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RESUMO

O diagnostico laboratorial da Dengue é fundamental para determinar os cuidados
clinicos com o paciente, apoiar os programas de vigilancia epidemiolégica, pesquisar
formulacdo de vacinas e também para a deteccdo precoce de uma possivel epidemia.
A proteina ndo estrutural 1 (NS1) do virus Dengue é um marcador utilizado durante a
fase aguda da enfermidade e tem sido proposto para o diagnéstico da doenca.
Atualmente, para diagnéstico da NS1 sdo usados 0s ensaios imunoenzimaticos e
testes imunocromatograficos. Os imunossensores sédo dispositivos bioanaliticos que
convertem a resposta da interacdo antigeno-anticorpo em um sinal elétrico, passivel
de quantificacdo. Recentemente, a contribuicdo de nanomateriais a estes dispositivos
tem possibilitado aumento na reprodutibilidade e alcance de baixos limites de deteccdo
tornando os imunossensores ferramentas promissoras para diagnostico clinico. Nesta
tese foram desenvolvidos dois imunosensores a base de nanomaterias para a
deteccdo NS1, um marcador importante na infecdo aguda da dengue. O primeiro
imunossensor, constituido por um eletrodo de carbono vitreo (ECV), foi baseado no
uso nanotubos de carbono de parede multiplas carboxilados (NTCPMs-COOH)
recoberto por um filme formado por deposi¢cdo do Hidrocloreto de Polialilamina (PAH).
Anticorpos anti-NS1 foram imobilizados de modo orientado via grupos aminos do
PAH. De acordo com os resultados, o imunossensor desenvolvido exibiu uma faixa
linear variando entre 0,1 pg mL™* e 2,5 ug mL* de NS1, faixa clinica para diagnéstico
precoce na fase aguda da doenca. Uma boa correlagcdo foi encontrada entre a
concentracdo de NS1 e a mudanca da corrente, mostrando um bom limite de detecc¢éo
(0.035 pg mL?1). O segundo imunossensor foi baseado em eletrodos impressos
usando a transducdo eletroquimica, visando o desenvolvimento de testes point-of-
care. Os eletrodos impressos foram fabricados com um composto de tinta de carbono-
Tiofeno seguidos por um filme de nanoparticulas de ouro revestidas com proteina A
(AuNP-PtnA) que orientaram a imobilizagédo dos anticorpos anti-NS1. Um imunoensaio
direto foi realizado, no qual a captura especifica da NS1 foi avaliada através das
reacdes da uma sonda redox com a superficie do eletrodo. De acordo com o0s
resultados, foi observado que o uso do tiofeno na tinta de carbono aumentou
significativamente a sensibilidade do eletrodo em 70% em relacdo ao eletrodo sem
modificagdo. A curva de calibracdo do sensor mostrou uma faixa de resposta linear
entre 0.05 — 0.6 ug mL?* de NS1 e um limite de deteccdo de 0.015 pg mL™. Os
imunossensores propostos apresentam-se como tecnologias inovadoras ainda nao
disponiveis no mercado de sensores. Ambos imunossesores apresentaram 0O USO
combinado de tecnologias eletroquimicas com nanomateriais que contribuiu para
uniformizacdo da plataforma sensora, melhorara da estabilidade e reprodutibilidade
dos eletrodos.

Palavras-chave: Imunossensor, Nanomaterias, Degue, NS1



ABSTRACT

Laboratory diagnosis of dengue is fundamental in determining clinical patient care,
supporting epidemiological surveillance programs, researching the formulation of
vaccines, and also for early detection of possible epidemics. Currently, commercial kits
are available for serological diagnosis of dengue, although their high cost represents
an onerous financial burden for developing countries. The nonstructural protein 1 (NS1)
of the dengue virus can be used as a marker during the acute phase of the illness and
it has been proposed for diagnosis of the disease. Immunosensors associated with
nanomaterials have emerged as a tool with high sensitivity and specificity. In this
thesis, two different immunosensors based on nanomaterials were developed for the
detection of the acute form of dengue infection, using anti-NS1 antibodies. The first
immunosensor was based on a modification made up of the multi-walled carbon
nanotube (MWNT), carboxylates, and the polyallylamine hydrochloride (PAH) polymer,
for immobilization oriented from the anti-NS1, using a glassy carbon electrode (GCE)
as the working electrode. In this immunosensor, the anti-NS1 was immobilized on the
surface via amino groups of the PAH. According to the results, the developed
immunosensor exhibited a linear range varying from 0.1 ug mL1to 2.5 ug mL* of NS1,
which is well-known in the clinical setting for early diagnosis of the acute phase of the
disease. A good correlation was found between the concentration of NS1 and the
change in the current, and a good detection limit (0.035 pg mL') was demonstrated.
The second immunosensor was based on printed electrodes using electrochemical
transduction, the aim being to develop point-of-care testing. The printed electrodes
were fabricated with an ink compound of carbon and thiophene, followed by a film of
gold nanoparticles coated with protein A (AuNP-PtnA) which oriented the
immobilization of the antibodies (anti-NS1). A direct immunoassay was performed and
the specific capture of the NS1 was assessed through the reactions of a redox probe
with the electrode surface. In accordance with the results, it was observed that the use
of thiophene in the carbon ink significantly increased the sensitivity of the probe — 70%
compared to an unmodified electrode. The calibration curve of the sensor showed a
linear response range between 0.05 and 0.6 ug mL™* of NS1, and a detection limit of
0.015 pg mL?t The proposed immunosensors are presented as an innovative
technology that is not yet available in the sensor market. The combined use of these
technologies with nanomaterials contributed to the standardization of the sensor
platform and the improved stability and reproducibility of the electrodes.

Keywords: immunosensor, nanomaterials, dengue, NS1
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Dengue é uma doenca infecciosa, ndo contagiosa, causada por um por um
virus que recebe o nome de DENV (Dengue Virus) Trata-se de uma
enfermidade de notificacdo compulséria (BRASIL, 2011), caracterizada por
epidemias sazonais podendo apresentar, como ocorre atualmente no Brasil,
comportamento endémico com aumento da incidéncia em periodos chuvosos.
A dengue é uma arbovirose humana (doenca viral transmitida ao homem por
vetores artrépodes) que pode ser causada por quatro virus diferentes (DENV-1,
DENV-2, DENV-3 e DENV-4) (HALSTEAD, 2007) no qual os quatro sorotipos
séo capazes de provocar infecgdo (POLONI, 2009; MACHADO et al., 2013). A
Dengue é considerada hoje um dos principais problemas de saude publica no
mundo. Segundo a Organizacdo Mundial da Saude (OMS) (WHO, 2012), 50 a
100 milhdes de pessoas séo infectadas anualmente em mais de 100 paises.
Cerca de 550 mil doentes necessitam de hospitalizagdo e 20 mil morrem em
consequéncia da dengue (SEABRA; MENDONCA, 2011). Uma vez que, até
agora, nao existem vacinas licenciadas ou terapias especificas para dengue, o
manejo do paciente depende de um diagndstico precoce e de um tratamento
adequado (FELIX et al., 2012). O diagnéstico da Dengue é dificil quando
baseado exclusivamente em aspectos clinicos, tendo em vista 0s sintomas

poderem ser confundidos com outras doencas infecciosas.

Basicamente, o diagndstico laboratorial da dengue pode ser feito pelo
isolamento do virus, pela deteccdo do genoma viral, pela deteccdo de
antigenos virais e sorologia (IgG e IgM). Embora mais sensiveis e precisos, 0s
testes moleculares possuem custo mais elevado e necessitam de laboratérios
especializados, razdo pela qual os testes soroldgicos sdo os mais utilizados na
rotina (Blacksell et al., 2008). No entanto os testes com anticorpos IgM e IgG

somente resultardo positivo apos varios dias, (GUZMAN et al., 2010).

Nas ultimas décadas estudos demonstram que a proteina ndo estrutural 1
(NS1) do DENV é um importante marcador precoce, encontrada nos 4
sorotipos do DENV e esta correlacionada a replicacao viral (MACHADO et al.,
2013). A NS1 é detectada em soros de pacientes em fase aguda da doenca
(infecc@o priméria e secundéaria (YOUNG et al., 2000; ALCON et al., 2002a;
KORAKA et al., 2002; KUMARASAMY et al., 2007; FRY et al., 2011).
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Ensaios imunoenzimaticos e imunocromatograficos para a deteccdo da
proteina viral NS1 estdo disponiveis no mercado (ALCON et al., 2002a). No
entanto, diante da necessidade da realizacdo de métodos de diagndsticos mais
praticos e de custo reduzido, os biossensores destacam-se, pois, combinando
caracteristicas desejadas, podem ser desenvolvidos para operarem em
servicos  descentralizados. Além  disso, comparados aos testes
imunocromatograficos para NS1 (ZAINAH et al., 2009a), eles tém a vantagem
de poder fornecer resultados quantitativos, além de requererem amostras de
pequenos volumes, na ordem de poucos microlitros. Deste modo, visando a
minimizacao de tempo e custo busca-se novas alternativas para o diagnaostico.

Biossensores vém demonstrando ser um dos mais atrativos métodos
analiticos no ramo da detec¢cdo quimica, bioquimica e imunolégica (HE et al.,
2007; ZHU et al., 2007). Embora grandes avancos tenham sido alcancados
com sensores confidveis para a determinacdo segura da glicose e demais
metabolitos baseados na reacdo enzima-substrato, no campo dos biossensores
de afinidade (imunossensores e sensores moleculares) os progressos tém sido
desafiadores devido a dificuldade em se alcancar os desejaveis limites de
deteccao, estabilidade e seletividade confiaveis (FENG et al., 2003). No intuito
de superar estas dificuldades, o uso nanomateriais em dispositivos eletrénicos
vem sendo estudados. Em particular, nanomateriais como nanoparticulas de
ouro, hanoparticulas magnéticas, pontos quanticos, silicios porosos, nanotubos
de carbono (NTCs) e nanobastbes de ouro vém sendo utilizados para
construcdo de biossensores (KANG et al., 2007). A importancia destes
nanomateriais nos dispositivos analiticos ja esta completamente reconhecida e
demonstra melhorar consideravelmente a sensibilidade e especificidade na

deteccado de biomoléculas (HE et al., 2007).

Uma grande variedade de eletrodos tem sido usada como suporte de
imobilizacdo em imunossensores eletroquimicos. Dentre estes, a tecnologia de
eletrodos impressos (Els) é considerada como promissora, pois pode ser
comercializada em larga escala com vantagens atrativas, como miniaturizacao,
(BERGAMINI; ZANONI, 2005). A tecnologia de Els é baseada na deposi¢cao de
diferentes tipos de tintas sobre substratos inertes, sendo bastante adequada
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para producdo em massa de dispositivos portateis (WANG et al., 2008). Com o
intuito de aperfeicoar esses dispositivos, a modificagdo dos Els com
nanomateriais tem sido bastante estudada (FANJUL-BOLADO et al., 2009).
Isso posto, 0 presente estudo teve como objetivo desenvolver biossensores a
base de nanomaterias para a deteccdo da infeccdo aguda do dengue
empregando anticorpos anti-NS1 a fim de criar medidas que levem ao
tratamento adequado da doenca através do diagnéstico de casos agudos e/ou

recentes de Dengue.
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2.1 A dengue

A Dengue é uma das principais preocupacdes da salde publica nas regides
tropicais e subtropicais do mundo (WHO, 2012). E uma infeccéo viral aguda de
importancia global em termos de morbidade e mortalidade, transmitida por
artrépodes, principalmente o mosquito Aedes aegypti, infectado por um dos
guatro sorotipos do virus Dengue (DENV) (DENV-1, DENV-2, DENV-3, DENV-
4), que vem se espalhando rapidamente, com um aumento de 30 vezes na taxa
global nos ultimos 50 anos (figura 1). Durante o século XIX, era considerada
uma doenca esporadica que causava epidemias com longos intervalos,
refletindo, a lentiddo dos sistemas de transporte que limitava o deslocamento
das pessoas naquela época. Hoje, a Dengue figura como a mais importante
arbovirose humana (DEEN et al., 2006).

Figura 1: Numero de casos de Dengue notificados a OMS, anualmente entre
1955-2010.

2500000
2000000
1500000

1000000

Numero de Casos

500000

55/59 60/69 70/79 80/89 90/99 00/09 2008 2009 2010

Periodo do Ano

Fonte: (WHO, 2012). Adaptado pela autora.

A OMS estima que de 50 a 100 milhdes de novas infecgbes ocorrem
anualmente em mais de 100 paises endémicos (WHO, 2012) (Figura 2),
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400.000 casos de febre hemorragica da dengue (FHD) e 22.000 mortes,
principalmente de criancas, (MACIEL, I. J., SIQUEIRA JUNIOR, J. B., &
MARTELLI, 2008), e estima-se que cada caso de atendimento ambulatorial ou
hospitalar pode custar cerca de U$ 514-1394 (SUAYA et al., 2009), afetando
frequentemente as populacbes mais pobres. Os verdadeiros nimeros sao
provavelmente muito piores, ja que as notificacbes nem sempre sao
documentadas (SUAYA et al., 2007; BEATTY et al., 2011).

Figura 2: Distribuicdo mundial do risco de Dengue (determinagdo da condicao
de risco com base em relatorios combinados da OMS, os EUA Centers for
Disease Control and Prevention, Gideon on-line, ProMED, DengueMap,

Eurosurveillance e literatura
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Fonte: (SIMMONS et al., 2012). Traduzido pela autora.

24



O individuo picado pelo mosquito transmissor da dengue passa por um
periodo de incubacao do virus que varia entre 3 e 7 dias. Infec¢des primarias,
Oou seja, no primeiro contato do organismo com 0 patdgeno, podem né&o
apresentar manifestagcbes claras ou apenas uma febre indiferenciada. A
doenca cursa de forma assintomatica ou com quadro clinico que varia desde
uma febre indiferenciada e autolimitada, passando pela febre classica da
dengue (FCD), até quadros graves de febre hemorragica da dengue (FHD) e
Sindrome do Choque da Dengue (SCD) (SAM et al., 2013). Esta forma grave
esta intimamente relacionada a reinfeccdo e, por isso é de grande importancia
clinica e epidemiolégica conhecer os sorotipos circulantes e evitar a co-
circulacdo de mais um sorotipo através de medidas de combate ao vetor, ja
gue até o presente momento nao ha vacinas disponiveis. O desafio atual das
autoridades sanitarias nacionais e internacionais é reverter a tendéncia de
aumento das epidemias, bem como o aumento da incidéncia de Dengue
hemorragica (BARRETO, M. L., & TEIXEIRA, 2008).

Figura 3: Tipos de manifesta¢cBes da infec¢do por virus da dengue.

Febre classica da

Assintomatica dengue (FCD)

Febre
Sintomatica Hemorragica da
dengue (FHD)

Sindrome do
choque da
dengue (SCD)

Fonte: http://www.dedetizacao -consulte.com.br/dengue-tipos-de-virus-da-
dengue.asp. Acesso em: 29/01/2014. Traduzido pela autora.
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O virus DENV pertence a familia Flaviviridae e ao género Flavivirus. A
inclusdo do DENV neste género é baseada na sua reatividade antigénica com
outros flavivirus bem como na organizacdo do genoma. O virus apresenta-se
como uma particula esférica medindo 40-50 nm de diametro, com um envelope
lipidico e RNA de fita simples, com polaridade positiva, possui um genoma de
aproximadamente 11 kb que codifica trés proteinas estruturais, o capsideo, a
membrana e o envelope, e sete proteinas ndo estruturais, NS1, NS2A, NS2B,
NS3, NS4A, NS4B e NS5, conforme a figura 3 (GUZMAN et al., 2010).

Figura 4: Representacdo esquematica do genoma do virus Dengue.
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Fonte (GUZMAN et al., 2010). Traduzido pela autora.

Quando infecta uma célula saudavel, o genoma viral é transcrito em uma
poliproteina, que é entdo direcionada ao reticulo endoplasmatico, onde é
processada por proteases provenientes do virus e da propria célula infectada.
Ao atingir a conformacdo ativa, as proteinas NS iniciam a replicacdo do
genoma viral. Apesar do processo de replicacao viral ser entendido de maneira
geral, falta ainda informacao estrutural e funcional com relacdo as proteinas
NS, principalmente a NS1, NS2A e NS4A/B (PERERA & KUHN 2008).
(RODENHUIS-ZYBERT et.al. 2010).
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2.1.1 Aspecto Historico

Os primeiros registros de uma doenca semelhante a dengue estao descritos
na Enciclopédia Chinesa de sintomas e remédios e datam da Dinastia China
(265-420 a.C.) (NOBUCHI T, TAKAHARA S, 1979; POLONI, 2009). Este virus
também pode ter sido o causador de surtos de doenca febril no século XVII na
regido das ilhas a oeste do oceano Pacifico e no Panama, bem como
epidemias registradas em Jacarta, Indonésia e Egito no século XVIII, época em
gue a doenca j4 apresentava uma distribuicdo global (CAREY, 1971;
MCSHERRY, 1982). Os primeiros relatos de uma grande epidemia de uma
doenca com sintomas semelhante a Dengue Classica aconteceram nos trés
continentes (Asia, Africa e norte da América) em 1779 e 1780 (AASKOV,
2003).

A Il Guerra Mundial foi um evento de grande importancia para a dispersao
do Dengue virus e do seu mosquito transmissor. Antes, as epidemias
aconteciam em intervalos de 10 a 40 anos. A partir de 1954, a doenga
comecou a exibir novo padréo caracterizado por hemorragia grave e/ou choque
provocando Obito em 40% dos enfermos: era chamada febre hemorragica da
dengue/sindrome do choque da dengue, descrita pela primeira vez por
Hammon et al., em 1960, nas Filipinas (HAMMON et al., 1960; GUBLER, D.
J.;KUNO, 1997) ApGs a década de 70, o problema das epidemias de dengue
agravou-se, particularmente nos paises tropicais de todos os continentes sendo
gue, atualmente, a dengue apresenta um sério problema de saude publica em
areas tropicais da Asia, Africa, América Latina e Caribe. A primeira grande
epidemia de FHD nas Américas foi registrada no ano de 1981 em Cuba, com
um total de 344.203 casos notificados, dos quais 10.312 foram classificados
como FHD. Houve 116.143 hospitaliza¢des, 158 oObitos e custo que excederam
a cifra de U$$ 103 milhdes (MACIEL, I. J., SIQUEIRA JUNIOR, J. B., &
MARTELLI, 2008).

Entre os fatores que contribuiram para a emergéncia da FD/FHD destacou-
se o0 rapido crescimento populacional e urbanizacdo da America Latina e
Caribe, o aumento do numero de pessoas se deslocando geograficamente

facilitando a disseminacdo da virose, e a circulacdo dos quatro sorotipos nas
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Américas gerando um estado de hiperendemicidade que aumenta o risco de

FHD e a pouca eficiéncia dos programas de controle do vetor (WHO, 1997).

