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RESUMO

A troponina T (TnT) é um marcador cardiaco considerado "padrdo ouro” para o diagnostico
do infarto agudo do miocérdio, devido a sua alta sensibilidade e especificidade. Métodos
analiticos para melhorar o diagndstico desta doenca sdo importantes para o tratamento
adequado dos pacientes. Atualmente, as técnicas baseadas em imunoensaios sdo as mais
utilizadas para diagnostico clinico e determinacdo da TnTa beira do leito.
Entretanto, apresentam algumas limitagdes como procedimentos complicados para anélise e
um elevado tempo de espera do resultado. Neste contexto, 0Ss imunossensores
surgem como uma atrativa ferramenta, de baixo custo, com alta sensibilidade e especificidade
para determinacdo da TnT. Nesta tese, dois diferentes imunossensores eletroquimicos foram
desenvolvidos para a deteccdo da TnT em soro humano. O primeiro imunossensor foi
baseado em um método simples de amino-funcionalizacdo de nanotubos de carbono
empregado para promover uma imobilizacdo dos anticorpos anti-TnT através de sua regido Fc
e sua ligacdo orientada ao antigeno TnT. Os nanotubos de carbono de multiplas paredes foram
amino-funcionalizados utilizando o reagente etilenodiamina e os ensaios foram realizados
através de um estudo fatorial associado com uma matriz de Doehlert. As modificacdes
estruturais dos nanotubos de carbono foram confirmadas através da espectroscopia de
infravermelho por transformada de Fourrier. Para detec¢do eletroquimica deste imunossensor,
eletrodos impressos descartaveis de carbono foram utilizados e entdo modificados com estes
nanotubos de carbono amino-funcionalizados. Um imunoensaio tipo "sanduiche™ foi
realizado, no qual a captura especifica da TnT foi avaliada através das reacOes redox da
enzima peroxidase conjugada ao segundo anticorpo anti-TnT. Sob condi¢fes experimentais
otimizadas, uma curva de calibracdo para as diferentes concentragdes de TnT foi obtida com
faixa linear de resposta entre 0,02 e 0,32 ng mL™ (r=0,985, n=5, p<0.001) e um limite de
deteccdo de 0,016 ng mL™. O segundo imunossensor foi baseado na formacdo de um filme
polimérico sobre um eletrodo de carbono vitreo para imobilizacdo de anticorpos anti-TnT. O
acido orto-aminobenzoico (0-ABA) foi eletropolimerizado sobre a superficie do eletrodo e
empregado para fornecer grupamentos carboxilicos a superficie e permitir a ligacdo covalente
de anticorpos anti-TnT. O eletrodo apresentou-se estavel mantendo 91,6% da sua resposta
inicial apés 18 dias e apresentou um limite de deteccdo de 0,015 ng mL™*de TnT. Os
imunossensores desenvolvidos foram sensiveis, permitindo medidas confiaveis da TnT para o
diagnostico do infarto agudo do miocéardio na clinica médica.

Palavras-chave: infarto agudo do miocardio; troponina T; imunoensaio; imunossensor.



ABSTRACT

Troponin T(TnT) is a cardiac marker considered gold standard for the diagnosis of acute
myocardial infarction due to its high sensibility and specificity. Analytical methods to
improve the diagnosis of this disease are important to the appropriate treatment of patients.
Currently, the techniques based on immunoassays are the most used for clinical diagnosis and
determination of TnT in point of care. However, they present some limitations such as
complicated procedures for analysis and a long wait time of the results. In this context, the
Immunosensors emerge as an attractive tool, low cost, with high sensitivity and specificity for
the determination of TnT. In this thesis, two different electrochemical immunosensors were
developed for TnT detection in human serum. The first immunosensor was based on a simple
method of amino-functionalization of carbon nanotubes employed to promote an
immobilization of anti-TnT antibodies through Fc region and their oriented binding to TnT
antigen. Multi-walled carbon nanotubes were amino-functionalized using the reagent
ethylenediamine and the assays were carried out through a factorial study associated with
Doehlert matrix. Structural modifications of carbon nanotubes were confirmed by Fourier
transform infrared spectroscopy. For electrochemical detection of this immunosensor,
disposable screen-printed carbon electrodes were used and then modified by these amino-
functionalized carbon nanotubes. An immunoassay sandwich-type was performed, in which
the specific capture of TnT was evaluated by redox reactions of the peroxidase enzyme
conjugated to the second anti-TnT antibody.Under optimized experimental conditions, a
calibration curve to different concentrations of TnT was obtained with linear range of
response between 0.02 and 0.32 ng mL™ (r=0.985, n=5, p<0.001) and a limit of detection of
0.016 ng mL™. The second immunosensor was based on the formation of a polymeric film on
aglassy carbon electrode for immobilization of anti-TnT antibodies. Ortho-aminobenzoic acid
(0-ABA) was electropolymerized on the electrode surface and used to provide carboxylic
groups on the surface and allow covalent binding of anti-TnT antibodies. The electrode was
stable maintaining 91.6% of the initial response after 18 days and showed a good limit of
detection of 0.015 ng mL™ TnT. The developed immunosensors were sensitive, allowing
reliable measurements of TnT for the diagnosis of acute myocardial infarction in medical
clinic.

Keywords: acute myocardial infarction; troponin T; immunoassay; immunosensor.
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1. INTRODUCAO

As sindromes coronarianas agudas sdo consideradas atualmente um grave problema de
salde publica mundial, sendo responsaveis por 29% das mortes registradas em 2007. Dados
da Organizacdo Mundial de Saude (OMS) indicam que até 2015 as sindromes coronarianas
agudas podem se tornar a principal causa de morte de paises em desenvolvimento (OMS,
2012). Entre as diversas manifestacdes clinicas que compreendem as sindromes coronarianas
agudas, o infarto agudo do miocérdio (IAM) tem se destacado como principal causa de

hospitalizacao e atendimento em emergéncias cardioldgicas.

O IAM ¢ causado pela interrupcdo de fluxo sangiiineo nas artérias coronarias. O
diagnostico precoce € fator fundamental para a reducdo da mortalidade e das possiveis
sequelas para o paciente (MANSUR et al., 2006). Visto que a demora na confirmacdo do
diagnostico do infarto pode aumentar os riscos de complicacdes associadas a condicdo e o
atraso para descartar o infarto pode contribuir para superlotacdo das emergéncias hospitalares,
resultando em maiores custos para os sistemas de salde. A elevacdo dos marcadores cardiacos
associada as alteracGes eletrocardiogréaficas, é um dos fatores fundamentais para estratificacao

do risco e progndstico do paciente.

As troponinas cardiacas T (TnT) e | (Tnl) sdo consideradas, dentre os marcadores
cardiacos, “padrdes-ouro” para a identificagao de eventos isquémicos do miocardio (ACHAR,
KUNDU & NORCROSS, 2005). As troponinas sdo extremamente importantes na préatica
clinica, facilitando o diagnéstico e melhorando a avaliacdo do miocardio ap0s procedimentos
cirurgicos. De acordo com a cinética de liberacdo, os niveis séricos das TnT e Tnl podem ser

mensurados apos 2 a 4 horas do inicio dos sintomas clinicos do infarto e continuam elevados

16



por cerca de 4 a 7 dias para a Tnl, e 10 a 14 dias para a TnT (HERKNER et al., 2001,

SARKO & POLLACK, 2002).

Na determinacdo da TnT ou Tnl, sdo empregados imunoensaios enzimaticos por serem
métodos de analise precisos, quantitativos e se basearem na determinacdo de um produto
colorido enzimético obtido de uma reacdo entre antigenos e anticorpos especificos
(STIEGLER et al., 2000). Apesar de convencionalmente empregadas, sdo técnicas caras que
envolvem presenca de pessoal qualificado e demandam tempo. Uma das alternativas para
estes problemas é o desenvolvimento de biossensores (KRISHNAMOORTHY et al., 2006;

ZHANG, MULLENS & GORSKI, 2006).

Os imunossensores, biossensores baseados na reacao imunologica, fazem a detecgéo
por meio da interagdo antigeno-anticorpo, acarretando em um ensaio com elevada
especificidade e sensibilidade (RICCARDI, COSTA & YAMANAKA, 2002). Os
imunossensores permitem o diagnéstico rapido e por serem portateis quando comerciais,
podem ser usados pelos sistemas de satde, em ambulatorios e emergéncias hospitalares. Com
ISso, poderiam reduzir 0s custos com internamento hospitalar e aumentar a velocidade no
atendimento de urgéncia, melhorando o progndstico por IAM.

No intuito de desenvolver outras tecnologias para diagnostico do 1AM, os
imunossensores eletroquimicos sdo considerados como importantes ferramentas analiticas,
devido a sua compatibilidade com as tecnologias de miniaturizacao e capacidade de producao
em massa (LOJOU & BIANCO, 2006). A investigacdo do uso de nanomateriais que
permitam aumentar a area eletroativa e a sensibilidade destes dispositivos, tem sido realizada.
Diversos tipos de nanomateriais, incluindo nanoparticulas metélicas, nanotubos de carbono e
microparticulas poliméricas estdo sendo utilizadas (LIU & LIN, 2007). Esses materiais

promovem o aumento da transferéncia de elétrons e diminuem o potencial de trabalho do

17



sensor, podendo consequentemente contribuir para uma estabilidade do elemento bioldgico,
que os tornam potencialmente Uteis para aplicacdo em sensores eletroquimicos (JUBETE et

al., 2009).
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2. OBJETIVOS

2.1

Objetivo geral

Desenvolver imunosensores eletroquimicos baseados em eletrodos de carbono para

deteccdo da TnT cardiaca humana.

2.2.

Obijetivos especificos

Desenvolver plataforma sensora empregando NTCs funcionalizados com etilenodiamina
em eletrodos impressos, visando aplicagdo em ensaios eletroquimicos;

Modificar a superficie dos eletrodos de carbono vitreo através de filmes poliméricos
permitindo que a superficie eletrédica disponibilize grupamentos funcionais para ligar
anticorpos anti-TnT,;

Realizar um estudo fatorial detalhado;

Otimizar os parametros cinéticos experimentais para determinacdo da TnT, tais como,
pH, concentracdo do eletrdlito, concentracdo de anticorpo, visando o aumento do
desempenho analitico do imunossensor;

Realizar andlises por técnicas eletroquimicas, FT-IR e microscopia eletrénica de
varredura para caracterizacdo eletroquimica, estrutural e morfolégica dos
iIMmuNossensores propostos;

Imobilizar os anticorpos anti-TnT nas plataformas sensoras;

Realizar estudos de reprodutibilidade e estabilidade das medidas eletroquimicas dos
imunossensores propostos;

Avaliar as respostas dos imunossensores frente as amostras de TnT;

Obter curvas de calibracdo dos imunossensores propostos com amostras de soro humano

para deteccdo de TnT.
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3. REVISAO DA LITERATURA

3.1. Infarto Agudo do Miocardio - IAM

Sindrome coronariana aguda (SCA) é o termo designado a um amplo espectro de
manifestacdes clinicas causadas pela isquemia do musculo cardiaco (BERTON & PALATINI,
2003). As SCA sdo consideradas um grave problema de salde publica mundial, sendo
responsaveis por 29% das mortes registradas em 2007. Dados da Organizacdo Mundial de
Saude (OMS) indicam que até 2015 as SCA podem se tornar a principal causa de morte de
paises em desenvolvimento (OMS, 2012). Entre as diversas manifestacdes clinicas que
compreendem estas sindromes, o IAM tem se destacado como principal causa de
hospitalizacdo e atendimento em emergéncias cardioldgicas. A rapida progressdo do IAM ¢é
um dos principais fatores que corroboram para sua mortalidade (ALPERT et al., 2000).

O IAM ocorre quando ha a morte do musculo cardiaco, resultante da oferta
inadequada de oxigénio para o coracdo. Geralmente isso decorre da interrupcdo abrupta do
fluxo sanguineo nas artérias coronarias, que sdo vasos sanguineos que transportam sangue
para 0 musculo cardiaco (Figura 1) (BASSAN et al., 2002). O IAM ocorre focalmente em
regides inespecificas do coracdo, porém existe uma maior incidéncia no ventriculo esquerdo e

no septo interventricular (LOPES, 2006).
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Figura 1. Infarto do miocéardio apds a oclusédo de um ramo da artéria coronaria esquerda.

(Fonte: ANDERSON et al., 2007).

Artérias Placa aterosclerdtica
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O sintoma mais importante e tipico do IAM é a dor ou desconforto intenso
retroesternal que é muitas vezes referida como aperto, opressdo, peso ou queimacao, podendo
irradiar-se para pescoco, mandibula, membros superiores e dorso. Frequentemente, esses
sintomas sdo acompanhados por nauseas, vomitos, sudorese, palidez e sensacdo de morte
iminente (PESARO, SERRANO JR. & NICOLAU, 2004). A duracdo é caracteristicamente
superior a 20 minutos. Dor com as caracteristicas tipicas, mas com duracdo inferior a 20
minutos sugere angina do peito, onde ainda ndo ocorreu a morte do masculo cardiaco (STEG
et al., 2002).

