

















DEVELOPMENT OF ELECTROCHEMICAL METHODS FOR PHARMACEUTICALS
QUANTIFICATION IN CONTAMINED WATER SAMPLES

ABSTRACT

The aim of this work was to develop a new electrochemical method for the
quantification of carbamazepine (CBZ) in contaminated waters.

In this study, four voltammetric methods were used: cyclic voltammetry, linear
sweep voltammetry, square wave voltammetry and differential pulse voltammetry.
The working electrodes used were the hanging mercury drop electrode (HMDE), the
classical glassy carbon electrode (GCE), and a glassy carbon electrode modified with a
film of multi-walled carbon nanotubes (MWCNTSs). Using HMDE, the reduction of CBZ
was studied in the cathodic potential region. The CGE sensors, with or without
modification, allowed the study of CBZ oxidation in the anodic potential region.

In the tested conditions, the results obtained for the quantification of CBZ using
the HMDE sensor were not very satisfactory, especially when more complex samples
were analysed. When the MWCNTs—dihexadecyl hydrogen phosphate (DHP) film-
coated GCE was used for the voltammetric determination of CBZ, the results obtained
showed that this modified electrode exhibits excellent enhancement effects on the
electrochemical oxidation of CBZ. The oxidation peak current of CBZ at this film-
modified electrode increased significantly, when compared with that at a bare glassy
carbon electrode. The enhanced electrooxidation and voltammetry of CBZ at the
surface of MWCNTs-DHP film coated GCE in phosphate buffer solution (pH 6.71) was
attributed to the unique properties of MWCNTSs such as large specific surface area and
strong adsorptive properties providing more reaction sites.

The proposed method was applied to the quantification of CBZ in
pharmaceutical formulations, drinking water and wastewater samples with good
recoveries and low limits of detection and quantification (0.04 and 0.14 uM,
respectively), and was positively compared with chromatographic techniques usually

used in the quantification of pharmaceutical compounds in environmental samples.
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HPLC-UV and LC-ESI-MS/MS were also used in the quantification of CBZ in
pharmaceutical formulations and wastewater samples to prove the importance and

accuracy of this voltammetric method.



LISTA DE ABREVIATURAS E SIMBOLOS

CBZ - carbamazepina

CV - voltametria ciclica (cyclic voltammetry)

CNTs — nanotubos de carbono (carbon nanotubes)

DPV - voltametria de impulso diferencial (differential pulse voltammetry)

DHP - dihexadecilhidrogenofosfato (dihexadecy! hydrogen fosfate)

E - potencial

E; - potencial inicial

E¢ — potencial final

Er - energia de Fermi

E¢° — potencial do par redox

E, — potencial no maximo do pico

f—frequéncia

GCE - eléctrodo de carbono vitreo (glassy carbon electrode)

HMDE - eléctrodo de gota de mercurio suspensa (hanging mercury drop electrode)
iy - intensiade da corrente anddica

i = intensidade da corrente catédica

ic = intensidade da corrente capacitiva

is— intensidade da corrente faradaica

ip —intensidade de corrente no maximo do pico (relativamente a linha de base)

LSV - voltametria de varrimento linear (/inear sweep voltammetry)

MWCNTs - nanotubos de carbono de paredes multiplas (multi-walled carbon

nanotubes)

MWCNTs-DHP/GCE - eléctrodo de carbono vitreo modificado com um filme de

nanotubos de carbono de paredes multiplas — dihexadecilhidrogenofosfato

m/z - razao massa carga

SWCNTs - nanotubos de carbono de paredes simples (single walled carbon nanotubes)

SWV - voltametria de onda quadrada (square wave voltammetry)
SPE - extracgcdo em fase sélida (solid phase extraction)

SMDE - eléctrodo de gota de mercurio estatica (static mercury drop electrode)
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t - tempo

v - velocidade de varrimento
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INTRODUCAO

O elevado consumo de farmacos tem vindo a tornar-se um problema ambiental
relevante. Um grande volume de substincias farmacéuticas é usado na preven¢ao,
diagnéstico e tratamento de doengas em humanos e animais. A média mundial per
capita de consumo de farmacos, por ano, esta estimada em cerca de 15 g, sendo que
nos paises industrializados este valor encontra-se entre 50 e 150 g (Batt et al., 2006).
Uma grande parte dos farmacos ndo é completamente degradada apos a sua
aplicacdo. Como resultado, os metabolitos dos farmacos e algumas formas inalteradas
s3o excretadas através das fezes e urina, entrando subsequentemente no ecossistema
(Lin et al., 2009).

As estagbes de tratamento de dguas residuais actuam como principal porta de
entrada de farmacos de uso humano nos cursos de dgua, enquanto os de uso animal
s30 normalmente descarregados directamente no ecossistema. Num primeiro estudo
sobre a presenca de farmacos e seus residuos em &guas, 80% de 32 farmacos
seleccionados foram detectados pelo menos numa estagdo de tratamento de aguas
residuais, enquanto 20 farmacos diferentes e 4 metabolitos correspondentes foram
detectados em rios e lagos (Ternes, 1998; Wick et al., 2009). Por exemplo, a
carbamazepina foi detectada em dguas subterraneas a uma concentragdo de 610 ngL?,
o acido clofibrico e o diclofenac de sédio foram encontrados em aguas superficiais
numa concentragdo entre 10 e 165 ng L e 10 ng L, respectivamente (Drewes et al.,
2002; Johnson et al., 2008).

Na ultima década, os investigadores tem entdo detectado uma grande
variedade de farmacos no ambiente aquatico. Esta detecgdo tem sido feita utilizando
as técnicas analiticas mais avangadas, tornando possivel detectar contaminantes ao
nivel do nanograma por litro (Kolpin et al., 2003; Till, 2003). Até agora, os métodos
analiticos mais reportados na literatura tém sido: a cromatografia gasosa (GC) e a
cromatografia liquida de alta eficiéncia (HPLC), geralmente combinadas com a
espectrometria de massa (GC-MS, LC-MS); a electroforese capilar - espectrometria de
massa e a cromatografia liquida de alta eficiéncia - fluorimetria fotoquimicamente

induzida (LC-PIF) (La Farre et al., 2001; Ahrer et al., 2001; Gonzalez-Barreiro et al.,
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2003; Andreozzi et al., 2002). No entanto, estes métodos requerem equipamentos
sofisticados, reagentes dispendiosos e varios passos de manipulagio das amostras,
tornando-se assim necessario procurar métodos analiticos alternativos.

Os métodos electroquimicos, tais como as voltametrias, apresentam-se como
uma alternativa vidvel, dado que proporcionam uma série de vantagens praticas e
economicas. Especialmente, quando a selectividade, sensibilidade e rapidez da
determinacdo podem ser melhoradas, usando estratégias de transducdo especificas e
simples.

Entre as vantagens analiticas das técnicas voltamétricas incluem-se uma
excelente sensibilidade, com um intervalo de concentra¢do linear muito alargado,
tanto para espécies inorgnicas como para organicas (10? a 10" M), o uso de um
elevado nimero de solventes e electrélitos num intervalo de temperatura extenso, um
tempo de andlise muito reduzido (da ordem dos segundos), a determinagio
simultanea de vérios analitos, a habilidade de determinar pardmetros cinéticos e
mecanisticos, uma teoria bem desenvolvida que permite estimar de uma forma
razoavel valores de pardmetros desconhecidos, e a forma como correntes muito
pequenas conseguem ser medidas.

Um dos principais desafios deste trabalho foi a preparag3o e caracterizagdo de
um eléctrodo quimicamente modificado, para ser usado na determinagio
electroquimica do farmaco carbamazepina em amostras de 4gua contaminadas, uma
vez que este farmaco é um dos que tem vindo a ser mais frequentemente detectados

em cursos de agua (Zhang et al., 2008).
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1. 1. CARBAMAZEPINA

A carbamazepina (CBZ) pertence a um grupo de farmacos denominados
antiepilépticos, utilizado no tratamento de determinados tipos de crises convulsivas
(epilepsia). Devido ao seu modo de acgdo, pode também ser utilizado no tratamento
de outras doengas, tais como doengas neuroldgicas (nevralgia do trigémeo), assim
como no tratamento de certas situagbes psiquidtricas (tais como uma situagao
caracterizada por episédios de mania nas perturbagdes de humor bipolares e um certo
tipo de depressao).