2.1.2 Dengue no Brasil

No Brasil, a primeira epidemia documentada clinica e laboratorialmente
ocorreu em 1981-1982, em Boa Vista (RR), causada pelos sorotipos 1 e 4. Em
1986, ocorreram epidemias, atingindo o Rio de Janeiro e algumas capitais da
regido nordeste. Desde entdo, a Dengue vem ocorrendo no Brasil de forma
continuada, intercalando-se com a ocorréncia de epidemias, geralmente
associadas com a introducdo de novos sorotipos em areas anteriormente nao
atingidas e ou alteracdo do sorotipo circulante. Na epidemia de 1986, foi
identificada ocorréncia da circulagdo do sorotipo DENV-1, inicialmente no
estado do Rio de Janeiro, disseminando-se, a seguir, para outros seis estados
até 1990. Na década 90, foi identificada circulacdo de um novo sorotipo, 0
DENV-2, também no estado do Rio de Janeiro. A circulacdo do DENV-3 foi
reconhecida, pela primeira vez, em 2000, no estado do Rio de Janeiro e,
posteriormente, no estado de Roraima, em 2001. Em 2004, 23 dos 27 estados
do pais j4 apresentaram a circulacdo simultanea dos sorotipos 1, 2 e 3 do
DENV (NOGUEIRA et al., 2007; BRASIL, 2010). O aumento significativo da
incidéncia, reflexo da ampla dispersédo do Aedes aegypti no territdrio nacional
e, sobretudo nos grandes centros urbanos das regibes Sudeste e Nordeste do
Brasil, responsaveis pela maior parte dos casos notificados. As regiées Centro-
Oeste e Norte foram acometidas mais tardiamente, com epidemias registradas
a partir da segunda metade da década de 90 (MACIEL, I. J., SIQUEIRA
JUNIOR, J. B., & MARTELLI, 2008).

Os adultos jovens foram os mais atingidos pela doenca desde a
introducédo do virus no Brasil. No entanto, a partir de 2006, alguns estados
apresentaram a recirculacdo do sorotipo DENV2 apés alguns anos de
predominio do sorotipo DENV3. Esse cenario levou a um aumento no nimero
de casos, de formas graves e de hospitalizagbes em criangas, principalmente
no Nordeste do pais. Em 2008 foram notificados 585.769 casos e novas

epidemias causadas pelo sorotipo DENV2 ocorreram em diversos estados do
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pais, marcando o pior cenario da doenca no Brasil, em relacdo ao total de
internacbes e Obitos até a presente data. Essas epidemias foram
caracterizadas por um padrao de migracdo de gravidade para as criangas, que
representaram mais de 50% dos pacientes internados nos municipios de maior
contingente populacional. Mesmo em municipios com menor populacdo, mais
de 25% dos pacientes internados por Dengue eram criangas, ressaltando que
todo o pais vem sofrendo, de maneira semelhante, essas alteracdes no perfil
da doenca. No ano de 2009, foram notificados 266.285 casos de dengue,
representando um declinio de 52%, em relacdo ao mesmo periodo de 2008
(MINISTERIO DA SAUDE, 2013).

O cenério da situacao epidemiolégica da Dengue no Brasil de 1986 a
2010 estad demonstrado na figura 5, na qual se observa que apds significativo
aumento do numero de casos em 2002, ocorre uma diminuicdo do numero de
casos até 2004, que voltam a aumentar gradativamente, chegando a mais de
1.200.000 casos notificados em 2010 (CONASS, 2011). Na mesma figura se
observa na Uultima década um crescimento progressivo no numero de
internacdes por Dengue ou Febre Hemorragica da Dengue (chegando a mais
de 80.000 internacfes em 2010), indicando um aumento do nimero de casos
mais graves que demandaram internacdo hospitalar (MARZOCHI, 2011),

estas estimativas exigem medidas imediatas no controle da Dengue no Brasil.
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Figura 5: Casos notificados e internagdes por Dengue/FHD Brasil, 1986-2010.
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Fonte: Ministério da salde/ Secretaria de vigilancia Sanitaria.

2.1.3 Diagnostico Laboratorial

Clinicamente, o diagnostico da Dengue é dificil de ser realizado, pois o0s
sintomas sdo comuns a outras infeccbes febris agudas como a Malaria, Tifo,
Leptospirose, Sarampo, Rubéola, Gripe e varias Arboviroses. Deste modo é
importante considerar a confirmacado laboratorial da infeccdo pelo DENV, e
imprescindivel, em muitos casos, o diagndstico diferencial (GUBLER et al.,
1981). Além dos cuidados clinicos com os pacientes o diagndstico também
contribuem na vigilancia epidemiolégica, formulacdo de vacinas, deteccao
precoce de epidemias, com informacdes Uteis as autoridades sanitarias em
tempo habil para que sejam feitas a localizacdo e a concentracdo da
disseminagcdo da transmissdo do virus (OLLIVEIRA et al., 2011). Diversos

métodos podem ser empregados para o diagnéstico (Figura 6), que podem ser
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divididos em métodos direto tais como o isolamento do virus em cultura de
células, a deteccao do RNA viral pela reacdo em cadeia da polimerase,
associada a transcricdo reversa (RT-PCR), a deteccdao da proteina NS1
(antigeno viral) no sangue e em tecidos (0bitos) teste mais especificos, e testes
indiretos que usam a deteccdo de anticorpos especificos no soro testes mais
viaveis economicamente (GUZMAN et al., 2010). A janela ideal para o
diagndstico de uma infeccdo por dengue € mais ou menos a partir do inicio da
febre até 10 dias pés-infecgdo, no entanto, como nem todos os pacientes sao
diagnosticados dentro deste periodo, um teste de diagnostico ideal deve ser
sensivel, especifico e ser viavel independentemente do estagio da infeccéo
(PEELING, ROSANNA W. et al., 2010).

Figura 6: Comparativos de métodos laboratoriais diretos e indiretos para o

diagnéstico da dengue.
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Fonte: (PEELING, ROSANNA W. et al., 2010). Traduzida pela autora.

2.1.3.1 Isolamento Viral

O isolamento viral € considerado o teste padrao-ouro para o diagnostico

e sorotipagem das infecgcdes por DENV. O principal método utilizado para o
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isolamento viral pode ser conseguido por meio da inoculacdo da amostra de
sangue e ou soro em culturas de células, principalmente as originadas de
mosquito, como o clone C6/36 de Aedes albopicuts (SHU; HUANG, 2004; KAO
et al., 2005). Entretanto, essa técnica ndo é necessaria para diagnéstico de
rotina, mas sim para determinar o sorotipo do virus causador da infeccéo, para
fins de pesquisa e estudos epidemiologicos. Ressalta-se também a
necessidade de pessoal e laboratério especializados cujo resultado so6 € obtido
em uma a duas semanas (DATTA; WATTAL, 2010a). No Brasil, o isolamento
viral € realizado pelos Laboratérios de Saude Publica de Referéncia em

Dengue, pertencente a Rede Nacional de Laboratdrios do Ministério da Saude.

2.1.3.2 Diagndstico Molecular

O diagndstico molecular realizado pela RT-PCR, cujo alvo é a deteccéo
do genoma viral, tem um papel eficaz tendo em vista ser capaz de identificar de
forma rapida a presenca do virus durante a fase aguda da doenca e em
algumas metodologias, quantificar a carga viral (YAP et al., 2011). Entretanto, a
exigéncia de uma equipe treinada, a necessidade de varios equipamentos
especiais, bem como o custo elevado associado aos métodos moleculares tem

limitado sua aplicacdo como diagnéstico de rotina (DATTA; WATTAL, 2010a).

2.1.3.3 Diagnostico Sorolégico

O diagnostico soroldgico detecta anticorpos especificos para o virus da
Dengue e complementa o diagndstico viroldgico ou, quando este ndo é
possivel, serve como meio alternativo de diagndstico. O teste pode ser feito
através de varios métodos (inibicdo da hemaglutinagéo, teste de neutralizacao,
etc)) O ensaio imunoenzimatico ELISA (do inglés - Enzyme-linked
Immunossorbent Assay) € o mais utilizado, sendo de grande utilidade devido a
sua alta sensibilidade e facil execucdo (PAULA, DE; FONSECA, 2004).
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O ELISA tem sido usado para detectar anticorpos IgM na fase aguda e
na convalescenca, além dos anticorpos IgG anti-Dengue (Tabela 1). Os
anticorpos IgM sé@o melhores detectados a partir do quinto dia apds o inicio da
doenca, tornando essa técnica inviavel para um diagnostico precoce, ou seja,
nos primeiros dias de doenca (PAULA, DE; FONSECA, 2004; HALSTEAD,
2007; LIMA et al., 2010; BRASIL, 2011).

Tabela 1: Testes de ELISA para o diagnostico da dengue

Baseado em deteccdo de anticorpo,
Método Elisa IgM este método costuma positivar apds o

sexto dia da doenga;

Baseado em deteccdo de anticorpo,

este método costuma positivar a partir

do nono dia de doenca, na infeccéo
Método Elisa IgG primaria, e ja estar detectavel desde o

primeiro dia de doenga na infeccdo

secundaria;

Teste rapido, baseado na deteccao
Método Elisa IgM e IgG qualitativa e diferencial de anticorpos

IgM e 1gG, permite diagnostico ou

descarte.

2.1.34 Deteccdo do antigeno NS1

O NS1 foi reconhecido primeiramente como antigeno de fixacdo de
complemento solivel em cultura de célula infectada (BRANDT et al., 1970). O
antigeno de fixac&o foi reconhecido como uma glicoproteina viral de 46 KD
(SMITH; WRIGHT, 1985) e posteriormente denominado de NS1 (RICE et al.,
1985). A glicoproteina com cerca de 353 - 354 aminoé&cidos, que possui

elevada quantidade de aminoacidos e nucleotideos homélogos entre flavivirus,
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ndo faz parte da particula viral, mas é liberada das células infectadas pelo
DENV. Estudos preliminares tém mostrado que a proteina NS1 esta envolvida
na replicagdo do RNA viral, e foi encontrada em amostras da fase aguda do
sangue de pacientes com infec¢des priméarias ou secundarias. Isto sugeriu um
maior envolvimento desta proteina viral na patogenicidade do virus Dengue e
sua possivel utilizacdo como um marcador adequado para a referida infeccéo
(BLOK et al., 1992; YOUNG et al., 2000). Dentre as proteinas ndo estruturais, €
a mais conservada e apresenta elevado grau de reacdo cruzada entre os 4
sorotipos (ZAINAH et al., 2009a).

O NS1, encontrado no soro ou plasma durante a fase aguda da doenca,
tem oferecido um novo caminho para o diagndéstico precoce e rapido ainda na

fase inicia da infecgéo (figura 7).

Figura 7. Representacdo esquematica dos métodos empregados no

diagnéstico da Dengue conforme os dias de doenca.
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Fonte:http://www.health.qgld.gov.au/cdcg/index/dengue.asp. Acesso em:
10/11/2013. Adaptado pela autora.

O diagnostico pelo NS1 é uma ferramenta de andlise e € um teste

gualitativo, usado na detec¢cdo da antigenemia NS1 da Dengue pela técnica
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ELISA de captura. Esta auxilia no diagnoéstico sorolégico da doenca em
amostras colhidas principalmente até o terceiro dia do inicio dos sintomas e
seu desempenho equivale ao do RT-PCR, porém, ndo permite a identificacao
do sorotipo. Atualmente, ensaios imunoenzimaticos e imunocromatograficos
para a deteccdo da proteina viral NS1 estdo disponiveis no mercado. O
Ministério da Saude disponibiliza kits para o0 uso em amostras de unidades-
sentinela de monitoramento do virus da Dengue (BRASIL, 2011).

Dado ao importante papel do NS1 como marcador precoce da fase
aguda diversos sistemas de detecgcao, tais como imunocromatograficos
imunossensores tém sido desenvolvidos. Silva et. al. em seu trabalho avaliou
diferentes kits de deteccdo da proteina NS1 do virus dengue, tendo como
referéncia o isolamento viral (Tabela 2). De forma geral, os kits avaliados
podem ser empregados no diagndéstico, sempre associados a critério clinico e
epidemiolégico ou outros métodos laboratoriais (SILVA, F. G., DOS SANTOS
SILVA, S. J., ROCCO, I. M., DA, 2011).

Tabela 2: Sensibilidade para quatro kits testados para deteccdo de antigenos
NS1 em relacdo aos dias de doenca e intervalo de confianca. Adaptado (Silva
et al. 2011)

Kits analisados Sensibilidade Intervalo de confianca
_ (IC 95%)
(0-3 dias de doenca)
NS1 Ag Strip (Bio- Rad) 90,0% 79,8-95,3
Duo Test (Bioeasy) Strip 90,0% 79,8-95,3
Platelia NS1 (Bio-Rad) 93,1% 83,6-97,2
ELISA
Early ELISA NS1 85,7% 75,0-92,3
(Panbio)
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Atualmente, imunossensores para detec¢do do antigeno NS1 tem sido
bastante explorado na literatura através de diferentes abordagens. Os
trabalhos citados alcancaram 6&timos resultados e diferem entre si,
basicamente, quanto as técnicas de imobilizagdo dos anticorpos anti-NS1
sobre a superficie eletrddica, sensibilidade e possibilidade de amplificacdo dos
sinais (Tabela 3). Tendo em vista a importancia de um imunossensor que se
adéqie a todas as necessidades para um diagnéstico rapido, preciso,
miniaturizado e de baixo custo para deteccdo da NS1, ainda € necessério a

continuacdo das pesquisas na area

Tabela 3: Imunossensores para deteccao de anticorpos anti-NS1.

Método de Deteccao Limite de deteccao Referéncia

de imunossensor

Eletroquimico 12 ng/mL™ (DIAS et al., 2013)

Eletroquimico 0,33 ng/mL™? (CAVALCANTI et
2012)

Piezoelétrico 1,727/ug mL™ (WU et al., 2005)

As concentracdes da NS1 no inicio das infec¢cbes primarias e
secundarias variam entre 10 ng.mL* a 2 pg.mL?! e pode chegar até cerca de
50 pug.mL* (ALCON et al., 2002b; LIBRATY et al., 2002). Como a concentracdo
atingida no sangue pode ser considerada alta, este torna-se um alvo
relativamente facil de se detectar, ainda mais se considerado o ponto de vista
clinico, onde o interesse reside no diagnoéstico baseado na presenca ou
auséncia da proteina. Embora a sensibilidade das plataformas encontradas na
literatura apresente uma queda significativa nas concentragcdes dos anticorpos

anti-NS1 nas infec¢Bes secundarias, a busca por dispositivos com um limite de
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deteccdo menor € de grande interesse (KUMARASAMY et al., 2007; DIAS et
al., 2013).

Tomando como premissa a necessidade da realizacdo de métodos de
diagnésticos mais rapidos, praticos e de custo reduzido, os biossensores se
destacam, podendo ser desenvolvidos para serem usados em servicos
descentralizados com auséncia de ferramentas diagnoésticas. Por outro lado,
guando comparados aos testes imunocromatograficos para NS1 (ZAINAH et
al., 2009a), eles tém a vantagem de fornecer resultados guantitativos, além de
requererem amostras de reduzido volume, na ordem de poucos microlitros.

O diagndstico precoce, gracas a deteccdo do antigeno NS1 do DENV,
permite uma melhora consideravel no cuidado do paciente, possibilitando
também um tratamento apropriado, precoce, evitando as complicagdes graves
e desta forma auxiliando a dirimir a disseminagdo da doenca (MCBRIDE,
20009).

Neste contexto, o desenvolvimento de biossensores para captura do
NS1 representa uma alternativa para o diagndstico precoce, pois permitira a
deteccdo do DENV (na fase aguda) evitando a evolugédo para FHD e SCD,
resultando em maior sobrevida por parte dos enfermos. Deste modo é também
possivel a orientacdo de uma conduta médica mais rapida, sobretudo, quando
desenvolvidos biossensores sob a forma de “point-of-care-testing” (SOPER et
al., 2006).

2.2 Biossensores

Nas ultimas décadas as ciéncias analiticas tém apresentado um avanco
consideravel relacionado a capacidade de obtencéo de informacdes quimicas
em diversos sistemas, proporcionando um alto desenvolvimento analitico,
resultando na automacdo, miniaturizacdo e simplificacdo destes dispositivos
estudados (MURPHY, 2006). Neste ambito, os biossensores tém adquirido
primordial importancia devido a possibilidade de analises de processos
sintéticos ou bioldgicos, bem como a compreensdo dos mesmos (ZHANG et
al., 2000). Deste modo, tém sido utilizados em diferentes areas, e setores da

indastria, como as de alimentos, farmacéuticas, clinicas e na agricultura, tendo

37



como base a necessidade de métodos analiticos rapidos, exatos e confiaveis
na determinacdo das espécies de interesse. Outrossim, 0s biossensores
propiciam anélises com monitoramento continuo e em tempo real em tempo
real, substituindo técnicas analiticas destrutivas ou que venham a exigir
elevadas quantidades de amostras, aumentando sua potencialidade para o uso
comercial (MURPHY, 2006).

Biossensores sdo dispositivos capazes de providenciar informacéo
guanti ou semi-quantitativa usando moléculas biolégicas imobilizadas em um
transdutor (THEVENOT et al., 2001). Duas de suas principais caracteristicas
conferidas a esse tipo de sensor sao seletividade e especificidade. Tais
peculiaridades séo atraentes viabilizando o desenvolvimento de diferentes tipos
de biossensores aplicados a analises em tempo real de amostras diversas.

Os biossensores sao formados fundamentalmente por uma superficie,
um componente biolégico receptor com um elemento conversor e o transdutor.
A interacdo do analito com o bioreceptor produz um sinal quimico captado
medido pelo transdutor que o converte em um sinal elétrico mensuravel. A
figura 8 ilustra o principio do funcionamento de biossensores (COLLINGS;
CARUSO, 1997; WILSON; GIFFORD, 2005; VO-DINH; CULLUM, 2008).

Figura 8. Representacdo esquematica dos elementos constituintes de um

biossensor.
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Fonte: Elaborada pela autora.
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A molécula biolégica que reconhecera o analito de interesse é
imobilizada no transdutor. O conhecimento do método adequado de
imobilizagdo € muito importante uma vez que este procedimento influi em
muitas das caracteristicas desejaveis para os biossensores (MARQUES;
YAMANAKA, 2008). Segue na tabela 4 a representacao das principais técnicas
de imobilizacao e suas caracteristicas.

Na construcdo dos biossensores, a biocompatibilidade da superficie
eletrbnica e a imobilizacdo das moléculas constituem fatores responséveis pelo
bom desempenho e estabilidade do sistema (ZHANG et al.,, 2000; LOJOU,;
BIANCO, 2006). As moléculas mais utilizadas sdo as enzimas seguidas pelos
anticorpos, entretanto, diferentes moléculas de origem biolégica podem ser
utilizadas em biossensores como células, organelas, DNA, lectinas e outras
(LIU; LIN, 2007; CHINALIA et al., 2008). Existem ainda, os materiais abidticos
gue mimetizam moléculas bioldégicas como éteres de coroa e polimeros
molecularmente impressos (TAN et al., 2001; FRANZOI et al., 2009).
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Tabela 4: Principais metodologias de imobilizacdo de biomoléculas.

Tipos de imobilizacao Principio Desenho esquematico

Aprisionamento da
molécula biolégica dentro
dos espacos intersticiais -

das ligagbes covalentes ...l -
de um polimero insoluvel.