O IAM, em muitos casos, ndo apresenta sintomatologia, aparece de forma silenciosa.
Um infarto silencioso s6 sera identificado na fase aguda se, por coincidéncia, um
eletrocardiograma ou uma dosagem de marcador cardiaco for realizada enquanto ele ocorre.
Os achados dependerdo da extensdo do infarto. Na maioria das vezes 0s pacientes
apresentam-se desconfortaveis, ansiosos e com sinais de liberagdo adrenérgica (BASSAN et

al., 2002).
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O IAM resulta da aterosclerose, ou seja, a deposicdo de placas de gordura nas paredes
das artérias coronarias, que leva a formacdo de um coagulo, responsavel pela interrupcdo do
fluxo sanguineo. A aterosclerose tem seu desenvolvimento acelerado pelos chamados fatores
de risco cardiovascular. Entre eles, os mais importantes sdo a idade (homens a partir dos 55
anos, mulheres ap6s os 60 anos), diabetes, tabagismo, hipertensdo arterial, altos niveis
sanguineos de colesterol, histérico familiar de 1AM, obesidade e sedentarismo (ANTMAN et
al., 2008). O IAM pode ter outras causas, tais como o uso de alcool ou drogas ilicitas,
aneurisma da artéria corondria, doencas da aorta e doencas inflamatdrias das artérias
coronarias. Porém, essas condi¢des sdo mais raras (BASSAN et al., 2002).

O eletrocardiograma € um metodo diagndéstico bastante utilizado na avaliacéo inicial
das dores precordiais. O registro eletrocardiografico ndo somente pode estabelecer a relacédo
entre sintoma clinico e diagnéstico das SCA, como também prover informacdes relevantes
para a melhor opc¢éo terapéutica e a estratificacdo progndstica do paciente. Assim, a anélise
criteriosa do segmento ST e da onda T do tracado eletrocardiografico representa um caminho
na tomada de decisdo sobre como conduzir o raciocinio clinico (HOLMVANG & LUSCHER,

1998).

3.2. Marcadores Cardiacos

Atualmente os marcadores de dano isquémico sdo prontamente utilizados na pratica
clinica, impondo a todo médico que acompanha pacientes com doencgas cardiacas, 0
conhecimento ndo sO das vantagens, mas principalmente, das limitaces desses marcadores a
fim de que possam ser integrados de maneira adequada a conduta clinica (MOSCA, 2002).

A concentracdo plasmatica de um marcador bioldgico de necrose miocardica depende
do tempo transcorrido desde o inicio do processo isquémico, da cinética de sua liberagdo, do
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método analitico utilizado para sua medida e, sobretudo, de sua sensibilidade (LEE &
GOLDMAN, 1986). Neste sentido, a primeira determinacdo do marcador de necrose
miocardica pode ser negativa, e posteriormente, resultar em positiva, justificando com isso a
medicdo seriada de alguns marcadores bioquimicos (SANTALO, GUINDO & ORDONEZ,
2003).

A liberacdo de proteinas cardiacas intracelulares para o sistema vascular ocorre através
do rompimento da membrana das células cardiacas ocasionadas pelo IAM (MORESCO et al.,
2004). Entre os constituintes que sdo liberados da célula em estado de isquemia e necrose, 0s
que se encontram solubilizados no citoplasma e os de menor massa molecular, sdo 0s que
mais facilmente ganham a circulacdo como ions e alguns metabdlitos. Com a persisténcia da
isquemia, macromoléculas citoplasmaticas das células lesionadas sdo liberadas no sangue, o
qual € fruto do comprometimento das membranas celulares dos cardiomidcitos (MORROW et
al., 2007).

Aspartato aminotransferase, antes denominada de transaminase glutdmico oxalacética
(TGO), esta presente nas fibras musculares esqueléticas e cardiacas, nos parénquimas
hepatico, pancreético e renal, nos eritrocitos e no sistema nervoso central. A referéncia a esta
enzima possui carater historico por ter sido a primeira utilizada para diagnostico de pacientes
com IAM. Seu uso com esta finalidade foi abandonado em razdo do surgimento de outros
marcadores mais sensiveis e mais especificos (MOTTA, 2003).

A desidrogenase lactica total e isoenzimas ("lactate dehydrogenase™ - LDH) possui
uma ampla distribuicdo em diferentes tecidos, resultando em baixa especificidade, entdo a
determinacdo da sua atividade ndo € mais recomendada para o diagnostico ou
acompanhamento do paciente com lesdo cardiaca (MOTTA, 2003).

A creatinafosfoquinase (“chreatine kinase”- CK) é uma enzima citoplasmatica que

apresenta baixa especificidade pelo tecido cardiaco, visto que € encontrada em todos os
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musculos estriados e em 0Orgdos como cerebro, pulmédo, rins e trato intestinal. Podem
encontrar-se em niveis aumentados em eventos ndo cardiacos como traumas, insuficiéncia
renal, hipertermia e hipertireoidismo (IOANNIDIS, KARVOUNI & KATRITSIS, 2003;
ACHAR, KUNDU & NORCROS, 2005).

Os marcadores de injdria cardiaca mais utilizados na clinica medica incluem a
mioglobina, a isoenzima da fragdo miocardica da CK (“chreatine kinase mioglobin”- CK-
MB) e as troponinas T e | (TnT e Tnl), com cardioespecificidade variavel entre elas
(ACHAR, KUNDU & NORCROS, 2005).

A determinacdo da mioglobina no soro pode ser Gtil para descartar o diagnostico de
IAM, uma vez que possui elevado valor preditivo negativo. Por ser uma proteina presente no
citoplasma e de baixo peso molecular, é liberada para a circulagcdo precocemente apos lesédo
isquémica da fibra miocardica. ConcentracBes elevadas sdo observadas 1 a 2 horas apos o
inicio da dor, atingindo o pico em 12 horas e, em geral, normalizando 24 horas (ALPERT et
al., 2000; MORROW et al., 2007).

A isoenzima CK-MB possui elevadas sensibilidade e especificidade para o
diagndstico de lesdo do musculo cardiaco (ALPERT et al., 2000). Em geral, sdo realizadas
trés determinacdes seriadas num periodo de 9 a 12 horas. Se as trés dosagens estiverem dentro
dos intervalos de referéncia, o diagnéstico de 1AM pode ser excluido. Preferencialmente,
deve-se realizar a dosagem da massa de proteina correspondente a isoenzima (CK-MB massa)
e ndo da atividade enzimatica. A concentracdo da CK-MB se eleva de 3 a 8 horas apds o
processo lesivo, atinge um pico em 24 horas e normaliza em 72 a 96 horas ap6s um episédio
unico e limitado (KARRAS & KANE, 2001). A intensidade da elevacgéo se correlaciona com
0 volume de tecido lesado e com o prognostico. O intervalo de referéncia para a isoenzima

CK-MB, avaliada pela massa, é de até 5,0 ng mL™ de soro (ANTMAN et al., 2008).
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Nos ultimos anos o diagnostico de 1AM baseava-se na existéncia de no minino trés
critérios estabelecidos pela Organizacdo Mundial de Saude: dor toracica com caracteristicas
isquémicas, alteracBes eletrocardiograficas sugestivas e aumento sérico da quantidade de
massa da CK-MB. No entanto, a sensibilidade da CK-MB ndo ¢ suficientemente alta para
detectar pequeno dano no miocardio, face a imprecisao analitica das medidas de atividade e a
ampla faixa de normalidade (NICOLAU et al., 2007).

Isto levou a procura de outros métodos ou novos marcadores diagnosticos de lesdo
celular miocéardica, viabilizando a estratificacdo de risco de eventos coronarianos, o que até
entdo, ndo era possivel com os marcadores tradicionais, permitindo com isso uma melhor
abordagem terapéutica (LINDAHL et al., 2000; GRECO, 2005).

As troponinas cardiacas, permitem cobrir uma parte importante das necessidades
clinicas tanto na avaliacdo diagndstica (HERKNER et al., 2001) e estratificacdo do risco,
como na orientacdo quanto a terapéutica frente a SCA. Visto que, na auséncia de necrose
miocardica aguda ou subaguda, as concentracdes das troponinas cardiacas no plasma séo
indetectaveis. Consequentemente, sua medida é absolutamente cardioespecifica, permitindo
reconhecer necrose miocéardica de tamanho reduzido e a existéncia de 1AM até mesmo em
pacientes com angina instavel, que ndo seriam reconhecidos utilizando-se outros marcadores

(PLEBANI & ZANINOTTO, 1999; HERKNER et al., 2001).

3.2.1. Troponinas

As troponinas tém recebido crescente atencdo como marcadores altamente especificos
de injaria celular. Troponinas sdo proteinas estruturais envolvidas no processo de contracao
das fibras musculares esqueléticas e cardiacas. (BABUIN & JAFFE, 2005). As troponinas
formam um complexo que regula a interagdo calcio-dependente da miosina com a actina. Sao
constituidas de trés diferentes proteinas (troponina C, T e I) existentes no muasculo esquelético
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e cardiaco e codificadas por diferentes genes (Figura 2). A troponina C (TnC) é co-expressa
nas fibras musculares esqueléticas de contracao lenta e ndo é considerada como um marcador
especifico cardiaco (NICOLAU et al., 2007).

Com a redefinicdo de IAM proposta por um comité formado em 2000 pela European
Society of Cardiology e pelo American College of Cardiology, as troponinas cardiacas T (TnT) e
I (Tnl), tem sido recomendadas como marcadores “padrdo ouro” para o diagndstico de IAM
(ALPERT et al., 2000). As TnT e Tnl apresentam individualmente sequéncias de aminoacidos
especificas ao miocardio (COLLINSON & GAZE, 2005), o que permite a confec¢do de
ensaios imunologicos, a partir de anticorpos monoclonais para deteccdo de necrose do
musculo cardiaco com alta especificidade, caracteristica esta ndo conferida a TnC (ALPERT

etal., 2000; ACHAR, KUNDU & NORCROSS, 2005; CAMERON et al., 2007).

Figura 2. Complexo troponina composto pelas trés subunidades: T, C e I. (Fonte:
CHAIKHOUNI & AL-ZAIM, 2007).

Estruturalmente, as troponinas cardiacas encontram-se vinculadas ao aparato contratil
miofibrilar, entretanto, aproximadamente 7% da TnT e 3 a 5% da Tnl estdo livres no
citoplasma (WU & FENG, 1998). Apdés o dano e rompimento da membrana celular dos

cardiomiocitos em eventos de necrose, ha um aumento bifasico das concentracdes de
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troponinas no soro que correspondem a liberacdo inicial das proteinas livres no citoplasma,
seqguido da gradual dispersdo das troponinas ligadas ao complexo miofribilar. Assim, de
acordo com a cinética de liberacdo, os niveis séricos das TnT e Tnl podem ser mensurados
apos 2 a 4 horas do inicio dos sintomas clinicos do infarto e manter-se elevados por cerca de 4
a7 dias paraa Tnl, e 10 a 14 dias paraa TnT (JAFFE, BABUIN & APPLE, 2006; MORROW

etal., 2007) (Figura 3).

Figura 3. Desempenho dos principais marcadores cardiacos em pacientes com 1AM (Fonte:
ANDERSON et al., 2007).
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Alguns autores atribuem a Tnl e TnT a mesma especificidade e importancia na
avaliagdo dos danos cardiacos (PENTTILA et al., 1999; PLEBANI & ZANINOTTO, 1999).

Entretanto, para avaliar a extensdo da lesdo e tamanho do infarto, os valores de TnT, quando
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quantificados entre 72 e 92 horas ap6s o evento isquémico, fornecem informacdes mais
fidedignas do que a Tnl (LICKA et al., 2002; STEEN et al., 2006).

A TnT é uma proteina de baixo peso molecular, aproximadamente 36 kDa, cujo gene
humano estd localizado no brago curto do cromossomo 23. O gene da TnT (TNNT2) é
relativamente grande com capacidade de gerar multiplos transcritos com producdo de
diferentes isoformas proteicas (Figura 4)(PASCALE et al., 2006). Quatro isoformas da TnT
(TnT1.4) sdo expressas no musculo cardiaco humano. Diferentes niveis de expressdes dessas
isoformas em coracgdes normais e doentes sugerem fortemente que as mesmas sdo importantes
contribuintes para a funcdo vascular do coracgéo, ajudando o coracdo a se adaptar as mudancas

na carga de trabalho (GOMES et al., 2002).

Figura 4. Alinhamento das sequéncias de nucleotideos e aminoécidos do gene TNNT2 da
cTnT humana (Fonte: PASCALE et al., 2006).