A epilepsia é uma perturba¢do que se caracteriza por duas ou mais crises
convulsivas (ataques). As crises convulsivas ocorrem quando as informagSes do
cérebro para os musculos ndo se processam devidamente, através das vias nervosas
do organismo. A CBZ ajuda a controlar o processamento dessas informagdes. Também
regula as fungdes dos nervos nas outras doengas acima mencionadas. A CBZ esta
igualmente indicada na sindrome da abstinéncia alcodlica, na neuropatia diabética
dolorosa e na diabetes insipida central (Adams et al., 2009).

A CBZ foi descoberta em 1954 pelo quimico Walter Schindler, na J.R. Geigy
(farmacéutica multinacional agora conhecida por Novartis) em Basel na Suica
(Schindler e Hafliger, 1954). Schindler sintetizou este farmaco em 1960, antes das suas
propriedades antiepilépticas terem sido descobertas. Em 1962, este farmaco comegou
por ser utilizado para tratar a nevralgia do trigémeo. Como anticonvulsionante tem
sido usado no Reino Unido desde 1965 e encontra-se aprovado nos EUA desde 1974.

A carbamazepina tem sido comercializada sob vérios nomes: Tegretol®,
Biston®, Calepsin®, Carbatrol®, Epitol®, Equetro®, Finlepsin®, Sirtal®, Stazepine®,
Telesmin®, Teril®, Timonil®, Trimonil®, Epimaz®, Carbama®/Carbamaze® (Nova
Zelandia), Amizepin® (Polénia), Hermolepsin® (Suécia) e Degranol® (Africa do Sul)
(zhang et al., 2008).

Este farmaco possui varios efeitos adversos que incluem: cefaleias, nauseas,

alteragdes da percep¢do da visdo, rigidez muscular, dores intestinais, reducdo da
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eficicia da contracepgdo oral nas mulheres férteis e letargia. Adicionalmente, a CBZ
pode exacerbar casos de hipotiroidismo ji existentes (Adams et al., 2009).

Do ponto de vista quimico, a carbamazepina (5H-dibenzo(b,flazepina-5-
carboxamida) é um derivado triciclico do iminostibeno (ver Tabela 1). A sua absorg3o é
lenta e varidvel, porém, é absorvido quase na totalidade no tracto gastrointestinal.
Aproximadamente 72% da administragdo oral deste fairmaco é absorvida no tracto
intestinal, enquanto 28% se mantém inalterado e subsequentemente é excretado
através das fezes. Apés a sua absorgdo, é fortemente metabolizada no figado, apenas
1% da dosagem deixa o corpo na forma inalterada. O tempo de meia-vida de
elimina¢do da carbamazepina é dependente da dose, mas normalmente encontra-se
entre 25-65h pds-administra¢do. Ja foram identificados trinta e trés metabolitos deste
farmaco na urina humana e de ratos (Reith et al., 2000; Zhang et al., 2008).

Os metabolitos mais importantes s30 o  10,11-dihidro-10,11-
epoxicarbamazepina (CBZ-epoxido) e o trans-10,11-dihidro-10,11-
dihidroxicarbamazepina (CBZ-diol). Estes compostos sdo tdo activos como o farmaco
de onde derivam. O CBZ-diol corresponde a cerca de 30% da dosagem oral, em
comparagao com a por¢do total de carbamazepina inalterada (28% em fezes mais 1%
na urina). Além do mais, o CBZ-diol é também um metabolito da oxocarbazepina que é
um derivado da carbamazepina, com um &tomo de oxigénio extra no anel
dibenzazepina. Assim sendo, torna-se expectavel encontrar uma concentrac3o elevada
de CBZ-diol em cursos de agua. Miao e Metcalfe (2003) e Miao et al. (2005)
investigaram a ocorréncia de metabolitos da carbamazepina em esta¢des de
tratamento de dguas residuais e em daguas superficiais. Estes observaram gue a
concentragdo de CBZ-diol é aproximadamente trés vezes superior 3 concentragio da

carbamazepina (Miao et al., 2005; Miao e Metcalfe, 2003).
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com o intuito de eluir ou remover os compostos alvo retidos no enchimento, sendo
seleccionado um solvente com polaridade adequada, cujo volume pode ir de algumas
centenas de microlitros a alguns mililitros, consoante o teor e as caracteristicas de
polaridade do(s) analito(s) envolvido(s). Para uma melhor e mais eficiente eluicdo, é
recomendado que o solvente eleito interaja com o enchimento durante um tempo
minimo necessario.

A SPE é uma técnica analitica muito poderosa, quer do ponto de vista da
selectividade quer mesmo da sensibilidade, muito versatil combinando extrac¢ao com
limpeza e concentragdo, relativamente rapida, pouco onerosa e possibilita
automatizagdo on-line com instrumentagdo cromatografica. O dominio de aplica¢do da
SPE é actualmente muito diversificado, incluindo amostras ambientais, alimentares,
biolégicas, quimicas, bioquimicas, petroquimicas, farmacéuticas, forenses e

biomédicas (Fritz, 1999).

1. 6. QUANTIFICACAO

A aquisi¢io e tratamento de dados em voltametria, para fins de analise
quantitativa, consistem normalmente na medi¢do das intensidades de corrente de
pico, i, dos voltamogramas. As correntes de pico obtidas sdao entdo relacionadas com
as concentragdes de solugdes padrio da espécie electroactiva e com a concentragdo
dessa espécie na amostra de interesse. As maneiras mais comuns de se fazer esta
analise s3o: o método da curva de calibragdo ou o método da adig¢do padrao.

No método de curva de calibragdo, depois de medir o valor de i, em cada
voltamograma de solugio padrio de concentragdo diferente, da substdncia em estudo
(analito), os valores de i, sdo representados graficamente em fungdo dos respectivos
valores de concentragdo. Espera-se que a curva obtida apresente um comportamento
linear, na regido de concentragdo de interesse, passando pela origem no caso das
técnicas classicas e menos sensiveis. No caso de técnicas mais sensiveis, a curva
normalmente ndo passa pela origem, o que ndo afecta o uso do método. A

concentra¢do do analito na amostra analisada é entretanto obtida, interpolando o
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valor de i, correspondentemente medido na curva padrdo. Em alternativa a i,, pode
representar-se no eixo das ordenadas a area de pico, A, quando se julgar conveniente.

O método da curva de calibragdo é o mais comum em quimica analitica. No entanto,
quando se trabalha com matrizes complexas, frequentemente ocorre o chamado
efeito de matriz. Neste caso, a determinagdo da concentragido por interpolacdo na

curva padrao conduz a resultados errados, porque os valores de i, medidos para a

amostra sdao obtidos numa solugdo com uma composi¢do fisica e quimica muito
diferente da dos padrées. No caso de se verificar que o método n3o pode ser utilizado,
deve usar-se o método da adi¢do padrio.

O método da adigdo padrdao é principalmente usado com o objectivo de
minimizar o problema de efeito de matriz. Mas em medig¢des voltamétricas, como sera
referido adiante, apresenta uma vantagem adicional em relacdo ao método da curva
de calibrag3o.

Relativamente ao efeito de matriz, quando esta é complexa geralmente existe o
problema da presenca de espécies que afectam fortemente as propriedades da
substancia a ser determinada ou o sinal eléctrico que se mede (por exemplo, a
presenca de espécies complexantes pode alterar o comportamento electroquimico do
analito, ou a presenca de uma substancia interferente pode produzir um pico de
corrente no voltamograma, muito préximo do sinal do analito) o objectivo é realizar
todas as medi¢des experimentais, com solugdes que ndo diferem na matriz e para as
quais o nivel de interferentes é o mesmo.