Ocluséao

|ff.e

Ligacdo covalente dos
grupos funcionais néao
ativos a grupos reativos
ligados na superficie
solida do suporte
insolavel.

Ligacdo covalente

Interagdo do tipo ibnica,
ligagbes de hidrogénio ou
hidrofébicas a superficie
do eletrodo.

Adsorcéo

Confinamento das
moléculas biolégicas em
pequenas esferas que
permitem somente a
Encapsulamento movimentac&o dos
substratos e produtos da
interacao molécula
biolégica substrato

Cada tipo de interacdo da molécula biolégica com o analito deve ser
previamente estudada a fim de verificar se a mesma sera passiva de deteccédo
pelo transdutor escolhido. Um exemplo disso € o biossensor biocatalitico
baseado em elementos que favorecem a ocorréncia de reacdes quimicas a
partir de um ou mais substratos, havendo a formac¢do de um ou mais produtos,
sem o0 consumo do biocatalisador, que pode ser regenerado e reutilizado

(MARAZUELA; MORENO-BONDI, 2002). Os tipos de biocatalisadores
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comumente utilizados sdo as enzimas, células e tecidos. O biossensor por
bioafinidade, de outra forma, envolve anticorpos e ou antigenos, ligacdo
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 transducédo (RI1ZZONI; HARTLEY, 2000).

O Transdutor, componente que processa 0 sinal no biossensor
transforma o sinal gerado no processo de reconhecimento analito/bioreceptor
em um sinal mensuravel. De acordo com o principio de energia envolvida na
transducdo, os transdutores podem ser classificados em: eletroquimicos
baseado em propriedades elétricas como corrente, potencial, condutividade,
resisténcia elétrica, etc. (amperomeétricos, condutimétricos, potenciométricos e
impedimeétricos) (WU et al., 2007), eletromagnéticos sdo baseados na analise
das variacbes na freqiéncia de oscilagdo de um cristal piezoelétrico
(microbalanca de cristal de quartzo, QCM, do inglés Quartz Crystal
Microbalance) (PAVEY et al., 2003), opticos baseado nos fendmenos de
ondas evanescentes (ressonancia de plasmon de superficie, SPR, do inglés
Surface Plasmon Resonance) (TANG et al., 2006) e os calorimétricos
(CHAUBEY; MALHOTRA, 2002). O transdutor a ser utilizado juntamente com o
material biolégico, deve detectar apenas um reagente ou produto especifico,
nao 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
variacfes das propriedades fisico-quimicas ocorreriam em funcéo da interacéo,
mas depende também de outros fatores como tempo de resposta, seletividade
e sensibilidade (RICCARDI et al., 2002).

2.2.1 Imunossesores

Quando o reconhecimento da molécula de interesse é dado pela
formagcdo de imunocomplexos, este biossensor recebe 0 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 et al., 2002).
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Existem diversos métodos através dos quais € possivel monitorar o sinal
resultante das interacdes antigeno-anticorpo (Ab-Ag) e obté-los na forma de
dados que possam ser tratados posteriormente. Estes dispositivos podem
monitorar as reag¢des imunologicas na superficie sensora com alta
sensibilidade e especificidade, sendo uma importante ferramenta para analise
da dindmica da interacéo antigeno-anticorpo (CHEN et al., 2009).

Os anticorpos ou imunoglobulinas séo glicoproteinas produzidas pelos
plasmadcitos em resposta a substancias estranhas ao organismo, 0os antigenos.
A caracteristica basica da reacdo antigeno-anticorpo é a especificidade,
representada por uma estreita relacdo de complementaridade entre as
estruturas  tridimensionais das duas moléculas (Figura 9). Esta
complementaridade permite a aproximagdo maxima entre os sitios de ligacao
das moléculas de antigeno, os epitopos e o anticorpo. As forcas de interacao
moleculares no complexo “antigeno-anticorpo” ndo sao covalentes (Van der
Waals, ligacdo eletrostatica, ponte de hidrogénio ou ligacdes hidrofobicas) e,
embora sejam individualmente fracas, a multiplicidade das unides leva a uma

consideravel energia de coeséo (TSEKENIS et al. 2008)

Figura 9: Desenho esquematico imunocomplexo.
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Fonte:http://drcercone.iculearn.com/bio2/wpcontent/uploads/Lectures/immune
%20system/Immune_system10.html. Acesso em: 20/12/2013.Adaptado pela

autora.
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22.1.1 Imunossensores eletroquimicos amperomeétricos

Os transdutores eletroquimicos sdo os mais comumente utilizados em
biossensores, principalmente por proporcionarem vantagens CcOMO:
simplicidade, rapidez na resposta, menor custo, elevada sensibilidade,
portabilidade e serem compativeis com as tecnologias de micro fabricacéo (JIN
et al., 2007).

Biossensores eletroquimicos tém como principio basico a deteccdo de
espécies eletroativas consumidas e ou geradas durante o processo de
interacdo do elemento biolégico com seu substrato especifico (MEHRVAR,;
ABDI, 2004). Esses sensores sdo projetados através do acoplamento de
moléculas biolégicas a superficie eletrédica, que respondem ao serem
aplicados impulsos elétricos, tais como corrente (1) ou potencial (E) (SADIK et
al., 2009).

A deteccéo de glicose usando a enzima glicose oxidase acoplada a um
eletrodo para oxigénio de Clark foi o primeiro biossensor amperométrico,
desenvolvido por Updike e Hicks Revisdo Bibliografica 21 em 1967
(HABERMULLER et al., 2000). Desde entdo, enzimas tém sido usadas em
conjunto com diferentes materiais de eletrodo para produzir biossensores
amperomeétricos. Os biossensores amperomeétricos sao assim denominados
devido ao seu mecanismo de transducédo. Durante as medidas amperomeétricas
€ mantido um potencial constante entre o Eletrodo de Trabalho (ET) e o
Eletrodo de Referencia (ER). A corrente gerada pela oxidagdo ou reducao de
espécies eletroativas na superficie do Eletrodo de Trabalho é medida e o sinal
gerado é diretamente proporcional a concentracdo das espécies eletroativa
(SCHUHMANN et al.,, 2000; LOWINSOHN et al., 2006). Essa corrente
observada a partir de oxi-reducéo é faradaica, denominada assim por obedecer
a lei de Faraday, a qual a corrente faradaica gerada € produzida pela reagédo
redox de espécies eletroativas na superficie sensora, sendo diretamente
proporcional a concentracdo do analito (CHAUBEY; MALHOTRA, 2002). Este
processo obedece a lei de Faraday, a qual determina que a quantidade de
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reagentes formados ou consumidos na interface do eletrodo € proporcional a
corrente (LOWINSOHN et al., 2006).

Os biossensores amperométricos se classificam em trés geracgdes,
podendo ser de primeira, segunda e terceira geracdo, de acordo com o
processo envolvido na transferéncia de cargas, reconhecimento do analito,
geracdo e processamento do sinal (i) pela eletroatividade do substrato ou
produto enzimatico - biossensores de primeira geracao; (i) pelo auxilio de
mediadores, livres em solugdo ou imobilizados juntamente com a enzima -
biossensores de segunda geragdo - e, finalmente, (iii) pela transferéncia
eletrénica direta entre a superficie do eletrodo e o centro ativo da enzima -
biossensores de terceira geracdo (FREIRE; PESSOA, 2003).

No caso de imunossensores eletroquimicos, o monitoramento da
corrente elétrica pode ser feito através do uso de marcadores da reacédo, tendo
em vista que a reacdo é de afinidade entre o anticorpo e o antigeno. Sendo
assim, o anticorpo ou o antigeno pode ser marcado, por exemplo, com
fluoréforos, particulas magnéticas e enzimas. A biomolécula marcada com
enzima é conhecida como conjugado. Por conseguinte, a medida da corrente
elétrica sera correlacionada em funcao do produto da reacdo enzimatica apos a
adicao do substrato na célula eletroquimica. Portanto, a revelacéo da interacao
antigeno-anticorpo segue o mesmo principio dos biossensores cataliticos,
porém a determinac¢do do analito € baseada na reacdo de afinidade e nédo na
reacdo catalitica (THEVENOT et al., 2001; RICCARDI et al., 2002).

Além dos biossensores amperométricos que utilizam marcadores (label)
para a deteccdo do analito como foi visto anteriormente, é possivel realizar o
monitoramento do analito sem o uso de marcadores (label free) (Figura 10). Na
literatura é crescente o numero de trabalhos sem o uso de marcadores (WU et
al., 2007; LEE et al., 2007). Essa configuracdo de biossensor oferece algumas
vantagens em relacdo aos sistemas que utilizam marcadores: deteccdo em
tempo real, menor custo da andlise, reducdo nas etapas de manipulacéo e
reducdo nos resultados falso-positivos (DANIELS; POURMAND, 2007,
NIRSCHL et al.,, 2011). Nesse biossensores a deteccdo € baseada nas
mudancas das propriedades elétricas da superficie, por exemplo: aumento na
constante elétrica e resisténcia, na presenca da molécula-alvo.
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Figura 10: Desenho esquematico de imunossensores amperométricos que

utilizam marcadores (label) e sem o uso de marcadores (label free).
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Fonte: Elaborada pela autora.

2.2.2 Técnicas eletroanaliticas

A eletroquimica surgiu como uma ferramenta para diversos tipos de
analises e posteriormente associada a uso dos biossensores. As técnicas
eletroanaliticas possibilitam estabelecer relacdo entre a concentracdo do
analito e as propriedades elétricas como: corrente, poténcia, condutividade,
resisténcia e cargas elétricas. A técnica se refere a fendmenos quimicos
associados a transferéncia de elétrons, que podem ocorrer homogeneamente
em solucdo, ou heterogeneamente na superficie do eletrodo (LOWINSOHN et
al., 2006).

As técnicas eletroanaliticas apresentam vantagens frente as técnicas

tradicionais. A principal delas é a possibilidade, na maioria das vezes, de
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analises direta da amostra sem a necessidade de etapas de separacao ou pré-
tratamento (POWER; MORRIN, 2013). Aléem disso, pode favorecer opcodes
vidveis para mediar fproblemas na constru¢do de novos métodos para o
diagnéstico clinico (JUSTINO et al, 2010). Uma das vantagens da
eletroquimica em relacdo a quimica convencional € a ndao utilizacdo de grandes
guantidades de reagentes nas analises eletroquimicas, além do facil controle
de varidveis que combinadas de formas diversas levam a técnicas
eletroquimicas particulares, tais como: voltametria ciclica, voltametria de onda
guadrada, voltametria de pulso diferencial, dentre estas, a voltametria ciclica

teve destaque neste trabalho.

2.2.2.1 Voltametria Ciclica

A Voltametria ciclica compreende um grupo de métodos eletroanaliticos
nos quais as informacfes sobre a concentracdo do analito sdo derivadas a
partir das medidas de corrente em funcéo do potencial aplicado sob condicbes
de completa polarizacdo do eletrodo de trabalho, através do uso de
microeletrodos (KIMMEL et al., 2012). Consiste numa técnica de varredura
reversa do potencial, onde o potencial aplicado ao eletrodo é variado numa
velocidade conhecida, e ao atingir o potencial final desejado, a varredura é
revertida ao valor inicial, na mesma velocidade (LINDINO et al., 2006). Obtém-
se, como resposta a essa perturbacao, por exemplo, um par de picos, catddico

(Ipc) e anddico (Ipa) (Figura 11).

Para a realizacdo da técnica, € necessario um potenciostato com
gerador de programa de potencial, conectado a um computador para registrar
os graficos de corrente em funcéo do potencial, de uma célula convencional de
trés eletrodos e uma solugcéo contendo o analito e eletrélito suporte. Obtém-se,
como resposta a essa perturbacao, por exemplo, um par de picos, catodico e
anddico. Para conseguir isso, aplica-se uma voltagem chamada onda triangular

a célula eletrolitica (Figura 11).
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Figura 11: Representacdo grafica da técnica de voltametria ciclica: (a) variacdo
linear do potencial vs tempo e (b) voltamograma ciclico onde observa-se,
potencial do pico anddico e catddico (Epa e Epc) e corrente de pico anodico e

catodico (Ipa e Ipc), para uma reacao reversivel.
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Fonte: BARD & FAULKNER (2006) e BRETT & BREET (1993).

Considerando os parametros eletroquimicos mais importantes, ou seja,
0s potenciais de picos catodicos e anddicos (Epc e Epa), as correntes de picos
catédico e anddico (Ipc e Ipa) e os potenciais de meia onda (E12) ou pico de
meia altura (Ep2).E possivel também analisar o processo eletrédico ocorrido, a
dependéncia do potencial e da corrente com a variagdao da velocidade de
varredura, com a concentragdo da substancia eletroativa a partir da adicdo de
eletrofilos ou protons, com analise baseada em testes de diagnosticos. Isso
permite obter informacdes importantes de reversibilidade e irreversibilidade e
do processo de transferéncia de elétrons, da presenca de reacbes quimicas
acopladas, adsorcéo e fenbmenos cataliticos, além de se poder caracterizar o
fendbmeno que controla a corrente de pico (REIS et al., 2009). Geralmente a
propria feicdo da onda € que é indicativa de processo reversivel; presenca de
um par de picos (catddico e anddico) de mesma altura, com potenciais de picos
separados por uma distancia de 59/n mv (caso as espécies oxidadas e

reduzidas sejam estaveis). JA o espectro eletroquimico de um sistema
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irreversivel evidencia a completa auséncia de pico reverso, apesar de esse nao
ser o unico critério de analise (GRIESHABER et al., 2008).

2.2.3 Tecnologia de eletrodos impressos

O desenvolvimento de eletrodos impressos de carbono (EIs) ou screen
printing tem atendido a demanda do mercado oferecendo um completo sistema
de eletrodos projetados com grande simplicidade, economia, alta
reprodutibilidade e facilidade de fabricagcdo (BERGAMINI; ZANONI, 2005). Por
estas raz0es, 0 uso dessa tecnologia na producao serial de eletrodos para a
determinacao eletroquimica de uma ampla faixa de substancias esta em pleno
crescimento. (NASCIMENTO, VALBERES B.; ANGNES, 1998).

Este tipo de configuracdo de eletrodos é baseado na deposicéo de finos
filmes sobre substratos inertes, sendo bastante adequada para produgdo em
massa de dispositivos portateis. Os Els (figura 12) sado produzidos a partir da
impressao de diferentes tintas e varios tipos de substratos inertes, a maioria de

PVC policarbonato poliéster ou ceramica (WANG et al., 2008).

Figura 12: Desenho esquematico da fabricacdo de eletrodo impresso de

trabalho.
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Fonte: Elaborado pela autora.
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Um dos principais aspectos dos Els, que os tornam extremamente
atrativos quando se busca o desenvolvimento de sensores comerciais, é a
possibilidade de total automacdo na fabricacdo de um sistema completo
contendo os eletrodos de trabalho, auxiliar e referéncia, todos impressos no

mesmo suporte (figura 13).

Figura 13:. Desenho esquematico de eletrodo impresso com sistema tri-

eletrédico.
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Fonte: Elaborado pela autora.

Tintas de carbono ou metédlicas (platina, ouro e prata) tém sido
comumente utilizadas para impressao de sensores. Em patrticular, as tintas de
carbono tem se destacado como filme condutor mais utilizado na fabricacao de
Els, 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). O material impresso
pode ser alterado pela adicdo de diferentes substancias, tais como metais,

enzimas, polimeros, agentes complexantes, dentre outros. Assim, a
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seletividade e a sensibilidade requeridas para cada analise € determinada pela
composicdo da pasta utilizada para impresséo dos eletrodos (RENEDO et al.,
2007).

A modificacdo dos Els com diferentes mediadores quimicos tem sido
uma alternativa comum nos sistemas de deteccédo, obtendo dispositivos cada
vez mais seletivos (AVRAMESCU et al., 2002). O uso desses compostos no
desenvolvimento de Els possui muitas vantagens, dentre elas estdo: aumento
da reprodutibilidade; medidas menos dependentes da concentracdo de O,
determinacao do potencial de trabalho do eletrodo pelo potencial de oxidacao
do mediador e diminuicdo da interferéncia de espécies indesejadas
(CHAUBEY; MALHOTRA, 2002). Em geral, o mediador é misturado
diretamente a pasta a ser utilizada na fabricacdo dos eletrodos. O seu papel é
estabelecer uma espécie de contato elétrico entre o sitio ativo da enzima e a
superficie sensora, através do seguinte mecanismo: o mediador sofre um
processo de redugdo no sitio ativo da enzima, reconduzindo-a a seu estado
fundamental, em seguida o mediador sofre um processo de oxidagdo na
superficie do eletrodo, sendo também reconduzido ao seu estado fundamental,
completando um ciclo que restaura a enzima e o mediador (MELLO; KUBOTA,
2002).

2.3 A nanotecnologia no desenvolvimento de biossensores

eletroquimicos

Com o exponencial desenvolvimento nos ultimos anos da ciéncia em
nanoescala, alguns termos surgiram para instituir essa area do conhecimento:
o termo nanociéncia vem sendo utilizado para descrever a preparacdo e o
estudo do comportamento de materiais em escala nanométrica, enquanto que
o termo nanotecnologia se refere ao desenvolvimento e aproveitamento desses
materiais com propriedades diferenciadas ou potencializadas (ISLAM;
MIYAZAKI, 2009).

A nanotecnologia tem assumido um papel importante no

desenvolvimento de biossensores (VASHIST et al.,, 2012). A utilizacdo de
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materiais na escala nanométrica (em termos gerais, uma particula €
considerada nanométrica quando apresenta um tamanho inferior az 100 nm)
em biossensores tem permitido aumentar a quantidade de proteinas
imobilizadas na superficie do transdutor, promover a reagdo eletroquimica e
aumentar o sinal do bioreconhecimento. A sensibilidade sera o maior atributo
gue o uso de nanomateriais oferece na constru¢cao de um biossensor (ZHANG
et al., 2009).

2.3.1 Nanotubos de carbono

Durante varios séculos, o diamante e o grafite eram os Unicos materiais

conhecidos formados somente por carbono. Em 1985, o0s cientistas
descobriram que os atomos de carbono também podiam se organizar no
espaco como bolas, os fulerenos (TERRONES, 2004). As pesquisas cientificas
envolvendo  estruturas baseadas em carbono puro  cresceram
significativamente apos a descoberta dos fulerenos, o que ocasionou um maior
interesse no estudo dessas estruturas, levando a descoberta de uma série de
novas formas, como os nanotubos de carbono (NTCs), os quais foram obtidos
por Lijima em 1991 como subproduto na sintese de fulerenos (SOUZA, 2007)
2007). Desde entdo numerosas pesquisas tém sido feitas para elucidar o uso
deste nanomaterial em distintos dispositivos.
Os NTCs possuem uma das mais simples composi¢cdes quimicas e
configuracbes atbmicas, mostrando uma diversidade de riqueza entre o0s
nanomateriais (RIVAS et al., 2007). Desde a sua descoberta, os NTCs foram
objeto de inumeras investigacbes devido a sua estrutura original conter
propriedades eletrbnicas e mecanicas que os tornam um material muito atrativo
para uma gama de aplicagcdes (SGOBBA; GULDI, 2009).