. 3 Z |
ISequencuadenucleotldeos(867nucleotldeos):

ATGTCTGACATAGAAGAGGTGGTGGAAGAGTACGAGGAGGAGGAGCAGGAAGRAAGCAGCTGTTGAAGAGC
AGGAGGAGGCAGCGGARAGAGGATGCTGARGCAGAGGCTGAGACCGAGGAGACCAGGGCAGAAGAAGATGA
AGAAGAAGAGGAAGCAAAGGAGGCTGAAGATGGCCCAATGGAGGAGTCCAAACCAAAGCCCAGGTCGTTC
ATGCCCAACTTGGTGCCTCCCRAGATCCCCGATGGAGAGAGAGTGGACTTTGATGACATCCACCGGARAGC
GCATGGAGAAGGACCTGAATGAGTTGCAGGCGCTGATCGAGGCTCACTTTGAGAACAGGAAGARAGAGGA
GGAGGAGCTCGTTTCTCTCARAGACAGGATCGAGAGACGTCGGGCAGAGCGGGCCGAGCAGCAGCGCATC
CGGRAATGAGCGGGAGAAGGAGCGGCAGAACCGCCTGGCTGARAGAGAGGGCTCGACGAGAGGAGGAGGAGA
ACAGGAGGAAGGCTGAGGATGAGGCCCGGAAGAAGAAGGCTTTGTCCAACATGATGCATTTTGGGGGTTA
CATCCAGAAGCAGGCCCAGACAGAGCGGARAAGTGGGAAGAGGCAGACTGAGCGGGARAAAGAAGAAGARAG
ATTCTGGCTGAGAGGAGGAAGGTGCTGGCCATTGACCACCTGAATGAAGATCAGCTGAGGGAGAAGGCCA
AGGAGCTGTGGCAGAGCATCTATAACTTGGAGGCAGAGRAAGTTCGACCTGCAGGAGAAGTTCAAGCAGCA
GAAATATGAGATCAATGTTCTCCGARACAGGATCAACGATAACCAGARAGTCTCCAAGACCCGCGGGAAG
GCTARAGTCACCGGGCGCTGGARATAG

Sequéncia de aminoacidos traduzidos (288 aminoacidos):
MSDIEEVVEEYEEEEQEEAAVEEQEEAAEEDAEAEAETEETRAEEDEEEEEAKEAEDGPMEESKPKPRSE
MPNLVPPKIPDGERVDFDDIHRKRMEKDLNELQALIEAHFENRKKEEEELVSLKDRIERRRAERAEQQRT
RNEREKERQNRLAEERARREEEENRRKAEDEARKKKALSNMMHFGGY IQKQAQTERKSGKRQTEREKKKK
ILAERRKVLAIDHLNEDQLREKAKELWQS I YNLEAEKFDLQEKFKQQKYEINVLRNR INDNQKVSKTRGK
AKVTGRWK
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A introducdo da dosagem de TnT na pratica clinica tem facilitado enormemente o
diagnostico e avaliacdo do grau de dano miocardico (DAUBERT & JEREMIAS, 2010).
Diversos imunoensaios tém sido atualmente disponibilizados no mercado para dosagem da
TnT, utilizando anticorpos monoclonais dirigidos contra sitios antigénicos especificos.

Imunoensaios enzimaticos (ELISA, do inglés, Enzyme-Linked Immunosorbent Assay),
tipo "sanduiche", foram inicialmente descritos por KATUS e colaboradores (1989) para
deteccdo da TnT, o Cardiac T Enzymun- Test® (Boehringer Mannheim GmbH, Alemanha).
Anticorpos monoclonais anti-TnT conjugados a enzima peroxidase foram utilizados nestes
ensaios para detec¢do quantitativa da interacdo antigeno-anticorpo.

Outros imunoensaios empregam reacdes de eletroquimioluminescéncia (ECLIA, do
inglés, Electrochemiluminescence Immunossay) para dosagem da TnT, como o teste Elecsys®
Troponin T STAT (Roche Diagnostics Mannheim, Alemanha). O principio da técnica
consiste na determinacdo de imunocomplexos, através da luminescéncia produzida por
anticorpos monoclonais anti-TnT conjugados ao ruténio (TATE & PANTEGHINI, 2008).
Estes métodos convencionais para diagnéstico da TnT requerem profissionais qualificados,
diversas etapas bioquimicas e equipamentos relativamente caros (GILL, BEAVEN & COOK,
2006).

Sistemas mais préaticos e portateis para determinacdo da cTnT tem sido desenvolvidos
empregando testes imunocromatograficos, tais como o Cardiac Reader® (Roche Diagnostics
Mannheim, Alemanha). Este método baseia-se na interacdo da cTnT circulante na amostra do
paciente com anticorpos anti-TnT conjugados a particulas de ouro coloidal em uma
membrana de nitrocelulose (CHRISTENSON & AZZAZY, 2009). Entretanto, 0S ensaios
imunocromatograficos apresentam apenas informacgdes qualitativas, impossibilitando inferir
sobre o dano e a extensdo da lesdo cardiaca. Portanto, faz-se necessario o incentivo ao

desenvolvimento de novas tecnologias para o diagnéstico do IAM, com o objetivo de
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diminuir o tempo de execucdo e o0s custos do ensaio, sem perder a especificidade e a
sensibilidade dos métodos convencionais. Além disso, essas novas tecnologias podem
permitir a realizacdo do exame no proprio ambulatorio ou até mesmo em unidades moveis de

emergéncia.

3.3 Biossensores

O primeiro biossensor, demonstrado por CLARK & LYONS (1962), foi produzido
para determinacdo da glicose. A tecnologia desse trabalho foi transferida e desenvolvida pela
Yelow Spring Instrument Company levando ao lancamento comercial do primeiro biossensor
de glicose em 1975 (YELLOW SPRING INSTRUMENT COMPANY, 2012). Desde entéo,
varias formas de biossensores para glicose foram desenvolvidas (RICCI & PALLESCHI,
2005), assim como muitas outras tecnologias de dispositivos (ARYA, DATTA &
MALHOTRA, 2008).

O mercado de biossensores é bastante promissor, foram contabilizados investimentos
em 2009 de aproximadamente 13 bilhdes de ddlares e até 2016 os investimentos estdo
projetados para ultrapassarem os 14 bilhGes (Figura 5) (TANG, 2010; THUSU, 2010). Na
area académica, em 2009, as publicacBes envolvendo biossensores ultrapassaram os 6.000
artigos. As previsdes até 2016 sugerem que esta tendéncia de crescimento ira continuar com

destaque para os biossensores do tipo point-of-care (Figura 6) (THUSU, 2010).
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Figura 5. Previsdo da receita mundial de 2009-2016 em relacdo aos biossensores (Fonte:

THUSU, 2010).
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Figura 6. Percentuais do mercado mundial dos biossensores em 2009 e 2016 (Fonte:

THUSU, 2010).

Process

Industries 6.8

Total Biosensors Market: Percent Revenues (World), 2009

Environmental
12 6%

Biodefence
26%

Point of Care
47 9%

Industries 14.3%
B.6%

Research Laboratories

Process  Environmertal

Home Diagnostics
19.2%

33%

Point of Care
44 9%

Total Biosensors Market: Percent Revenues (World), 2016

Biodefence Research Laboratories
10.7%

Home Diagnostics
20.2%

31



De acordo com a definicdo proposta pela Unido Internacional de Quimica Pura e
Aplicada (IUPAC, do inglés International Union of Pure and Applied Chemistry),
biossensores, por defini¢do, sdo dispositivos que tém a propriedade de detectar uma espécie
quimica ou bioldgica (analito), quali ou gquantitativamente (ROSATTO et al., 2001), sendo
composto por um elemento biol6gico e um transdutor (Figura 7). O elemento bioldgico tem a
propriedade de reconhecer seletivamente e interagir com o analito. A resposta bioguimica
desta interacdo, entdo, é convertida pelo transdutor num sinal passivel de ser quantificado

(LOUZADA, LUCCAS & MAGALHAES, 2004; FERREIRA & YAMANAKA, 2006).

Figura 7. Representacao esquematica dos elementos constituintes de um biossensor.

Componente  Transdutor Processgmento
L . bioldgico do sinal
Espécie de interesse l l l

N/

Sinal
elétrico

=) . Informagao

Superficie sensora

Atualmente, a tecnologia dos biossensores tem sido desenvolvida para detecgéo de
importantes biomoléculas com o objetivo de fornecer informacdes rapidas e precisas sobre
amostras de interesse. Assim, estes dispositivos surgem como uma importante ferramenta
analitica no campo da medicina, agricultura, seguranca alimentar, bioprocessamento,

monitoramento industrial e ambiental (LUONG, MALE & GLENNON, 2008).
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Os biossensores podem ser classificados de acordo com o elemento e reconhecimento
biolégico e o tipo de transdutor empregado (LUONG, MALE & GLENNON, 2008). Os
principais materiais biologicos utilizados nestes dispositivos sdo proteinas, enzimas,
anticorpos e acidos nucléicos. Além destes, microrganismos, células animais e vegetais e
cortes de tecidos também podem ser usados (VELASCO-GARCIA, 2009). Em relacdo ao
sistema de reconhecimento bioldgico os biossensores podem ser classificados em duas
categorias: 0s biossensores biocataliticos e 0s biossensores por bioafinidade (AIZAWA,
1991).

O biossensor biocatalitico é baseado em elementos que favorecem a ocorréncia de
reacOes quimicas a partir de um ou mais substratos, havendo a formacdo de um ou mais
produtos, sem o consumo do biocatalisador, que pode ser regenerado e reutilizado
(MARAZUELA & MORENO-BONDI, 2002). Os tipos de biocatalisadores comumente
utilizados s&o as enzimas, células e tecidos.

O biossensor por afinidade, de outra forma, envolve anticorpos e/ou antigenos, ligagdo
protéica ou receptor protéico, o qual forma um composto complexo com o correspondente
ligante. Este complexo é estavel o bastante para resultar em um sinal de transducéo. Quando o
reconhecimento da molécula de interesse é dado pela formacdo de imunocomplexos, este
biossensor recebe o nome de imunossensor (LUPPA et al., 2001). Os imunossensores
resultam em respostas altamente seletivas, pois ndo somente a sensibilidade deve ser
considerada, mas também a alta especificidade (RICCARDI, COSTA & YAMANAKA,
2002).

De acordo com o envolvimento de marcadores conjugados aos imunoreagentes, 0s
imunossensores podem ser classificados como marcados e ndo-marcados (“label-free”). A
maioria dos imunossensores marcados descritos na literatura exploram o principio dos

imunoensaios tipo competitivo e sanduiche utilizando enzimas, fluoroforos e nanoparticulas
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como marcadores. Apesar de seletivos, este método implica em elevados custos operacionais,
incluindo aumento das etapas de processamento da amostra (RAPP, GRUHL & LANGE,
2010).

Nos ensaios “label-free” a resposta do imunossensor ¢ obtida diretamente apds o
evento de bioreconhecimento. Neste tipo de ensaio, a interacdo antigeno-anticorpo na
superficie sensora pode ser obtida através do monitoramento de mudangas fisicas, tais como o
indice de refracdo em sistemas em transdutores dpticos empregando a técnica de ressonancia
de plasmons de superficie (SPR, do inglés, Surface Plasmon Resonance) (ABDULHALIM,
ZOUROB & LAKHTAKIA, 2008), alteracdes de massa, em transdutores piezoelétricos
utilizando a microbalanca de cristal de quartzo (QCM, do inglés, Quartz Crystal
Microbalance) (LIU et al., 2004), e propriedades elétricas em transdutores eletroquimicos
(BACKMAN et al., 2005).

No sistema SPR, ondas eletromagnéticas longitudinais aplicadas entre um metal e um
dielétrico sdo exploradas para analisar a interacdo antigeno-anticorpo através de alteracGes das
propriedades épticas, tais como o indice de refracdo. Os sistemas Biacore®, imunossensores
do tipo SPR, sdo protétipos de sensores para a deteccdo de TnT cardiaca humana bem
conhecidos e comercializados (VAISOCHEROVA et al., 2009). Os trabalhos citados na
literatura alcangaram 6timos resultados e diferem entre si, basicamente, quanto as técnicas de
imobilizacdo do anti-TnT sobre a superficie eletrodica, quanto a sensibilidade e a
possibilidade de amplificacdo dos sinais (DUTRA et al., 2007; DUTRA & KUBOTA, 2007).
No entanto, a tecnologia SPR, apesar da alta sensibilidade para detec¢do “label-free” de
analitos de baixos pesos moleculares, ndo possibilita 0 desenvolvimento de sensores mais
simplificados, miniaturizados e, por consequiéncia, de baixo custo, devido ao alto grau de

complexidade do sistema descrito (SHIAU, MASSARI & OZBAL, 2008).
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Os transdutores piezoelétricos tém como principio analitico o monitoramento da
formacdo de imunocomplexos através de variacfes da frequéncia de oscilacdo de um cristal
em estado vibracional (LIU et al.,, 2004). Comparado aos transdutores oOpticos, existem
publicacBes mais recentes na area de imunossensores piezoelétricos para deteccdo de TnT,
diferindo do tipo de modificacdo eletrodica utilizada e limites de desteccdo (WONG-EK et al.,
2010; MATTOS et al., 2012), entretanto a dificuldade para miniaturizacdo € uma das
principais limitacGes para a elaboracdo de ensaios portateis (JANSHOFF & STEINEM,
2005).