Neste procedimento, a amostra é adicionada a célula electroquimica
juntamente com o electrélito de suporte. Para esta amostra de trabalho, mede-se e
regista-se posteriormente a intensidade de corrente de pico, referente 3 espécie de
interesse (analito). A seguir, adiciona-se sobre a solugido da amostra uma aliquota de
alguns microlitros da solugdo padrao do analito, de tal modo que a varia¢do do volume
total seja desprezavel. Por exemplo, tendo a amostra de trabalho um volume de 15
mL, pode comegar-se por adicionar uma aliquota do padréo de 15 plL. Apés a adi¢do do

padrao, lé-se o valor de i, referente a solucdo amostra+aliquota. Usualmente
adicionam-se pelo menos trés aliquotas da solugdo padrao, registando-se o valor de i

apos cada adi¢ao. O volume adicionado é escolhido de tal forma a ndo ocorrer dilui¢cio
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apreciavel da amostra, o que alteraria as suas condi¢des originais, que aqui s6 sdo
alteradas praticamente pela variagcdo da concentra¢do do analito. Como todas as
medidas s3o feitas com a mesma quantidade de amostra, as condigdes mantém-se
muito idénticas, de tal modo que o efeito de matriz é significativamente minimizado.
As interferéncias que afectam as medidas da corrente referente ao analito presente na
amostra de trabalho afectardio da mesma maneira, as medidas das correntes
referentes as varias solu¢des amostra+aliquota.

Com os valores de i, obtidos constréi-se uma curva i vs. Concentracdo relativa
ao padrdo adicionado. O valor de i, da amostra sozinha é colocado no eixo y para o

valor zero do eixo x (como n3o se adicionou qualquer aliquota, a concentragdo do

analito é considerada nula). Entretanto, os outros valores de i, obtidos com as vdrias

solugdes amostra+aliquota, sao colocados no eixo y e as respectivas concentragdes
(em padrdo adicionado) no eixo x. O grafico resultante deve ser uma recta. Essa recta é
extrapolada até cortar o eixo da concentragdo (eixo x) no lado negativo das
coordenadas. O médulo do valor negativo obtido é o valor da concentragdo do analito
na amostra de trabalho. Sabendo-se o volume total da solugdo na célula e o volume da
amostra original adicionado, calcula-se ent3do a concentragao do analito na solugao da

amostra original (Miller e Miller, 2000).

1. 7. CROMATOGRAFIA LiQUIDA DE ALTA EFICIENCIA

A cromatografia liquida de alta eficiéncia (High-Performance Liquid
Chromatography, HPLC) é uma técnica analitica amplamente usada na separagdo,
identificagdo e quantificagdo de varios tipos de analitos (Kazakevich e Lobrutto, 2007).
Esta técnica baseia-se num processo fisico de separa¢ao, no qual os componentes a
serem separados distribuem-se em duas fases: uma fase estacionaria, quimicamente
ligada a um suporte sélido com grande area superficial e uma fase mével liquida. A
fase movel liquida passa sobre a fase estacionaria, arrastando consigo os diversos

componentes da mistura até um detector.
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A técnica de HPLC de fase reversa (reversed-fase HPLC, RP-HPLC) é um método
empregue regularmente pela industria farmacéutica para atestar a qualidade dos
farmacos antes de serem comercializados (Sadek, 2002). Nesta técnica a fase
estaciondria é constituida por silica substituida, geralmente com grupos Cis. Neste tipo
de colunas, o tempo de retengdao é maior para as moléculas mais apolares, enquanto
as mais polares eluem rapidamente.

A detecgdo de farmacos por HPLC pode ser realizada com um detector de
ultravioleta-visivel (UV/Vis), pois a maioria destes compostos possuem duplas ligagdes
conjugadas ou sistemas aromaticos, que absorvem radiagdo desta regiao do espectro
electromagnético (Teixeira, 2006). Outro dos detectores frequentemente usados em
HPLC é o detector de diode-array (DAD). Este tipo de detector permite, ndo s6 obter as
caracteristicas de retengdo, como os espectros UV de cada um dos compostos. Em
HPLC-DAD pode-se obter o espectro UV a medida que o eluente cromatografico chega
ao detector. Os espectros de cada pico, obtidos on-line, sao gravados e podem depois
ser comparados com bibliotecas de espectros. Este tipo de detector permite também a
gravagao simultdnea dos cromatogramas a comprimentos de onda (c.d.o.) diferentes,
permitindo assim, a detecgdo selectiva de diferentes grupos de compostos nos seus
c.d.o. maximos de absorvancia (Kazakevich e Lobrutto, 2007).

No entanto, para obter uma elucidagdo estrutural completa dos compostos é
necessario recorrer a outras técnicas tal como a espectrometria de massa (MS, Mass
Spectrometry). A espectrometria de massa é uma técnica muito util na identificagdo de
compostos, cuja vantagem principal é a quantidade minima de composto que é
necessaria para a analise. O desenvolvimento das interfaces de ionizagdo a pressdo
atmosférica (API, Atmospheric pressure ionization) possibilitaram enormes avangos na
analise dos compostos, uma vez que permitiram incorporar a utilizagdo da detecgio
por espectrometria de massa, com a separagao por HPLC. A combinagdo da capacidade
de separacao da cromatografia liquida, que permite a introdugdo de compostos
“puros” no espectrometro de massa, com a capacidade de identificacdo da
espectrometria de massa, é muito vantajosa, particularmente porque compostos com
tempos de retengdo iguais ou semelhantes tém normalmente espectros de massa

muito diferentes e podem assim ser diferenciados. A combinagdo destas duas técnicas
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permite portanto, uma identificagdo mais definitiva e a determinagdo quantitativa de
compostos, que ndo se encontram completamente resolvidos cromatograficamente.

As duas interfaces mais utilizadas na analise de compostos por LC-MS (Liquid
Chromatography - Mass Spectrometry) sao APCl (Atmospheric Pressure Chemical
lonization) e ES| (Electrospray lonization). Apesar de ndo existir uma divisdo
inequivoca, a ioniza¢do por ESI é mais utilizada para compostos idnicos ou polares, e a
ionizagdo por APCl para compostos n3do i6nicos e menos polares. Em ambos os tipos de
ionizagdo os espectros de massa podem ser obtidos em modo positivo ou negativo.

Na interface de ESI, o eluente, proveniente do HPLC, entra num capilar mantido
a pressdo atmosférica e a elevada voltagem. Devido ao campo eléctrico gerado pela
diferenca de potencial, o liquido é transformado num spray de gotas carregadas, que
sio dessolvatadas, 3 medida que passam na regido de pressdo atmosférica da fonte,
em direc¢do ao contra eléctrodo. A dessolvatag3o é assistida por um fluxo de um gas
de secagem, normalmente azoto, que passa em continuo na regiao do spray. Os i6es
carregados dos analitos sdo conduzidos para o espectrometro de massa, através da
passagem por duas zonas de pressdo cada vez menor.

Existem varios tipos de analisadores de massa mas os mais utilizados em LS-MS
s3o0 os analisadores de quadrupdlo, de armadilha de ies (ion trap), de sector de dupla
focagem e de tempo de voo (Time of flight, TOF).

O processamento dos resultados em LC-MS pode ser realizado em vdrios
modos, mas 0os mais comuns s3o o cromatograma de corrente idnica total (TIC, Total
ion current), a monitorizacdo do ido seleccionado (SIM, Single ion monitoring) e a
monitoriza¢do da reacgido seleccionada (SRM, Selected reaction monitoring).

O cromatograma de TIC representa graficamente a corrente idnica total em
funcdo do tempo e, portanto, sdo detectados compostos de todos os valores de m/z
dentro de uma determinada gama, o que torna a identificagdo e quantificagao do
composto de interesse por vezes dificil. Em SIM é seleccionada uma gama muito
restrita de valores m/z, normalmente até um unico valor, e sdo apenas detectados os
compostos correspondentes aquele valor de m/z. A monitorizagdo por reacgao
seleccionada (SRM) é provavelmente o método mais utilizado em andlise quantitativa

por LC-MS porque permite a produgdo de um unico fragmento, que pode ser
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quantificado com elevada sensibilidade, mesmo a partir de uma matriz muito
complicada. Neste tipo de monitorizagdo é especificado o ido percursor do composto,
para a posterior fragmentacdo por MS-MS, e é detectado um unico fragmento
resultante do primeiro (Teixeira, 2006).