A estrutura quimica dos nanotubos de carbono é formada por uma folha
de grafeno enrolada (que consiste em um arranjo bidimensional de atomos de
carbono com hibridizacdo sp2, ligados em hexagonos (Figura 14), cujo
empilhamento resulta na estrutura do grafite), em dimensdes nanométricas,
formando uma cavidade interna oca (AWASTHI et al.,, 2005; RIVAS et al.,

2007).
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Figura 14: Estrutura quimica basica dos nanotubos de carbono.

Fonte: www.fp6-nano.com/2007/wp-content/uploads/Buckytubes2.jpg. Acesso
em 16/012/2013.

Estruturalmente, os NTCs podem ser divididos em duas classes: 0s
Nanotubos de Carbono de Unica Parede (NTCsUP) e Nanotubos de Carbono

de Mdltiplas Parede (NTCsMP), representados na Figura 15.

Figura 15: llustracdo dos Nanotubos de Carbono de Unica Parede (NTCsSUP)
(a) e os de Carbono de Mdltiplas Parede (NTCsMP) (b).

Fonte: http://www.omicsonline.org/2157-7439/2157-7439-3-e121.php. Acesso

em: 20/12/2013.
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Nanotubos de carbono de Unica parede sdo formados por um dnico
cilindro de grafeno e podem ser obtidos isoladamente ou em bandos contendo
dezenas de nanotubos (GROBERT, 2007). A maneira pela qual a folha de
grafeno é enrolada determina a estrutura dos nanotubos e suas propriedades.
Um nanotubo pode ser construido a partir de uma folha de grafeno enrolada de
tal forma que coincidam dois sitios cristalograficamente equivalentes de sua
rede hexagonal (VASHIST, 2012).

Os nanotubos de carbono de mdultiplas paredes sao constituidos de dois
ou mais cilindros concéntricos de grafeno espacados uns dos outros por 0,34
nm, de maneira analoga a separacao existente entre os planos (002) do grafite
(BELIN; EPRON, 2005). A interacdo existente entre estes tubos é do tipo Van
der Waals. Vérios estudos demonstram que o uso de eletrodos modificados
com NTCsMP contribui favoravelmente para detec¢des analiticas por resultar
em dispositivos de sensibilidade elevada, além de sua estabilidade e baixo
custo (HEGDE et al., 2009).

Os NTCs tém encontrado varias aplicagdes, dentre elas: ponteiras para
microscopia de varredura por sonda, como transistores de efeito de campo,
retificadores eletrbnicos, eletrodos para supercapacitores e para sensores
(RIVAS et al., 2007; HEGDE et al., 2009). A primeira aplicacdo dos NTCs para
biossensores foi proposta em 1996 por (BRITTO et al.,, 1996)BRITTO et al.
(1996). Desde entdo, NTCs vém sendo usados para preparacao de diversos
biossensores, aumentando a eficiéncia das interacfes eletrodo-proteina,
resultando em correntes faradaicas muito mais altas.

Os NTCs tém elevada razéo area superficie/volume, alta condutividade
elétrica, boa estabilidade quimica e resisténcia mecéanica. Além disso,
conferem aos eletrodos modificados maior area eletroativa, promovem reacdes
de transferéncia de elétrons e baixos sobrepotenciais, melhoram a
reversibilidade de alguns processos, permitem melhor imobilizacdo de enzimas,
antigeno, anticorpo, acidos nucléicos(OU et al., 2007; REZAEI; DAMIRI, 2008).

Diversas vantagens da aplicacdo dos NTCs ainda ndo foram
completamente exploradas por causa da dificuldade em se obter NTCs
dispersos; embora os NTCs sejam solubilizados por meio da funcionalizac&o
de suas paredes. Através da modificacdo dos NTCs €& possivel torna-los
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seletivos. Isto pode ser alcancado pela correta funcionalizagcdo conjugando
grupos reativos, tais como grupos carboxilicos ou aminas, assim os NTCs séo
imobilizados facilmente e ficam mais estaveis na superficie do eletrodo. Tal fato
€ muito interessante para o desenvolvimento de biossensores em que as
ligacdes de materiais biolégicos sdo desejadas (FENG et al., 2003; YUN et al.,
2007).

2.3.2 Nanoparticulas Metéalicas

Os nanomateriais tais com as nanoparticulas metalicas sdo de extrema
importancia no campo da Nanotecnologia devido as suas propriedades fisicas
e quimicas, com vantagem na interacdo com biomoléculas que faz prever
inimeras aplicacdes a nivel biotecnolégico (SCHMID, 2011).

Indmeros sdo 0s empregos das nanoparticulas metalicas. Estas podem
ser usadas para a modificacdo da superficie de eletrodos, ou para modificar
moléculas biolégicas como enzimas, anticorpos ou oligonucleotideos
(MURPHY, 2006). Uma das fun¢cBes mais importantes das nanoparticulas é a
alta atividade associada com enzimas para muitas reagdes, especialmente as
nanoparticulas de metais nobres (EL-ANSARY, 2010). Tal propriedade
possibilita que estas sejam utilizadas em biossensores eletroquimico pela
capacidade de promover uma rapida transferéncia de elétrons entre o eletrodo
e a proteina (MURPHY, 2006; KAUSHIK et al., 2008).

2.4 Polimeros condutores em sensores

Os Polimeros Intrinsecamente Condutores (PIC) constituem uma classe
de materiais poliméricos que tem recebido especial interesse da comunidade
cientifica nos ultimos 30 anos devido ao seu enorme potencial de aplicacdes
nas mais diversas areas do conhecimento, todavia, o uso dos polimeros
conjugados em sensores é uma das aplicacdes que mais cresceu nos ultimos
anos(MULLER et al., 2011). Esse crescimento estd relacionado com a
possibilidade do uso de suas propriedades elétricas, eletroquimicas e éticas

para converter informacdes fisicas e quimicas, tal como concentracao,
54



atividade e pressao parcial num sinal analiticamente mensuravel (MEDEIROS
et al., 2012) .

Os sensores usando polimeros podem ser ferramentas de baixo custo
na qualificacdo ou quantificacdo de um grande numero de substancias
guimicas e bioldgicas, industrias farmacéuticas, ao diagnostico clinico e
deteccdo de armas quimicas e biologicas (D. KHODAGHOLY, G.G.
MALLIARAS, 2012).

Polimeros tém atraido muito interesse como matrizes para imobilizacédo
de biomoléculas, pois podem servir como intermedidrios nos processos de
interacdo entre o receptor e o0 analito e na transducdo do sinal com o objetivo
de melhorar o tempo de resposta, a sensibilidade e o limite de deteccédo de
biossensores para diversas aplicacdes que vao desde o diagnéstico de
doencas até determinacdo de contaminantes em agua (OLIVEIRA et al., 2013).

2.4.1 Hidrocloreto de Polialilamina (PAH)

Filmes poliméricos tém sido empregados em eletrodos quimicamente
modificados e usados no desenvolvimento de sensores para proteger a
superficie dos eletrodos de impurezas, bloquear interferentes, imobilizar
biocomponentes, incorporar mediadores e fornecer biocompatibilidade (SILVA;
CARAPUCA, 2006). Devido a grande variedade das caracteristicas dos
polimeros, suas propriedades podem ser exploradas conforme o interesse.
Dessa forma, o polimero eletroativo (eletrocatélise), o quimicamente ativo
(propriedades ligantes ou de troca-ibnica para pré-concentracdo) e o inerte
(apenas exclusédo de interferentes) sao frequentemente utilizados para
aplicacdes em dispositivos eletronicos inovadores (ZHAO et al., 2006).

Dentre os polimeros, o hidrocloreto de polialilamina (PAH) tem recebido
grande atencdo por sua estabilidade quimica em condicbes ambientais e
facilidade de polimerizacdo (HO et al., 2002). O PAH & um polieletrolito fraco
com uma natureza basica (pKa = 9,67; massa do monémero equivalente =
93,55) com partes hidrofilicas (grupos amina) e hidrofobicas (estrutura
hidrocarbbnica), cujas caracteristicas como densidade de carga e

conformacéo, em solucdo, podem ser alteradas com pH e forca idnica (ARIGA
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et al.,, 1997; COOPER; STONE, 1998). A estrutura quimica do PAH esta

representada na Figura 16.

Figura 16: Estrutura do polication PAH.

NH,+ Cl-

Fonte: chemistrytackexchange.com/ what-is-the-specific-structure-of-

polyallylamine-hydrochloride. Acesso em 20/12/2013.

O filme PAH tem sido frequentemente usado na preparacdo de
multicamadas, produzindo novos materiais multifuncionais para diversos fins,
gue vao desde sensores analiticos a membranas de nanofiltragcdo ou materiais
de liberacdo controlada (SILVA; CARAPUCA, 2006). Na quimica de
superficies, RUBNER et al. (1998) mostraram que a polaridade de uma
superficie pode ser alterada com a presenca de uma Unica bicamada de
polieletrélito adsorvido (YOO et al., 1998; BARROS, 2006).

Neste contexto, o PAH mostra-se como uma Otima matriz para a
imobilizacdo dos NTCs carboxilados (COO") que iré interagir eletrostaticamente
com os grupos NHsz* do PAH, favorecendo ao eletrodo uma superficie
nanoestruturada para a fabricagcdo de imunossensores (BARRETO, M. L., &
TEIXEIRA, 2008).
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2.4.2 Tiofeno

O tiofeno € um hidrocarboneto constituido por 4 atomos
de Hidrogénio (H) e um de Enxofre (S) ligados a 4 atomos de Carbono (C),
formando um pentagono regular podendo ser considerado, por isso, uma
molécula ciclica (Figura 17). Compostos analogos ao tiofeno sdo os furanos e
o pirrol os quais sdo respectivamente, o Oxigénio (O) e o Nitrogénio (N) no
lugar do enxofre. Devido a sua estrutura anelar e ao fato de possuir no anel um
elemento diferente do carbono (sendo os mais comuns o0 oxigénio, enxofre ou
nitrogénio), o tiofeno € um composto heterociclico (MCQUADE et al., 2000).

Tendo em conta a sua configuracdo eletrbnica, ele faz parte dos
hidrocarbonetos aromaticos visto que os elétrons que pertencem a segunda
ligacdo sdo capazes de se mover por todo o anel. Por esta razdo a formula
estrutural do tiofeno pode, e é geralmente representada por um circulo no
interior do pentdgono. O politiofeno (PT) possui boa mobilidade de cargas,
capacidade doadora de elétrons, alta estabilidade quimica, térmica e elétrica
(NOWACKI, 2011).

Figura 17: Estrutura do polication Tiofeno

Fonte: http://commons.wikimedia.org /wiki/ File:Thiophene_structure.png.
Acesso em 20/12/2013.
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As propriedades eletrénicas dos politiofenos e dos oligbmeros de tiofeno
estdo associadas a grande conjugacéao e deslocalizagao de elétrons 1T ao longo
da cadeira, responsavel pelo comportamento Otico ndo linear e pela
condutividade eletronica. E a densidade e a distribuicdo que determinam que
as moléculas de tiofeno comportem-se como condutores para a captura de
eletricidade.(SANTOS, 2008).
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3 OBJETIVOS

3.1 Objetivo geral

Avaliar a contribuicdo de nanomateriais em imunossensores voltados para a

deteccdo de NS1, um marcador da fase aguda da dengue viral.

3.2 Objetivos especificos

1 Modificar quimicamente as superficies dos eletrodos de carbono vitreo

com base na deposicao dos NTCs-COOH e incorporacédo do filme polimérico;

2 Caracterizar a superficie modificada com NTCs-COOH e PAH por
microscopia eletrénica de varredura (MEV) e microscopia de for¢ca atbmica
(AFM);

3 Otimizar parametros experimentais empregados nha deteccdo dos

anticorpos NS1 dos immunosensores;

4 Viabilizar a realizagdo do imunoensaio completo do tipo “sanduiche”,
usando como principio a captura do antigeno NS1 do DENV e a sua detecc¢éo

através de um sistema enzimatico da reacdo com a peroxidase;

5 Elaborar eletrodos impressos associados com monémero Tiofeno para

constituirem plataformas descartaveis para deteccéo da NS1,;
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6 Caracterizar as respostas dos imunossensores, através da técnica da

voltametria ciclica;

7 Estabelecer a curva de calibracdo dos imunossensores para a deteccao

da NS1 obtidos de amostras comerciais em tampao;

8 Caracterizar o sistema dos imunossensores propostos quanto a sua
sensibilidade, especificidade e reprodutibilidade das suas respostas em
amostras sanguineas; CEP/UPE 193/09.
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Abstract

BACKGROUND: A sensitive nanostructured immunoelectrode based on poly(allylamine) (PAH) sandwich is developed for non-
structural 1(N51) of dengue virus. N51 is a secretory protein abundant in the acute phase of disease associated to hemorrhagic
fever. Anti-NS1 antibodies are immobilized on the electrode surface by a thin layer of PAH assembled on carboxylated carbon
nanotubes (CNTs). PAH is cationic polymer acting as bi-functional agent to tightly attach CNTs to the electrode surface and
anti-NS1 antibodies through their Fc terminal, avoiding random immobilization. Electrochemical responses of immunoassay
are generated at a controlled potential by a reaction between H;0; and peroxidase enzyme conjugated to anti-NS1 antibodies.

RESULTS: The immunosensor developed exhibited a linear range to NS1 varying between 0.1 ng mL" and 2.5 ug mL™, with
clinical range for early diagnostic of acute dengue and a limit of detection of 0.035 g mL™" that is much lower than the
concentration observed from the first day after the onset of fever up to the 9th day. Serum samples are also tested showing
good accuracy and specificity.

CONCLUSIONS: Animmunosensor for NS1 protein of dengue virus was developed. This versatile and reproducible PAH-sandwich
platform can be applied to other inmunoassays to give reliable and highly sensitive responses.
(€ 2014 Society of Chemical Industry

Keywords: poly(allylamine) film; carbon nanotubes; NS1; dengue virus; immunosensor
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INTRODUCTION

Dengue fever is a disease causing successive epidemics in many
tropical and subtropical regions of the world.! It is estimated
that 50-100 million dengue cases occur annually, ranging from
mild fever to life-threatening dengue hemorrhagic fever (DHF)
and dengue shock syndrome (DSS).? DHF is associated with
thrombocytopenia, coagulopathy, acute inflammation, frequent
hepatomegaly, and, most importantly, plasma leakage, with
which the risk of fatal hypovolemic shock (DSS) is associated.**
Rapid and easy diagnosis of dengue can assist patient trials and
care management. Recently, the non-structural 1 (NS1) protein of
dengue virus has been proposed as a predictive marker of DHF 5%
Enzyme-linked immunosorbent assays (ELISA) for NST antigen in
serum samples have demonstrated that NS1 is present in high
concentrations during the early clinical phase of the disease” and
can be detected from the first day of onset of the disease.” More-
over, the NS1 protein is prevalent in all four serotypes of dengue
virus® Recently, point-of-care rapid diagnostic tests (RDTs) have
been proposed by offering a fast route to a presumptive dengue
diagnosis.”'® However, the RDTs have limitations regarding their
sensitivity since they offer only qualitative responses; so far they
cannot differentiate stages of disease that are correlated with
changes in serum levels of the N51. Alternatively, biosensors can
offer quantitative responses through a transducer that converts

biochemical reactions to an electrical measurable signal; besides,
they turn out to be a point-of-care assay.'" Some biosensors
based on electrochemical transduction have been proposed for
the detection of NS1,'%'* and have used the Cratylia mollis lectin
as bioreceptor. However, due to the reaction with glycoproteins
or carbohydrates, these biosensors present low specificity.

The development of a highly efficient antibodies immobilization
method is essential to obtain biosensors with high sensitivity
and specificity." In particular, in immunosensors (i.e. biosensors
for immunoassays), the way the antibodies are immobilized

]
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leaving their active sites prone to react with epitopes and also
a controlled and optimal amount of charge demanded are
important criteria for good performance.’ Herein, a strategy of
neon-random immabilization for anti-N51 antibodies is presented.
The orientation of anti-NS1 by the Fc terminal is carried out
through the PAH, due to its ability to form amide bonds.'%"”
Its linear structure favors the building of thin films in the sub-
nanometer range, which implies non-reducing electron transfer
charge at electrochemical sensors.'®1?

In recent years, possible applications for carbon nanotubes
(CNTs) have excited scientists and engineers due to their
excellent structural, electrical and mechanical properties.** For
electrochemical biosensors, CNTs enhance the electrochemical
reactivity of important electroactive species with faster ion-to-
electron transfer.2"** Moreover, they increase the electroactive
area permitting an increase of immobilized biomeolecules on
electrode surfaces.® Thus, it is possible to improve the
amperometric responses through CNTs on the electrode surface,
without any reinforcement of chemical mediators or other
compounds which may interfere with the analysis.”* When CNTs
are simply deposited on the carbon electrode surface it is difficult
to obtain reproducible and stable matrices dueto leaching of CNTs
because of their weak interactions with the electrode surface.*
In attempting to circumvent these difficulties, an amine polymer
film is assembled on the carben nanotubes surface in order to
ensure the CNTs are retained. Inthis assembly, PAH behaves as a bi-
functional linker towards carboxylated carbon nanotubes on one
side, and as anti-NS1 antibodies through their Fc portions, on the
other side. In this immunoassay, it is possible to measure the NS1
present in serum samples at concentrations in the clinical range for
dengue virus diagnosis with good reproducibility and sensitivity.

EXPERIMENTAL

Materials and reagents

Anti-dengue virus N51 glycoprotein mouse meonoclonal antibody
(Anti-N51) and dengue virus N51 glycoprotein were purchased
from Abcam (USA). COOH-functionalized multi-walled carbon
nanotubes (COOH-MWCNT) with an average diameter of ~10
nm, average length 1-2 pm and 95% purity were obtained from
DropSens (Spain) and the PAH polymer from Sigma-Aldrich (USA).
Dimethylfermamide (DMF), hydrogen peroxide (H;03) (30% wi/v)
and ethanol (99.3% v/v) were obtained from F. Maia (Brazil). All
the solutions used in the experiments were prepared in ultrapure
water (=18 MQ cm), obtained from a Milli-Q water purification
system from Millipore (USA).

Anti-NS1 antibody was labelled with horseradish peroxidase
(HRP) from Sigma (USA) according to Avrameas’ method.”” For the
coupling of HRP to anti-NS1, 12 mg of peroxidase were dissolved
in 1 mL of 0.1 mol L' phosphate buffer (pH 6.8) containing 5 mg
of anti-N51 antibody. While the solution was gently stirred, 0.05
mL of a 1% aqueous solution of glutaraldehyde was added. The
reaction mixture was left for 2 h at room temperature and then
dialyzed against two changes of 5 L of PBS at 4°C overnight. The
precipitate was removed by centrifugation for 30 min at +4°C and
20 000 rpm. This stock solution of peroxidase labeled-antibody
was kept at +4°Cuntil use.