Dentro desse contexto, os transdutores eletroquimicos tém se destacado no
desenvolvimento de imunossensores para clinica médica, devido a sua alta sensibilidade,
baixo custo e compatibilidade com as tecnologias de micro fabricacdo (QIU et al., 2009;
ZHANG et al., 2009; LI, YANG & LI, 2011). As pesquisas na linha de imunossensores
eletroquimicos para TnT estd em crescimento, pois, nestes sistemas, alteracfes na distribuicéo
de cargas na interface sensora através de medidas de capacitancia, impedancia, condutancia e
potencial sdo utilizadas para 0 monitoramento em tempo real da reacdo antigeno-anticorpo
(VASCONCELOS et al., 2009; SILVA et al., 2010; GOMES-FILHO et al., 2013; MATTOS
etal., 2013; SILVA et al., 2013).

O transdutor a ser utilizado juntamente com o material biolégico, deve detectar apenas
um reagente ou produto especifico, ndo respondendo a outras substancias presentes na
amostra a ser analisada. A escolha de um determinado transdutor ndo depende apenas do
elemento de reconhecimento selecionado, ja& que este determina quais variacGes das
propriedades fisico-quimicas ocorreriam em funcdo da interacdo, mas depende também de
outros fatores como tempo de resposta, seletividade e sensibilidade (RICCARDI, COSTA &

YAMANAKA, 2002).
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3.3.1 Imunossensores Eletroguimicos

Imunossensores eletroquimicos tém como principio basico a deteccdo de espécies
eletroativas consumidas e/ou geradas durante o processo de interacdo do elemento bioldgico
com seu substrato especifico (MEHRVAR & ABDI, 2004). Esses sensores sdo projetados
através do acoplamento de moléculas bioldgicas a superficie eletrodica, que respondem ao
aplicar impulsos elétricos, tais como corrente (1) ou potencial (E) (SADIK, ALUOCH &
ZHOU, 2009).

Em geral, os sistemas eletroquimicos sdo constituidos por trés eletrodos: um eletrodo
de trabalho, um eletrodo de referéncia (prata/cloreto de prata - Ag/AgCl ou calomelano
saturado - Hg,Cl,/Hg) e um eletrodo auxiliar (fio de platina) (Figura 8). Esses eletrodos sédo
conectados a um potenciostato e imersos em uma célula contendo a solugcdo da espécie
eletroativa de interesse com um excesso de um eletrélito inerte (eletrélito suporte)
responsavel por garantir o controle difusional das espécies (GANDRA et. al., 2004). O
eletrodo de referéncia mantém o potencial de trabalho estavel, necessitando ter um potencial
que seja estavel com o tempo e temperatura e que ndo seja alterado por pequenas perturbacdes
do sistema, ou seja, pela passagem de uma pequena corrente. O eletrodo auxiliar estabelece
uma conexdao com a solucdo eletrolitica, enquanto o eletrodo de trabalho funciona como
elemento transdutor da reagdo bioquimica podendo ser este de ouro, prata, platina, diamante

ou a base de carbono, grafite ou condutores (GRIESHABER et al., 2008).
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Figura 8. Desenho esquematico de um sistema eletroquimico com trés eletrodos. (A) célula
eletroquimica de vidro; (B) eletrodo de trabalho; (C) eletrodo de referéncia (Ag/AgCl, KCI
saturado); (D) eletrodo auxiliar helicoidal de fio de platina e (E) tampa de PVC com orificios

circulares para encaixe dos eletrodos e adi¢cdo das solucdes.

N/

S =

Imunossensores eletroquimicos amperométricos constituem-se em dispositivos
mantidos em potencial fixo, que propiciam sinais de corrente faradaica em funcdo de
processos eletrodicos que ocorrem na interface eletrodo/solucdo (LOWINSOHN &
BERTOTTI, 2006). A corrente faradaica gerada é produzida pela reacdo redox de espécies
eletroativas na superficie sensora, sendo diretamente proporcional a concentragdo do analito
(CHAUBEY & MALHOTRA, 2002). Este processo obedece a lei de Faraday, a qual
determina que a quantidade de reagentes formados ou consumidos na interface do eletrodo é

proporcional a corrente (LOWINSOHN & BERTOTTI, 2006).
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Em relacdo as técnicas amperométricas empregadas, destaca-se a voltametria ciclica
(Vc), que estuda a transferéncia de elétrons entre as moléculas e a superficie eletrédica a
partir do registro de curvas corrente x potencial (GANDRA et al., 2004). A Vc é uma das
técnicas mais utilizadas para adquirir informacGes qualitativas sobre processos
eletroquimicos. A resposta em corrente neste método pode ser obtida quando o eletrodo de
trabalho é submetido a uma onda triangular de potencial, no qual 0 mesmo € linearmente
variado com o tempo, partindo de um valor inicial até um final. Como resultado, é gerado um
grafico de corrente em funcdo da variacdo do potencial, denominado voltamograma ciclico
VC) (Figura 9). Os principais parametros analisados num voltamograma ciclico sdo: os
potenciais de pico catddico (Epc) e anodico (Epa), e as correntes de pico catddico (Ipc) e
anodico (Ipa) (HOLLER, SKOOG & CROUCH, 2009). Esses dados oferecem informacdes
importantes quanto a reversibilidade da transferéncia de elétrons. Para uma reacado reversivel,
as Ipa e Ipc sdo aproximadamente iguais em valor absoluto, a diferenca entre os Ep é
aproximadamente 59 mV e Ep é independente da velocidade de varredura. J& em sistemas
irreversiveis observa-se uma completa auséncia de picos de oxido-reducdo reversos e
deslocamentos do Ep em relacdo a velocidade de varredura (BRETT & BRETT, 1993; BARD

& FAULKNER, 2006).
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Figura 9. Representacdo grafica de um tipico voltamograma ciclico obtido pela técnica de

VC. (Fonte: UNIVERSITY OF CAMBRIDGE, 2011).

Corrente

-
Vs Potencial

Os testes diagnosticos para a caracteriza¢do dos processos sdo geralmente descritos de
acordo com a prépria feicdo do voltamograma. A dependéncia do potencial e da substancia
eletroativa e a partir da adicdo de eletrofilos, nucledfilos ou prétons, com analise baseada nos
testes diagnosticos, permite obter informacBes importantes como reversibilidade e
irreversibilidade do processo de transferéncia de elétrons, a presenca de reacfes quimicas
acopladas, adsor¢édo e fendmenos cataliticos, alem de se poder caracterizar o fendbmeno que

controla a corrente de pico (LOJOU & BIANCO, 2006).

3.4. Eletrodos impressos

O desenvolvimento de plataformas sensoras mais recentes tem considerado a
importancia de oferecerem procedimentos mais simplificados e adaptacbes quanto ao

tamanho e arranjo dos dispositivos, facilitando a analise de campo ou coleta do analito de
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interesse no eletrodo para posterior analise. A miniaturizacdo destes dispositivos tem como
objetivo aumentar o rendimento e automacdo dos ensaios, reduzindo o custo do diagnostico,
consequentemente fornecendo uma economia expressiva para 0s ensaios repetitivos realizados
em laboratorios (TSOUTI et al., 2011).

Neste contexto, o desenvolvimento da tecnologia de eletrodos impressos (Els) tem
atendido a demanda deste mercado oferecendo um completo sistema de eletrodos projetados
com grande simplicidade e economia (BERGAMINI, OLIVEIRA & ZANONI, 2005;
METTERS, KADARA & BANKS, 2011). A tecnologia de Els tem sido adaptada a industria
permitindo uma facil producdo em massa de eletrodos portateis e descartaveis. O potencial
destes dispositivos para aplicacdo comercial pode ser demonstrado atualmente atraves dos tips
sensores utilizados para determinacdo da glicemia de individuos diabéticos empregando
glicosimetros (METTERS, KADARA & BANKS, 2011).

O processo de confeccdo dos Els é baseado na impressao de finos filmes compdsitos
sobre substratos inertes. A impressao do filme € feita através de um molde em contato com o
substrato. Os substratos mais utilizados para confeccéo dos Els sdo materiais de ceramica e a
base de plastico (FANJUL-BOLADO et al., 2008). Os Els podem ser facilmente modificados
através da adicdo de materiais funcionais a matriz de impressdo, tais como mediadores,
moléculas bioldgicas, nanomateriais, etc, ou através da modificacdo direta da interface
sensora (CAl et al., 2009).

Entre as principais vantagens oferecidas pela tecnologia de Els podem ser destacadas:
a flexibilidade no design do sensor, a diversidade de materiais de impressdo, portabilidade,
facil integracdo com circuitos eletronicos, automacao no processo de confeccéo, producdo em
massa e baixo custo (METTERS, KADARA & BANKS, 2011).

A possibilidade de automacéo, através da confeccdo de um sistema completo contendo

os eletrodos de trabalho, auxiliar e referéncia impressos no mesmo suporte, torna os Els
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extremamente atrativos quando se busca o desenvolvimento de sensores comerciais (Figura

10).

Figura 10. Els disponiveis no mercado desenvolvidos em diferentes configuracdes (FONTE:

DROPSENS, 2012; ZENZOR, 2012).

Eletrodo auxiliar

Eletrodo de trabalho

Eletrodo

de trabalho Eletrodo de referéncia

Tintas de carbono ou metalicas (platina, ouro e prata) tém sido comumente utilizadas
como filme condutor na fabricagdo de Els. Em particular, as tintas de carbono tém se
destacado, devido as suas caracteristicas atrativas, tais como ampla janela de potencial, boa
condutividade elétrica, estabilidade, baixa corrente residual e baixo custo (USLU & OZKAN,
2007; ZHANG et al., 2011). Tintas de carbono, em geral, sdo compostas por particulas de
grafite, polimeros aglutinantes e outros aditivos. Diferencas na composi¢do das tintas (tipo,
tamanho e carga das particulas de grafite), impressdo, condi¢bes de cura e pré-tratamentos
podem afetar a transferéncia de elétrons e o desempenho analitico dos Els (GORNALL,
COLLYER & HIGSON, 2009). Estudos realizados por ZHANG e colaboradores (2011) tém

demonstrado que a composicdo e a preparacdo dos eletrodos utilizando diferentes tintas
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comerciais de carbono tém profunda influéncia sobre o comportamento eletroquimico dos

Sensores impressos.

3.5. Modificacéo Eletrddica

Um dos grandes desafios para a construcdo de imunossensores mais sensiveis e
confiaveis € a imobilizacdo das biomoléculas sobre as superficies condutoras (FREIRE,
DURAN & KUBOTA, 2001; WANG et al., 2002). O desenvolvimento de técnicas de
modificacdo da superficie eletrodica tem sido importante por aumentar a estabilidade e
reprodutibilidade do imunossensor.

Na modificacdo eletrodica, a superficie do eletrodo pode ser propositadamente
alterada por adsorcdo irreversivel direta, por ligacdo covalente a sitios especificos da
superficie do eletrodo, por recobrimento com filmes poliméricos e nanomateriais, ou, ainda,
na preparacdo de eletrodos a base de pasta de carbono, com um modificador pouco soltvel em
agua para a sua adsorc¢do neste tipo de substrato. (PEREIRA, SANTOS & KUBOTA, 2002).

A modificacdo da interface de imunossensores com nano e micromateriais tem se
tornado uma importante ferramenta para o aperfeicoamento desses dispositivos (LUO,
MORRIN & KILLARD, 2006). Tém sido utilizados diversos tipos de nanomateriais,
incluindo nanoparticulas metalicas, nanotubos de carbono e microparticulas poliméricas (LIU
& LIN, 2007). Esses materiais podem promover o aumento da area reativa, aumentam a
transferéncia de elétrons, diminuem o potencial de trabalho do sensor, podendo
conseqlientemente contribuir para uma maior estabilidade do elemento bioldgico (JUBETE et
al., 2009).

As micro/nanoparticulas e os nanotubos de carbono sdo os mais utilizados na
modificacdo eletrodica de imunossensores. Do ponto de vista tecnologico, esses materiais
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podem ter suas superficies modificadas com moléculas de interesse ou polimeros, fato esse

que amplia imensamente suas aplicaces.

3.5.1. Nanotubos de carbono (NTCs)

Descritos pela primeira vez por Sumio lijima, em 1991, os NTCs sdo formados por
arranjos hexagonais de carbono, com hibridizacdo sp2, dispostos em folhas de grafeno em
formato cilindrico. Esses materiais podem ser constituidos por uma Unica folha de grafeno,
referido como NTCs de parede simples (NTCPSs), ou multiplas camadas concéntricas de
grafeno, formando estruturas conhecidas como NTCs de paredes mdltiplas (NTCPMs). O
comprimento dos NTCs pode variar de nandmetros a centimetros, entretanto, o didmetro na
ordem de nandmetros depende do tipo de nanotubo (Figura 11) (YANG et al., 2010; SCIDA

etal., 2011).

Figura 11. llustracdo dos principais tipos de NTC: (a) NTCPS e (b) NTCPM (FONTE:

HIRSCH, 2002; 11JIMA, 2002).
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Os NTCs apresentam excelentes propriedades mecanicas e elétricas combinadas com
alta estabilidade quimica e térmica. Dependendo do didmetro, disposi¢cdo dimensional e
quiralidade dos atomos de carbono, os NTCs podem exibir caracteristicas de materiais
condutores e semicondutores, podendo ser empregados como materiais em diferentes areas
tecnoldgicas (QURESHI et al., 2009).