Chelberg et al., em 1988, e Martens e Bandit, em 1993, publicaram na literatura
métodos analiticos para a determinagdo da CBZ, que consistiam na extrac¢do liquido-
liquido seguida da analise por HPLC com detecgdo UV. Liu et al., em 1993, descreveu
um método de precipitacdo com acetonitrilo para a quantificagdo da CBZ em soro com
detecgao diode-array a 200 nm, enquanto Romannyshyn et al., em 1994, descreveu
um método de extracgao liquido-liquido seguido de analise por HPLC, num modo
isocratico, com detecgdo UV a 210 nm, para um intervalo de concentragao da CBZ
entre 0.5 e 20.0 pg mL™. Em 1993, Yukimitsu e Chiyoji publicaram um método de
extrac¢ao em fase sélida da CBZ de soro, seguida da analise por HPLC com detec¢dao UV
a 240 nm. Os tempos de andlise indicados foram entre 10 e 27 minutos. Em 2002, van
Rooyen et al., publicaram um método de LC-MS-MS para a determinagao da CBZ em
plasma humano, em que era possivel injectar as amostras com intervalos de 4
minutos. O limite de quantificagdo (LOQ) mais baixo (com elevada precisao) era, até
essa altura, de 1 mg mL™. Estes autores conseguiram um LOQ de 0.722 ng mL™ (van
Rooyen et al., 2002).

Mais recentemente, em 2006, foi desenvolvido um método analitico que foi
validado para a analise de varios farmacos em aguas residuais, dguas subterraneas e
em aguas superficiais. Este método permitiu a detec¢do simultanea de quatro beta-
bloqueadores (acebutolol, atenolol, metoproiol e sotalol), um antiepiléptico
(carbamazepina) e trés antibioticos fluoroquinolone (cirofloxacin, ofloacin e
norfloxacin) recorrendo apenas a um pré-tratamento da amostra e ao uso da técnica
cromatografica. Este método incluia o passo de isolamento e concentragdo recorrendo
a extracgdo em fase sdlida, o passo de separagdo usando a cromatografia liquida de
alta eficiéncia e o passo da detecgdo através da espectrometria de massa de triplo
quadrupdlo, realizada no modo de multiple reaction monitoring (MRM). Os limites de
quantificagdo obtidos foram de 1 ng L™ para aguas subterrineas e de 3.5 ng L™ para

aguas residuais (Vieno et al., 2006).
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Os estudos voltamétricos realizados, sobre o comportamento e detecgdo

catddica da CBZ com o eléctrodo de mercurio de gota suspensa, revelaram que:

- a CBZ é electroreduzida a aproximadamente -1.074 V vs. Ag/AgCI/KCI 3M, no

electrélito de suporte seleccionado, o tampao fosfato 0.1 M pH ~ 7.

- a electroredugdo da CBZ, quando estudada por voltametria ciclica, aparenta ser um
processo essencialmente irreversivel. Os resultados paralelamente obtidos por
voltametria de onda quadrada e impulso diferencial mostram porém que a
electroredu¢do da CBZ n3o é totalmente irreversivel. Esta diferenca parece estar
relacionada com a quantidade de produto resultante da redugao, que é detectavel, em

cada voltametria.

- a electroreducdo da CBZ, estudada por voltametria ciclica, parece ser um processo
predominantemente controlado por difusdo, influenciado também pela adsorcdo da

proépria CBZ.

- a detecgio da CBZ deve ser efectuada, no electrélito de suporte considerado, a
valores de pH na gama de 5 — 12. Na detecgdo pode utilizar-se o valor de pH do
tamp3o fosfato 0.1 M, o qual é efectivamente 6.71, sem que haja necessidade de

ajustar o mesmo com solugdes de electrélitos basicos ou acidos.

- a CBZ pode ser determinada por voltametria de onda quadrada em matrizes aquosas
muito simples, mas em amostras reais de matriz mais complexa tal ndo é possivel. No
primeiro caso, com a aplica¢do de um potencial de deposi¢do de -0.400 V durante 60 s,
verificou-se que a rela¢do entre a intensidade de corrente no pico e a concentragdo de
CBZ era linear no intervalo 0.020 — 1.330 uM, para as frequéncias de 100 e 200 Hz. Os
limites de detecg¢do (LOD) e de quantificagdo (LOQ) respectivamente obtidos para cada
frequéncia foram: (LOD)100 1, = 0.03 uM e (LOQ)100 1z = 0.09 uM; (LOD)200 1, = 0.03 uM €
(LOQ)a00 1: = 0.10 uM. No segundo caso, das amostras reais, em que se recorreu a
dopagem das mesmas e ao método da adigdo padrdo para minimizar os efeitos de
matriz, obtiveram-se sempre percentagens de recupera¢ao demasiado elevadas. Estes
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resultados mantiveram-se, mesmo com as amostras previamente submetidas ao

processo de limpeza de extracgdo por fase sélida (SPE).

Os estudos voltamétricos realizados sobre o comportamento e detecg¢do
anodica da CBZ, com o eléctrodo de carbono vitreo modificado com o filme de

MWCNTs-DHP e o eléctrodo de carbono vitreo ndo modificado, revelaram que:

- num tampdo fosfato 0.1 M pH ~ 7, a resposta electroquimica da CBZ no eléctrodo
maodificado é mais complexa e muito mais acentuada do que no eléctrodo de carbono
vitreo ndo modificado. Esta resposta sugere uma série de processos de oxidacdo
sucessiva da CBZ, cuja natureza nao foi ainda possivel determinar, na sua totalidade. A
ampliagao do sinal é significativa a aproximadamente -0.240 V (pico P;) e 1.099 V (pico
Ps). Ambos os picos podem ser utilizados como sinal analitico para a quantificagdo da

CBZ. Em especial, o pico mais anddico por ser o de maior magnitude.

- 0 pico mais anaddico (E, s = 1.099 V) e mais intenso, seleccionado para a determinagdo
voltamétrica da CBZ, corresponde a um processo de oxidagdo irreversivel que parece
proceder por um mecanismo misto, controlado por difusdo e influenciado pela

adsorgao.

- o sinal analitico seleccionado para a determinagdo voltamétrica da CBZ no MWCNTSs-
DHP/GCE) é repetivel entre cada medigdo, quando o eléctrodo é mantido em potencial
de circuito aberto (open circuit potential, ocp) durante 180 s e com uma velocidade de

rotagdo de 1000 a 1500 rot/min.

- a voltametria de varrimento linear (LSV) é um método mais adequado para a andlise
quantitativa da CBZ com o MWCNTs-DHP/GCE, do que as voltametrias de onda
quadrada (SWV) e voltametria de impulso diferencial (DPV).

- 0 valor do pH do meio influencia o comportamento anédico da CBZ e, para fins
analiticos, a sensibilidade da andlise voltamétrica. Neste estudo concluiu-se que, as

condigdes de pH natural do electrélito de suporte seleccionado (pH 6.71) s3o as mais
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apropriadas para a determinagdo quantitativa da CBZ, dado que a altura do pico (ip,s) €

maior nestas condigoes.

- entre os vdrios electrdlitos de suporte testados (tampdes acetato e amoénio), o
tampdo fosfato 0.1 M pH 6.71 provou ser o meio mais adequado, quando se trata de

utilizar o pico Ps como sinal para quantificar a CBZ com o MWCNTs-DHP/GCE.

- entre as varias substincias testadas, que podem ser encontradas em conjunto com a
CBZ em amostras de &guas residuais domésticas, e que podem ser potenciais
interferentes na sua determinac¢do voltamétrica, o diclofenac de sédio e o acido
clofibrico s3o os interferentes mais importantes. No meio fosfato estudado, ambas
alteram o valor do sinal em maior extensdo do que as outras substancias testadas (o

atenolol, o ibuprofeno e a oxcarbazepina).

- através da voltametria de varrimento linear (LSV), nas condi¢des experimentais
consideradas 6ptimas e com uma velocidade de varrimento de 100 mV st a
intensidade de corrente do pico Ps varia linearmente com a concentragdao de CBZ, no
intervalo 0.13 - 1.60 uM (30.7 - 378 ug/L). Os limites de detec¢do (LOD) e de
quantificagdo (LOQ) obtidos foram 40 and 140 nM (9.5 and 33.1 pg/L),
respectivamente. Tanto quanto se sabe, na bibliografia disponivel, 40 nM é o valor de
LOD mais baixo encontrado para a determinagdo da CBZ, usando técnicas

electroquimicas.

