 100.6

0.2 0.205 + 0.01 0.000205 + 0.00001 4.88 102.5
Purified wastewater 0.005 0.005 + 0.00021 0.00005 + 0.0000021 4.20 100.0

0.02 0.0197 + 0.00015 0.000197 + 0.0000015 0.76 98.5

* Coefficient variation [%] = (SD x 100)/ Found DPAdSV, ** Recovery [%] = (Found DPAdSV x 100)/Added.
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Fig. 10. The DPAdSVs recorded during determination of TDZ in human serum (A and B) and purified wastewater samples (C and D): (A): (a) 10 uL of sample + 5.0 x
1071, (b) as (a) + 5.0 x 10711, (c) as (a) + 1.0 x 107 ° M TDZ, (B): (a) 10 uL of sample + 2.0 x 1071, (b) as (a) + 2.0 x 107!, (¢) as (a) + 4.0 x 1071° M TDZ, (C):
(a) 100 L of sample + 5.0 x 10711, (b) as (a) + 5.0 x 10711, (¢) as (a) + 1.0 x 107° M TDZ, and (D): (a) 100 uL of sample + 2.0 x 1071°, (b) as (a) + 2.0 x 1071°, (c)
as (a) + 4.0 x 107 M TDZ. The DPAdSV parameters: v of 75 mV s7L, t, of 10 ms, AE of 100 mV, Egee. of —0.2 V and tye.. of 60 s.
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Abstract: A very sensitive, fast and simple electrochemical procedure using a nanoporous
screen-printed carbon electrode (NPSPCE) was developed for the determination of the
fluoroquinolone antibiotic ciprofloxacin (CFX). Changes in the surface morphology and
electrochemical properties of the SPCE before and after pre-anodization were
examined using scanning electron microscopy (SEM), electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV). CV studies also demonstrated
unequivocally adsorption controlled and irreversible oxidation of CFX. Using optimized
conditions, the developed procedure is characterized by excellent selectivity and high
sensitivity, allowing to achieve a very low limit of detection (6.3 x 10-11 mol L-1). The
measurements taken allow us to consider the NPSPCE as a very effective tool for
direct determination of CFX in samples with a complex matrix such as sewage and
body fluids. The developed environment friendly sensor and procedure meet the
requirements of green chemistry (reduction of toxic chemicals/reagents, and
generation of minimal waste).
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Prof. dr hab. Katarzyna Tyszczuk-Rotko

Measurement August 28, 2023

Dear Editor,

According to the decision of Noritak Yusa (Editor of Measurment), | am re-submiting the manuscript
(MEAS-D-23-03392R1). The work received three positive reviews (reviews and responses for
reviewers are below).The manuscript has been thoroughly revised to the suggestions/comments
pointed out by Reviewers. The decision of Editor of Measurment was related to the lack of changes
marked on the revised manuscript. These changes are now marked in red. The error (unmarked changes)
resulted from the information in the system ("Revised manuscript with no changes marked"). We are very
sorry if it was our mistake. In response to the reviewers, we added the corrected fragments. In addition, we
found a few typos in the revised manuscript, which have also been highlighted. Morover, figures and tables
have been removed from the revised manuscript and added as separate files.

We would be grateful if you could consider the possibility of publishing our manuscript in Measurement.

Thank you very much for your kind consideration.
Sincerely,

Katarzyna Tyszczuk-Rotko

Response to Reviewers

Response to Reviewer 1:

I would recommend the paper for publication in Measurement after addressing the following concerns:
1- Why the frequency range starts at 50000 Hz usually it should be in order of 1 Hz

We would like to thank the Reviewer for invaluable time and comments that have significantly
improved the previous version of our manuscript.

Impedance spectra were recorded in KCI solution (0.1 mol L") with the addition of K3[Fe(CN)e] (5.0 x
10-3 mol L) for frequencies in the range of 50000 - 1 Hz and at a potential of 0.2 V. In this range, the
kinetic and diffusion area for both electrodes is well outlined. You can easily read and compare the
charge transfer resistance (Rct) for both electrodes.

2- This explanation totally disagrees with previous parts where the actives surface area calculated CVs and
the SEM where the preanodization caused a pore structure.

Thank you for your attention. The text was corrected. The SPCE was pre-anodized in a strongly
alkaline medium (0.1 mol L' NaOH) in accordance with the procedure already used in our previous
studies [32]. In our previously mentioned studies [32], an electrochemically activated boron-doped
screen-printed diamond electrode (aSPBDDE) also provided a much higher analyte (rifampicin) peak
current. A number of parameters were also improved compared to the non-activated electrode. As in
the case of the NPSPCE, Rct was lowered as a result of activation. The visible changes in the surface
of the working electrode and a slight increase in the active surface were observed at that time.
However, a highly porous structure of SPBDDE as a result of pre-anodization as in the case of SPCE
was not observed. It can therefore be concluded that the same type of electrochemical pretreatment

pl. Marii Curie-Sktodowskiej 3/541, 20-031 Lublin, www.umcs.lublin.pl
tel: +48 81 537 55 85
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may affect the different properties of the electrodes depending on the material from which they are
made.

3- In this equation the 3SDa/b and LOQ = 10SDa/b, thw SDa and b are not defined.
Thank you for your attention. The information was added to the text “(SDa.: standard deviation of
intercept, b: slope of calibration plot, n = 3)”.

4- It must be explained in experimental how the repeatability and reproducibility were determined

Thank you for your attention. The repeatability of the signal of 5.0 x 10-° mol L' CFX on the NPSPCE
was checked. The relative standard deviation (RSD) of 1.58% (n = 10) was received, which confirms
satisfying repeatability of the CFX signal. Reproducibility was determined based on the results of
measurements made for the same CFX concentration on the three sensors. The obtained RSD of
4.77% indicates good reproducibility of the NPSPCE.

5- The style of numbers in Table 2 must be corrected, please use uM or nM not to use so many digits , or
you can use mol L-1 but report in power of ten.

The concentrations are shown in the pyM. Due to the multiple dilution of the sample in the
electrochemical cell, there will always be a difference between the determined values in the samples
and electrochemical cell. Thanks to the low LOD allowed by the NPSPCE, high dilutions of the
analyzed samples were possible, thus minimizing interference. In the case of urine, it was 10,000-fold
because CFX reaches a concentration of 104 — 10°¢ mol L in the urine [8,12,13]. Municipal
wastewater was diluted 10-fold, while hospital wastewater was diluted 20-fold. Additionally, there are
differences in analyte concentrations in different samples. We have reduced the number of
significant digits to 3. We can't reduce it anymore so as not to affect the accuracy of the result of the
calculated error.