A pool of serum samples consisted of five serum samples from
voluntary donors kindly provided by the Oswaldo Cruz Hospital
of the Pernambuco University, Brazil, according to the ethics
committee's recommendations. All voluntary donors were found
negative for dengue virus. The serum samples were collected

from venous blood and immediately centrifuged for 120 s at
3000g and stored at —20°C. The positive control was prepared by
spiking NS1 antigens in concentrations similar to those detected
in viremic dengue patients.?®

Synthesis of the anti-NS1 nanostructured electrode surface
Prior to modifications, the glassy carbon electrode (GCE) was
cleaned on a polishing cloth with 1.0,0.3,0.05 um alumina powder,
respectively, followed by sonication in water and 95% ethanol for
10 s to remove residual alumina particles. After cleaning, 10 pL
of a COOH-MWCNT solution previously dispersed in DMF was
pipetted onto the electrode surface and dried for 30 min at 40°C.
The COOH-MWCNT solution consisted of 1 mg of COOH-MWCNT
suspended in 1 mL of DMF and sonicated in an ultrasonic bath (40
kHz) for 2 h.'* After this coating step, forming COOH-MWCNT/GCE,
an aliquot (5pL) of the 2% (v/v) PAH aqueous solution was dropped
and left to react for 1 h at room temperature (~25°C) to promote
strong bonds with COOH-MWCNT.

To immobilize the Anti-NS1 on the nanostructured electrode,
an aliquot (5 pl) of the anti-NS1 solution (10 ug mL"') was
dropped onto the electrode surface and incubated for 1 h atroom
temperature. Non-specific bindings were blocked by incubating
the electrode surface in asolution of 50 mmol L glycine, prepared
in PB (pH 6.5, 10 mmol L") for 40 min.

The stepwise modification of the electrode surface was
accomplished by cyclic voltammetry (CV) at a potential ranging
from -0.2 to 0.8 V, at 100 mV s scan rate, in the presence of 5
mmol L KFe(CN)s/K4Fe(CN)g solution prepared in 0.1 mal L KCI.

Analytical responses to the NS1

The analytical responses of the immunosensor were obtained
by incubating the anti-NS1 nanostructured electrode surface
with 10 pL of NS1 antigen samples for 30 min. For analytical
responses, 10 L of anti-NS1-HRP (10 ug mL™") were pippeted onto
the NS1 coated electrode. Afterwards, amperometric responses
were generated by reaction between H;0; (0.75 mmol L'} and
peroxidase conjugated to anti-NS1 in PB (pH 6.5, 10 mmol L"), at
-0.2V potential vs. Ag/AgCl

Anti-NS1 nanostructured electrode surface characterization
and electrochemical measurement

Analyses using Fourier transform infrared (FTIR) spectra of the
samples were recorded using a Bruker IFS 66model FT-IR
spectrometer at 4000 to 400 cm™' by employing a standard
KBr pellet technique.

Scanning electron microscopy (SEM) images were obtainedin a
J5M 5900 (JEOL Instruments, Japan) at an acceleration voltage of
20 kV and a working distance of 0.5 pm.

Cyclicvoltammetry and amperometric experiments were carried
out on an Ivium Compact Stat potentiostat/galvanostat (lvium
Technologies, Netherlands) coupled to a microcomputer and
controlled by lvium Soft software. A conventional three-electrode
system using a glassy carbon electrode (GCE) with an area of 0.7
mm? as the working electrode, an Ag/AgCl electrode as reference
and a platinum electrode as an auxiliary electrode.

RESULTS AND DISCUSSION

COOH-MWCNT film on the electrode surface

One of the most important requirements in developing regular
and homogeneous COOH-MWCNT electrode surfaces, includes a
uniform and reproducible dispersion.”> Comparing five different

wileyonlinelibrary.com/jcth

(€ 2014 Society of Chemical Industry

JChem Technol Biotechnol (2014)

82



Dengue virus N51 protein with a poly(allylamine)/carbon nanotube layered immunoelectrode

3

SCl

WWw.s0ci.org

dispersing agents (DMF, ethanol, 5% nafion in ethanol, 1% SDS
and water] after sonication, DMF dispersion resulted in a black
and homogenous solution. Taking account that the stability of
the dispersion is also very important for preparing the modified
electrodeswith high reproducibility, the stability was then checked
by observing the mixture 24 h after sonication. In this case, DMF
dispersion was also most satisfactory, preventing coalescence and
aggregation. Except for DMF, all other dispersing agents yielded
COOH-MWCTNs either glued to the walls of vials or having large
aggregates. Thisfact can also be attributed to the anionic nature of
DMF, which provokes a more repulsive electrostatic force against
negatively charged carboxylated nanotubes.

Different methods to form a COOH-MWCNT film have been
employed; among them drop coating is one of simplest and was
chosen in this work. The morphelogy of CNT film mainly depends
on the temperature used for solvent drying, solvent type and
droplet size. Herein, solvent drying was fixed at 40°C due to
limitations of the glass carbon electrode used. Then, the droplet
size was investigated in order to yield a COOH-MWCNT coating
with a desired thickness. Modification of the electrode surface was
accomplished by CVs using KzFe(CN)gKsFe(CN)g as redox probe.
A gradual increase of the redox peaks with increase of the COOH-
MWCNT droplet size was observed (Fig. 1). However, analysis of
the cathodic and anodic current peaks ratio (Ipc/lpa) evidenced
a decrease of the electrochemical reversibility applying a droplet
size greater than 10 L, which may represent a non-homogeneous
CNT film (Fig. 1 inset). This non-homogeneity can be attributed
to the capillary forces induced by drying droplets that ball up the
CNTs or bundle and separate CNTs within the droplet creating
noncongruent layers. Thus, 10 pL droplet size was adopted in all
remaining experiments.

After preparation of the COOH-MWCNT/GCE film, the
electroactive area of the modified electrode was calculated
according to the Randles-Sevcik Equation.”

I, = (2.69x 10%) AD"2n3/2y1/2¢

where, | is the peak current value, A represents the electroactive
area of the electrode (cm?), D is the diffusion coefficient of the
probe molecule in solution (cm? 571), nis the number of electrons
involved in the redox reaction, v is the potential scan rate (V s

400

0 3 6 @ 42 15 18
COOH-MWCNT o)

. .
04 02 00 02 04 06 08 10
E (V) vs. Ag/AgCI

Flgure 1. Cyclic voltammograms of the electrode modified with different
COOH-MWCNT droplet size: (3) bare GCE; (b) 2.5 pL; (¢) 5 uL; (d) 10 pL; (e)
15 uL; and (f) 17.5 pL, in the presence of 5 mmol L KsFe(CN)s/KaFe(CN)s,
atascanrate of 100 mV ™. Inset: [,/I, (solid line) and area (dashed line)
depending on the COOH-MWCNT droplet size.

and C is the concentration of the probe molecule in solution.
Under these conditions, an increase of 87.7% in the electroactive
area was achieved in relation to the bare electrode, indicating a
good COOH-MWCNT coating.

PAH film on the nanostructured electrode

The effect of film thickness on electrochemical response was
evaluated changing the concentration of PAH selution (0.5, 1.0,
1.5, 20, 2.5, 3.0 and 3.5% v/v). The COOH-MWCNT/GCE modified
with 2% PAH showed the best performance, reaching 29%increase
ofthe anodic current and 23% of the cathodic one, when compared
with COOH-MWCNT/GCE. Although the insulating nature of PAH
can result in a decrease of redox peaks, herein, an increase of
the redox peaks of the negatively charged hexacyanoferrate was
possible due to the electrostatic attraction experienced with the
positively charged polymer.® Thus, a concentration of 2.0% PAH
was chosen for further experiments.

Scan rate studies were performed on the PAH/COOH-
MWCNT/GCE varying from 10 mV s to 120 mV s (Fig. 2.
The voltammograms presented highly symmetric redox peaks.
The currents of cathodic and anodic peaks increased linearly with
increase of the square root of the scan rate, indicating a diffusion
controlled electron transfer (Fig. 2 inset).

The stability of the PAH film on the electrode was checked by
performing 15 consecutive voltammetric cycles in the potential
range from -0.2 V to 0.8 V in 5 mmol L' K3Fe(CN)s/KsFe(CN)s
solution. The coefficients of variation were 0.04% and 0.09% for
anodic and cathedic peaks, respectively, indicating good stability
of PAH film. The results show a strong synergism between COOH-
MWCNT and PAH. Presumably, interactions formed between
carboxylated carbon nanotubes and PAH allowed a stable
immobilization matrix.

To characterize the interaction of COOH-MWCNT with PAH and
the consequent formation of the nanostructured film, analyses
using FTIR were performed. Figure 3(A), curve (a) shows the
CNTs FTIR spectrum with typical bands of the carboxylic groups
at 3436 cm” corresponding to molecular stretching of O-H
groups. Other peak was observed at 1633 cm”!, corresponding to
molecular stretching of C=0."%222 PAH spectra (curve (b)) show
a remarkable band around 3400 cm ™', which is associated with
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Flgure 2. Voltammetric profile of the PAH/COOH-MWCNT/GCE in 5 mmol
L KsFe(CN)s/KsFa{CN)s under different scan rates (10, 20, 40, 60, 80, 100
and 120 mV s™). Inset: Current at the anodic and cathodic peaks vs. square
root of the scan rate.
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Flgure 3. (A) FTIR spectra in transmission mode (a) COOH-MWCNT, (b) PAH, (c) PAH/COOH-MWCNT and ¢(B) SEM images of (a) bare GCE, (b) GCE modified

with COOH-MWCNT and (c) GCE modified with COOH-MWCNT and PAH.

primary amine groups of the polymer. Further, bands observed at
1608 cmv! and 1466 cm' that are associated with N—H asymmetric
bending and C-H stretch.2? The curve (c) shows the spectrum of
COOH-MWCNT after deposition of the PAH film, displaying bands
between 825 cm™ and 1380 cm™! which confirm the PAH-COOH-
MWCNT linkage.?>2°

The stepwise modification of the GCE surface with COOH-
MWCNT and PAH film under optimal conditions was accomplished
by SEM (Fig. 3(B)). Micrographs (a) and (b) show the bare GCE
and the COOH-MWCNT modified electrode, respectively. It is
observed that COOH-MWCNTs are deposited on the GCE forming
an irregular surface composed of entangled cross-linked fibrils.
COOH-MWCNT-modified electrode surface after the PAH film
depositionis shown inmicrograph (c). Theimage shows the COOH-
MCWCNTs also distributed as spaghetti-like structures, however,
brightness and contrast of the image were diminished, attributed
to the reduction of backscattered electrons and secondary effects
that are perturbed by the low-conductivity of polymer film?132

Immobilization of anti-NS1 on the PAH/COOH-MWCNT/GCE
A schematic illustration of the anti-NS1/PAH/COOH-MWCNT/GCE
electrode assembling and principle of the immunoassay by
H,0,-peroxidase reaction is shown in Fig. 4(A). PAH film is
assembled between the carbon nanotubes and biomolecules.
Due to its linear structure, the PAH permits bonds on both sides,
one side with COOH-MWCNT and the other with the anti-N51,
thus, acting as a bi-functional linker.

In order to electrochemically characterize the anti-NS1 immobi-
lization, cyclic voltammetric (CV) profiles of the electrode surface

were carried out using the K3Fe(CN)s/KsFe(CN)s as redox probe
(Fig. 4(B)). The electrochemical proprieties of the COOH-MWCNT
and PAH resulted in an increase of the catalytic activity, confirmed
by increase of the anodic and cathodic peaks compared with the
bare GCE and PAH/COOH-MWCNT/GCE3? After anti-NS1 immobi-
lization, a decrease in redox peak currents was observed. This same
behaviour also occurred after blocking the non-specific bindings
with incubation of the electrode in 50 mmol L' glycine solution.*

Optimization of experimental conditions

To investigate the optimum pH for enzyme activity of the anti-
NS1-HRP conjugate, a study of the pH influence on the catalytic
current was carried out. It was observed that the peak current
gradually increased when changing the solution pH from 5.5 to
6.5, and then decreased when the pH value was higher than 6.5.

The effect of the incubation time of NS1 antigen on the
amperometric response of the sensor was also investigated. This
allowed one to analyse the time in which interactions between the
NS1 antigen and previously immobilized anti-NS1 antibody are
considered maximum, i.e. with the maximum number of occupied
binding sites. It was observed that the amperometric signal
gradually increased with incubation time, achieving a plateau
at 60 min.

In order to obtain the maximum response, the work potential
of electrode vs. Ag/AgCl for amperometric measurements was
determined from catalytic response of the peroxidase. The
presence of the enzyme conjugate (anti-NS1-HRP) was established
by CVs in PB (pH 6.5, 0.1 mol L") at a scan rate of 100 mV 5.
Detection of the enzyme was based on the current produced by
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the displacement of ions from the redox process undergone by the
iron atom present in its structure, which may undergo oxidation
and reduction under certain conditions.*® Comparing the CVs
of NS1/anti-NS1/PAH/COOH-MWCNT/GCE in the presence of the
anti-NS1-HRP, a slight alteration was observed in cathodic peak
due to the process of iron charge transfer from the active centre
of enzyme.*® This slight alteration is observed even in the absence
of its enzymatic substrate (H,0;) showing that HRP conjugated
to anti-N51 is present and has an electrocatalytic response. When
0.75 mmol L' H20; was used, a significantincrease in the cathodic
peak (Ai = +20%) with a slight shift in potential E,c ~ -0.2
V and a decrease of the anodic peak were observed, indicating
an electrocatalytic reduction process of the enzyme with the
substrate. Also observed was a smaller cathodic peak at potential
of -0.1 V attributed to load transfer from the iron active centre
of the HRP enzyme and the surface. The optimal condition was
established at Ep: & -0.2V.

Analytical response of the immunosensor

The calibration curve was performed in different NSI
concentrations. The amperometric responses were obtained from
the cathodic peaks after the H,0; reaction was subtracted from
that of a blank (without H,0;). The reductions in the peak currents
were proportional to the NS1 concentrations in a linear range
from 0.1 to 2.5 ug mL(Fig. 5(A)). The data adjusted by a linear
regression equation showed a correlation coefficient of 0.997
(P < 0.01,n =8) and a low relative error (< 1%). Based on the RSD
of the blank sample and the slope of the calibration curve, the LOD
can be calculated as: LOD = 3(RSD/slope). This immunosensor
showed a LOD of 0.035 pg mL". Alcon et al.*® reported that the
NS1 antigen is found circulating from the first day after the onset
of fever up to the 9th day. In primary infection, NS1 levels ranged
from 0.04 to 2 pg mL" in acute-phase serum samples (up to
7 days) and in secondary infection, N5S1 levels ranged from 0.01
to2pugml'.
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The matrix effect on the analytical anti-NS1/PAH/COOH-
MWCNT/GCE responses was evaluated as shown in Fig. 5(B). A
negative dengue serumwas 1:1; 1:10; 1:50; 1:100; 1:250 and 1:500-
fold diluted and compared with a spiked N51 serum (with 5 pg
mL" NS1). All the dilutions were carried out using PBS (10 mmol
L', pH 7.4). The dilution curve obtained from negative serum
(curve I) was maintained practically constant demonstrating a
non-matrix effect. The limit of detection to distinguish the serum
was established at 1:250, which corresponds to approximately 0.02
g mL" NS1. Therefore, this proposed immunosensor is suitable
for NS1 detection in levels for diagnostic of dengue virus and has
good selectivity.

CONCLUSIONS

An electrochemical immunosensor based on the synergic effect
between PAH and carboxylated carbon nanotubes was developed
for NS1 protein detection. The strategy of PAH film assembled
on COOH-MWCNT ensured a stable nanostructured surface,
and simultaneously promoted Fc-oriented immobilization of
the anti-NS1. This uniform and homogeneous platform for
antibodies immobilization could be capable of detecting NS1
protein at levels in the clinical range for an early acute dengue
diagnosis.
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A thiophene-modified screen printed electrode (SPE) for detection of the Dengue virus non-structural
protein 1 (N$1), an important marker for acute phase diagnosis, is described. A sulfur-containing
heterocyclic compound, the thiophene was incorporated to a carbon ink to prepare reproducible screen
printed electrodes. After cured, the thiophene SPE was coated by gold nanoparticles conjugated to
Protein Ato form a nanostrutured surface. The Anti-NS1 antibodies immobilized via their Fc portions via
Protein A, leaving their antigen specific sites free circumventing the problem of a random antibodies
immobilization. Amperometric responses to the NS1 protein of dengue virus were obtained by cvdic
voltammetries performed in presence of ferrocyanide/ferricyanide as redox probe. The calibration curve
of immun osensor showed a linear response from 0.04 pg mL~" to 0.6 pg mL— " of N§1 with a good linear
correlation (r=0.991, p <0.05). The detection limit (0.015 pgmL ' N51) was lower than conventional
analytical methods. In this work, thiophene monomers incorporated in the carbon ink enhanced the
electroanalytical properties of the SPEs, increasing their reproducibility and sensitivity, This point-of-
care testing represents a great potential for use in epidemic situations, fadlitating the eardy diagnosis in
acute phase of dengue virus,

@ 2014 Elsevier B.V. All rights reserved.

1. Introduction

Dengue is a significant public health threat, with estimates of
50 to 100 million cases per year and around 3 billion people at risk
of infection, mainly in wopical and subtropical regions [1]. Infec-
tion can result in a broad spectrum of disease syndromes ranging
from an asymptomatic or mild infection, classical dengue fever
(DF), to the potentially fatal dengue haemorrhagic fever (DHF) and
dengue shock syndrome [2]. So far, there is no effective anti-viral
therapeutic on the market and suppeortive therapy such as fluid
replacement is the only treatment for severe forms of the disease.
An early and accurate laboratory diagnosis of dengue could assist
clinical management [3]. An ideal blood test for diagnostic should
be affordable and easy to use with high performance and sensi-
tivity to distinguish the acute-phase of dengue [4]. Additionally, it
should not be costly and not require several steps, being adaptable
at laboratory or at a point-of-care diagnostic without compromis-
ing its accuracy [5].

* Corresponding author. Tel.: +55 81 21268200,
E-mail address: rosa.dutra®ufpe br (RE Dutra).

hieep: [ fdx.doLorg 101016 ralanta 2014.06.009
0039-9140/& 2014 Elsevier BV, All rights reserved.

The most important development in dengue diagnostics in
recent years is the advent of the specific detection of dengue virus
NS1 antigen [6]. Enzyme-linked immunosorbent assays (ELSA) for
detecting the N51 were developed and demonstrated excellent
sensitivity and specificity in detection of dengue infections [6-8].
NS1 glycoprotein is circulating mosdy from days 1-6 after the
onset of clinical symptoms, with the peak NS1 antigen detection
occurring between days 3 and 5, in both primary and secondary
infections, and hence is an excellent diagnostic target for acute
dengue diagnosis [4,8]. Although the classical techniques are very
powerful for monitoring, they are ime consuming and are not
adaptable for in situ and real time detection, beyond require
skilled personnel [9,10]. Alternatively, rapid diagnostic test (RDT)
for NS1 detection based on immunochromatography was pro-
posed [11]. However, even if RDTs can provide opportunities for
point-of-care, they have limitations regarding detectability, once
their results are limited to a qualitative analyses (yes/no), becom-
ing difficult the diagnostic of the acute-phase of dengue that is
correlated with NS1 levels. Contrary, biosensors can supplier
quantitative responses through a transducer that converts bio-
chemical reactions in a measurable electric signal [12].