- 0 eléctrodo modificado com o filme de MWCNTs-DHP é um sensor voltamétrico
suficientemente sensivel, reprodutivel e rigoroso na detec¢ao e quantificagdo da CBZ
em amostras farmacéuticas, em aguas naturais para consumo humano e 3aguas
residuais domésticas com elevado grau de contaminac¢3o. Nos ensaios de recuperagdo
realizados, com o farmaco Tegretol®, agua da torneira e agua de uma estacdo de
tratamento de esgotos domésticos, ambas dopadas com CBZ, obtiveram-se
percentagens de 100.6%, 98.0%, e 95.8%, respectivamente. Nestes ensaios provou-se
que as duas primeiras amostras reais utilizadas, ndo necessitam de ser submetidas a

qualquer tratamento prévio. Pelo contrario, é fundamental que a amostra de dgua da
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estacdo de tratamento de esgotos seja previamente tratada, através da técnica de

extraccao em fase sélida (SPE).

- a técnica voltamétrica desenvolvida conduz a resultados analiticos muito
satisfatérios, quando comparados com os resultados paralelamente obtidos, através

das técnicas cromatograficas normalmente eleitas, como a HPLC-UV e a LC-MS.

Resumidamente, pode concluir-se que o sensor voltamétrico MWCNTs-
DHP/GCE e o método electroanalitico aqui propostos para a determinagdo da CBZ,
constituem uma alternativa promissora, em termos de simplicidade, rapidez,
fiabilidade e baixo custo de andlise, relativamente as técnicas cromatograficas

correntes.
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Com base nos resultados obtidos neste trabalho e em algumas questGes
pertinentes que surgiram no decurso do mesmo, consideram-se como temas de

interesse para desenvolver no futuro, os seguintes tépicos:

- Aplicacdo da técnica voltamétrica desenvolvida, a amostras de natureza bioldgica e a
amostras em que coexistem com a CBZ, os seus principais metabolitos; Incluir neste

estudo a caracterizac3o electroquimica destes metabolitos.

- Investiga¢do sobre os mecanismos de reacgdo de oxidagdo electrodicos da CBZ e

identificacdo dos produtos resultantes.

- Explorag3o das caracteristicas analiticas dos picos de oxidagdo e redugdo da CBZ, que

n3o foram objecto de estudo neste trabalho, em outros electrélitos de suporte.

- Concepgdo de outros sensores voltamétricos, em que se utilizam outros substratos
electronicos para formar o filme de nanotubos de carbono, em vez do GCE (por
exemplo, eléctrodos de fibra ou de pasta de carbono, de diamante dopado com boro,

ou mesmo de tinta impressa).

- Concep¢do de outros sensores voltamétricos, em que se utilizam nos filmes

modificadores outros tipos de nanomateriais (por exemplo, nanoparticulas de ouro).
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Em seguida, apresentam-se dois anexos: uma comunicagdio em painel
apresentada no Euroanalysis 09, que decorreu de 6 a 10 de Setembro de 2009 em
Innsbruck, AGstria e um artigo submetido para publicagdo na revista Analytica Chimica

Acta, ambos resultantes do trabalho desenvolvido nesta tese.
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Abstract

A multi-walled carbon nanotubes (MWCN Ts)-dihexadecyl hydrogen phosphate (DHP)
film-coated glassy carbon electrode (GCE) was used for voltammetric determination of
carbamazepine (CBZ). The results showed that this modified electrode exhibits
excellent enhancement effects on the electrochemical oxidation of CBZ. The oxidation
peak current of CBZ at this film-modified electrode increased significantly, when
compared with that at a bare glassy carbon electrode. The proposed method was applied
to the quantification of CBZ in pharmaceutical formulations and wastewater samples

with good recoveries and low limits of detection and quantification (0.04 and 0.14 uM,
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respectively), and was positively compared with chromatographic techniques commonly

used in the quantification of pharmaceutical compounds in real samples.

1. Introduction

Carbamazepine (Figure 1), chemically known as 5H-dibenzo[b,flazepine-5-
carboxamide is an anticonvulsant, antiepileptic and mood stabilizing drug used
primarily in the treatment of epilepsy and bipolar disorder. It is also used to treat other
affective disorders such as resistant schizophrenia, ethanol withdrawal, restless leg
syndrome, psychotic behavior associated with dementia and post-traumatic stress
disorders [1, 2].

Carbamazepine (CBZ) is one of the most widely prescribed drugs, in a variety of
dosages and pharmaceutical forms [3]. Due to its high consumption rates in modern
society [3]. it became important to develop and establish new, fast and accurate
methodologies for the determination of this drug in fields like the quality control
analysis of its pharmaceutical formulations, clinical control of their users, and especially
in analytical environmental chemistry. since CBZ is considered today one of the most
emergent pollutants in ground and surface waters [3-5]. For this reason, carbamazepine
has also been proposed as an anthropogenic marker in water bodies [6].

The introduction of carbamazepine in the aquatic ecosystem occurs mainly through
human excreta of the no adsorbed fraction of CBZ, and disposal of unused or expired
drug [3, 4, 7]. In these environments, CBZ proves to be highly resistant to
biodegradation or common chemical and biological processes of wastewater treatment
[8-10]. which helps to explain why is one of the most frequently detected
pharmaceutical residues in water bodies around the world. If the pharmaceutical

residues are not effectively removed from water by the drinking water treatment plants,
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they will be unintentionally consumed by humans [3]. During wastewater treatment,
CBZ was found to be removed by less than 10% [11-13]. As a result, CBZ has been
detected at concentrations up to 1.075 pg L™ in surface water samples and up to 0.610
pg L™ in groundwater samples [3. 12, 13]. It has also been found in drinking and sea
waters, but at lower levels [3, 14]. Although the trace levels detected (ng/L-ug/ L), it is
important to take into account the effects of long-term exposure of pharmaceuticals like
CBZ. on public health and aquatic ecology. Additionally. the unknown synergistic
effects of the pharmaceutical mixtures must also be considered [14]. So, the occurrence
and fate of pharmaceuticals in the aquatic environment has been recognized as one of
the emerging issues in analytical and environmental chemistry in the last decade.

Several analytical methods have been published concerning the determination of CBZ
in pharmaceutical formulations and clinical and environmental samples. The most
common used are the chromatographic techniques, like liquid chromatography with UV
[15. 16] or diode-array detection [17]. liquid chromatography coupled with mass
spectrometry (LC-MS) [18], LC-MS tandem [14, 19. 20] and gas chromatography
coupled with mass spectrometry (GC-MS) [21. 22]. because of its high sensitivity and
selectivity and the lower quantification limits that these techniques can achieve (ng-pig
L™ range) [23]. Other chromatographic techniques, like micellar electrokinetic
chromatography (MEKC) [24]. were also used. The works that refer the use of
spectrophotometric techniques, as UV/vis spectrophotometry [S. 25. 26]. and
electroanalytical techniques, like voltammetry [S. 27-29] are comparatively very scarce
and rarely adopted. The very few voltammetric methods known rely mostly on cathodic
behaviour of CBZ at mercury electrodes. Among these, the LOD varies between 1.0

[28] to 1.5 [5] pM.
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Despite its little use on the detection and determination of CBZ, it is well known that
the voltammetric methods can overcome most of the problems associated to the
chromatographic methods. While these methods always require the use of expensive
and complex equipment, and some of them involve laborious and time-consuming
multiple stage pre-concentration steps, the voltammetric methods can be very rapid,
simple and sensitive, depending of the electrode materials and techniques used. Besides
that, they require low cost running time operations and equipments. These equipments
can be also portable. which is particularly suitable for on-site monitoring of
pharmaceuticals in field analysis of contaminated samples.