6- All the graphs should have the same number of significant digits .

Due to the changes in parameters used during the optimization of the procedure, different measured
values were obtained. Using the same number of significant digits in each graph will result in the
need to use for example additionally at least two zeros after the dot. That's why | tried to unify the
number of significant digits but after a dot on each of the graphs.

Response to Reviewer 2:

The manuscript is clearly written and the data are presented in a logical flow and well proved. From the
presented results and discussions supports the conclusions reached.
My question is about the sensors repeatability '(RSD) of 1.58% (n = 10)' and the reproducibility ‘RSD 4.77%
(n=3) results presented in the manuscript. In figure 2 A and B the acquired signal is in fig. 2A~0.9 uA at pH 7
while in figure 2B it is about 1.1 uA when the same amount of CFX (2x10-8 M) in 0.1 mol/L PBS was added
in both cases. Here is not fully consistent with the conclusion for RSD of repeatability/reproducibility.

We would like to thank the Reviewer for invaluable time and comments that have significantly
improved the previous version of our manuscript. Yes, | agree that there was a difference in the
current in Figures 2 A and 2 B. But it was due to the stage of work on the analytical procedure. The
repeatability of the signal and the reproducibility of the electrode to the electrode were determined
after full optimization, i.e. not only the pH and electrolyte concentration were checked, but also the
analyte accumulation parameters and analytical signal registration parameters were examined.



Response to Reviewer 3:
Comments and requests to the manuscript are as follows:Minor Revisions:

1- The motivation behind the modifier selection must be clearly mentioned in the introduction.

We would like to thank the Reviewer for invaluable time and comments that have significantly
improved the previous version of our manuscript.

Thank you for your attention. We have added the following text “The SPCE was pre-anodized in a
strongly alkaline medium in accordance with the procedure already used for an electrochemically
activated screen-printed boron-doped diamond electrode (aSPBDDE) preparation [32]. We wanted to
take advantage of the fact that the electrochemical activation of the electrode surface results in
changes in its morphology and a decrease in the charge transfer resistance, which translates into a
significant increase in the analytical signal [32]. The morphological and electrochemical
characterization of the developed sensor and its application for the determination of CFX in
municipal and hospital wastewater and also human urine were performed.”

2- The abstract should be revised to make it more afttractive, and the novelty involved in this research should
be highlighted.

Thank you for your attention. The abstract was corrected. The abstract in the revised manuscript is
as below

“A very sensitive, fast and simple electrochemical procedure using a nanoporous screen-printed
carbon electrode (NPSPCE) was developed for the determination of the fluoroquinolone antibiotic
ciprofloxacin (CFX). Changes in the surface morphology and electrochemical properties of the SPCE
before and after pre-anodization were examined using scanning electron microscopy (SEM),
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). CV studies also
demonstrated unequivocally adsorption controlled and irreversible oxidation of CFX. Using
optimized conditions, the developed procedure is characterized by excellent selectivity and high
sensitivity, allowing to achieve a very low limit of detection (6.3 x 10" mol L'"). The measurements
taken allow us to consider the NPSPCE as a very effective tool for direct determination of CFX in
samples with a complex matrix such as sewage and body fluids. The developed environment friendly
sensor and procedure meet the requirements of green chemistry (reduction of toxic
chemicals/reagents, and generation of minimal waste).”

3- Introduction also needs to be revised and improved to emphasize the novelty of the proposed work.
Include novelty statements.

The following text has been added “The novelty of this work is the improvement of analytical
procedures for the determination of CFX with respect to the limitations described so far in the
literature, i.e. too low sensitivity, complicated procedures of sensor preparation and measurement.”

4- The conclusion is too much; please simplify that.

The conclusion was corrected.

The conclusion in the revised manuscript is as below

“In summary, in this study a very fast and simple DPAdSV procedure using a nanoporous, pre-
anodized screen-printed carbon electrode (NPSPCE) for trace analysis of ciprofloxacin (CFX) was
proposed. Methods such as EIS and CV were used to characterize the sensor. The obtained results
showed numerous advantages of subjecting the SPCE to the pre-anodization process, including a
significant increase in the active surface of the working electrode, a decrease in the resistance of
charge transfer and improvement of the kinetics of electron transfer. The improvement of these
parameters resulted in an extreme increase in the height of the CFX oxidation peak. In addition, SEM
imaging showed that the electrode obtained a highly porous structure as a result of pre-anodization.
The developed procedure is characterized by excellent selectivity and high sensitivity, allowing to



achieve a very low limit of detection (6.3 x 10" mol L") with a wide range of linearity from 5.0 x 10-"°
to 3.0 x 10® mol L. The usefulness of the proposed procedure was confirmed by successfully
determining CFX in spiked samples of treated municipal wastewater and human urine, as well as
determining the real content of CFX in samples of hospital wastewater. The results of the study allow
us to consider the NPSPCE as a very effective tool for direct determination of CFX in samples with a
complex matrix such as sewage and body fluids. Moreover, the developed environment friendly
sensor and procedure meet the requirements of green chemistry (reduction of toxic
chemicals/reagents, and generation of minimal waste).”

5- The authors can use the following reference to develop different sections of the article and should be
cited:

a-Zaki, M., et al., "Mn/Cu nanopatrticles modified carbon paste electrode as a novel electrochemical sensor
for nicotine detection." Electroanalysis 35.2 (2023): €202200143.

b-Zaki, M., et al., "Sensitive detection for nicotine using nickel/copper nanoparticle-modified carbon paste
electrode." lonics 28.10 (2022): 4881-4891.

c-Moustafa, Ayah, et al. "Electrochemical determination of vitamin B6 (pyridoxine) by a reformed carbon
paste electrode with iron oxide nanoparticles," lonics 28.9 (2022): 4471-4484.

d-Fekry, Amany M., et al. "A sensitive electrochemical sensor for moxifloxacin hydrochloride based on
nafion/graphene oxide/zeolite modified carbon paste electrode.” Electroanalysis 33.4 (2021): 964-974.
The references were added.