Electrochemical biosensors employing screen printed electrodes
have emerged as adequate tools for point-of-care testings. They have
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innumerous advantages, such as ease of mass production and versa-
tility [13]. Screen printed electrodes (SPEs) can combine good electro-
chemical proprieties and portability with simple and inexpensive
fabrication techniques, thus being a good strategy to accomplish
safety, disposable and quantitadve immunonsensors [14]. In the
fabrication of SPEs are used inks containing different chemical
compounds, polymers or functional linking that can printed onto
diverse type of plastic or ceramic substrates. The incorporation of
compounds in the inks used for printing on the electrodes is a
determinant factor for their selectivity and sensitivity required for
each analysis [15].

Thiophene monomer derivatives have been pointed as attrac-
tive compounds to prepare electrochemical sensor, because they
increase the conductivity, reduce the redox potential and improve
the thermal and electrochemical stability [16]. Herein, thiophene
monomers were incorporated into the carbon ink to form a
homogenous and conductive composite, supplying a sui@ble
signal amplification strategy to improve the electrochemical char-
acteristics of the SPE increasing the sensitivity due to higher
current densities and charge transfer across the interface elec-
trode-electrolyte. Furthermore, sensitivity of immunosensors can
be improved by increasing the amount of antibody immobilized on
the electrode surface. Variety of nanostructures materials, with
similar dimensions to biomolecules (antibodies, enzymes, DNA)
owning different sizes, shapes and exceptional properties; such as
metal nanoparticles (NP}, quantum dots, carbon nanotubes and
nanowires have employed for improvement of electrochemical
biosensors. Nevertheless, NP which has capability for in siw
synthesis onto the various composite films for antibody immobi-
lization can improve the electrochemical signal and adsorption
capacity of antibodies, and consequently enhance detection sensi-
tivity. Therefore, the use of NPs represents a promising integration
of electrochemical methods with new nanomaterials and electro-
active complexes for electrochemical immunosensing [17].

It is well-known that way as antibodies are immobilized on the
electrode surface affects the performance of an immunosensor. Fab
portions of antibodies should be free for recognizing and binding
to the epitopes of antigens. The Protein A extracted from Staphy-
lococcus aurews has high affinity to the Fc portion of immunoglo-
bulins from a variety of species, being widely used to promote an
oriented antibody immobilization [18]. When the Protein A was
used in a chromatographic assay, it was capable of binding antigen
at over 80% of their theoretical capacity, because of the increased
strength of the couple between the antibody Fc portion and
protein A [19]. Stable and oriented immobilization of antibodies
combined with the electrochemical advantages of thiophene as
chemical modifying compound allowed a accurate detection of
NS1. No labels were necessary when the antigen-antibody inter-
actions were registered. The method described herein involves
one-step preparation process and represents an advance in the
production of SPEs for point-of-care testing.

2. Experimental
2.1. Materials and reagents

2.11. Chemical reagents and materials

Electrodag PF-407 C carbon ink with a density of 1.13 kg cm ™2
was acquired from Acheson Henkel Corporation (Port Huron, MI,
USA). Thiophene, protein A-conjugated gold nanoparticles {PtnA-
AuNP) with approximately 20 nm (P6855), potassium ferricyanide
(K4 Fe(CN)g]), potassium ferrocyanide (Ks[Fe (QN)g]) and glycine,
were acquired from Sigma-Aldrich (St Louis, MO, USA). Phosphate
buffer saline (PBS) (10 mmol L=, pH 7.4) used in all experiments
was prepared by dissolving 0.2 g KCI, 8.0 g NaCl, 0.24 g KH,PO0,

and 1.44g NaHPO,, in 1000 mL of deionized Milli-Q water
from Millipore units (Bedford, MA, USA). All chemicals were of
analytical grade.

21.2. Biological reagents

Mouse monoclonal antibodies against the NS1 glycoprotein of
dengue virus (ab 138696) used to electrodes preparation and the
dengue virus NS1 recombinant full-length protein (ab 64456)
were purchased from Abcam (Cambridge, MA, USA). NS1 native
protein was obtained from DENV-3 (strain 101.905/BR-PE/03)
culture supernatant collected on the 5th day after inoculation in
(6/36 cell monolayers, maintained in Leibovitz L-15 medium
(GIBCO, Invitrogen, Grand Island, NY) containing 2% fetal calf
serum. DENV-3 was detected and identified by RT-PCR [20]. In
house ELISA, using anti-NS1 monoclonal antibodies, confirmed the
presence of NS1 native protein in virus culture supernatant. As
control was used supernatant from C6/36 cell culture (without
virus) collected in the same conditions. Both supernatants were
cleared by centrifugation for 10 min at 1.500 rpm (400 g).

2.2, Preparation of the thiophene-SPE

The electrodes were manufactured by squeezing a mixture
containing carbon ink and thiophene onto a polyethylene tereph-
talate support to form a think conducdve film. Four different
concentrations of thiophene in relation to carbon ink were tested:
0.5% (wjV); 1% (w/V); 2.5% (w/V) and 10% (w/V). Prior printing, a
plastic mold was used onto the PET rectangular surface
(0.4 x 1.0 cm) to ensure electrodes with equal areas. After manu-
facturing, the electrodes were cured at 60 °C for 20 min. The
manufactured thiophene-SPE consisted of with a circular area
(@=4 mm) joined to a rectangular area (1 mm »x 15 mm) used to
electrical contact. After ready, the area of the electrode was
delimited using a tape for galvanoplasty.

Prior to use, the thiophene-SPEs were pretreated by cyclic
volammetry (CV), scanning 30 cycles with a potential ranging
from —2.0V to 20 V, at a scan rate of 0.1V s~" and step potential
of 2.44mV, using 0.1 mol L~? of KO solution as the supporting
electrolyte [21].

2.3, Apparatus

All the electrochemical experiments were performed in an
Ivium Compact Stat potentiostat/galvanostat from Ivium Technol-
ogies (Eindhoven, The Netherlands) interfaced with a microcom-
puter and controlled by lvium Soft software. A three-electrode
system was used, which consisted of a thiophene-SPE as the
working electrode (4 mm diameter), an Ag/AgCl electrode as the
reference electrode and a helical platnum wire as the counter
electrode. The electrodes were set up in a glassy elecrochemical
cell with 5mL volume.

Experiments for characterizing the assembling of the
thiophene-SPE were performed by CV in presence of 5 mmol L~
of K3Fe(CN)6/K4Fe(CN)6 prepared in 0.1 mol L~" of KCl solution,
with a potential ranging from —0.6V to 1.0V, at 50mV s~ ! scan
rate. Antigen-antibody interactions at the interface of the
thiophene-SPE were also monitored by differential pulse voltam-
metry (DPV). DPV measurements were recorded from 0V to 0.8 V,
with pulse amplitude of 0.025V, width of 0.05s and step
potential of 0.05 V. The current signals were registered at a fixed
potential (0.25 V) and the analytical response to NS1 was obtained
taking into account the difference between the peak current (Al)
of the thiophene-SPE with NS1 and the blank.

Fourier transform infrared (FTIR) spectra of samples were
recorded by using a Bruker IFS 66 model FTIR spectrometer in
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Thicphene - SPE

Fig. 1. Schematic flustration of the stepwise preparation ofithe N&1 immunosensar
(1) hare thiophens-5PE; (1) AuNP- Pn-Ajthio phene-SPE; (11) anti-NS1jAuNP-Pin
Ajthiophene-SPE; and (V) glycinefant -NS1 AuNP- Pn-Afthiophene SPE

the region of 4000 cm™" to 400 cm™ ", by using the standard KBr
peliet technigue.

2.4, Immobilizetion of the anb-NS1

Anti-N51 antibodies were immaobilized wia protein A-conju-
gated gold nanoparticle (AuNP-Ptn A}, forming a nanostructured
film on the electrode surface. 10 L AuMP-Ptn A solution was
pipetted onto the elecrode surface of the thiophene-5PEs and left
at 4 “C (overnight). Subsequently, 10 pL of anti-N51 (10pgmL™")
prepared in 0 mmal L™" of PBS was incubated on the electrode
surface for 1 h. Mon-specific bindings weme blocked by incubating
the electrode surface with 50mmol L= of glydne solution for
40 min. For preservation of the anti-NSL the immobilized
thiophene-SPE was stored in a2 moist chamber in a refrigerator
(approximately+ 4 °C). A schematic design of the thiophene-5PE is
shown in Fig. 1.

25 Immunosensor response to N51

Initially, the analytical responses of the immunosensor were
evaluated by incubating the coated anti-M51 thiophene-5PEs with
N51 =amples in different concentrations. Then, 10l of N51
solutions were pippeted on the electrode surface and left to react
for 30 min in a2 moist chamber at room temperature (24 “C).
Afterwands, the electrode was washed four times in PBS and water.
The immunosensor response was also evaluated in real samples
against the N51 native protein by incubating the anti-M51 thio-
phene-5PEs with culture supernatant coliected on the Sth day
after inoculation in CG(36 cell monolayers. The supernatant solu-
tion containing M51 native antigen was 1:128, 1:64, 1:32, 1116, 1:8,
1:4 and 1:1 serial diluted in PBS and 10 L of supernatant was also
pippeted on the electrode surface at the same conditions
described A culture supernatant of C6(36 cells monaolayers with-
out N51 infected serum inoculation was used a= control.

3. Results and discussion
3. Characterization of thiophene-SPE

Chemically modified soreen-printed carbon electrodes may be
produced by incorporating specific reagents into the screen-
printing inks, thus inoeasing the seectivity and detectahbility
of measurements [22]. Among the avalable electroanalytical
techniques, the CV technique has been widely used to under-
stand the electroactivity and the electrochemical properties of
conducter films or organic salts because it can better describe the

10 0 00 0G 1.0 15

E(V) vs. Ag/AgCl

Fig. X (a) Cyclic voltammogram profiles of the @rban ink-printed elsctrode, with
thiophene; and (b) without thiophene. The scans were performed in 5 mmal L~
-1

¥ Pe{ CN) /M 3Pe{ (N ;. at 2 smanning rate of S0mVs™ .

0

0B 04 0a 04 oe i2

E{V) vs. AglhgCl
Fig. 3. Cydic voltammograms of the thiophene-PE from twenty replicte cecles
performed in pressnce of §mmal LY o Ky CN I KaPsC N preparsd in a
1 mol L~" K1 solution, at a scanning rate of 50 my s~ L

characteristics of the electrochemical switching behavior between
oonducting and insulating states. Herein, the thiopheneSPE and
the chemically-unmodified screen-printed carbon eledrode were
submitted toa CV technique in the presence of 5 mmol L~=" of K ;Fe
[CN /K sFe{N)g prepared in 01 molL~' of KO soluton, at a
01V s~" scan rate and potential ranging from —06V to 1.0V
(Fig. 2). The incorporation of the thiophene into the carbon ink
msulted in an incease of approximately 40% of the current
density. This behavior tell that the thiophene makes considerable
contribution to higher charge transfer, improving the technical
performance of carbon ink electrode.

The stahility of the thiophene-5PE was also evaluated by setting
the chemically- modified eledrode to successive Ovs. After 20
gycles performed in presence of 5 mmol L~ of KzFe{CNk/K sFe
(CN) prepared in a 01 molL™" KCI electrolyte, at 01V s™'
s@nning rate and a potentdal ranging from —0.6V wl0V, the
redo peaks were practically constant. |t was obtained a coeffident
of variaton of approximately 3.4% that is much more stable than
the elecmde without thiophene (9.2% coeffident of variation)

{Fig. 3).
32 Effect of thinphene concentration

The influence of thiophene concentration on the electmde
performance were performed by using OV in presence of Kzke
(CMs/K she{ (N )& as redox probe. The concentrations of thiophene
varied from 05% to 10%, were analyzed according to maximal
amplitude of the poduced redox peaks. It was found that the
redo peaks increased with the thiophene concentration, achieving

91



04 MM.5. Sho et al  Talanta 128 (2014) 505510

a plateau at 2.5% (m/v) thiophene The use of 25% of thiophene
resulted conductivities two times greater than for non-modified
electrodes (Fig. 4) Thus, this concentration was used in all remain-
ing experiments,

33. Founer mmnsform infra-red (FTIR} spectmoscopy

FTIR spectra were used to investigate the modification of the
carbon ink with thiophene. The FTIR specra of the carbon ink
layer without thiophene are shown in Fig. 5 Typical spectra for
several concentrations of carbon black (ink component | are shown
in Fig. 5(a). A band at 1634cm™" is probably a high conjugated
C=0. O'Reilly and Mosher [23] discuss the assignment of the
1600 cm ™" band in carbon black and they attributed to aromatic
ring stretching frequendes whaose intensity is enhanced by the
presence of oxygen atoms as phenol or ether groups, Two peaks
are required in the 1400 cm~" tol200 cm~" region to reproduce
the experimental curve. A band at 1400 cm™" to 1450 an~' is
assumed to be the C-0 stretching frequency of the carbogylic acd
groupand a band at 1120 cm™" to 1190cm~ ", probably due to the
coupled C-0 stretching frequency and OH bending modes of
COOH and possibly the C-0 stretching modes of ethers.

After the incomporation of thiophene in the carbon ink, the
spectral analysis showed functional groups of the thiophene
(Fig. 5(b)}. Two bands at 2920 an~" and 2850cm™" correspond-
ing to the C-H stretching; at am™' to the C=C stretching, at
1250 om~" to the CH2 stretching, at 1116 em ™" to the bending
vibrating peak of C-H,and 572 cm™ ' to the feature peak of 5. Also
was observed at 1116 an~" and 1012 cm™" peaks in the spectra
attributed to 50 and S-phenyl bonds of sulfonic add. Peaks of C,

a0 4
150 1
ERL
=180 4
300 4
Tarescaornaars
0 95 00 05 10
E{V) ve. AgiAgC!

Fig 4 PBffect of the concentration of the thiophens monomer in the pressnce of
Smmal L' of KPe{ (N Ky Be{CH)g at a sanning rate of S0mWs—"

Transmittance (%)

T T T T T T
4000 A%00 3000 2500 2000 4s00 1000  S00
Wave number {l:rn"].
Fig & ATR-FTIR spectra of the SPE=(a) without thiophene; and (b) with thiophene.

T T
05 0o 0.5 14

E{V) vs. AglagCl

Fig & Stmdy of the reproducibility and stability of printed elsctrodes modified
with thiophee. Ten soreen-printed dedrodes were tesied in the pressnce of
% mmal L~ of K; B CN)/KyP={CN)g at 2 sanning rate of SOmW s~ L

-, and C-5 bonds in the thiophene backbone at 1463 an™",
874cm™", and 726cm™ ", respectively, was also indicated |24]
Focusing on the 1450 om~" tol370cm™' mnge, the band at
1434 om " is observed together with three other weak bands at
1418 an~", 1408 am~ ', and 1400 cm™", that are typically indica-
tive of the thiophene in the carbon ink

3.4, Reproducibility and stability of the thiophene-SPE

5PE not only answers the criterion of cost effectiveness, but also
it satisfy the previously much sought after criteria of being highly
reproducible and offering sensitive methods of detection towards
target analytes, whilst maintaining low cost production through
scales of economy. The adaptability of SPE is also of great benefit,
due to mainly its ahility to easily modify the electrode through
different inks or chemical compounds allows for highly specific
and finely calibrated electrode to be produced for specific target
analytes [2526] Toevaluate the reproducibility of the SPE, a series
often electrodes were prepared (Fig. Ga). The melative standard
deviaton (RS0 of the measurements for the ten eledrodes was
1.2B%, suggesting an acceptable predsion and reprodudhility.
These good results should be attributed to the use of ink with a
thiophene Fig. ). The dectrodes from ane series not only have the
same sensitividies, but also nearly the same standard potentials,
which is especially important in the case of disposable sensors.

3.5 Scanrate study

Information involing the electmchemical mechanisms can often
he obtained by the reladonship between the cathodic/anadic current
peak and scanning rate of OV |27 ] Fig. 7 showes the CVs of thiophene-
SPEs at different scanning mtes mnging fom WV s~
100mVs~", performed in 5 mmal L~" of KzFe 04 )/KeFe{ (N pre-
pared in 01 molL~" of KO solution, with potential ranging from
— 06V 1.0V.

According to Fig. 7h, by increasing the sanning rates from
10mVs~" to 100 mV 5=, the (Vs of all redox couples showed a
pair of symmetric peaks with a gradually increasing peak current.
The currents of both the anodic and cathodic peaks increased
linearly with the square mot of the scanning rate, thus indicating
that the process is controlled by diffusion. There was proportion-
ality between the cathodic peak currents and the square root of
the scanning rate, which shows that the charge transfer ocourred
reversibly. The electron transfer rate constant (ks) was caloulated
employing the Laviron equation |28):

ks = anFv/RT;
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T T
4.5 oo 0.3 10

E(V) vs. Ag/AgCl

Fig 7 {a) Cydic valammaograms of the immunossnsor in S mmal L-" of KsFe
{CNg/ Pl (W ; at sanming rades (from inner to outer) of 10mV s~ Bmis—!,
Wmvs, Wmvs™, mvs @mvst, mvs T s mv s sms
and 100 mV s~ % (b) Plots of current peak as a function of the square root of the
SQENMNG Tk

04

150 4

I(nA)

45 no 05 10
E{V) vs. Ag/AgCl
Fig & Cydicvoltammograms of the immunosensor in each step of immaobi lization:
(a) bare thiophene-SE; (h) AuNP-Ptn-Afthiophene-SPE; (c) anti-NS1 AuNP-PmeA]
thiophen=-SPE; (d) ghecine/ant-H81/AuN P Pin-A thio phens-SPE and (&) N51/ghy-
cinefanti-ME1 AuNP-Pm- Afthiophene-SPE Sans were performed in § mmol L' of
K e O KPeiC e, at 2 scamning raie of 01 Vs~ L

where « is the dectron transfer coeffident, n is the number of
electrons transferred, F is the Faraday constant, v is the scanning
rate, R is the gas constant and T is the temperature. The k5 was
estimated to be 1.2« 10° 5",

36 Immobilizotion of the anb-NS1

CVis a very vematile electrochemical technigue which allows
probing of the mechanics of redox reactions and transport properties
of a system in solution. When well defined redoe mediators are used,
CV can be utilized to characterize the stepwise modifications of
the oocurred at the interface of eledrode surface by changes on
conductivityreactivity properties. As shown at Fig & when the
thiophene-5PE was coated with gold-conjugted protein A film, a
deoease of the anodic and cathodic peaks was observed. Although
the presence of AuNP on the dedrode surbee inoease the eledro-
active area, producing a nanostructured regions, the insulating
nature of protein A is probably responsible by hindering the electm-
nic transfer | 19). According to the area of the redox peaks, a decrease
of electmactive area at approimately 23% was ohserved. Also was
observed a decease of redox peaks after anti-M51 antibodies
immaobilization and ghydne blocking as expeded | 16].

The role of nanogold layer onto the thiopphene-modified screen
printed elecrode was not only to increase the amount of immao-
bilized ant-M51 antibodies 6], but also promote an oriented
immaobilization of antibodies by their Fc terminal Therefhare, this

simple stmtegy improves the sensitivity and selectivity of the
immunosensor |29.30].