Quando usados em biossensores eletroquimicos, os NTCs tém fundamental
importancia devido a aumentar a area de superficie sensora. Superficies nanoestruturadas
apresentam excelente condutividade elétrica e acentuada propriedade eletrocatalitica. Tais
caracteristicas podem a aumentar a cinética de transferéncia de elétrons ao eletrodo, bem
como melhorar a reprodutibilidade e a sensibilidade do imunossensor (YANEZ-SEDENO &
PINGARRON, 2010).

A funcionalizacdo de NTCs surge como motivacdo de extremo interesse em
imunossensores, abrindo uma gama de possibilidades para o desenvolvimento de dispositivos
que retinam as propriedades dos NTCs e permitindo a imobilizacdo de biomoléculas de modo
mais estavel (LYNAM et al., 2009).

NTCs podem ser funcionalizados com diferentes grupos quimicos, tais como carboxila
(-COOH), amino (-NHy), hidroxila (-OH), tiol (-SH), etc, através de ligacGes covalentes ou
ndo-covalentes (BALASUBRAMANIAN & BURGHARD, 2005; ZHAO & STODDART,
2009). A introducao dos grupamentos funcionais pode atenuar as propriedades elétricas destes
nanomateriais através de alteragdes na hibridizacdo das ligacBes carbono-carbono
(BALASUBRAMANIAN & BURGHARD, 2005; PENG & WONG, 2009). O
reconhecimento molecular direto na superficie destes nanomateriais permite o aumento de
moléculas imobilizadas, que associada as propriedades dos NTCs possibilita o
desenvolvimento de sensores mais seletivos e sensiveis (LYNAM et al., 2009; ROY & GAO,

2009).
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3.5.2. Filmes poliméricos condutores

A modificacdo eletrodica também pode ser realizada através da deposicdo de filmes
poliméricos condutores na superficie de eletrodos. Estes filmes poliméricos podem aumentar
a transducdo do sinal, devido as suas caracteristicas favoraveis, tais como, resisténcia
mecanica do filme, estabilidade ao ar e em solugbes aquosas, condutividade elétrica e
maleabilidade para a imobilizacdo de diversas moléculas (IONESCU et al., 2009;
PINACHOA 2008).

Na fabricacdo de um eletrodo modificado por filme polimérico, podem-se utilizar as
técnicas de dip-coating, spin-coating, eletrodeposicdo, electrospinning, polimerizacdo por
plasma, eletropolimerizacdo, Langmuir-Blodgett, dentre outras (D"AMICO et al., 2000; TAO,
LI & YIN, 2007). A eletropolimerizacdo tem demonstrado ser um dos métodos mais
utilizados em biossensores para deposi¢cdo de polimeros sobre diversos substratos condutores
devido a facilidade no controle de formacéo do filme (quantidade e espessura) (KUMAR &
CHEN, 2008). A eletropolimerizacdo ocorre com a primeira etapa envolvendo a
eletrooxidacdo do mondmero utilizado com a formacao de um cétion-radical (INZELT et al.,
2000). A dimerizacdo € o inicio da segunda etapa, chamada etapa quimica. O crescimento da
cadeia e, consequentemente, formacédo do polimero, procede via reacdo do dimero resultante
com outra molécula neutra e assim por diante. Por ultimo, ocorre a eletrodeposi¢cdo do
polimero formado na superficie do eletrodo (KUMAR & CHEN, 2008). Estes filmes
eletropolimerizados geralmente contém grupos funcionais que apds ativacdo podem
imobilizar biomoléculas via um grupo funcional especifico, podendo ser hidroxilas (-OH),
carbonilas (C=0), carboxilas (CO(OH)) e aminas priméarias (NH,) TUNCAGIL et al., 2009)

Dentre 0os mondmeros aromaticos heterociclicos encontrados na literatura com
formacédo de filmes poliméricos, o pirrol, tiofeno, fenileno e a polianilina tém sido os mais
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estudados (TUNCAGIL et al., 2009; DU et al., 2009). O poli(acido o-aminobenzdico), poli(o-
ABA), como um derivado da polianilina, fornece diversos grupos carboxilas na superficie do
polimero (Figura 12), podendo ligar covalentemente as biomoléculas através de seus

grupamentos amina (SRIWICHAI et al., 2010).

Figura 12. Estruturas do acido o-aminobenzoico (0-ABA). (Fonte: SRIWICHAI et al., 2010).

MHs
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Abstract

A simple amino-functionalization method for carbon nanotubes and its application for an
electrochemical immunosensor for detection of the human cardiac troponin is described.
Amino-functionalized carbon nanotubes allow an oriented antibody immobilization via their
Fc regions improving the performance of immunosensors. Herein multiwalled carbon
nanotubes were amino-functionalized using the ethylenediamine reagent and assays were
designed by a fractional factorial study associated with Doehlert matrix. Structural
modifications in the carbon nanotubes were confirmed by Fourier transform infrared
spectroscopy. After amino functionalization, the carbon nanotubes were attached to the
screen-printed carbon electrode and a sandwich-type immunoassay was then performed for
measuring the cardiac troponin T. The electrochemical measures were obtained through
hydrogen peroxide reaction with peroxidase conjugated to the secondary antibody. Under
optimal conditions, the developed cTnT immunosensor evaluated in serum samples showed a
broad linear range (0.02 and 0.32 ng mL™" ) and a low limit of detection 0.016 ng mL™. This
amino platform can be appropriately used as clinical tool for cardiac troponin T measurements
in serum samples and acute myocardial infarction diagnostic.

Keywords: carbon nanotube; amino-functionalization; screen-printed electrode; cardiac
troponin T.
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1. Introduction

The screen-printing technology is a well-established and practical approach ideal for
development of electrochemical point-of-care testing [1]. Screen printed electrode (SPE)
provides advantages of easy miniaturization and portable instrumentation, making possible
the on-site detection of different target analytes [2]. When are compared with conventional
electrodes, SPEs are inexpensive, being used as disposable electrode with a large-scale
production capability. Several methods have been devoted to increase the surface area of
SPEs and enhance their sensitivity for electrochemical detection, including the application of
nanomaterials [3, 4, 5]. The use of carbon nanotubes (CNTs) based SPEs have attracted the
interest of researchers in the field of electrochemical immunosensors [6, 7, 8]. These
nanomaterials specially combine several properties that improve the electrochemical
performance, such as easy surface functionalization, increase on the amount of immobilized
biomolecules and in the electron transfer charge on the electrode surface [9].

The surface functionalization of the CNTs by linking specific functional groups has
been fundamental point for antibodies attaching as recognition element for immunosensing
application. Carboxyl-terminated nanotubes have been also explored as essential
functionalization strategy for covalent linkage of antibodies. However, this approach is
limited because most antibodies contain amino groups randomly distributed, leading to
multiple attachment sites. The random nature of this attachment sites can cause some lose of
the antigen-binding activity due to the steric hindrance [10, 11]. The carboxylic groups
present in Fc regions of the antibodies can be conveniently explored for oriented
immobilization, exposing the FAb regions that exhibit a high affinity toward epitopes of the
antigens. These groups can be form stable amide bonds with the amino groups of the CNTs
[12]. Thus, amino-functionalized nanotubes can improve the reactivity antigen-antibody

recognition and the efficiency immobilization process.
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Techniques that are specifically aimed at improving functionalities of the CNT
surfaces with amino groups include chemical treatments using acids, sheathing or wrapping
the CNTs with polymer chains [13, 14], grafting of CNTs with a thin layer of polymer chains
based on plasma [15], and a combination of these [16]. However, these methods to
functionalize CNTs with amino groups are generally a complicated process involving a long
reaction time, several coupling reagents and strictly controlled reaction conditions [17, 18]. In
this work, a simple method based on fractional factorial design has been proposed for amino
functionalization of the CNTs using the ethylenediamine (EDA) as crosslink amino reagent.
After optimization of the process of functionalization, amino-CNTs were employed to
develop an immunosensor for cardiac troponin T, important for acute myocardial infarction.

Cardiovascular diseases are the leading cause of death globally according to the World
Health Organization statistics. Among the cardiovascular diseases, acute myocardial
infarction (AMI) is one of the most serious diseases that extremely affect people's health [19].
In the past decades, cardiac troponins (cTnT and cTnl) have been recommended as the
biomarkers of choice for the serological diagnosis and prognosis of AMI because of their high
sensitivity and specificity [20, 21]. In particular, the cTnT levels increase 2—4 h after the AMI
symptoms and could be elevated up to 14 days after the acute episode of myocardial damage
[22, 23]. Thus, the development of a rapid and practical immunosensor for detecting the cTnT
in serum samples from patients with myocardial infarction is desirable due to its roles in
cardiospecific diagnosis, risk stratification, prognostic risk assessment and therapeutic

choices.
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2. Material and methods
2.1. Reagents and materials

Mouse monoclonal antibody against ¢cTnT (mAb-cTnT), c¢TnT and peroxidase
conjugated mouse monoclonal antibody against ¢cTnT (mAb-cTnT-HRP) were purchased
from Calbiochem (Darmstadt, DEU). COOH-functionalized multi-walled carbon nanotubes
(MWCNTS), were obtained from Dropsens (Oviedo, ESP). Ethylenediamine (EDA), N-ethyl-
N'-(3-dimethylaminopropyl)  carbodiimide  (EDC),  N-hydroxysuccinimide  (NHS),
dimethylformamide (DMF), glycine were acquired from Sigma-Aldrich (St. Louis, USA).
Ethanol, sulfuric acid (H,SO,4) (98% wi/v) and hydrogen peroxide (H,O,) (30% wi/v) were
obtained from F. Maia (Cotia, BRA). All reagents were of analytical grade. The water used to
prepare all solutions was obtained from a Milli-Q water purification system (Billerica, USA).

All the solutions were freshly prepared prior to each experiment.

2.2. Serum samples

The serum samples of c¢TnT were obtained from venous blood and immediately
centrifuged for 120 s at 1150 rad/s. Aliquots of serum were quantified in an automatic system
Roche Elecsys® 2010 immunoassay analyzer based on electrochemiluminescence
immunoassay (ECLIA) and the remaining serum, stored at — 20°C, was used for the
electrochemical measurements. The venous blood samples were collected from donor’s
patient from the Cardiac Emergency of Pernambuco (PROCAPE), the Hospital of

Pernambuco State University according to ethics committee’s recommendations.

2.3. Apparatus and measurements
Electrochemical studies were performed using a pAutolab I11 analysis system with GPES
4.9 software, Eco Chemie (Utrecht, NLD). Screen-printed carbon electrodes (SPCESs) were

purchased from DropSens (Oviedo, ESP). These electrodes (ref. 110) incorporate a
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conventional three-electrode configuration, printed on ceramic substrates (3.4 cm x 1.0 cm).
Both working (disk-shaped 4.0 mm diameter) and counter electrodes were made of carbon
inks, whereas the pseudoreference electrode and electric contacts were made of silver.

Cyclic voltammetries (CV) were performed at 100 mV s * scan rate in presence of PBS
(0.01 mol L™, pH 7.0) used in all experiments as electrolyte support. The chronoamperometry
was carried out in the same electrolyte at the potential of +1.4 V. All experiments were

carried out at room temperature (24 °C).

2.4. Characterization of the MWCNTSs

The structural characterization of the MWCNTs was evaluated by Fourier transform
infrared (FTIR) spectroscopy and spectra were obtained using a Bruker IFS 66 model FT-IR
spectrometer in the region 4000 to 400 cm™ by the standard KBr pellet technique. The
modification of the SPE surface by deposition of the MWCNTs was characterized by

scanning electron microscopy (SEM) using a Philips XL30 FEG FE-SEM at 10 kV.

2.5. Amino-functionalization of the MWCNTSs

Prior to use, carboxylic groups of the MWCNTSs were activated using a solution of 0.1
mol L™ acetate buffer (pH 4.8) containing 0.1 mol L-1 EDC and 0.2 mol L-1 NHS [1:1]. At
the same time, amino groups of EDA were submitted to an acid treatment H,SO, solution (0.1
mol L™) for 2 h under stirring conditions at 60°C, changing their protonation state. After that,
1.0 mg activated MWCNTSs was dispersed in 1.0 uL EDA treated and stirred for 2 h at room
temperature (Figure 1a). The sample was centrifuged at 2000 x g and washed five times with
deionized water to remove acid residues. The resulting amino-MWCNTSs were dried at 150°C

and following dispersed in DMF under sonication during 2 h.
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2.6. Electrode preparation

Prior to use, the SPCE surface (0.125 cm?) was sonicated with ethanol and deionized
water, respectively for 2 min, to remove any organic contaminant. SPCE was coated with 3.0
pL of the amino-MWCNTSs on the working electrode surface and dried at 40°C for absolute

evaporation.