Highlights (for review)

Highlights

Ciprofloxacin (CFX) is a second-generation fluoroquinolone antibiotic that is effective

against both Gram-negative and Gram-positive bacteria

A nanoporous, pre-anodized screen-printed carbon electrode (NPSPCE) was used as CFX

sensor

New method for tracing changes of CFX concentration in the environmental and clinical

samples
Excellent detection limit (LOD of 6.3 x 107! mol L!) and sensitivity

Low reagent and sample consumption



Response to Reviewers

Response to Reviewer 1:

I would recommend the paper for publication in Measurement after addressing the following
concerns.

1- Why the frequency range starts at 50000 Hz usually it should be in order of 1 Hz

We would like to thank the Reviewer for invaluable time and comments that have
significantly improved the previous version of our manuscript.

Impedance spectra were recorded in KCI solution (0.1 mol L-') with the addition of
K3[Fe(CN)s] (5.0 x 103 mol L) for frequencies in the range of 50000 - 1 Hz and at a
potential of 0.2 V. In this range, the Kkinetic and diffusion area for both electrodes is well
outlined. You can easily read and compare the charge transfer resistance (Rct) for both
electrodes.

2- This explanation totally disagrees with previous parts where the actives surface area
calculated CVs and the SEM where the preanodization caused a pore structure.

Thank you for your attention. The text was corrected. The SPCE was pre-anodized in a
strongly alkaline medium (0.1 mol L-! NaOH) in accordance with the procedure already
used in our previous studies [32]. In our previously mentioned studies [32], an
electrochemically activated boron-doped screen-printed diamond electrode (aSPBDDE)
also provided a much higher analyte (rifampicin) peak current. A number of
parameters were also improved compared to the non-activated electrode. As in the case
of the NPSPCE, Rt was lowered as a result of activation. The visible changes in the
surface of the working electrode and a slight increase in the active surface were
observed at that time. However, a highly porous structure of SPBDDE as a result of pre-
anodization as in the case of SPCE was not observed. It can therefore be concluded that
the same type of electrochemical pretreatment may affect the different properties of the
electrodes depending on the material from which they are made.

3- In this equation the 3SDa/b and LOQ = 10SDa/b, thw SDa and b are not defined.
Thank you for your attention. The information was added to the text “(SD.: standard
deviation of intercept, b: slope of calibration plot, n = 3)”.

4- It must be explained in experimental how the repeatability and reproducibility were
determined

Thank you for your attention. The repeatability of the signal of 5.0 x 10 mol L' CFX
on the NPSPCE was checked. The relative standard deviation (RSD) of 1.58% (n = 10)
was received, which confirms satisfying repeatability of the CFX signal. Reproducibility
was determined based on the results of measurements made for the same CFX
concentration on the three sensors. The obtained RSD of 4.77% indicates good
reproducibility of the NPSPCE.

5- The style of numbers in Table 2 must be corrected , please use uM or nM not to use so
many digits , or you can use mol L-1 but report in power of ten.

The concentrations are shown in the pM. Due to the multiple dilution of the sample in
the electrochemical cell, there will always be a difference between the determined values
in the samples and electrochemical cell. Thanks to the low LOD allowed by the
NPSPCE, high dilutions of the analyzed samples were possible, thus minimizing
interference. In the case of urine, it was 10,000-fold because CFX reaches a
concentration of 104 — 10 mol L! in the urine [8,12,13]. Municipal wastewater was
diluted 10-fold, while hospital wastewater was diluted 20-fold. Additionally, there are

1



differences in analyte concentrations in different samples. We have reduced the number
of significant digits to 3. We can't reduce it anymore so as not to affect the accuracy of
the result of the calculated error.

6- All the graphs should have the same number of significant digits .

Due to the changes in parameters used during the optimization of the procedure,
different measured values were obtained. Using the same number of significant digits in
each graph will result in the need to use for example additionally at least two zeros after
the dot. That's why I tried to unify the number of significant digits but after a dot on
each of the graphs.

Response to Reviewer 2:

The manuscript is clearly written and the data are presented in a logical flow and well
proved. From the presented results and discussions supports the conclusions reached.
My question is about the sensors repeatability '(RSD) of 1.58% (n = 10)" and the
reproducibility 'RSD 4.77% (n=3) results presented in the manuscript. In figure 2 A and B the
acquired signal is in fig. 2A~0.9 uA at pH 7 while in figure 2B it is about 1.1 uA when the
same amount of CFX (2x10-8 M) in 0.1 mol/L PBS was added in both cases. Here is not fully
consistent with the conclusion for RSD of repeatability/reproducibility.

We would like to thank the Reviewer for invaluable time and comments that have
significantly improved the previous version of our manuscript.

Yes, I agree that there was a difference in the current in Figures 2 A and 2 B. But it was
due to the stage of work on the analytical procedure. The repeatability of the signal and
the reproducibility of the electrode to the electrode were determined after full
optimization, i.e. not only the pH and electrolyte concentration were checked, but also
the analyte accumulation parameters and analytical signal registration parameters were
examined.

Response to Reviewer 3:

Comments and requests to the manuscript are as follows:
Minor Revisions:
1- The motivation behind the modifier selection must be clearly mentioned in the introduction.

We would like to thank the Reviewer for invaluable time and comments that have
significantly improved the previous version of our manuscript.

Thank you for your attention. We have added the following text “The SPCE was pre-
anodized in a strongly alkaline medium in accordance with the procedure already used for
an electrochemically activated screen-printed boron-doped diamond electrode (aSPBDDE)
preparation [32]. We wanted to take advantage of the fact that the electrochemical
activation of the electrode surface results in changes in its morphology and a decrease in
the charge transfer resistance, which translates into a significant increase in the analytical
signal [32]. The morphological and electrochemical characterization of the developed
sensor and its application for the determination of CFX in municipal and hospital
wastewater and also human urine were performed.”



2- The abstract should be revised to make it more attractive, and the novelty involved in this
research should be highlighted.

Thank you for your attention. The abstract was corrected. The abstract in the revised
manuscript is as below

“A very sensitive, fast and simple electrochemical procedure using a nanoporous screen-
printed carbon electrode (NPSPCE) was developed for the determination of the
fluoroquinolone antibiotic ciprofloxacin (CFX). Changes in the surface morphology and
electrochemical properties of the SPCE before and after pre-anodization were examined
using scanning electron microscopy (SEM), electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV). CV studies also demonstrated unequivocally adsorption
controlled and irreversible oxidation of CFX. Using optimized conditions, the developed
procedure is characterized by excellent selectivity and high sensitivity, allowing to achieve a
very low limit of detection (6.3 x 10! mol L'). The measurements taken allow us to
consider the NPSPCE as a very effective tool for direct determination of CFX in samples
with a complex matrix such as sewage and body fluids. The developed environment friendly
sensor and procedure meet the requirements of green chemistry (reduction of toxic
chemicals/reagents, and generation of minimal waste).”