The aim of this work was to develop a new electrochemical methodology for the
quantification of CBZ in environmental samples and phammaceutical formulations,
using voltammetric techniques. The electrochemical sensor was composed by a glassy
carbon electrode (GCE). modified with multi-walled carbon nanotubes (MWCNTs) and
a dispersing agent [30-33]. Several recent studies have been published dealing with the
quantification of pharmaceutical compounds such as atenolol [34], 2-chlorophenol {35].
trazodone [36], daunorubicin [37]. lincomycin {38] and diclofenac {39], using this kind
of sensor. Attending to the importance and actuality of these studies, and to the fact that
very little advances has been reported on the voltammetric determination of CBZ 5, 27-
29]. a MWCNTs—dihexadecyl hydrogen phosphate (DHP) film coated GCE [33, 36, 38-
41], is proposed in this work for the determination of this pharmaceutical substance. To
the best of our knowledge this was never tried or reported.

The observed enhanced electrooxidation of CBZ at the surface of MWCNTs-DHP film
coated GCE in phosphate buffer solution (pH 6.9) was atiributed to the unique
properties of MWCNTs such as large specific surface area and strong adsorptive

properties providing more reaction sites {30, 31, 33, 39]. The proposed method was
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successfully applied to quantify CBZ in commercial medicinal tablets and wastewater
samples. Besides that, the results obtained are in good agreement with that obtained by

HPLC and LC-MS techniques.

2. Experimental

2.1. Reagents and solutions

CBZ (> 99% purity) was obtained from Sigma-Aldrich and the pharmaceutical
preparation containing this active compound (Tegretol® tablets with 200 mg CBZ. from
Novartis®) was purchased in a local pharmacy. Oxcarbazepine was used from the
pharmaceutical preparation Proaxen® (tablets with 300 mg oxcarbazepine. from
Pentafarma/Griinenthal S.A.®). purchased in a local pharmacy.

Clofibric acid (97% purity), atenolol (> 98% purity), diclofenac sodium salt (= 98%
purity) and ibuprofen (99.8% purity) were obtained from Sigma-Aldrich. MWCNTs
with > 95% purity (7-15 nm o.d. x 3-6 nm i.d. x 0.5-200 pm length) were purchased
from Sigma-Aldrich (Ref. 694185). These were used as received, without any chemical
oxidation or washing step. Dihexadecyl hydrogen phosphate (DHP) was purchased from
Sigma-Aldrich (Ref. D2631) and stored at —18 °C.

All other chemical reagents used (e.g., Na;HPO,, KH:PO,, HCl and NaOH) for
solutions preparation were reagent grade from Merck and used as received. All
solutions were prepared with deionised water (resistivity > 18 MQ ¢m) from a Millipore
Milli-Q system (Simplicity* UV. Millipore Corp.. France), and methanol (HPLC
gradient grade, Merck).

The Proaxen® solution was prepared in a mixture of MeOH:H>O (4:96 v/v), dissolving
a tablet (300 mg oxcarbazepine) in 20 mL of methanol. followed by its dilution with

deionised water on volumetric tlask of 500 mL. The final concentration was 600 mg L™
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oxcarbazepine (or 2.38 x 107 M). All other stock solutions of pharmaceutical
substances (1.0 mM) were prepared in a mixture of MeOH:H,O (40:60 v/v). All
solutions were sonicated in an ultra-sonic bath for 15 min. Working solutions (0.2 mM)
ot pharmaceutical substances, including the oxcarbazepine solution, were prepared daily
by suitable dilution (with ultra-pure water) of the respective stock solution betfore the
experiments.

A phosphate buffer stock solution (Na;HPOy/KH,PO,, with pH 7.00 and 0.1 M) was
used to prepare the supporting electrolyte solutions. Whenever necessary the pH was
adjusted either with 4.7 M HC1 or 5 M NaOH to the studied values.

The wastewater samples were collected at a secondary treatment stage, in a wastewater
treatment plant (WWTP), serving a small rural community population of ca. 400
inhabitants of Alentejo - Portugal. These samples were filtered through a 0.45 ym PTFE

filter, and then stored in a refrigerator (at 4°C) until analysis.

2.2. Pharmaceiitical preparations and spiked wastewater samples

The Tegretol® solutions were prepared in a mixture of MeOH:H-O (20:80 v/v), by
dissolving a tablet (200 mg CBZ) in 200 mL of methanol. followed by its dilution with
deionised water on a volumetric flask of 1 L. The final concentration was 200 pg mL™*
CBZ (or 0.85 x 10™ M). These solutions were sonicated in an ultra-sonic bath for 15
min, before use.

Appropriate aliquots of wastewater samples, spiked with 0.500 pg mL" of CBZ, were
subjected to a solid phase extraction (SPE) pre treatment. The samples were percolated
through a 3 mL LiChrolut® C;g column, which was previously conditioned with 7.5 mL

of methanol and 7.5 mL of deionised water.

6
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2.3. Electrochemical apparatus and measurements

Cyclic and linear sweep voltammetric experiments were carried out using an Autolab
PGSTAT 20 (Eco Chemie, Utrecht, Netherlands). The instrument was computer-
controlled using GPES (General Purpose Electrochemical System) software, version
4.9. All the measurements were carried out in a three-electrode measuring cell. The
working electrodes were a bare and a MWCNT modified glassy carbon disc electrode of
2.0 mm diameter, the auxiliary electrode was a platinum rod. and the reference electrode
was Ag/AgCV 3M KCl. All the potentials in the text are quoted versus this reference
electrode. The used glassy carbon disc electrodes were hand-polished using 0.3 #m
alumina powder on a polishing cloth followed by successively rinsing with acetone and
deionised water, before each experiment or modification. Cyclic voltammetric (CV)
measurements were carried out at scan rates of 25. 50, 75, 100, 150, 200, 250 and 300
mV s using a step potential of 2.44 mV. Linear sweep voltammetric (LSV)
measurements were carried out at scan rates of 100 mV s'. Both voltammetric
measurements were performed between -0.700 and 1.300 V. All voltammograms were
recorded at a constant temperature of 22 °C. Solutions in the cell were purged with
oxygen-free nitrogen for 5 min prior to the measurement. A nitrogen blanket was
maintained above solutions surface during the measurements. The pH was controlled by
a Metrohm pH/mV meter (Model 632) with a glass pH electrode. To homogenize the
stock solutions and dispersions, an ultra-sonic bath (Transsonic T660/H Elma®) was

used.
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2.4. Preparation of glassy carbon electrode modified with MWCNTs/DHP film
(MWCNTs/DHP-GCE) and with DHP film (DHP-GCE)

In the preparation of MWCNTs/DHP-GCE, 1| mg MWCNTs and 1 mg DHP were
dispersed together in 1 mL deionised water, with the aid of ultra-sonic agitation for
about 30 min, to give 1 mg/mL. MWCNTs-DHP dispersion. As reported previously,
prior to modification the GCE surface was treated and cleaned. After this, 2 to 12 uL of
the MWCNTs-DHP dispersion was cast on the GCE surface and dried in a vacuum
desiccator. The DHP-GCE was prepared in a similar way, by casting the GCE surface

with a fixed amount of a prepared solution of 1 mg DHP/1 mL deionised water.

2.5 HPLC-UV and LC-ESI-MS/MS analvsis

High performance liquid chromatography (HPLC) with UV/Vis spectrometry detection,
using an Elite LaChrom HPLC system equipment (Hitachi, Japan) was used to quantify
CBZ in commercial tablets and wastewater samples. The separation was performed in
isocratic mode, with a mobile phase composed by 75:25 (%, v/v) acetonitrile:water
(acidified with phosphoric acid 0.1%, v/v), at a flow rate of 1.0 mL/min, and using a
reversed phase analytical column Zorbax Eclipse XDB-C18 with 5 um particle size.
The UV detector wavelength was set at 210 nm.

LC-ESI-MS/MS analyses of the samples were carried out in a LCQ Advantage
ThemoFinnigan mass spectrometer equipped with an electrospray ionization source
and using an ion trap mass analyzer. The conditions of amalysis were: capillary
temperature of 275° C; source voltage of 5.0 kV, source current of 100.0 pA, and
capillary voltage of 15.0V in positive ion mode. The mass spectrometer equipment was
coupled to an HPLC system with autosampler (Surveyor ThermoFinnigan). The

analytical column was a reversed phase Thermo Hypersil gold (C18, particle size 5 pym.
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150 mm x 2.1 mm). The quantification of CBZ was performed with an isocratic
program using methanol as eluent A and water acidified with 0.1% (v/v) formic acid as
cluent B. The mobile phase was composed by 75% eluent A:25 % etuent B (v/v) at a
flow rate of 0.3 mL min™. The LC-ESI-MS/MS analysis were performed in the SRM
(Selected reaction monitoring) mode. using the most intense transition described for
CBZ (237.0193.9) [19].