37 Analytical response of the immunosensor

Under optimized experimental conditions, the clibration cunve
of the immunosensor was obtained The elecrodes were incubated
in different concentrations of M51 and submitted to OV measure-
ments in presence of Kz[Fe (N ]/Ko[Fe{Mk] (5mmol L") in KCL
(01 mmol L=}, The realts show that the anodic peak current
decreased with the increase of N51 concentration in the incubation
solution (Fig. 9a). Linearity in the calibration curve was obtained over

lipA)

BLIE

E(V) v AgiagCl

Fig. 9. (a) Cvclic volammograms of the immunmensar in difierent M81 @ncen-
trations () Galibration qurve obtained by the anodic peaks from three repliated
MEE UrEmEn .

a._.
I Dangua virus culture supsmatant
6 I Control cultum suparmatant
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Fig. 1 {a) Analytical responses of thiophene-5PEs to the N51 native protein f from
dengue virus and @ntral (CD4 cells) culture supematant at serial diltions
(b) Linear fit obtained by natural logarithm of supematants dilutions. The
amperamestric respansss abtaned by DOP in 5 mmal L™ of KP4 bR Ol
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the range of 005 g mL~" to06 gmL~" of NS1 (r=0991), The limit of
detection (LOD) defined as three times the blank standard deviation
sigral was found to be 0015 pg mL~", which was much lower than
the ather methods used to detect the M51 antigen |16.31,32 ], Alocon
et al. 7] eported that the N51 antigen was found droulating from
the first day after onset of the illness up until the 9th day. In primary
infections, NS1 levels range from 0.05 pgmL™" to 06 pgmL™" in
serum samples of patients in the acute phase of the disease (up o
7 days). These dinical range for dengue diagnostic are matched with
values detected by the gold nanoparticle thiophene-SPE developed.

38, [etermination of N51 in real samples

The proposed immunosensor was tested against real W&
samples thmough culture supernatant collected on the 5th day
after inoculation in C6/36 cell monolayers, period which the Mel
native protein reach maximal production [7). The immunoelec-
tmdes were incubated with 30 pL of a serial two-fold dilution of
dengue virus culture supernatants in PBS for 30 min, at room
temperature and spedfic responses were obtained regarding
control supernatant (C6] 36 cell culture). Immunosensor responses
for all serial dilutions of the control culture (1128, 1:64, 1:32, 1:16,
18 14 o 1:1) were practically constant and similar to 1:128
dilution of control culture supernatants, whereas dengue virus
supematant responses increased inversely proportional to serial
dilutions (Fig. 10a). Linear fit obtained by natural logarithm from
curve shown in Fig. 94, shows a correlation coeffident of 0996
(n=6, p= <001} that is indicative of a good linearity (Fg. 10b).
This labekfree immunosensor is more practical than ELISA and
also provide quantitative responses contrary to ROTe [33]

4. Conclusions

Thiophene monomers incorporated into the carbon ink
resulted in more stable sensible and reproducble soeen printed
electrodes. Moreover, nanolayer formed by gold conjugated to
protein A resulted more antibodies immobilized on the dectrode
surface and non-random linkage. this encouraging results indicate
that this chemically-modified carbon-based can be used to specific
W51 detection. Moreover, this developed immunosensor can easily
become a point-of-care testing for early diagnostic of acute-phase.
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7.

Conclusao

Diante dos resultados apresentados, conclui-se que:

1)

2)

3)

4)

5)

6)

7

Foi possivel a obtencdo de imunossensores para deteccao da proteina NS1
empregando nanomateriais com limite de deteccdo de 0.04pg/mL! a 2.5
pug/mL?t

O emprego da PAH combinado aos NTC possibilitou a imobilizagdo e
orientagdo dos anticorpos Anti-NS1 e melhorou o limite de detecgao visto

na curva de calibracao.

O sucesso do primeiro imunossensor levou a continuidade do projeto a
partir da troca do dispositivo transdutor para um eletrodo impresso
modificado com o monémero condutor Tiofeno,

O uso do mondmero tiofeno na tinta de carbono aumenta em 70% a

condutividade do sensor em relacdo ao eletrodo nao modificado.

Os estudos dos Eis de carbono modificados com tiofenos foram bem
sucedidos, mostrando reprodutibilidade, obtendo-se, como esperado, uma

sensibilidade necesséria para aplicagdo em imunossensores.
Foi possivel detectar concentragdes de NS1 na ordem de ng.mL-1 nos Eis,

Foi alcancado no primeiro trabalho um limite de deteccéo de 0.035 pg/mL?
e 0.015 pg mL* para o segundo trabalho. Observou-se significante melhora

do sinal e do ajuste da curva analitica com a utilizacdo do usando dos Eis.
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ABSTRACT

An immunosensor for the non-structural protein 1 (NS1) of the dengue virus based on carbon
nanotube-screen printed electrodes (CNT-SPE) was successfully developed. A homogeneous mixture
containing carboxylated carbon nanotubes was dispersed in carbon ink to prepare a screen printed
working electrode. Anti-NS1 antibodies were covalently linked to CNT-SPE by an ethylenediamine film
strategy. Amperometrical responses were generated at —0.5V vs. Ag/AgCl by hydrogen peroxide
reaction with peroxidase (HRP) conjugated to the anti-NS1. An excellent detection limit (in the order of
12ngmL~") and a sensitivity of 85.59 pA mM ' cm~2 were achieved permitting dengue diagnostic
according to the clinical range required. The matrix effect, as well as the performance of the assays, was
successfully evaluated using spiked blood serum sample obtaining excellent recovery values in the
results. Carbon nanotubes incorporated to the carbon ink improved the reproducibility and sensitivity
of the CNT-SPE immunosensor. This point-of-care approach represents a great potential value for use in
epidemic situations and can facilitate the early screening of patients in acute phase of dengue virus.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Dengue is considered a major public health problem in tropical
and subtropical regions of the world and is endemically prevalent
in approximately 112 countries (Gurugama et al, 2010). It is a
self-limiting, non-specific illness characterized by fever, head-
ache, myalgia, and constitutional symptoms. Its severe forms
(hemorrhagic fever and shock syndrome) may lead to multi-
system involvement and death, mostly amongst children. The
incidence of this disease has increased over the last 50 years with
2.5 billion people living in areas where dengue is endemic (Smith
et al, 2009). In view of the high mortality rate and to reduce the
disease burden, it is desirable to have a rapid and practical
diagnostic method for early detection of dengue virus (Singhi
et al, 2007). The major laboratorial methods currently available
for diagnosis of the disease are viral culture (Samuel and Tiyagi,
2006), viral RNA detection by reverse transcriptase PCR (RT-PCR)
(Huhtamo et al., 2010) and serological tests such as an immu-
noglobulin M (1gM) capture enzyme-linked immunosorbent assay
(MAC-ELISA). The first two assays have restricted scope as a
routine diagnostic procedure due to its requirement of highly
skilled personnel, laborious procedure and time consumption

* Corresponding author. Tel.ffax: +55 81 21268200.
E-mail addresses: rosa.dutra@ufpe.br,
rfiremandutra@yahoo.com.br (R.F. Dutra).

0956-5663/%- see front matter @ 2012 Elsevier BV. All rights reserved.
http:f/dx.doiorg/10.1016(j.bios.2012.12.033

(Huy et al., 2011). The MAC-ELISA, which is a commonly used
assay, has a low sensitivity in the first four days of illness (Alcon
et al., 2002). Therefore, early dengue diagnosis still remains a
problem, as all these mentioned assays have their own pitfalls.
Dengue virus is an enveloped positive-sense RNA virus. The
genomic RNA is approximately 11 kb in length and is composed of
three structural protein genes that encode for nucleocapsid or
core protein, a membrane-associated protein, an envelope protein
and seven non-structural protein genes including NS1 protein
(Shrivastava et al., 2011). Recently, ELISA assays specific to NS1
protein have been carried out showing that NS1 secretory protein
is found at high concentrations during the early clinical phase
of the disease, suggesting it as a predictive marker for dengue
diagnosis and responsive to four serotypes (Lapphra et al., 2008).
By aiming to achieve a practical diagnostic, rapid, immunochro-
matographic tests (RDTs) to NS1 detection have been proposed;
however, they are limited due to their instability to provide
qualitative responses and poor sensitivity on admission samples
(Blacksell et al, 2006). Compared with RT-PCR analyzers and
RDTs, biosensors present numerous advantages such as simpler
management, easier miniaturization, faster and quantitative
responses and, moreover, they can permit on-site monitoring
(Dai et al,, 2011). So far, only a few immunosensors have been
developed to detect NS1 antigen and non-commercial approaches
are available. Oliveira et al. (2011) developed a biosensor based
on concanavalin A lectin as a bioreceptor; however, it is limited in
the detection of NS1 due to its interaction with carbohydrates and
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glycoproteins that are present in the acute phase of dengue
disease, including the cytokines, IFNx and others. Su et al.
(2003) developed a quartz crystal microbalance immunosensor
to simultaneously detect NS1 and envelope proteins in 1:10
diluted serum with 500 pg mL~". Although some progresses have
been achieved, new attempts to obtain a practical and selective
NS1 biosensor are required for diagnostic of dengue virus in
acute phase.

Different types of transduction can be employed in a biosen-
sor, after the analyte recognition through the sensing biomole-
cules. Although optical and piezoelectric transduction by using
surface plasmon resonance (Dutra and Kubota, 2007) and quartz
crystal microbalance (Mattos et al,, 2012), respectively, have been
more commonly employed for immunoassay, electrochemical
transduction has received great attention, especially by using
the screen printed electrodes (SPEs) (Kumbhat et al., 2010). SPEs
have been shown to be more attractive since they combine a good
strategy to accomplish disposable, safe and quantitative point-of-
care testing (Silva et al., 2010). They are constructed by printing a
conductive ink onto a solid support with significant advantages,
like the feasibility to obtain printed electrodes in different sizes
and designs, as well as the facility to incorporate diverse com-
pounds in order to change their nature and electrochemical
properties (Gornall et al, 2009). It is possible to develop SPEs
with high performance, low background current and improved
electron transfer kinetic, by simply adding conductive modifiers
(Mohamed et al.,, 2010).

Nowadays, the important role that the carbon nanotubes play
in the performance of electrochemical biosensors is well-known
(Laschi et al., 2008). Due to their extraordinary chemical and
physical properties, such as high electrical conductivity and good
chemical stability, it is possible to obtain nanostructured electro-
des with faster electron transfer reactions (Tam and Hieu, 2011).
In addition, the carbon nanotubes can be functionalized with
reactive groups to purposely attach biomolecules and other
compounds (Li et al,, 2010; Leng et al., 2011). Herein, caboxylated
carbon nanotubes were incorporated into the carbon ink to
produce SPEs with enhanced sensitivity and stability. A thin film
containing amine groups was deposited on the caboxylated
carbon manotube-screen printed electrode (CNT-SPE) in order to
perform a covalent and oriented immobilization of the anti-NS1
antibodies. This immunosensor showed to be an innovative
electrochemical method for diagnosis of early clinical phase of
dengue infection.

2. Experimental
2.1. Materials and reagents

Electrodag PF-407 C carbon ink was acquired from Acheson
Henkel Corporation (USA). COOH-functionalized multi-walled
carbon nanotubes (COOH-MWCNT), 95% purity degree, were
obtained from Dropsens (Oviedo, SPA). Mouse monoclonal anti-
bodies against NS1 glycoprotein of dengue virus (Anti-NS1) and
Dengue Virus NS1 glycoprotein were purchased from Abcam
(Cambridge, UK). Ethylenediamine (EDA) was acquired from
Sigma-Aldrich (St. Louis, USA). Dimethylformamide (DMF) and
hydrogen peroxide (H,0,) (30% wjv) were obtained from F. Maia
(Cotia, BRA). Anti-N51 antibody was labeled with horseradish
peroxidase (HRP) according to Avrameas (1969). For the coupling
of HRP to the anti-NS1, 12 mg of peroxidase was dissolved in 1 mL
of 0.1 M phosphate buffer (pH 6.8) containing 5 mg of anti-NS1
antibody. While the solution was gently stirred, 0.05 mL of a 1%
aqueous solution of glutaraldehyde was added. The mixture was
allowed to stand at room temperature (approximately 25 °C) for

2 h and then twice dialyzed against 5 L of PBS at 4 °C overnight.
The precipitate was removed by centrifugation for 30 min at
20,000 rpm. This stock solution of peroxidase labeled-antibody
was kept at +4 °C until used.

The pool of blood samples used in this work consisted of five
serum samples from voluntary donors, kindly provided by
Oswaldo Cruz Hospital of the Pernambuco University, according
to the ethics committee’s recommendations. All voluntary donors
were found negative for dengue virus. The serum samples were
collected from venous blood and immediately centrifuged for
120 s at 3000g and stored at — 20 °C. The positive pool was spiked
with NS1 fixing with a same volume at concentrations similar to
those detected in the viremic dengue patients (Alcon et al., 2002).

Unless indicated, all the antibodies and antigen solutions was
prepared in 0.01 mmol L~' phosphate buffer saline (PBS) at pH
7.0. Ultrapure water (18 MQ cm) used to prepare all solutions was
obtained from a Milli-Q water purification system (Millipore Inc.,
Billerica, USA).

2.2. Apparatus

All the electrochemical experiments were performed in an
Ivium Compact Stat potentiostat/galvanostat from Ivium Tech-
nologies (Eindhoven, The Netherlands) interfaced with a micro-
computer and controlled by Ivium Soft software. A three-
electrode system consisting of the CNT-SPE as the working
electrode (4 mm diameter), an Ag/AgCl electrode as the reference
electrode and a helical platinum wire as the counter electrode
was used. The electrodes were set up in a glassy electrochemical
cell with 5 mL volume.

The experiments to characterize the assembling of the CNT-
SPE were conducted by using cyclic voltammetry in 5 mmol L™!
KsFe(CN)g/K4Fe(CN)g prepared in 0.1 molL™! KCl solution, at
0.1 Vs~ ! scan rate and potential ranging from —0.6 to 1.0 V.

The atomic force microscopy (AFM) technique was used for
morphological and topographic characterization of the CNT-SPE.
The micrographs were obtained using a WiTec Alpha 300S AFM
microscope (WITec Instruments, Ulm, Germany) operating in
contact mode with a silicon tip at 0.2 N/m constant force.

2.3. Preparation of the CNT-SPE

The CNT-SPEs were obtained from a mixture containing carbon
ink and COOH-MW(CNT. Prior to mixing, 1 mg COOH-MWCNT was
dispersed in 1 mL DMF solvent and sonicated in an ultrasonic
batch for 2 h. After that, the CNT-SPEs were manufactured by
squeezing the mixture over the adhesive plastic mold fixed on the
rectangular support of polyethylene terephtalate (Fig. S1, supple-
mentary information). Afterwards, the electrodes were cured at
60 "C for 20 min and finally, the adhesive plastic mold was
removed. The circular area of the working electrode (approxi-
mately 4 mm of diameter) was delimited using adhesive tape
resistant to chemical (electroplating and anodizing vinyl tape 470
supplied from 3M Co., USA). After they were ready, the CNT-SPEs
were pretreated by cyclic voltammetry using 30 cycles at a
scan rate of 0.1 Vs~ !, potential ranging from —2.0 to 2.0V and
2.44 mV step potential in 0.1 mol L~! KCI solution as supporting
electrolyte (Alonso-Lomillo et al., 2009).

2.4. Immobilization of the anti-N51

Anti-NS1 antibodies were immobilized via EDA film deposited
on the electrode surface. The pretreated CNT-SPEs were immersed
in a 10% (v/v) EDA aqueous solution for 1h and dried at room
temperature (~25°C) by forming EDA film. Afterwards, 10 puL
of anti-NS1 (1 pg mL~') prepared in PBS was incubated on the
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electrode surface for 1h. Anti-NS1 antibodies non-covalently
linked, i.e. simply adsorbed on the electrode surface were
removed with 50 mmol L~ NaCl solution. Non-specific bindings
were blocked by incubating the electrode surface, with
50mmol L~ glycine solution for 1h. For preservation of the
anti-NS1, the immobilized CNT-SPEs were stored in a refrigerator
(approximately at +4 °C) in a moist chamber.

2.5. Immunosensor performance

The analytical responses of the immunosensor were evaluated
by the following procedure: the CNT-SPEs were incubated with
10 uL of NS1 samples for 30 min followed by exhaustive PBS
washings. Subsequently, the CNT-SPEs were incubated with 10 pL
of anti-NS1-HRP (1 ug mL~") in PBS for 30 min and then with PBS
washings. Electrochemical responses were obtained by catalytic
reaction of the H20, with the peroxidase conjugated to anti-NS1
and measured by chronoamperometry applying a fixed potential
of —0.5V vs. Ag/AgCl for 120s.
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Potential (V) vs. Ag/AgCI
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Fig. 1. Cyclic voltammograms profile of the carbon ink-printed electrode with CNT
(a) and without CNT (b). Scans performed in 5 mmol L ' K4Fe{CN)g/K4Fe[CN)s, at
0.1V s~ ! scan rate,
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3. Results and discussion
3.1. Preparation of the CNT-SPE

CNTs have raised considerable interest in electrochemistry due
to their ability to increase the electron transfer kinetics, to enlarge
the electroactive surface area and to enhance the sensitivity
of sensors (Taurino et al., 2012). However the electrocatalytic
properties of the CNTs are strongly influenced by many factors.
Herein, the incorporation of the CNT in carbon ink resulted in an
increase of 190% of the electroactive surface area, as can be seen
in the cyclic voltammograms in Fig. 1. Regarding the stability
parameter, a synergic effect between CNT and carbon ink was
observed. After 20 cycles in the presence of 5mmolL™!
KsFe(CN)g/K4Fe(CN)s prepared in 0.1 mol L~! KCl solution, at
0.1Vs~' scan rate and potential ranging from —0.6 to 1.0V,
the voltammograms kept the redox peaks practically constant
(3.4% of variation coefficient), i.e. more stable than the electrode
without CNT (9.2% of the variation coefficient) (data not shown).

The functionalization of the sensing surface by introducing
reactive groups for an oriented immobilization of the antibodies
is a crucial step to obtain an immunosensor with a high perfor-
mance (Cavalcanti et al.,, 2012). Herein, the EDA film containing
amine groups was used to covalently bind the anti-NS1 by its Fc
portion. On the other hand, the remaining amine groups of the
EDA film were also utilized to form amide bonds with carboxyl
groups of the CNT-SPE surface (Fig. 2). The EDA film acted as a
bifunctional linker since the amide bonds were formed between
the anti-NS1 and the carboxylated electrode surface. This assem-
bly resulted in a stable and oriented matrix of immobilized
antibodies.

Optimizing the EDA concentration for a maximal immunosensor
response, cyclic voltammograms were obtained using a redox probe.
Electrodes with EDA films in different concentrations were analyzed
according to the maximal amplitude of the redox peaks (Fig. S2,
supplementary information). It was found that the redox peaks
increased with the EDA concentration, achieving a plateau at
10% (v/v) EDA. Thus, this concentration was used in all remaining
experiments.