3- Introduction also needs to be revised and improved to emphasize the novelty of the
proposed work. Include novelty statements.

The following text has been added “The novelty of this work is the improvement of
analytical procedures for the determination of CFX with respect to the limitations described
so far in the literature, i.e. too low sensitivity, complicated procedures of sensor preparation
and measurement.”

4- The conclusion is too much; please simplify that.
The conclusion was corrected.
The conclusion in the revised manuscript is as below

“In summary, in this study a very fast and simple DPAdSV procedure using a nanoporous,
pre-anodized screen-printed carbon electrode (NPSPCE) for trace analysis of ciprofloxacin
(CFX) was proposed. Methods such as EIS and CV were used to characterize the sensor.
The obtained results showed numerous advantages of subjecting the SPCE to the pre-
anodization process, including a significant increase in the active surface of the working
electrode, a decrease in the resistance of charge transfer and improvement of the kinetics of
electron transfer. The improvement of these parameters resulted in an extreme increase in
the height of the CFX oxidation peak. In addition, SEM imaging showed that the electrode
obtained a highly porous structure as a result of pre-anodization. The developed procedure
is characterized by excellent selectivity and high sensitivity, allowing to achieve a very low
limit of detection (6.3 x 10" mol L) with a wide range of linearity from 5.0 x 10"’ to 3.0 x
10% mol L. The usefulness of the proposed procedure was confirmed by successfully
determining CFX in spiked samples of treated municipal wastewater and human urine, as
well as determining the real content of CFX in samples of hospital wastewater. The results
of the study allow us to consider the NPSPCE as a very effective tool for direct



determination of CFX in samples with a complex matrix such as sewage and body fluids.
Moreover, the developed environment friendly sensor and procedure meet the requirements
of green chemistry (reduction of toxic chemicals/reagents, and generation of minimal
waste).”

5- The authors can use the following reference to develop different sections of the article and
should be cited:

a-Zaki, M., et al., "Mn/Cu nanoparticles modified carbon paste electrode as a novel
electrochemical sensor for nicotine detection." Electroanalysis 35.2 (2023): e202200143.
b-Zaki, M., et al., "Sensitive detection for nicotine using nickel/copper nanoparticle-modified
carbon paste electrode.” lonics 28.10 (2022): 4881-4891.

c-Moustafa, Ayah, et al. "Electrochemical determination of vitamin B6 (pyridoxine) by a
reformed carbon paste electrode with iron oxide nanoparticles," lonics 28.9 (2022): 4471 -
4484.

d-Fekry, Amany M., et al. "A sensitive electrochemical sensor for moxifloxacin hydrochloride
based on nafion/graphene oxide/zeolite modified carbon paste electrode." Electroanalysis

33.4(2021): 964-974.

The references were added.
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Table 1 (Editable Version)
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Table 1. Comparison of voltammetric assays for analysis of CFX.

Electrode Method  Linear range LOD Application  Ref.
(mol L) (mol L)
PAR/EGR/GCE DPV 4.0%x10%-1.2x 1.0x 108 Pharmaceutical [34]
10 formulations,
serum
NiONPs-GO-CTS:EPH/ SWV 4.0x10%-9.7 x 6.0 x 107 Urine, serum [35]
GCE 107
TiO./PB/AuNPs/ Ccv 1.0x10°%-5.2x 1.1 x 107 River water, [11]
CMK-3/Nafion/GE 10 CRM of
wastewater
AuNPs/CHI/SPE SWV 1.0x107-1.5x% 1.0 x 107 Urine, serum, [30]
104 plasma
Graphene-modified DPV 1.0x107-1.0x 59x%x 108 Pharmaceutical [38]
GCE 107 formulations,
urine
rGO/PPR/GCE DPV 2.0x107-4.0x 20x10°  Serum [36]
10
ChCl/CPE SWV 50x10°-2.0x 3.6x 10 Eye drops, [31]
10* river  water,
eggs
CRGO/GCE SWV 6.0x10°-4.0 x 2.1x 107 Pharmaceutical [39]
107 formulations,
milk
HMDE AdCSV  1.5x107-45x 3.0x10®  Urine [40]
107
Ui0-66/RGO ASV 2.0x10%-1.0x 6.7 x 107 Water [41]
10°
Graphene SPCE SWV 1.0x107-1.0x 1.0x 107  Urine, serum  [42]
10
MMWCNTs@MIP/CPE DPV 5.0%x10°-8.5x 1.7x10°  Pharmaceutical [43]
107 formulations,
urine, serum
CZF-CME DPAASV 9.1x107-4.7x 2.6x 107 Pharmaceutical [44]
103 formulations,
urine, serum
CMNP-CPE DPV 50x10%-75x 1.0x103® Serum, urine [45]
10°
BDDE SWV 1.5x107-2.1x 5.0x103 Urine [46]
10°°
PGE SWV 12%x10°-55%x 5.6x10° Pharmaceutical [47]
107 formulations
Cu MOF/GC DPV 50x10%-75x 1.0x10% Tap water [48]
10
mag@MIP-CB-NF/SPE DPV 50x107-7.0x 8.4 x107 Urine,  river [49]
106 water
Ag-B-CD/GCE DPV 1.0x10'°-50 2.8x10" Serum, runoff [50]
x 108 water
CB/ZnWO4/GCE DPV 20x10%-12x 2.0x10% River water, [51]
10 tap water

I+
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BaCuSi4010/GCE DPV 50x10%-15%x 9.0x 107 Natural waters, [52]

10* wastewater
FMWCNT/GCE SWV 50x10°-1.0x 1.6x 107 Natural water, [53]
104 hospital  and
domestic
wastewater
GO/SPCE SWV 1.0x10%-8.0x 3.0x 107 Milk [54]
10
N-prGO/CPE DPV 1.0x107-1.0x 39x10?® Serum, [55]
10° Pharmaceutical
formulations
Co/Ti0,/CPE DPV 1.0x107-7.0x 3.0x 103 Serum, urine [56]
10°
MIP/PGE SWV 1.0x10°-1.0x 7.6x 10! Pharmaceutical [57]
1073 formulations
NPSPCE DPAdSV 5.0x10°-3.0 6.3x 10! Urine, This
x 108 municipal work
wastewater,
hospital
wastewater