Five replicate injections of 20 uL were made for each sample previously filtered
through a 0.45 pum filter. Calibration curves were constructed using a set of CBZ
standard solutions, prepared with methanol /water (20:80, v/v) or pre-treated

wastewater, with concentrations ranging from 0.25t0 5.0 mg L™

3. Results and Discussion

3.1. Cyclic Voltanmetric Behavior of Carbamazepine

The electrochemical behavior of CBZ in 0.IM phosphate buffer with pH 6.89 was
investigated by cyclic voltammetry (CV). Fig. 2 depicts cyclic voltammograms for
6.0x10°mol L™ CBZ at (a) MWCNTs-DHP/GCE (8 L of dispersion) and (c) bare
GCE. The dotted lines (b) and (d) represent the corresponding blank responses. Within
the potential window studied it can be seen that CBZ response at the MWCNTs/DHP-
GCE is very complex. since this molecule undergoes several oxidation and reduction
processes. On the basis of the few reports about the (¢lectro)chemical oxidation and
reduction of the CBZ molecule, all these processes can be related with the initial redox
transformation of the olefinic double bond in the central heterocyclic ring. This
electrophore group can be oxidized to alcohol and carbonyl groups, among others [14]
and reduced to a single C-C bond [5, 27, 28]. The new functional groups can interact

with the chemical surface of MWCNTSs, promoting new (electro)chemical reactions
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with the lateral aromatic rings of the CBZ molecule. For example, a hydroxyl group can
be attached to one of these aromatic rings (like the way it happens with two known
metabolites of CBZ, the 2-hydroxy-CBZ (CBZ-2-OH) and the 3-hydroxy-CBZ (CBZ-3-
OH)) [42]. being further electrochemically oxidized to a carbonyl group. as it is
common in several phenolic molecules {43]. Investigations about the electrochemical
nature of this complex behavior of CBZ molecule are an ongoing work in our team. For
now, and as it is clear in Fig. 2, it is important to focus on the analytical importance of
the well defined oxidation peak, P,, and the enhancement of its height at the
MWCNTs/DHP-GCE, when compared with the bare GCE. As expected, this was
attributed to the electrocatalytic properties of the MWCNTs. The opposite effect is
observed on the DHP film-coated GCE (data not shown) since DHP inhibits the electron
transfer between CBZ and the GC electrode.

In the first potential sweep, from -0 700 to 1.300 V, two well-defined and more intense
oxidation peaks appear (three other are less well-defined and intense). The first of these
two peaks appears around -0.260 V and the other. a very semsitive peak. Py, around
1.080 V. On the reverse scan. a corresponding reduction peak is observed for the less
anodic, and no reduction peak is observed for the more anodic, revealing that the former
seems to possess some degree of reversibility, while the second is totally irreversible.
This irreversible process, which is also observed at the bare GCE. indicates that the
oxidation of CBZ is more difficult on this unmodified surface, since it occurs at a more
anodic potential (ca. 1.190 V).

On successive cyclic voltammetric sweeps, the electrochemical signals of CBZ at the
modified electrode become very poor, suggesting that the interactions of CBZ with the
effective reaction sites of the modified electrode surface decreases. As it is well known,

this is a factor that can compromise the voltammetric determination of CBZ in routine

10
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analysis. However, it was found in this study that the voltammetric response don't
varies (RSD = 0.67% for n = 5), when the electrode was maintained at an open circuit
potential (ocp) for 3 min and with a rotation speed of 1000 revolutions/min. between
each run. With this procedure the voltammetric determination can be performed with
the same modified electrode, without the necessity to clean it. or discard it using a new
one. For a given CBZ solution, probably during the time undertaken at the ocp a
maximum quantity of CBZ molecules is accumulated at reactive sites of the MWCNT
electrocatalytic layer.

Therefore, the voltammetric study of CBZ towards its electrochemical characterization
and the analytical quantification was performed with the data obtained from the first
voltammetric scan (cyclic voltammetry, CV. or linear sweep voltammetry, LSV), and
focused on the more intense and sensitive oxidation peak, the peak with Ey,, = 1.080 V
(peak P.).

It is also important to note that square wave voltammetry, known by its rapidity and

sensitivity [43], has given unsatisfactory results.

3.2. Optimization of the experimental variables

3.2.1. Influence of the equilibration potential and time

In electrochemical studies, where the interaction between the ¢lectroactive analyte and
the electrode surface can have a strong influence on the quality of the signal to be
measured, it is important to fix the potential and time conditions that precede the
measurement. Besides the ocp conditions used, the equilibration potential and time can
affect the amount of CBZ that accumulates at the electrode. Bearing this in mind, the
effect of both factors on peak current response was also studied. When equilibration

potential was varied from -0.700 to 0.700 V. it was found that the peak current

11
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decreased between -0.500 V and 0.700 V (Fig. 3(a)). Hence, an equilibration potential
of -0.700 V was adopted. The peak current increased very little. when the equilibration
time varies from 1 s to 300 s (Fig. 3(b)). This indicates that this period of time has little
influence on the oxidation peak. when compared with the previous 3 min undertaken at
the ocp. As already suggested, it is possible that during this stage, and for a given CBZ
solution, the electrode surface becomes saturated with CBZ molecules. To avoid a too

much time consuming analysis, an equilibration time of 1 s was chosen.

3.2.2. Influence of pH

The effect of pH on the anodic response (P+) of CBZ at the modified electrode was
tested over the pH range 2.0 - 11.8 using the same supporting electrolyte solution.
Within this pH range, the peak potential E;, is almost pH independent between pH 2
and 5. and above this value is shifted to less positive values as the pH of the solution
increases (Fig. 4). The greater variations occur between pH 5.14 and 7.25 and for pH >
11. In the pH range 5.1 -7.3, the E,, varies linearly with pH, with a negative slope of
27.9 mV/pH. This indicates that the number of protons released from the molecule, in
this anodic process and at this pH range, seems to be half the number of electrons
transferred to the electrode {44].

As can be also observed, the peak current is very sensitive to pH changes between pH
5.1 and 8.0, achieving a maximum value around 6.9 (the pH of the phosphate buffer
used as supporting electrolyte). Outside this pH range the peak current decreases

significantly when pH 2 10. Therefore, further studies were performed at pH 6.89.
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3.2.3. Influence of the scan rate on peak P,

The dependence of peak potential, E,. as well as peak current, iy, on the scan rate (v)
were studied in the range 25-300 mV/s. The Ey, is a function of the scan rate, shifting in
a positive direction, and the plot of E, 1s. logv (Fig. 5) was linear. At the same time, it
was found that the peak current. i,. is proportional to the square root of the scan rate (ip
(HA) = 28.061v'? (V/5)'™ ~ 1.6687; R* = 0.9909; the relation i, vs.v was not linear.
presenting a R* = 0.9765). These diagnostic tests prove that the electrode reaction under
study is irreversible [45]. The linear relationship found between i, and v suggests that
the electrooxidation is a ditfusion-controlled process. However, a linear relationship
with a slope close to 0.62. observed between log i, and log v (Fig. 6. where ip is in pA
and v is in Vs')) seems to be indicative of some adsorption contributions to the
electrode reaction. It can be said that this reaction at the modified GCE, is a “mixed”

diffusion-adsorption process [45-47].