2.7. mAb-cTnT immobilization

After coated with amino-MWCNTSs, the SPCE surface was incubated with an aliquot (3.0
uL) of mAb-cTnT (1.0 ug mL™) for 1 h. In this concentration, the maximal current was
measured as resulting of antigen—antibody equilibrium demanded [24]. Subsequently, the
electrode was exhaustively rinsed with 0.01 mol L™ PBS (pH 7.0) to remove unbound mAb-
cTnT. To avoid non-specific binding, the modified electrode surface was blocked with an
aliquot (3.0 pL) of 5.0 mmol L™ glycine solution for 2 h. The scheme of the stepwise

immunosensor preparation is shown in Figure 1b.

{Please insert Figure 1}

2.8. Analytical measurements

For evaluating the analytical response of the immunosensor, the modified electrodes
were incubated with an aliquot (3.0 uL) of the ¢TnT at different concentrations for 30 min.
After that, the electrode was incubated with mAb-cTnT-HRP for 1 h. In each incubation step,
the electrodes were carefully washed with 0.1 mol L™ PBS (pH 7.0).

The amperometric detection of the cTnT was monitored through the electrocatalytic
reduction reaction of the H,O, by the HRP-labeled secondary mAb-cTnT. The measurements
were performed in 0.1 mol L™ PBS (pH 7.0) containing 1.5 mmol L™ H,O,, at room

temperature. The potential range was applied from —0.5 to +0.5 V (vs. Ag/AgCl) with a scan
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rate of 100 mV s, The analytical response to cTnT was obtained taking into account the
difference of the cathodic current (Alc) of the cyclic voltammograms subtracted of the blank

(without cTnT).

2.9. Multivariate optimization

The screening of variables was accomplished using a 2°~" fractional factorial design. Five
variables were examined in two levels, lower (—) and upper (+). The subsequent factors and
their levels were as follows: EDA concentration (50 — 100%), H,SO,4 concentration (0.1 — 1.0
mol L™), time of acid treatment of the EDA (1 — 2 h), amination time (2 — 4 h) and amino-
MWOCNT dispersion time (2 - 4 h) (Table 1). After establishing the variables, a Doehlert
design was used for final optimization and then was obtained the response surface. These
experiments were performed in a random order and the monitored parameter was the cathodic
current established by CV. Data were processed using the STATISTICAL package program

(version 6.0; Stat Soft, Inc.,Tulsa, OK, USA).

{Please insert Table 1}

3. Results and discussion
3.1 Multivariate optimization of the amino-MWCNTSs

Methods for chemical functionalization of MWCNTSs have been reported by using
different reactive groups, such as -NH, -COOH, —OH and —SH. Among these, the use of the
—NH; groups has been a viable alternative to attach antibodies to sensing surfaces in an
oriented manner via amide bonds [25]. In this study, the amino-functionalization of the
MWCNTs with EDA was investigated using a fractional factorial design, which shows the
influence of various factors on the experimental results and the optimum setting for each

factor.
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To optimize the different variables involving the amino-functionalization process of
MWCNTSs, a fractional factorial design associated with Doehlert matrix was used: EDA
concentration (50% — 100%), H,SO4 concentration (0.1 — 1.0 mol L™), time of acid treatment
of the EDA (1 — 2 h), amination time (2 — 4 h) and amino-MWCNT dispersion time (2 — 4 h)
were established according to the results attained from the 2°* fractional factorial design, and
carried out in duplicate.

The Pareto diagram demonstrated that the more significant effects in the reduction
current were EDA concentration and time of acid treatment of the EDA. The positive values
obtained in this study indicate that by increasing these factors, the analytical signal will
increase too. The factors were selected and simultaneously optimized by Doehlert design.

The EDA concentration was evaluated at five levels (10, 25, 50, 75 and 100%) and time
of acid treatment of the EDA at three levels (1, 2 and 4 h). Figure 2 shows the response
surfaces obtained for the experiments considering the previously obtained effects. By
analyzing the response surfaces, the optimum conditions of the experimental design generated
the highest current peak. These conditions correspond to 70% and 2.5 h of the EDA

concentration and time of acid treatment of the EDA, respectively.
{Please insert Figure 2}

3.2 Characterization of the MWCNTSs

FTIR spectroscopy has proved to be a powerful tool to comply with the purpose of
comprehensive characterization. The unique characteristic of the material presented by the
spectrum sheds light on material properties, its behavior as well as on specific components
represented by their functional groups [26].

The spectrum of the COOH-MWCNT in the Figure 3(a) shows typical bands of the

carboxylic groups at 3445 cm™ corresponding to molecular stretching of OH— groups. The
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presence of the small peak at 1710 cm™* is associated with the C=0 stretching. These results
were used as control of the amino-functionalization procedure. The Figure 3(b) shows the
spectra of the MWCNTS before of EDA treatment. The peaks in the regions 3420 and 3170
cm™ can be attributed to N—H stretch of the amino group. In addition, two peaks around 2995
cm™ and 2989 cm™ show the C—H stretching mode of in EDA molecule [27]. The appearance
of new absorption bands at 1520 and 1340 cm™ corresponding to N—H stretch of the amino
group. The peak at 1120 cm™ is ascribed to C-N stretching of amide groups [28]. The
presence and location of the -~NH, and C—N bands in this spectrum provides strong evidence
of the introduction of EDA moieties onto the MWCNT walls. Then, the obtained results

showed a sucessful method for amino-functionalization of the MWCNTS.

{Please insert Figure 3}

The SEM images were employed to morphologically characterize of the modification
of the electrode surface. The surface of bare SPCE is shown in Figure 4(a) typically
characterized by a great content of graphite particles covered with polymeric binder from the
carbon ink [29]. The distribution of the graphite particles in the bare SPCE surface showed a
porous structure The morphological changes in the sensing interface after treated amino
MWCNTs modification can been seen in Figure 4(b). This image reveals a mesh
homogeneous of the MWCNTSs in the form of small bundles of tubes. The adsorbed
MWCNTSs have resulted in a higher roughness as compared to unmodified SPCE, by favoring
an increased active surface to further antibody immobilization. SEM analysis also showed that
chemical modification of the MWCNTSs in the amino functionalization procedure did not

affect the adsorption and formation of nanostructured film.

{Please insert Figure 4}
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3.3 Optimization of the experimental conditions

Influence of the buffer pH is essential to analytical performance of the immunosensor,
because the pH affects not only the electrochemical behavior of the sensor but also the
bioactivity of the biomolecules [30]. The pH value of the 0.1 mol L™ PBS was investigated in
the range 5.0 to 8.0. The measurements were obtained through cyclic voltammetric assay in
presence of the 1.5 mmol L™ H,O,. The results showed the effect of the pH about reduction
current of the SPCE (Figure 5a). The current reached a maximum value at pH 7.0. Thus, the
optimum pH was chosen for subsequent studies.

The ionic strength studies of the PBS were investigated. These experimental
parameters can be influence the charge transport rates of the electrolyte support in the
electrochemical measurements of the SPCE [30]. For this assay, the SPCE was submitted to
amperometric measurements in 1.5 mmol L™ H,O, solution diluted in different ionic strength
of PBS (0.025; 0.05; 0.10; 0.2 and 0.25 mol L ™). The results obtained in the Figure 5(b)
shows a maximum reduction current at 0.01 mol L™ of the PBS.

In order to obtain a better an optimal response with a minimum amount of HRP
labeled antibody, the concentrations of the mAb-cTnT-HRP were optimized. The SPCE with
immobilized mAb-cTnT was coated with ¢cTnT (2.5 ng mL™) for 1 h and in following
incubated with different concentrations of the mAb-cTnT-HRP (0.01 to 5.0 ug mL™). As can
be seen in the Figure 5(c), the reduction current increased with the increasing concentration

of the anti-cTnT-HRP until the concentration reached 1.0 pg mL™.

{Please insert Figure 5}

3.4. Reproducibility and stability
A key problem in the use of immunosensors is the reproducibility of certain results

and to know how long these devices can operate with a reproducible response [31]. In the
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reproducibility study, 10 different electrodes were prepared under same conditions and
evaluated with cTnT samples (2.5 ng mL™). The immunosensor reached an acceptable
reproducibility with a relative standard deviation (RSD) of 2.5% (Figure 6a). Regarding the
repeatability, immunosensor showed significantly stable for 20 measurements in the same
electrode registered in each 1 min interval. This statement was confirmed by low RSD
(1.34%) (Figure 6b). These results can be attributed to strong interaction between the amino-

MWCNT film and mAb-cTnT immobilized.

{Please insert Figure 6}

3.5. Determination of cTnT in human serum

Human serum samples spiked with different cTnT concentrations were analyzed by
chronoamperommetry fixing the working potential at — 0.3 V at 120 s (Figure 7). The amount
of ¢cTnT of serum samples was previously measured by Roche Elecsys® 2010 immunoassay
analyzer based on ECLIA. The immunosensor measurements showed a good agreement with
the ECLIA method at 95% confident level when paired t-test was applied. As shown
in Figure 7, the calibration plot exhibited a good linear correlation between 0.02 and 0.32 ng
mL~' ¢TnT (r=0.985, n=5, p<0.001). The limit of detection (LOD) of the SPCE was
calculated according to the following equation:

LOD = 3SD/m (Eq. 1)
where SD is standard deviation of the blank measurement and m is the slope of the linear part
of the calibration curve [32]. The LOD was estimated in 0.016 ng mL™ showing a high
sensitivity, thereby this immunosensor can be useful for ¢cTnT determination in clinical

routine, since the cutoff is found at approximately 0.02 ng mL™ in the AMI diagnosis.

{Please insert Figure 7}
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Conclusions

Herein, it was proposed a simpler method for amino functionalization of the
MWCNTSs than previously described. It does not require time-consuming and costly multistep
reactions, several coupling reagents or strictly controlled processes. The experimental
conditions were optimized using a fractional factorial showing that the time protonation and
EDA concentration as limitants for successful in functionalization of the MWCNTSs. It was
possible an oriented immobilization of anti-cTnT and development of an immunosensor for

cTnT with high sensitivity and reproducibility for AMI diagnostic.
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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FIGURE CAPTIONS
Figure 1. Schematic illustration of stepwise assembling of the immunosensor.
Figure 2. Surface response obtained from the Doehlert design employed for the optimization
of the EDA concentration and time of acid treatment of the EDA in the amino
functionalization MWCNT procedure. The optimum conditions correspond to 70% and 2.5 h,
respectively.

Figure 3. FTIR spectra of the MWCNTSs (a) before and (b) after EDA treatment.

Figure 4. SEM image of working area of the SPCE (a) bare and (b) amino treated MWCNT

modified.

Figure 5. Influence of (a) pH values, (b) ionic strength of the PBS and (c) the amount of the
mADb-cTnT-HRP on the cathodic peak current of the SPCE. Measurements obtained by cyclic
voltammetry experiments in presence of the 1.5 mmol L™ H,0,.

Figure 6. (a) Reproducibility and (b) repeatability of the SPCE to 2.5 ngmL ! cTnT.

Figure 7. Calibration curve of the resulting immunosensor for the detection of cTnT.
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TABLE

Table 1. Experimental factors and their levels employed in 2°7* fractional factorial design for
amino functionalization of the MWCNT procedure.

Experiment EDA H,S0, Time of acid Amination amino- AT (uA) mean

ation ation treatment of the Time MWCNT values

EDA dispersion time
—(50%) — (0.1 mol L) —(1h) -(2h) -(2h)
+(100%) + (1.0 mol L) +(2h) +(4h) +(4h)

1 - - - - + 0.5757
2 + - - - - 04328
3 - + - - - 0.2803
4 + + - - + 0.2803
5 - - + - 04131
6 + - + + 04278
7 - + + = + 0.6383
8 + + + - 0.3049
9 - + - 0.4065
10 + + + 0.3443
11 - + + + 0.4319
12 + + - + 0.2983
13 - + + + 0.2492
14 + + + 02131
15 - + + + - 0.4820
16 + + + + + 0.4475
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An amperometric immunosensor for cardiac troponin T detection in human serum troponin T, a marker
considered as “gold standard” for acute myocardial infarction diagnosis, is described. A stable carboxylic
film to covalently bind antibodies against cTnT onto electrode surface was achieved with electropoly-
merization of the o-aminobenzoic acid. A fractional factorial study was performed to optimize the
electropolymerization parameters. Cyclic voltammetry assays were carried out for characterize steps
of the modified electrode surface. The obtained calibration curve at —0.05V by amperometry presented
a good linear response range from 0.05 to 5.0 ngmL~! ¢TnT with a correlation coefficient of 0.992 (n=6)
and 0.016 ng mL~! detection limit. The electrodes showed a good stability upon the analytical responses
retaining 91.6% of its initial response after 18 days. This sensor showed outgoing results regarding sen-
sitivity allowing reliable measurements of the cTnT at levels of clinical significance for acute myocardial
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1. Introduction

Acute myocardial infarction (AMI) is the rapid development of
myocardial necrosis caused by a critical imbalance between oxy-
gen supply and demand of the myocardium [1]. This usually results
from plaque rupture with thrombus formation in a coronary ves-
sel, resulting in an acute reduction of blood supply to a portion of
the myocardium [2]. Troponins are the most specific and sensitive
biochemical markers of myocardial cell injury and therefore have
been highlighted as the “gold standard” testing for the AMI [3,4].
The troponins remain abnormal for 4-10 days after the onset of
AMI [5], with the concentration peak closely correlated with the
infarct size [6,7].