PAR/EGR/GCE - glassy carbon electrode modified with poly(alizarin red)/electrodeposited
graphene; NiONPs-GO-CTS:EPH/GCE - glassy carbon electrode modified with NiO
nanoparticles, graphene oxide, polysaccharide and epicatechin; TiO2/PB/AuNPs/CMK-
3/Nafion/GE — graphite electrode modified with Nafion, mesoporous carbo, gold nanoparticles and
titanium dioxide; AuNPs/CHI/SPE — screen-printed electrode modified with gold nanoparticles
and chitosan; rGO/PPR/GCE — reduced graphene oxide/poly(phenol red) modified glassy carbon
electrode; CRGO/GCE — chemically reduced graphene oxide GCE; HMDE — hanging mercury
drop electrode; MIP/PGE — molecular imprinted polymer modified pencil graphite electrode; UiO-
66/RGO — Zr(IV)-based metal-organic frameworks and reduced graphene oxide sensor;
MMWCNTs@MIP/CPE — carbon paste electrode modified with molecular imprinted polymer
and magnetic multiwalled carbon nanotubes; CZF-CME — copper zinc ferrite nanoparticle
modified carbon paste electrode; CMNP-CPE — chitosan-coated magnetic nanoparticle modified
carbon paste electrode; BDDE — boron doped diamond electrode; Cu MOF/GC — copper based
organic framework modified glassy carbon electrode; mag@MIP-CB-NF/SPE — screen-printed
electrode modified with magnetic molecular imprinted polymer, carbon black and Nafion; Ag-B-
CD/GCE — GCE modified with silver modified B-cyclodextrin nanoparticles; CB/ZnWO4/GCE
— GCE modified ZnWO4 and carbon black nanocomposite; BaCuSi4O10/GCE — GCE modified
with Effenbergerite; with voltammetry; f~-MWCNT/GCE — COOH-functionalized multiwalled
carbon nanotube-coated GCE; GO/SPCE - graphene oxide modified screen-printed electrode; N-
prGO/CPE — CPE modified with nitrogen doped porous reduced graphene oxide; CV — cyclic
voltammetry; DPV — differential-pulse voltammetry; SWV — square-wave voltammetry; AdCSV
— adsorptive cathodic stripping voltammetry; DPAdASV — differential-pulse adsorptive stripping
voltammetry




Table 2 (Editable Version) Click here to access/download;Table(s) (Editable
Version);Table 2.docx

Table 2. The results of CFX determination in human urine, municipal and hospital wastewater.

CFX concentration [umol L] £ SD (n =3)

Sample Added Found Found Coefficient Recovery**
DPAdSV in electrochemical cell of [%]
variation*
[%]
RM of 20.0 20.7 £0.82 0.00207 = 0.000082 3.96 103.5
human 50.0 49.2 £1.10 0.00492 + 0.00011 2.24 98.4
serum
Purified 0.02 0.0196 £ 0.00069 0.00196 + 0.000069 3.52 98.0
municipal 0.05 0.0514 £0.0011 0.00514 £ 0.00011 2.14 102.2
wastewater
Hospital 0 0.208 +0.009 0.0104 £ 0.00045 4.33 -
wastewater 0.1 0.299 + 0.0007 0.0150 £ 0.000035 0.23 97.1

*Coefficient of variation [%] = (SD x 100)/ Found DPAdSV, ** Recovery [%] = (Found
DPAdSV x 100)/Added
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Abstract: A very sensitive, fast and simple electrochemical procedure using a nanoporous
screen-printed carbon electrode (NPSPCE) was developed for the determination of the
fluoroquinolone antibiotic ciprofloxacin (CFX). Changes in the surface morphology and
electrochemical properties of the SPCE before and after pre-anodization were examined using
scanning electron microscopy (SEM), electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV). CV studies also demonstrated unequivocally adsorption controlled
and irreversible oxidation of CFX. Ia-0-1metLphesphate-butfersaline-(PBSy-of pH-71+
Ussing optimized conditions, the developed procedure is characterized by excellent selectivity
and high sensitivity, allowing to achieve a very low limit the NPSPCE shows-a-detection mit
(EODBY6£6.3 x 10! mol L!).- The measurements taken allow us to consider the NPSPCE as a

very effective tool for direct determination of CFX in samples with a complex matrix such as
sewage and body fluids. The developed environment friendly sensor and procedure meet the
requirements of green chemistry (reduction of toxic chemicals/reagents, and generation of

minimal waste).

Keywords: antibiotics; screen-printed sensor; nanoporous carbon; stripping voltammetry;

human urine; hospital and municipal wastewater

1. Introduction

Consuming a huge amount of antibiotics nowadays in the fight against diseases, but also
to promote the growth of animals, among others in aquacultures, dairy or poultry farms,
contributes to the presence of these biologically active compounds in the environment [1]. A
significant amount of antibiotics is excreted unchanged or as active metabolites. For this reason,
hospital, veterinary and even municipal wastewater often contains high concentrations of
antibiotics. In addition, the processes of their removal from wastewater are not very effective
[2,3]. Antibiotics are also found in drinking water and surface waters [4]. The constantly
growing antibiotic pollution of the environment and aquatic ecosystems is a factor stimulating
the evolution of antibiotic resistance in many pathogenic bacteria, which is a serious threat to
public health on a global scale [5,6].

Fluoroquinolones are one of the most important and widely used antibacterial drugs.
They are characterized by an affordable price, low toxicity and number of side effects, and
a wide spectrum of activity [2,7]. The mechanism of action of this group of antibiotics consists
in the inhibition of bacterial DNA replication by inhibiting DNA topoisomerase IV and DNA

gyrase, which in turn leads to cell death [8,9]. Ciprofloxacin (CFX) is a second-generation
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fluoroquinolone antibiotic that is effective against both Gram-negative and Gram-positive
bacteria [10,11]. CFX is used to treat a wide range of infections affecting the urinary, respiratory
and digestive systems. In addition, it is the drug of choice in the treatment of bone and joint
infections, skin infections and sexually transmitted diseases [8,10]. CFX is a substance that,
after oral administration, is excreted in about 50% through the urinary tract, which achieves
relatively high concentrations in the urine, of the order of 10*— 10°mol L! [8,12,13]. Due to
the widespread use of CFX in hospitals, this drug is detected in hospital wastewater, where its
content often reaches 10”7 mol L! [3,5,7,14]. The presence of CFX in municipal wastewater
was also noted at a concentration level of 10— 10" mol L' [1].