3.2.4. Influence of the amoimt of MIWWCNTs/DHP dispersion

Figure 7 illustrates the relationship between the volume of 1 mg/mL dispersion used to
modify the GCE surface and the anodic peak current of CBZ. It is found that the peak
current increases in general with an increasing volume of the dispersion. Above 10 pL
the peak current changes slightly. Since the signal is not improved above this quantity
and because the dispersion spreads beyond the limits of the conductive surtace of GCE
electrode, the volume of the dispersion chosen in the analytical determination of CBZ

was 10 pL.
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3.3. Calibration cirve

The calibration curve for CBZ (Fig. 8) was established by linear sweep voltammetry
(LSV), under the optimized experimental conditions described above. A scan rate of
100 mV s was used. At these conditions, the plot of peak current, i,, versus CBZ
concentration was found to be linear in the range 0.13 — 1.60 uM (30.7 - 378 ug/L). The
limits of detection (LOD) and quantification (LOQ) of CBZ. were calculated using the
typical equations LOD = 3s/m and LOQ= 10s/m (where s is the standard deviation of
the peak currents of the blank (five runs). and m is the slope of the calibration curve).
These were 40 and 140 oM (9.5 and 33.1 pg/L), respectively. To the best of our
knowledge, this limit of detection is the lowest LOD that has been reported for
carbamazepine using electrochemical techniques.

At higher scan rates, the linearity between the peak current, iy and CBZ concentration

becomes unsatistactory.

3.4. Interferences

Table 1 lists the influence of other pharmaceutical substances which possibly can occur
in wastewater {10], on the oxidation signal of CBZ. Under the optimum experimental
conditions, it was found that diclofenac and clofibric acid are the strongest interferents.
Both pharmaceuticals enhance the oxidation signal of CBZ. without distorting its shape.
In the other three cases, the effect in the peak current response of CBZ is substantially
more reduced. For all pharmaceuticals tested, the interference remains at the same level,
when the concentration of the compounds is four times the CBZ concentration. Among
the tested substances, diclofenac is the only pharmaceutical that produces an additional
voltammetric peak (at 0.630 V aprox.) at the modified GCE, as noted by Yang et al.

[39]. Attending to these effects, it is advisable to perform the analytical determination of

14
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CBZ at real samples using the standard addition method. instead of the calibration curve

method.

3.5. Analvtical determination of CBZ

The MWCNTs/DHP-GCE was used to determine CBZ in tablets and spiked wastewater
samples. by LSV. The content of CBZ in both samples was obtained using the standard
addition method, at the optimized experimental conditions. In the tablet assays, a
suitable aliquot (15 pL) of Tegretol® stock solution was diluted in 15 mL of 0.1 M
phosphate buffer (pH 6.89). The standard additions were made with the working
solution (200 pM = 47.3 pg mL™) of CBZ. In the wastewater assays, the same
procedure was repeated. In this case. an appropriate aliquot (1.5 mL) of the spiked
wastewater sample (treated by SPE) was diluted in 13.5 mL of supporting electrolyte
solution. Figure 9 shows the standard addition curves obtained for the Tegretol®
solution and spiked wastewater. In Table 2 are summarized the results obtained in the
voltammetric analysis of five replicates from each sample. Otherwise. HPLC-UV and
LC-ESI-MS/MS were also used in the quantification of CBZ to prove the importance
and accuracy of this voltammetric method. The results obtained with the developed
sensor are in good agreement with the content of CBZ marked in the label of the tested
commercial formulation, and with the content of the spiked wastewater samples. The
recoveries obtained indicate that the proposed modified electrode and the voltammetric
method have a great potential for practical sample analysis of CBZ. In the analysis of
the Tegretol® solution, better recoveries were obtained using this method, when
compared with the other chromatographic methods. In the case of the spiked wastewater
samples, the concentrations of CBZ obtained using HPLC and LC-MS were

substantially higher than the CBZ content. This proves the significant drawback of these

15
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techniques which is the occurrence of matrix effects. These effects are caused by the
high susceptibility of the ESI source and UV detector to other components present in
the matrix, which may result in the suppression or enhancement of the signal. As
referred above, to minimize the influence of interferents in the analytical determination
of CBZ at real samples, the standard addition method is a suitable alternative. However,
that technique is more easily performed and less time consuming using voltammetric

methods than in chromatographic methods.

4. Conclusions

The MWCNTs/DHP-GCE and the voltammetric method presented in this work
constitute a good technique for the determination of CBZ with good repeatability.
reproducibility, and recovery along with a low detection limit. This electroanalytical
technique is a promising alternative to the often reported chromatographic methods
owing to its simplicity, rapidity, reliability and low cost of analysis. The multi-walled
carbon nanotubes modified GCE electrode exhibits catalytic activity towards the
oxidation of CBZ, leading to a considerable improvement in the signal response. The
method has been applied with success to the determination of CBZ in pharmaceutical
dosage forms and spiked wastewaters. In the future the proposed methodology will be

applied to biological fluids to detect levels of carbamazepine.
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Legends

Fig. 1. Molecular structure of carbamazepine (CBZ).

Fig. 2. Cyclic voltammetric responses of 6.0x10™ moVL CBZ in 0.1 mol/L phosphate
buftfer solution (pH 6.89) at (a) MWCNTs/DHP film coated GCE (8 UL of dispersion)
and (.) bare GCE. The dotted lines (b) and () represent the comesponding blank
responses. E¢q = -0.700 V and tq = 1 s; Scan rate: 100 mV s,

Fig. 3. (A) Effect of equilibration potential (= Eiy) and (B) equilibration time, on the
anodic peak current of P-. [CBZ] = 6.0 x 10™° mol L in 0.1 mol L' phosphate buffer
solution (pH 6.89) at MWCNTs/DHP film-coated GCE (8 L of dispersion). For (A) teq
=1s: For (B) Eqq = Eiy =-0.700 V. Scan rate: 100 mV st

Fig. 4. Influence of solution pH on peak potential and peak current of peak P-. [CBZ] =
6.0 x 10 mol L™ in 0.1 mol L phosphate solutions at MWCNTs/DHP film-coated
GCE (8 L of dispersion). E¢q = -0.700 V. tq = 1 s: Scan rate: 100 mV s

Fig. 5. Plot of anodic peak potential (E;) vs. log v, where v is in Vs, [CBZ] = 6.0 x
10 mol L™ in 0.1 mol L™ phosphate buffer solution (pH 6.89) at MWCNTs/DHP film-
coated GCE (8 L of dispersion). E¢q = -0.700 V and t,q = 1 s; Scan rate / V s": 0.025;
0.050; 0.075; 0.100; 0.150: 0.200; 0.250; 0.300.

Fig. 6. Plot of logip vs. log v. Same conditions as reported in Fig. 5.

Fig. 7. Peak current of P, versus amount of MWCNT/DHP dispersion on the GCE
surface. [CBZ] = 6.0 x 10® mol L™ in 0.1 mol L™ phosphate buffer solution (pH 6.89).
Same voltammetric conditions as in Fig. 2. The plot includes the equivalent anodic
response of CBZ at bare GCE.

Fig. 8. Calibration curve of carbamazepine, established by LSV, under the optimized
experimental conditions. Between each measurement the modified electrode was
maintained at ocp during 3 min. and constant rotation speed of 1000 rpm.

Fig. 9. Standard additions calibration curves for the determination of CBZ in (M)
Tegretol® tablet, and spiked wastewater (A). Each curve shows the analytical signal
(peak height) obtained with the respective sample solution at the modified GCE (10 pL
of MWCNTs/DHP dispersion), before and after successive standard additions of 47.3
pg mL" CBZ working solution. Same voltammetric conditions as in Fig. 9. The inset
figure illustrates five polynomial baseline corrected oxidation peaks of CBZ, obtained
from the corresponding voltammograms of five Tegretol® tablet solutions (without and
with the four standard additions).
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Table 1. Influence of potential interferents on the voltammetric response of 0.4 yM
CBZ (Molar ratio = 1:1).

Table 2. Determination of carbamazepine in Tegretol® and spiked wastewater samples.
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Table

Potential interferents in Signal change (%)
wastewaters
Clofibric acid ~-17.2
Ibuprofen ~5.3
Atenolol -7.8
Diclofenac sodium -38.6
Oxcarbazepine -8.4
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Table

CBZ Found by Recovery in
Sample this method
content this method HPLC LC-MS (%)
Tegretol® 200 200 mg/tabler  201.1 mgitablet”  [85.2 mg/tablet  182.1 mg/tablet 100.6
Spiked b
0.500 pgml'  0.479 pgmL* 0.588 pgml™? 0.558 pgmlL”! 95.8

wastewater

2 RSD = 2.20%; ° RSD = 5.71%.
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