Analytical methods to improve the timely diagnosis of this dis-
ease have been important to appropriate disposition and treatment
of AMI patients [8]. Rapid and safe tests implies on a significant
reduction in mortality and also in the hospital stay. Immunoas-
says have become the better technique in clinical diagnostics
for determining cardiac and other clinically relevant biomarkers.
Currently, the conventional methods for detection of troponin
T (cTnT) include enzyme immunoassay [9], fluoroimmunoassay
[10] and electrochemiluminescence immunoassay (ECLIA) [11].
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However, these methods require laboratory equipments with
proper instrument, multi-step processings of samples and well-
trained personnel, leading to considerable time consuming and
expense to the overall detection. Immunosensors consisting of an
antigen or antibody coupled to transducer to generate a quan-
titative response by immunocomplexing have been pointed as
attractive alternatives. They can provide faster and more practi-
cal diagnosis due to their portability possible being indicated when
a quick therapeutic procedure is required.

Recently, several attempts for determination of cTnT by
immunosensors have been performed by different transducers
[12-14] based on surface plasmon resonance and piezoelectric
techniques. Although these sensing instruments show in partic-
ular some features as fast response and the non-labeling, they are
difficult to miniaturize and to operate in the field as point-of-care
device [15-17]. Electrochemical transducers based on amperomet-
ric responses generated by enzymes conjugated to the antibodies
spend more time to analyze, they has been pointed out as more
attractive due to easier compatibility and lower cost [12].

In an attempt to overcome difficulties regarding antibodies
immobilization using a simple technique without compromising
the high sensitivity required, given the fact that detection levels
for the clinical diagnosis of AMI are in level of few nanograms
per mL of cTnT, herein a conductive polymer was employed to
anchor antibodies against cTnT [18,19]. The use of polymer films
deposited on the electrode surface has been showed as alterna-
tive to a stable and irreversible immobilization of the biomolecules,
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because they can provide reactive groups such as —COOH or —NH,
[20-22] to link these biomolecules. Polymeric films can be obtained
by dip- or spin-coating, electrodeposition, plasma polymeriza-
tion and electropolymerization [23,24]. Among these methods, the
electropolymerization has been the most used [25]. It consists of
non-manual electrochemical addressing of polymer deposition in
which the main advantage hence is a higher reproducibility of the
obtained film. This technique results in more stable and homoge-
neous electroactive areas that implies on more reliability in the
developed sensors. Since the active functional groups are provided
by these polymers, it is possible to generate strong linkages of
between biomolecules and the coated electrode surface without
lost of the film conductivity [26,27]. Other interesting propriety of
polymers to biosensor is about the possibility to enhance the elec-
tron transfer between the electroactive species and to the electrode
surface [28,29].

In this work, the poly-o-aminobenzoic acid, (poly-0-ABA), that
is polyaniline derivative with carboxyl groups was used to covalent
bind antibodies by their amino reactive groups of the side chains.
The poly-0-ABA, a conductor polymer was electropolymerized on
a glassy carbon electrode using the sweep linear voltammetry
technique. The modified electrode provides abundantly carboxyl
groups, acting as functional group to covalently immobilize the
monoclonal antibodies against ¢cTnT through an amide bond.

2. Experimental
2.1. Reagents and materials

The cTnT, mouse monoclonal antibody against cTnT (mAb-cTnT)
and peroxidase conjugated mouse monoclonal antibody against
cTnT (mAb-cTnT-HRP) were purchased from Calbiochem (USA).
The 0-ABA, ethanolamine, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
hydroquinone, sulfuric acid (H,SO4) and potassium ferricyanide
(K3Fe(CN)g) were acquired from Sigma-Aldrich (USA). Hydrogen
peroxide (H,0,) (30%, v/v) and ethanol were acquired from Synth
(Sdo Paulo, Brazil). All reagents were of analytical grade. The water
used to prepare all solutions was obtained from a Milli-Q water
purification system (Millipore, USA). All the solutions were freshly
prepared prior to each experiment.

2.2. Serum samples

The serum samples were obtained from venous blood and
immediately centrifuged for 120 s at 1150 rad/s. The venous blood
samples were collected from donor’s patient from the Cardiac
Emergency of Pernambuco (PROCAPE), Hospital of Pernambuco
State University according to ethics committee’s recommenda-
tions. The samples (200 L) were spiked with an aliquot (20 L) of
the cTnT prepared in PBS at different concentrations. Afterwards,
the spiked serum samples were analyzed by a Roche Elecsys®
2010 immunoassay analyzer based on electrochemiluminescence
immunoassay (ECLIA).

2.3. Apparatus

Electrochemical measurements were conducted using the
pAutolab III analysis system with GPES 4.9 software (Eco Chimie
BV, Netherlands). An electrochemical cell consisting of three elec-
trodes was used, being formed by an Ag/AgCl electrode as reference,
a platinum wire electrode as auxiliary and a glassy carbon electrode
as working. The measurements were carried out using 10.0 mL of
0.1molL-! phosphate buffer saline (PBS) at pH 7.0. In order to
compensate the fluctuation of background current and variations
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Fig. 1. Effect of the amount mAb-cTnT immobilized on the electrode surface.

of manufacturing between electrodes, the current responses pre-
sumed was calculated subtracting from blank, i.e. after anti-cTnT
incubation. It was defined the relative current change as following
expression I(%)= (I —Iy) x 100%/Io where Iy is the current after anti-
cTnT immobilization and I is the current after exposure to cTnT at
a particular concentration.

Cyclic voltammetries (CV) were performed in a potential
between —0.2 and +0.4V versus Ag/AgCl electrode at 100 mVs~!
scan rate. The chronoamperometry was carried out in the same
electrolyte at the potential of —0.05V. All experiments were car-
ried out at approximately 24 °C (room temperature), under stirring
conditions.

The topography of the polymer film on the electrode surface was
verified using atomic force microscopy. The images were carried
outinan Accurex Il system with tripode scanner (TopoMetrix 1660,
USA).

2.4. Preparation of poly(o-ABA) modified electrode

Prior to use, the electrode surface (0.02cm?) was manually
polished with alumina slurries (0.3 wm) and rinsed with double
distilled water. Then, it was sonicated with ethanol and deionized
water, respectively for 5 min, to remove any organic contaminant.
The electropolymerization was performed in 10.0 mmol L~ 0-ABA
solution in 0.5molL~! H,S04 by sweep linear voltammetry. The
voltammograms were carried out in a potential range between
—0.8 and +1.6V for 20 scans at 70mVs~1. The poly(o-ABA) modi-
fied electrode, was subsequently coated with freshly mixed of EDC
(0.1 molL~1)/NHS (0.2 molL-1) solution (1:1, v/v) in 0.1 molL"!
acetate buffer at pH 4.8 for 1 h to activate the carboxylic acid group
of poly(0-ABA) to N-hydroxysuccinimide ester.

2.5. mAb-cTnT immobilization and surface blocking

After the electropolymerization, the electrode surface was incu-
bated with an aliquot (10.0 wL) of mAb-cTnT (1.0 wgmL-1) for
1h. In this concentration, the maximal current was measured as
resulting of the antigen-antibody equilibrium demanded (Fig. 1).
After the mAB-cTnT incubation, the electrode was exhaustively
rinsed with 0.1 mol L~ PBS at pH 7.0 to remove unbound the mAb-
cTnT. In order to avoid non-specific binding, the modified electrode
surface was blocked with an aliquot (30.0 wL) of 5.0mmolL~!
ethanolamine solution by incubation for 2 h.
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Fig. 2. Schematic diagram of the assembly of the poly(o-ABA) modified electrode.

2.6. Analytical measurements

For evaluating the analytical response of the immunosensor,
the modified electrodes were incubated with an aliquot (10.0 pL)
of the ¢TnT at different concentrations for 1h. After that, they
were incubated with an aliquot (10.0 nL) of the mAb-cTnT-HRP
(1.0wgmL-1) for 1h. Then, the analytical signals were moni-
tored through the HRP catalyzed reaction, using 0.5mmolL-!
hydroquinone and 1.0 mmolL~! H,0,. Between each incubation
steps, the electrodes were washed with PBS (0.1 molL~1, pH 7.0).
The scheme of poly(o-ABA) modified immunosensor is shown in
Fig. 2.

2.7. Multivariate optimization

The screening of variables associated to electropolymeriza-
tion procedure was accomplished using a 24-1 fractional factorial
design. Four variables were examined in two levels, lower (—) and
upper (+). The subsequent factors and their levels were as fol-
lows: 0-ABA concentration (10.0-40.0 mmol L-1), scans number of
the electropolymerization (20-40), scan rate (10-40mVs~!) and
H,S04 concentration (0.1-1.0 mol L~1) (Table 1). After establishing
the variables, which exert significant influence on the analytical
response, a Doehlert design was used for final optimization and
then the response surface was obtained. These experiments were
performed in arandom order and the monitored parameter was the
cathodic current peak obtained by CV. Data were processed using
the STATISTICAL package program (version 6.0; Stat Soft, Inc., Tulsa,
OK, USA).

3. Results and discussion

3.1. Multivariate optimization of the electropolymerization
procedure

In order to optimize the analytical method to attain the best
sensitivity as well as to reduce the number of assays, a fractional
factorial design associated with Doehlert matrix was used. The
0-ABA concentration, scans number of the electropolymerization,

scan rate and electrolyte concentration (H,SO4) were established
according to the results obtained from the 24-! fractional facto-
rial design. From the Pareto chart, more significant effects of the
electropolymerization were scan rate and H,SO4 concentration.
The results showed that by increasing these factors, since
they are all positive values, it will result in an increase on the
cathodic current peak response of the modified electrode. The
factors were selected and simultaneously optimized by Doehlert
design. The scan rate was evaluated at five levels (30, 40, 50, 80
and 100mVs~1) and H,SO,4 concentration at three levels (0.1, 0.5
and 1.0mol L~1). Fig. 3 shows the response surfaces obtained for
the experiments considering the previously obtained effects. By
analyzing the response surfaces, the optimum conditions, inside
the experimental design that generated the highest current peak

vV
" = R O

Al

Fig. 3. Surface response obtained from the Doehlert design employed for the opti-
mization of the 0-ABA electropolymerization. The optimum conditions correspond
to70mVs~! and 0.5mol L' H,S0,.

76


Saade
Typewriter
76


100

Table 1
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Experimental factors and their levels employed in 24-1 fractional factorial design for poly-o-ABA-modified electrode.

[0-ABA] mmol L~!
~(10.0)
+(40.0)

Scans
—(20)
+(40)

Experiment

[HzSO4] mol L1
—(0.1)
+(1.0)

v(mVs1)
—(10)
+(40)

AI(pA) (mean values)

0N WN =
L I S B |
+ + o+

+

+ 4+ o+ o+

10.4008
10.8175
10.4380
9.19660
12.1606
11.0584
11.3412
11.8427

were determinate. These conditions correspond to 70mVs~! and
0.5 mol L1 of the scan rate and H,SO4 concentrations, respectively.

3.2. Poly(0-ABA) film formation on the electrode surface

The modified electrode was fabricated in 0.5molL~1 H,S04
solution containing 10.0 mmolL~! of 0-ABA. The film was grown
on the electrode surface by linear sweep voltammetry between
—0.8 and +1.6V for 20 scans. Fig. 4a shows the first cycle of the
electropolymerization with an expressive peak at +1.12V that is
attributed to the 0-ABA monomer oxidation to free radicals. The
growth of the 0-ABA film was monitored by successive scans (inset
Fig. 4a). A decrease of the oxidation peaks with the scans indicates
that the 0-ABA polymer is being formed on the electrode surface.
From the twentieth scan, the polymerization reached the saturation
and the film was then deposited on the electrode surface.

3.3. Characterization of the poly(o-ABA) modified electrode

The electropolymerization enhances homogeneous film forma-
tion on the electrode surface, regardless of its shape or size, with
a control of thickness and roughness [28]. Herein, the atomic
force microscopy technique was employed to characterize the
poly(o-ABA) modified electrode surface, since thickness measured
is directly related to the formation of polymer film. From the micro-
graph shown in Fig. 4b, the thickness of the electrode surface
increased from 149.3 nm to 775.3 nm.

The CV is a valuable and convenient tool for providing electro-
chemistry information regarding the electrode modifying, as well
as the activity and stability of immobilized reagents [29]. Herein,
the assembly of the modified electrode was also characterized by
CV using 0.1 mmol L-1 K3Fe(CN)g solution as probe. Fig. 4c repre-
sents the CV responses on the bare electrode, poly(o-ABA) modified
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Fig. 4. (a) Voltammograms recorded for the working electrode in 0.5molL~' H,SO,4 during the electrochemical oxidation of 10.0 mmolL~! 0-ABA. Scan rate 70mVs~!
and 20 scans. (b) Atomic force micrograph image of the bare electrode (I) and poly(o-ABA) modified electrode (II). (c) CVs of the poly(o-ABA) modified electrode in
5.0mol L' K3Fe(CN)s prepared in 0.1 molL~! KCI at different stages: bare electrode (I); poly(o-ABA) modified electrode (II); activation with EDC/NHS (III); mAb-cTnT

immobilized on the electrode (IV).