Detection and quantification of drugs is an extremely important aspect of environmental
and clinical research. CFX present in many types of samples, i.e. natural waters, sewage,
pharmaceuticals or body fluids, is analyzed using a whole range of analytical methods. CFX
assays use spectrophotometry [15,16], spectrofluorimetry [17], Rayleigh light scattering [18],
electrogenerated chemiluminescence [19], high performance liquid chromatography coupled
with tandem mass spectrometry [20], liquid chromatography coupled with tandem mass
spectrometry [21,22], microemulsion electrokinetic chromatography [23], micellar
electrokinetic chromatography [24] or capillary electrophoresis [25]. Most of the above-
mentioned methods require very expensive equipment, large amounts of reagents, highly skilled
operators, as well as time-consuming and multi-stage sample preparation. Electroanalytical
methods enable the detection and quantification of a multitude of organic compounds_[26-29].
These methods have a number of advantages, such as relatively inexpensive devices, low
consumption of reagents, small sample volumes, simplicity, high selectivity and sensitivity,
speed of response, as well as the possibility of miniaturization and use of sensors in portable
analyzers [3026,3127].

The novelty of this work is the improvement of analytical procedures for the

determination of CFX with respect to the limitations described so far in the literature, i.e. too

low sensitivity, complicated procedures of sensor preparation and measurement. For this

purpose,
——In—this—werk—we propose a screen-printed sensor based on nanoporous carbon
(NPSPCE) and present a fast and very simple electrochemical method to obtain an NPSPCE

from a bare screen-printed carbon sensor (SPCE). The SPCE was pre-anodized in a strongly

alkaline medium in accordance with the procedure already used for an electrochemically

activated screen-printed boron-doped diamond electrode (aSPBDDE) preparation [32]. We

wanted to take advantage of the fact that the electrochemical activation of the electrode surface




results in changes in its morphology and a decrease in the charge transfer resistance, which

translates into a significant increase in the analytical signal [32]. The morphological and

electrochemical characterization of the developed sensor and its application for the
determination of CFX in municipal and hospital wastewater and also human urine were

performed.

2. Experimental section
2.1. Apparatus

Voltammetric measurements were done using a pAutolab electrochemical analyzer
(Netherlands, Eco Chemie) controlled by GPES 4.9 software and in the case of electrochemical
impedance spectroscopy (EIS) studies by FRA 4.9 software. The standard 10 mL
electrochemical cell made of quartz with a screen-printed carbon sensor with a carbon working
electrode, a platinum counter electrode and a silver pseudo-reference electrode (SPCE, Ref. 150
commercially available from DropSens, Spain) was used for our studies.

Microscopic images of the sensors were obtained with a high-resolution scanning
electron microscope Quanta 3D FEG (USA, FEI) (voltage of acceleration of 5000 V, working
distance of 9.3 mm). The equivalent diameters of pores present in the working electrode

material were measured using NIS-Elements Advanced Research software.

2.2.Reagents and solutions

An appropriate weighed amount of ciprofloxacin (Germany, Merck) was dissolved in
0.1 mol L! acetic acid obtaining a 103 mol L' solution of CFX. This solution was diluted using
0.1 mol L'! phosphate buffer saline (PBS) with a pH value of 7.1 to obtain 10* and 10~ mol L
! solutions of CFX. The dilutions were prepared every day. 0.1 mol L-! solutions of PBS with
the following pH values: 2.6, 4.1, 6.0, 7.1, 8.0, 9.2 and 10.4, were used to check the influence
of pH on the CFX analytical signal. The 10~ mol L' solutions of the following metal ions: Fe3*,
Cu?*, Ca”, Pb*, Cd**, Mg?* and Ni**, as well as organic compounds such as ascorbic acid,
dopamine, glucose, uric acid and adrenaline were made with chemicals purchased from Merck
reagents in ultrapure water, stored in the refrigerator, and protected from light. Reference
material of human urine was bought from Merck, hospital wastewater and purified municipal
wastewater samples were obtained from Municipal Water Supply & Waste Water Treatment

Company Ltd (Lublin, Poland).

2.3. Differential-pulse adsorptive stripping voltammetric (DPAdSV) analysis of CFX



Voltammetric analysis of CFX in optimized conditions was performed in 0.1 mol L-!
PBS (pH = 7.1). The analyte was accumulated on the working electrode surface at a potential
of 0.5 V (Eucc.) for 130 s (tace.). Voltammograms were recorded in a potential range from 0 to
1.2 V with v of 175 mV s°, tm of 5 ms and AEa of 150 mV. From each voltammogram the

background curve was subtracted and the baseline was adjusted.

2.3. Sample analysis

The proposed DPAdASV procedure was applied for CFX determination in spiked
municipal wastewater and human urine. It was also used to analyze the real content of CFX in
hospital wastewater samples in order to prove its usefulness in analysis of real samples. The
samples of purified municipal wastewater as well as the reference material of human urine were
spiked with the appropriate concentration of CFX and directly analyzed without any

pretreatment. In the case of hospital wastewater, the sample was also analyzed directly.

3. Results and discussion
3.1. Preparation and characterization of the NPSPCE

The SPCE was pre-anodized in a strongly alkaline medium (0.1 mol L' NaOH) in
accordance with the procedure already used in our previous studies [2832]. This procedure
involves the use of CV; 5 measurements were made in the potential range of 0 —2 V at v =100
mV s, First, the voltammetric response of CFX to the SPCE and NPSPCE was compared.
DPAdSV measurements were performed in 0.1 mol L' PBS (pH = 7.1) and the analyte was
accumulated at -0.2 V for 60 s. An approximately 10-fold increase in the peak height on the
pre-anodized electrode was observed compared to the signal obtained on the SPCE (Fig. 1A).
The next step was to investigate the effect of electrode pretreatment on its electrochemical
properties. CV and electrochemical impedance spectroscopy (EIS) were used for this purpose.
The ilmpedance spectra were recorded in KCI solution (0.1 mol L) with the addition of
K3[Fe(CN)s] (5.0 x 10-3 mol L) for frequencies in the range of 50000 - 1 Hz and at a potential
of 0.2 V. The results are shown in Figure 1B, where it is clear that the NPSPCE has a much
lower charge transfer resistance (Rc) than the SPCE. Using a solution of the same composition,
CV measurements were made for scanning rates from 7.5 to 200 mV s'!. Figure 1C shows the
CV curves recorded on both sensors for a scan rate (v) of 100 mV s!. On the NPSPCE, not only
an enhancement of the Fe(II) oxidation signal was observed, but also an improvement in the
relative separation of the oxidation and reduction peaks (3°). The y° values were 4.47 and 2.39

for the SPCE and NPSPCE, respectively, which indicates better electron transfer kinetics for



the NPSPCE, where ¢ is closer to the theoretical value (3° = 1). On the basis of CV studies, the
relationship between the intensity of the anode peak (I,) and the square root of the scan rate was
also plotted (Fig. 1D), based on which the active area (As) of both electrodes was calculated
using equation of Randles-Sevcik [2933]. The obtained results showed a significant increase in
the area of the NPSPCE compared to the SPCE (0.074 vs. 0.042 cm?). The SEM images
showing the surface morphology of the SPCE (Fig. 1E) and NPSPCE (Fig. 1F) were also
compared and it proved that as a result of preanodization of SPCE, the surface of the working
electrode obtains a highly porous structure. The size of the pores present in the NPSPCE
material is in the range of 17.68 - 167.46 nm with an average value of 58.70 + 31.29 (n = 100).

as T VY.

In our previously mentioned studies [32], an electrochemically activated boron-doped

screen-printed diamond electrode (aSPBDDE) also provided a much higher analyte

(rifampicin) peak current. A number of parameters were also improved compared to the non-

activated electrode. As in the case of the NPSPCE, Ry was lowered as a result of activation.

The visible changes in the surface of the working electrode and a slight increase in the active

surface were observed at that time. However, a highly porous structure of SPBDDE as a result

of pre-anodization as in the case of SPCE was not observed. It can therefore be concluded that

the same type of electrochemical pretreatment may affect the different properties of the

electrodes depending on the material from which they are made. Jr-eourprevieush-mentioned

3.2. Effect of pH and concentration of the supporting electrolyte

In order to find the optimal pH value of the solution in which the experiments were
carried out, the voltammetric response of 2 x %10 mol L' CFX in 0.1 mol L' PBS for pH in
the range from 2.6 to 10.4 was tested. The highest peak was obtained in buffer with pH of 7.1
and therefore this value was chosen (Fig. 2A). Then, it was examined how the current intensity
of the CFX peak changes depending on the concentration of PBS with pH = 7.1, which was
changed from 0.025 to 0.15 mol L! (Fig. 2B). The CFX analytical signal increased with
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increasing electrolyte concentration, reached a maximum for 0.1 mol L' PBS solution and
remained constant for higher concentrations, so the concentration of 0.1 mol L' was

implemented for further stages of research.

3.3. CV behavior of CFX on the NPSPCE

Using CV, the electrochemical behavior of CFX on the NPSPCE in supporting
electrolyte was studied. For this purpose, 1 xx 10 mol L'! of CFX was added to the supporting
electrolyte and CVs were registered varying v from 5 to 200 mV s'!. Figure 3A shows the CV
curves obtained at v values of 50, 100 and 150 mV s’'. One irreversible oxidation peak of CFX
can be clearly seen at 0.89 V (for v of 100 mV s!). In addition, the potential of the peak shifts
in the positive direction with increasing scan rate, which is an additional confirmation that the
CFX oxidation process is irreversible. The nature of the electrode process is clearly indicated
by the relationship between the CFX peak current (Ip) and the square root of the scan rate (v'/?)
(Fig. 3B), as well as the dependence between the peak current logarithm (log I,) and the scan
rate logarithm (log v) (Fig. 3C). The first dependence is far from linear, while the slope of the
linear regression equation in the second plot is close to 1.0, which ensures that the oxidation of
CFX on NPSPCE is adsorption controlled. The mechanism of CFX oxidation is known and
well described in the literature [2630,346-362]. This process involves two electrons and two

protons as well as the oxidation of a secondary amino group to form hydroxylamine (Fig. 3D).

3.4. Optimization of DPAdSYV parameters

The effect of the accumulation potential (Eacc.) on the efficiency of the CFX adsorption
process on the NPSPCE surface was examined in the range from -0.3 to 0.6 V. It was noticed
that the applied potentials practically do not affect the height of the 2.0 x 10 mol L' CFX peak
(Fig. 4A), which remains at the same level as in the case of open-circuit accumulation.
However, it was decided to conduct the accumulation step applying 0.5 V to oxidize compounds
that could deposit on the surface of the working electrode and interfere with the analyte signal.
Then, the effect of the accumulation time (tacc.) wWas investigated by extending it from 25 to 610
s. The CFX analytical signal increased continuously up to 610 s (Fig. 4B), but to make the
analysis less time-consuming, an accumulation time of 130 s was chosen for further research.

It was also checked how the height of the CFX peak is affected by the parameters of the
signal recording technique, such as amplitude (AEa), modulation time (tm) and scan rate (v).
The amplitude was changed from 25 to 200 mV and it was noticed that the peak current reached

the highest value at the AEa of 150 mV; therefore, it was considered optimal (Fig. SA). Then,



the modulation time effect was tested in the range of 2 — 40 ms (Fig. 5B) and tm of 5 ms was
selected for further testing. Lastly, the scan rate was optimized by evaluating its effect on the
CFX signal in the range of 25 to 200 mV s*! (Fig. 5C) and it was decided that the v of 175 mV

s! would be the most suitable.

3.5. Analytical characteristics

Under the conditions of properly selected parameters of the DPAdSV procedure, signals
were recorded for successive CFX concentrations increasing linearly in the range from
5 xx 101% to 3 xx 10 mol L'! (Fig. 6). The limits of detection (LOD) and quantification (LOQ)
calculated as LOD =3SD./b and LOQ = 10SD4/b (SD.: standard deviation of intercept, b: slope
of calibration plot, n = 3) [37] }33}were 6.3 xx 10"'! and 2.1 xx 10 mol L'!, respectively. The

comparison of the results obtained with the proposed procedure using the NPSPCE with other
voltammetric CFX determination procedures described in the literature [11,2630,2731,3034—
362,384-5357] is presented in Table 1. To the best of our knowledge, there is only one
procedure [4650] that allows a lower limit to be obtained than with the use of the NPSPCE, but
the electrode used requires a multi-stage preparation (synthesis, rinsing and drying) of the
modifier (nanocomposite of silver and beta-cyclodextrin), which takes a total of four days. In
contrast, the preparation of the NPSPCE takes only about two minutes as this sensor does not
require complex and time-consuming modification.