77


Saade
Typewriter

Saade
Typewriter
77


A.B. Mattos et al. / Biochemical Engineering Journal 71 (2013) 97-104 101

50 100 150 200 250
Sean rate /mV s™!

I/nA

Fig. 5. CVs of the poly(o-ABA) modified electrode at different scan rates
(10-250 mV s~1)(a). The inset shows the relationship between the peak currents and
scan rate (b) and relationship between the peak currents and the square root of scan
rate (c). Supporting electrolyte PBS containing 1.0 mmol L-! H,0, and 0.5 mmol L~!
hydroquinone.

electrode, activation with EDC/NHS and mAb-cTnT immobilized
electrode. A pair of well defined redox peaks was observed at
the bare electrode (curve I) compared to the electrode modified
after electropolymerization, which showed significant decrease of
the currents peaks (curve II). This behavior is attributed to film-
formation, which blocks the electron transfer to the electrode
surface. Prior to bind the mAb-cTnT, poly(o-ABA) carboxylic acid
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3.5 0 929 %9
3.0 °

2.5 °

2.0 o

I/puA

1.5+

1.0

0.5

T T T T T

2 3 4 5
H,07 (mmol L)

=
it

groups were activated with EDC and NHS, which is indicated by
current peak increase (curve III). It was also observed that the
anodic peak was higher than the cathodic peak. Probably occurred
an electrostatic repulsion between the highly negatively charged
carboxyl groups of the poly(o-ABA) film and the Fe(CN)g3~. The
activation of the carboxylic acid group is important to leaves the
electrode surface with a succinimide ester terminal that is suscep-
tible to nucleophilic attack by amine groups of the antibody to form
a amide peptide bond [30]. Finally, the mAb-cTnT was immobilized
to the poly(o-ABA) coated electrode by a covalent linkage. It was
confirmed by a decrease of the redox peaks that is attributed to
insulating nature of the proteins (curve IV).

To investigate the electrochemical process that occur between
the surface of modified electrode and the electrolyte solution, a
study was conducted varying the scan rates from 10 to 250 mVs~!
(in 0.1molL-! PBS containing 0.5mmolL-! hydroquinone and
1.0mmol L~ H,0, (Fig. 5a)). It was observed the dependence of
the current peaks proportional to the scan rate increase (Fig. 5b). As
shown in Fig. 5¢, the current peaks were proportional to the square
root of scan rate (v/2) with a correlation coefficient of 0.998 and
0.991, respectively as indicative of a diffusion-controlled process.

3.4. Optimization of the experimental conditions

The electrocatalytic mechanism of the peroxidase in presence
of the H,0, and phenolic compounds has already been reported
[31,32]. The addition of H,O, in presence of the hydroquinone
produces quinone which is used to monitor the ¢TnT amount
through peroxidase conjugated to the anti-cTnT. Here, the elec-
trochemical reduction occurred in potentials close to 0V versus
Ag/AgCl[33] and cathodic current peaks were measured at —0.05 V.

2.0

I (pA)

0.4 T T T T T
0.0 0.5 1.0 1.5 2.0 25

Hydroquinone (mmol L")

58{ C

5.6

7.0 7.5 8.0

pH

Fig. 6. (a) Influence of various H,0, concentrations on the peak current response in PBS containing 0.5 mmol L-! hydroquinone. (b) Influence of hydroquinone concentrations
on the peak current response in PB containing 1.0 mmol L-! H,0,. (c) Influence of pH value on the peak current response in PBS containing 0.5 mmol L-! hydroquinone and

1.0mmol L' H,0,.
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In order to provide the best analytic performance of the
immunosensor, the optimal concentration of H,0,, hydroquinone
and pH were investigated. Firstly, by fixing the hydroquinone con-
centration at 0.5 mmol L~?, the optimal concentration of H,0; (in
0.1 molL-1 PBS at pH 7.0) was observed at 3.0 mmolL~! H,0, by
plateau achieved (Fig. 6a), a typical behavior of a mediator-based
sensor. The study of H,0, concentration is very important for a
good sensitivity and avoids the formation of inactive enzyme due
to high concentration of peroxide [34]. Thus, 1.0mmolL-! H,0,
was selected to remaining studies. Secondly, by fixing the H,0, at
1.0 mmol L1, the optimal concentration of hydroquinone mediator
(at 0.1 mol L~1 PBS at pH 7.0) was selected at 0.5 mmol L~ (Fig. 6b).
The amount of electroactive species decurrent from the reaction of
the peroxidase enzyme conjugated to the antibody mediated by
hydroquinone is strongly affected by pH changes [35]. To evalu-
ate the optimal pH with maximal catalytic response, the pH was
changed from 5.0 to 8.0 (PBS), fixing the hydroquinone and the
H,0; at 0.5 mmolL-! and 1.0 mmol L-1, respectively. The optimal
pH was found at 7.0 (Fig. 6¢).

3.5. Analytical response to the cTnT

The calibration curve for the immunosensor was conducted
using all the optimized parameters at different concentrations of
the cTnT prepared in PBS (0.05; 0.1; 0.25; 0.5; 1.0; 2.5; 5.0; 7.5;
10.0ngmL-1) (Fig. 7). The data were processed in Origin 7 soft-
ware (Microcal) showing a linear increase of current response
proportional to the concentrations of cTnT according to equation
Y=0.261+1.031X (Fig. 7, inset). The linear range was obtained
between 0.05 and 5.0ng mL~! ¢TnT. The immunosensor showed a
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Fig. 7. Calibration curve of the poly(o-ABA) modified immunosensor for samples
of ¢TnT in PBS containing 0.5 mmol L-! hydroquinone and 1.0 mmolL~' H,0,. The
inset represents the linear fit of the calibration plot with correlation coefficient of
0.992 (p<0.0001), Y=0.263 +1.011X.

high correlation coefficient (0.992, p « 0.01) and the limit of detec-
tion was found to be 0.016 ngmL~! cTnT. The limit of detection
(LOD) was estimated according to the 30p,4,k/S criteria, where S,
indicating the method calibration sensitivity, is the slope of the
linear calibration plot, and oy, is the deviation (n=10) of the
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Fig. 8. (a) Reproducibility study different electrodes (n=10) prepared in the same conditions; (b) operational stability (n=100); (c) lifetime of the immunosensor in 20
days (stored 4°C at 0.1 mol L-! PBS). The cTnT sample (1.0 ngmL-') of the poly(o-ABA) modified electrode was measured by CVs in PBS containing 1.0 mmol L-! H,0; and

0.5mmol L~! hydroquinone.
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Fig. 9. Calibration curve of the poly(0o-ABA) modified immunosensor for samples of
¢TnT in human serum. Current response obtained in PBS containing 0.5 mmol L~!
hydroquinone and 1.0 mmolL~! H,0,. The inset represents the linear fit of the
calibration plot with correlation coefficient of 0.992 (p <0.0001).

chronoamperometric signals obtained in the absence of the cTnT.
The LOD is close to obtained by Avila et al. (0.015 ngmL~1) [36] and
lower than previously described [12,15,37,38]. Taking in account
that 0.1ngmL-! c¢TnT is the level clinically important to acute
myocardial infarction detection, thisimmunosensor presents a LOD
with satisfactory sensitivity.

3.6. Reproducibility, operational stability and lifetime of the
immunosensor

A key problem in the use of immunosensors is the reproducibil-
ity of certain results and how long these devices can operate
with a reliable and reproducible response [39]. Here, ten different
electrodes were prepared under same conditions and submit-
ted to the cTnT samples of 1.0ngmL-!. The results showed that
this immunosensor reached an acceptable reproducibility with
a relative standard deviation of 6.2% (Fig. 8a). Regarding opera-
tional stability, the immunosensor showed also significantly stable
after 100 successive measurements performed each 2 min. It was
obtained arelative standard deviation of approximately 3% (Fig. 8b).
The lifetime study of the immunosensor was evaluated measuring
the analytical responses of the electrodes within 18 days in each
three days. The electrodes were stored at 4°C immersed in PBS
solution. The current response values showed that the electrode
retained 91.6% of the initial response after 18 days (Fig. 8c), indi-
cating a good stability attributed to strong interaction between the
poly(o-ABA) film and mAb-cTnT. All these measurements were car-
ried using 0.5 mmolL~! hydroquinone and 1.0 mmolL~! H,0, at
PBS (0.1 mol L1, pH 7.0).

3.7. Determination of the cTnT in human serum

The human serum samples spiked with different ¢cTnT con-
centrations (0.025; 0.05; 0.1; 0.5; 1.0; 2.5; 5.0; 7.5ngmL~1) were
analyzed by chronoamperometry fixing the working potential at
—0.05V and response time of 120s (Fig. 9). The immunosensor
measurements showed a good agreement with the ECLIA meth-
ods at 95% confident level when paired t-test was applied (Table 2).
As shown in Fig. 9 (inset), the calibration plot exhibited a good

Table 2
cTnT concentrations (ngmL-') from human serum samples by ECLIA and
immunosensor methods.

ECLIA Immunosensor?
0.05 0.03
0.11 0.12
0.50 0.67
1.01 1.20
2.52 2.63
5.02 4.67

2 Means of three replicates.

linear correlation between 0.05 and 5.0ngmL~! c¢TnT (r=0.992,
n=6, p<0.001), Y=0.0325+0.0231X. The LOD was found to be
0.088ngmL-! cTnT taking account the slope of the calibration
curve (LOD =30pa5k/S)- The reduction of the LOD comparing to the
cTnT spiked PBS samples can be attributed to the matrix effect, since
the serum is a complex sample containing several interferents.
Hence, this proposed immunosensor presents a good accuracy and
sensitivity with a linear range clinically relevant for AMI diagnosis.

4. Conclusion

The poly(o-ABA) was successfully electropolymerized to the
electrode surface and optimal parameters were determined by
a factorial analysis. The homogenous film formed on the carbon
electrode surface showed to be efficient for a covalent binding of
the monoclonal antibodies against cardiac troponin T by an amide
bond. This functionalized film of a polyaniline derivate acted as
not only a matrix for protein immobilization but as also an excel-
lent conductive film to promote an efficient electronic transfer.
In regarding cTnT, the proposed immunosensor showed a high
reproducibility and sensitivity for measurements at clinical levels
significant for AMI diagnosis. Hence, the results show that this pro-
posed immunosensor could be feasible to AMI diagnosis, although
more assays with real samples yet need to be done before its clinical
use.
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6. CONSIDERACOES FINAIS

Neste trabalho foram desenvolvidos dois tipos de imunossensores para troponina T
para diagnostico do IAM.

O primeiro imunosensor eletroquimico proposto para deteccdo de TnT foi baseado na
tecnologia de eletrodos impressos. A modificacdo eletrodica com NTCs amino-
funcionalizados foi desenvolvida por ndo requerer demoradas e dispendiosas etapas de
reacOes e ndo necessitar de processos estritamente controlados. As condi¢fes experimentais
foram otimizadas utilizando uma analise fatorial e demonstrou que o tempo de protonacéao e
concentracdo da etilenodiamina (EDC) foram limitantes para alcancar com sucesso a
funcionalizacdo dos NTCs. Sob condi¢des experimentais otimizadas, uma curva de calibracdo
para as diferentes concentracfes de TnT foi obtida com faixa linear de resposta entre 0,02 e
0,32 ng mL-1 (r=0,985, n=5, p<0.001) e um limite de deteccdo de 0,016 ng mL-1. Este
imunossensor mostrou-se adequado para uma monitoracdo in loco utilizando um tip sensor.

O segundo imunossensor eletroquimico proposto foi baseado na formagdo de um filme
polimérico sobre o eletrodo de carbono vitreo. O &cido orto-aminobenzéico (0-ABA) foi
eletropolimerizado sobre a superficie do eletrodo e permitiu a exposicdo de grupamentos
carboxilicos para ligar o anti-TnT. Uma anélise fatorial foi realizada e demonstrou que o a
velocidade de varredura e a concentracdo de H,SO, foram limitantes para o processo de
eletropolimerizagdo. Apresentou pardmetros de sensibilidade e especificidade diagndstica
comparaveis aos testes de enzimaimunoensaio (ELISA) e eletroquimioluminescéncia
(ECLIA). O imunossensor apresentou-se estavel mantendo 91,6% da sua resposta inicial apos
18 dias e apresentou um limite de deteccao de 0,015 ng mL-1 de TnT.

Estes trabalhos desenvolveram imunossensores confiaveis para detecgdo da TnT . No

entanto, novos estudos ainda precisam se realizados para utilizacdo desses dispositivos na
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pratica clinica com uma validacdo mais ampla e a possibilidade de deteccdo em sangue total,

ao invés de soro.
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