The effect of potential interferents was tested for both inorganic ions and organic
compounds, while the limit of tolerance was considered to be peak current changes not
exceeding 10%. Based on the obtained results, it was concluded that a 1000-fold excess of Fe*,
Cu?*, Ca?*, Pb?, Cd**, Mg?* and Ni?**, as well as glucose, dopamine, adrenaline, uric acid and
ascorbic acid have a negligible effect on the 5.0 x 10® mol L' CFX analytical signal. Similarly,
changes in the current intensity of the CFX peak greater than 10% were not observed in the
presence of 2 ppm of Triton X-100.

Moreover, repeatability of the signal of 5.0 x 10 mol L'! CFX on the NPSPCE was
checked. The relative standard deviation (RSD) of 1.58% (n = 10) was received, which confirms
satisfying repeatability of the CFX signal. Reproducibility was determined based on the results
of measurements made for the same CFX concentration on the three sensors. The obtained RSD

of 4.77% indicates good reproducibility of the NPSPCE.

3.6. Analytical application



The application of the proposed voltammetric procedure was tested for the
determination of CFX in municipal wastewater, hospital wastewater and reference material of
human urine. The voltammograms obtained during the analysis are depicted in Figure 7. Thanks
to the low LOD allowed by the NPSPCE, high dilutions of the analyzed samples were possible,
thus minimizing interference. In the case of urine, it was 10,000-fold because CFX reaches a
concentration of 10*— 10° mol L! in the urine [8,12,13]. Municipal wastewater was diluted
10-fold, while hospital wastewater was diluted 20-fold. All samples were analyzed using the
method of standard addition.

The obtained recoveries ranging from 976.18 to 103.5% prove the high accuracy of the
proposed procedure (Table 2). Moreover, the coefficient of variation from 0.77-23 to 3.96
indicates good CFX peak current repeatability. In addition, in samples of hospital wastewater,

it was possible to determine the real content of CFX.

4. Conclusions

In summary, in this study a very fast and simple DPAdSV procedure using a
nanoporous, pre-anodized screen-printed carbon electrode (NPSPCE) for trace analysis of
ciprofloxacin (CFX) was proposed. CEX-is-asecond-generationfluoroquinolone-antibiotie-that

—Methods such as

EIS and CV were used to characterize the sensor. The obtained results showed numerous
advantages of subjecting the SPCE to the pre-anodization process, including a significant
increase in the active surface of the working electrode, a decrease in the resistance of charge
transfer and improvement of the kinetics of electron transfer. The improvement of these
parameters resulted in an extreme increase in the height of the CFX oxidation peak. In addition,
SEM imaging showed that the electrode obtained a highly porous structure as a result of pre-
anodization. The developed procedure is characterized by excellent selectivity and high
sensitivity, allowing to achieve a very low limit of detection (6.3 x 10-'! mol L'!) with a wide
range of linearity from 5.0 x 107 to 3.0 x 10 mol L'!. The usefulness of the proposed
procedure was confirmed by successfully determining CFX in spiked samples of treated
municipal wastewater and human urine, as well as determining the real content of CFX in
samples of hospital wastewater. The results of the study allow us to consider the NPSPCE as a
very effective tool for direct determination of CFX in samples with a complex matrix such as

sewage and body fluids. Moreover, the developed environment friendly sensor and procedure
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meet the requirements of green chemistry (reduction of toxic chemicals/reagents, and

generation of minimal waste). green—analytical-chemistry-encourages—using—energy-efficient
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Fig. 1. (A) Voltammograms of 5.0 x 10" mol L! CFX obtained on SPCE (a) and NPSPCE (b).
(B) Impedance spectra of SPCE (a) and NPSPCE (b). (C) CVs recorded in KClI solution (0.1
mol L") containing 5.0 x 10~ mol L' Ks[Fe(CN)s] at a scan rate of 100 mV s™! on the SPCE
(a) and NPSPCE (b). (D) Dependence between the anodic peak currents and the square root of
the scan rates for the SPCE (a) and NPSPCE (b) (v from 7.5 to 200 mV s™!). SEM images of
SPCE (E) and NPSPCE (F).

Fig. 2. Influence of the pH value (A) and concentration of the supporting electrolyte (B) on
CFX peak current. The DPAdSV parameters: v of 100 mV s, tm of 10 ms, AEA of 100 mV,
Euce. of -0.2 V and tacc. of 60 s.



Fig. 3. (A) Cyclic voltammograms obtained at the NPSPCE in 0.1 M PBS (pH = 7.1) containing
1.0 x 10 M CFX at v of 50 (a), 100 (b) and 150 (c) mV s’!. The dependence between I, and
v12 (v from 5 to 200 mV s™) (B), log I, and log v (C) and CFX oxidation mechanism (D).

Fig. 4. The dependence of Eacc. (A) and tace. (B) on 2.0 x 108 M CFX peak current. v of 100 mV
s, tm of 10 ms, AEA of 100 mV.

Fig. 5. The influence of AEa (A), tm (B), and v (C) on 2.0 x 10-® mol L-! CFX peak current. Eqcc.
of 0.5V, tace. of 130 s.

Fig. 6. The DPAdSV curves obtained during determination of the following CFX
concentrations (a — g, 5.0 x 1071 — 3.0 x 10® mol L") in 0.1 mol L' PBS of pH 7.1. (B)
Calibration graph of CFX. The obtained average values of the peak current are shown with
standard deviation for n = 3. The DPAdSV parameters: v of 175 mV s}, tm of 5 ms, AEa of 150
mV, Eaee. of 0.5 V and taee. of 130 s.

Fig. 7. The DPAdSV curves obtained during determination of CFX in RM of human urine (A),
municipal wastewater (B) and hospital wastewater (C): (A): (a) 1 uL of sample + 2.0 x 10, (b)
as (a) + 2.0 x 10, (¢) as (a) + 4.0 x 10° mol L'! CFX, (B): (a) 1 mL of sample + 2.0 x 10, (b)
as (a) + 2.0 x 10, (c) as (a) + 4.0 x 10 mol L' CFX and (C): (a) 0.5 mL of sample, (b) as (a)
+5.0x 107, (c) as (a) + 1.0 x 108, (d) as (a) + 1.5 x 10 mol L-! CFX. The DPAdSV parameters:
vof 175 mV s, tm of 5 ms, AEa of 150 mV, Eace. 0f 0.5 V and tace. of 130 s.
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