3.2. AFM analysis of the CNT-SPE surface
The morphology of the CNT-SPE surfaces was studied in three

different steps using the AFM on contact mode. The topographic
images of stepwise modification on the electrode surface are

B E';/\/g
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Fig. 2. Schematic illustration of the stepwise preparation of the immunosensor: (a) bare CNT-SPE, (b) EDA film formation, (c) anti-NS1 immobilization, and (d) blocking

with glycine.
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exhibited in Fig. 3. The CNT-SPE surface became flatter after EDA
modification, by decreasing the roughness (R) from approxi-
mately 376 nm to 190 nm, probably attributed to filling up of
the interstices in the electrode surface. After incubation with the
anti-NS1, an agglomerate of globular structures was observed
(R =240 nm), confirming that the anti-NS1 was attached to the
EDA film.

3.3. Electrochemical characterization

Quantitative analysis of the coverage with EDA film can be
calculated by cyclic voltammetric investigations (Campuzano
et al., 2006). The area of the redox peaks can be used in the
characterization of the layers with respect to their degree of
coverage and stability. Fig. 1b shows cyclic voltammograms using
5mmol L= K;Fe(CN)g/K4Fe(CN)s prepared in 0.1molL~" KCI
solution as a redox probe. When the electrode surface was

a

Fig. 3. APM images: (a) bare CNT-SPE; (b) CNT-SPE modified by EDA and (c) CNT-SPE
with immobilized anti-NS1.

modified by the EDA film, the electron transfer kinetic of
Fe(CN)Z2—/#~ was enhanced. As shown in Fig. 4, the stepwise
assembly of the EDA on the electrode is accompanied by increase
in the amplitude of the redox peaks. The current increase can be
attributed to formation of the positively charged film on the
electrode attracting the hexacyanoferrate that is negatively
charged, which is consistent with the enhanced electron transfer.
According to the area of the redox peaks, an increase of approxi-
mately 16%, with increase of the electroactive area was observed.
The electrochemical nature of EDA layer implies in an increase of
the catalytic activity, which can be confirmed by the increase in
the redox peaks between the bare electrode and EDA modified
electrode. Alternatively, a decrease in the current redox peaks was
observed after incubation with anti-NS1. This decrease in the area
of the redox peaks was expected due to insulating nature of the
antibodies (Yun et al., 2007). Similar behavior was also observed
after the blocking step of the non-specific bindings with incuba-
tion of the electrode in 5 mmol L' glycine solution.

3.4. Optimization of the experimental conditions

Since the maximum loading amount directly influences the
immunoassay sensitivity, the antibody concentration of the sensing
interface must be optimized (Zhang et al., 2008). Different concen-
trations of anti-NS1 (from 0.1 to 5 pgmL~') prepared in PBS were
immobilized on the electrode surface using the same concentration
of the NS1 measured (0.5 pgmL~"). The immunosensor response
showed a maximal concentrationat 1 pg mL~" anti-NS1, as a result
of the antigen-antibody equilibrium required (Fig. S3, supplemen-
tary information). Thus, this concentration was chosen for the
remaining experiments.

The activity of the enzyme used as electroactive species in the
sandwich immunoassay is influenced by the pH of the solution.
Most of these enzymes have an optimum activity in a limited
range of pH (Liu et al., 2006). It is well known that at relatively
high pH, the activity of the enzyme is inhibited (Darain et al.,
2003). Thus, a study of the pH effect (from 5.5 to 8.0) on the
immunosensor response was carried out in which the optimum
catalytic activity of the enzyme was obtained at PBS pH 7.0
(Fig. S4(a), supplementary information). Several studies of immu-
noreactions exhibit optimal binding at this pH and hence it was
adopted in all studies.

I (nA)
o

T T T : T
0.5 0.0 0.5 1.0
Potential (V) vs. Ag/AgClI
Fig. 4. Cyclic voltammograms of the immunosensor in each step of immobilization:
(a) bare ONT-SPE; (b) EDA/CINT-SPE; (c) anti-NS1/EDA/CNT-SPE and (d) glycine/anti-

NS1/EDA/CNT-SPE. Scans performed in 5 mmol L' KsFe{CN)g/KsFe(CN)s, at0.1V s ™!
scan rate.
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Incubation time exerts an important influence on the analytical
performance of the immunosensor (Mao et al., 2010). Studies of the
incubation time effect were carried out with the electrode surface
incubated in NS1 solution (1 g mL~" in PBS) for 10, 20, 30, 45 and
60 min. The analytical response of the CNT-SPE increased with
the incubation time reaching a plateau at 30 min, which was chosen
for subsequent experiments (Fig. S4(b), supplementary information).

3.5. Analytical response of the immunosensor

Calibration curve was obtained by using the chronoampero-
metry technique. The analytical response of the CNT-SPE incu-
bated in different concentrations of NS1 antigen prepared in PBS
was generated by the catalytic reaction between H;0-. and HRP
conjugated to anti-NS1, at —0.5V fixed potential. This working
potential was chosen based on the potential of the cathodic peaks
exhibited in cyclic voltammograms due to anti-NS1-HRP
response to the substrate (hydrogen peroxide). The results
showed an increase of the current proportional to the NS1
concentrations. A linear range between 40ngmL~! and
2 pgmL~" NST was obtained, indicating a good analytical perfor-
mance (r=0.996, n=8) with a sensitivity of
8559 pAmM~" cm—2 (Fig. 5). Limit of detection (LOD) calculated
according to IUPAC was found to be approximately 12 ngmL~!
for the NS1, being much lower than LOD previously described for
the validated quartz crystal microbalance immunosensor devel-
oped to detect NS1 and envelope protein (LOD approximately
3pugmLl~") (Su et al, 2003). The linear range and LOD can be
compared to sandwich ELISA kit (Dussart et al., 2003). Alcon et al.
(2002) reported that the NS1 antigen was found circulating from
the first day after the illness onset up to the 9th day. In primary
infections, NS1 levels range from 0.04 to 2 pgmL™" in serum
samples of patients in the disease acute phase (up to 7 days).
These levels match with the detected levels by the CNT-SPE
developed in this work. Thus, this immunosensor presents as a
real potential for dengue diagnosis, with the advantage to easily
become a point-of-care testing.

3.6. Precision and accuracy studies

The reproducibility of the immunosensor response was eval-
uated by using six different electrodes incubated with a fixed
NS1 concentration of 0.5 pg mL~'. An excellent reproducibility
was obtained (coefficient of variation (V=3.4%). The proposed
immunosensor also showed good repeatability by measuring 10
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Fig. 5. Calibration curve of the immunosensor for NS1 protein of dengue virus.

Table 1

Recovery values in spiked PBS and serum samples based on the immunosensor. In

all cases, n=3.

Concentration PBS Serum
(ngmL ")
Found Recovery Found Recovery
concentration (%) concentration (%)
(ngmL ") (ngmL ")
0.10 0.104 104.0 0.116 1160
0.50 0.510 102.0 0.512 1024
1.00 1.030 103.0 1.010 101.0
1.50 1.480 98.7 1.470 98.0

replicated from the same CNT-SPE with 0.5 ugmL~" NS1 con-
centration (CV=4%).

Attempting to make use of this NS1 immunosensor in blood,
recovery studies were done spiking serum samples negative to
dengue with different NS1 protein concentrations. Herein, both
PBS and serum samples were submitted to the same procedures
and measured by the immunosensor. The recovery values are
presented in Table 1, showing excellent results for the PBS and
serum samples detection methodologies, with average recovery
values of 101.9% and 104.4%, respectively.

The analytical accuracy of the immunosensor in PBS was better
than in blood serum especially when the NS1 is measured in
much lower concentrations. This result is attributed to the
complexity of the blood sample that contains substances that
alter the measurable concentration of the analyte or the antibody
binding capacity. Approximately 40% of the serum samples
contain non-analyte antibody binding substances, with 15%
interference in non-blocked assays (Tate and Ward, 2004). Based
on results obtained from serum sample, the immunosensor also
showed effective surface-blocked assays.

4. Conclusions

A screen printed electrode specific to NS1 protein detection
based on CNTs was successfully developed. The incorporation of
the CNTs into carbon ink to prepare the CNT-SPE promoted an
increase of the electroactive area, as well as improved the kinetic
electron transfer, besides enhancing stability, reproducibility and
sensitivity of the tip sensor. Due to the performance of the
immunosensor presented in this work, this strategy can be
suitable for the rapid, on-site and screen-out analysis of the NS1
protein. Additionally, this technology is attractive for mass
production, with the advantage of being cheaper and more
practical than RT-PCR and ELISA test, opening new ways for an
early diagnosis of the acute dengue infection.
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Label-free immunosensor based on amine-functionalized carbon nanotubes screen-printed electrode is
described for detection of the cardiac troponin T, an important marker of acute myocardial infarction. The
disposable sensor was fabricated by tightly squeezing an adhesive carbon ink containing carbon
nanotubes onto a polyethylene terephthalate substrate forming a thin film. The use of carbon nanotubes
increased the reproducibility and stability of the sensor, and the amine groups permitted nonrandom
immaobilization of antibodies against cardiac troponin T. Amperometric responses were obtained by
differential pulse voltammetry in presence of a ferrocyanide/ferricvanide redox probe after troponin T
incubation. The calibration curve indicated a linear response of troponin T between 0.0025 ngmL ' and
05ngmL ", with a good correlation coefficient (r=0995; p < 00001, n=7). The limit of detection
(0.0035 ngmL ! cardiac troponin T) was lower than any previously described by immunosensors and
was comparable with conventional analytical methods. The high reproducibility and clinical range
obtained using this immunosensor support its utility as a potential tool for point-of-care acute

myocardial infarction diagnostic testing

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Human cardiac troponin T (¢TnT) is a sensitive and specific
marker of cardiac injury that is regarded as the gold standard
marker in the diagnosis of acute myocardial infarction (AMI). The
detection of ultra-low levels of ¢TnT during early stages of cardiac
disease facilitates the risk stratification and prognosis of the heart
damage. The blood ¢TnT concentration rises rapidly within 3-4 h
after AMI onset [ 1-3] and can be analyzed in the laboratory using
several well-established enzymatic immunoassays based on reac-
tions with chromogenic [4] and chemiluminescent substrates [5].
Point-of-care testing for ¢TnT could provide a potential analytical
tool to reduce the tumaround time for assay compared with
currently methods. Immunosensor technology offers a practical
and simple immunoassay method for the determination of ¢TnT in
the emergency departments.

Although immunosensors based on optic [6-9] and piezo-
electric [10-12] transductions have been widely described for
label-free cTnT detection, they are not suitable for point-of-care
testing because they require more complex instrumentations
and laborious manufacturing procedures, besides they are more
expensive and difficult to miniaturize. Electrochemical transducers

*Corresponding author. Tel,/fax: +55 81 2126 8000.
E-mail addresses: rosa.dutra@ufpe.br, firemandutra@®yahoo.combr (RF. Dutral,

0039-9140/5 - see front matter & 2013 Elsevier BV, All rights reserved.
htep: [ fdx doi.org/10.1016/).talanta. 2013.08.059

employing screen-printed electrodes (SPEs) have emerged as
approprate for point-of-care testing. These transducers are easily
adaptable for in mass production, disposable and interchangeable
with other biosensors, such as popular enzymatic glucometers
[13,14]. Another advantage exhibited by the SPEs is their versatility
to obtain electrodes with modifications in size and thickness by
simple changing squeezing pressure, resulting in electrodes more
sensitive and exhibiting improved electrochemical proprieties.
The ¢TnT detection in human serum by using electrochemical
immunosensors has been possible by some authors [15-18]
However, the requirement of the electroactive species like the
peroxidase enzyme that are dependent on Michaelis-Menten
kinetic limits the immunosensor sensitivity. Moreover, the neces-
sity for additional biochemical steps, including conjugated anti-
body incubations and reactions with specific substrates, increases
the analysis time [19]. Recently reports have described label-free
immunosensors that use voltammetric techniques, such as differ-
ential pulse voltammetry (DPV) [20,21]. This technique measures
current by generating successive and regular voltage pulses super-
imposed on the potential linear sweep or stair steps. The current
in an immunosensor is changed by antigen-antibody coupling on
the electrode surface altering the mass transfer (i.e., electronic
diffusion). At high potentials, DPV is limited by the high back-
ground current that hinders mass transfer and leads to a reduction
in the accuracy of the amperometric response [22]. In attempting
to overcome these difficulties some nanomaterials have been
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proposed increasing the accuracy of immunosensors. Carbon
nanotubes (CNTs) have attracted considerable attention due to
their extraordinary properties, including their ability to mediate
the electron-transfer reactions and to increase electrode surface
area |23]. Gomes-Filho et al. [17] have proposed CNTs as alter-
native suggestion for the detection of serum cTnT with low limit of
detection (LOD), although the conjugation of peroxidase to anti-
cTnT was necessary to obtain the amperometric signal.

CNTs have been commonly deposited onto an electrode surface
by simple adsorption |24] or assembled on a polymeric film [17].
However, these strategies are associated with instabilities in the
response because the CNTs can leach dunng the measurement
process. When the CNTs are incorporated into the sensor matrix
(Le, by forming nanocomposites), it iIs easier to control the
amount of the CNTs used and to minimize their loss. Additionally,
this procedure has advantage to be a one-step preparation method
|25] and to dispense the use of electron-transfer mediators [26],
beside CNTs act as anchors for an optimal biomolecules immobi-
lization. Due to their faality to be functionalized with amine
groups antibodies should be immobilized by Fc portion in order to
expose the Fab sites to the epitopes [27]. In this study, amine
functionalized CNTs were incorporated into the ink printing used
to fabricate SPEs (CNT-SPE). A stable and oriented immobilization
of antibodies combined with the electrochemical advantages of
the CNTs allowed a rapid detection of cTnl. No labels were
necessary when the antigen-antibody interactions were measured
by applying DPV. The method described herein involves a straight-
forward preparation process and represents an advancement in
the adaptation of SPEs point-of-care testing.

2. Materials and methods
21. Reagents and patient samples

Native cTnT purified from human cardiac muscle tissue was
obtained from Calbiochem (Darmstadt, Germany). Mouse mono-
clonal anti-cTnT was purchased from Abcam (Cambridge,
England). Amine-functionalized, multi-walled, 95% pure CNTs
(NH,-CNTs), were obtained from DropSens (Oviedo, Spain). Potas-
sium ferricyanide (Ks|Fe(CN)g]), potassium ferrocyanide (K;|Fe
(CN)g]), N-hydroxysuccinimide (NHS), N-ethyl-N'-(3-dimethylami-
nopropyl) carbodiimide (EDC), dimethylformamide (DMF), and
glycine were acquired from Sigma-Aldrich (St. Louis, MO, USA).
Carbon ink (Electrodag PF-407C) was purchased from Acheson
(Port Huron, MI, USA) for the fabrication of the CNT-SPEs.
Phosphate-buffered saline (PBS) (10 mmolL ", pH 7.4) used in
all experiments was prepared by dissolving 0.2 g KCl, 8.0 g NaCl,
0.24 g KHyPOQ,4, and 1.44 g NayHPO, in 1000 mL of deionized Milli-
Q water (from Millipore, units (Bedford, MA, USA). All chemicals
were analytical grade.

Blood serum samples were collected from patients with AMI
who were admitted to the Cardiac Emergency Hospital of Per-
nambuco—PROCAPE (Recife, Brazil). An automatic Elecsys 2010
Immunoassay Analyzer (Roche Diagnostics) was used to quantify
cInT via an electrochemical chemiluminescence immunoassay
(ECLIA). Samples were stored at — 20 °C while not in use during
the electrochemical measurements.

2.2, Apparatus

Electrochemical measurements were performed using an Ivium
CompactStat potentiostat obtained from Ivium Technologies (Eind-
hoven, Netherlands) that was interfaced to a computer system and
controlled by Ivium software. All electrochemical measurements
were made using a three-electrode system comprised of the

CNT-SPE as working electrode, a helical platinum wire as auxiliary
electrode, and an Ag/AgCl electrode as reference. All potentials
given In this work were determined relative to the Ag/AgQd
reference electrode. Electrochemical analyses were carried out
using an electrochemical cell (10 mL) at room temperature (at
approximately 24 °C).

Fourier transform infrared (FT-IR) spectroscopy was performed to
chemically characterize the CNT-SPE. FT-IR measurements were per-
formed in attenuated total reflectance (ATR) mode using an [F5-66
FTRR (scans=50, energy scanning from 400 cm ' to 4000 cm ")
acquired from Bruker (Karlsruhe, Germany).

Atomic force microscopy (AFM) was performed to characterize
the morphology and topography of the CNT-SPE using an
alpha3005 AFM obtained from WITec (Ulm, Germany). Images
were acquired in tapping mode using silicon tips at 02 Nm '
constant force.

2.3. CNT-SPE manufacturing

The CNT-SPE was fabricated by tightly squeezing an adhesive
carbon ink containing NH,-CNTs onto a polyethylene terephtha-
late (PET) rectangular surface to form a thin film. Prior to carbon
ink incorporation, the NH;-CNTs (5 mg) were dispersed in 1 mL of
DMF and were immersed in an ultrasonic bath for 4 h until a black
homogeneous suspension was obtained. A plastic mold was affixed
to the rectangular PET surface (0.4 cm = 1.0cm) to ensure SPEs
with equal printed areas. After fabrication, the electrodes were
cured at 60 °C for 20 min |22]. The manufactured CNT-SPE con-
sisted of a circular area (=4 mm) joined to a rectangular area
(1 mm »x 15 mm), which was used as an electrical contact. Prior to
use, the CNT-SPE was cleaned rigorously by electrochemical
pretreatment with 40 scans, in a potential between 2.0V and
—2.0Vin KCl (100 mmol L™ ") [28].

24. Anti-cTnT immobilization

Prior to immobilization, the carboxylic groups of anti-cTnT
antibodies (5 pgmL~") were activated for 90 min in a solution
of NHS (5mmolL"') and EDC (2mmolL ') prepared in PBS
(10mmol L~ 7, pH 7.4). Afterwards, an aliquot (10 pL) of activated
anti-cTnTl antibodies was pipetted onto the CNT-SPE. The anti-cTnT
incubation was maintained in a moist chamber at room tempera-
ture for 60 min. Finally, a glycine solution (50 mmol L~ ') prepared
in PBS (10 mmol L™, pH 7.4) to block non-specific bindings was
pipetted on the electrode for 45 min (Fig. 1a).

2.5. Electrochemical immunoassay

Antigen-antibody interactions at the interface of the CNT-5PE
were monitored by DPV in real-time (Fig. 1b). DPV measurements
were recorded from 0V to 0.8 V with a pulse amplitude of 0.025V,
a width of 0.05s, and a step potential of 0.05 V. The analytical
response to cTnT was obtained taking into account the difference
between the peak current (Al) of the CNT-SPE with ¢TnT and the
blank (i.e. without ¢TnT). The current signals were registered at a
fixed potential (+0.25V).

Immunosensor preparation was characterized by cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS)
analyses. CVs were scanned from 10V to —0.6V at 50mVs~".
AC impedance measurements were performed in the frequency
range from 1 x 10 % Hz to 65 = 10" Hz in a given open circuit
voltage with an amplitude of 10 mV. All electrochemical measure-
ments were conducted in Ks[Fe(CN)g|/K4[Fe(CN)s] (5 mmol L")
prepared in PBS (10 mmol LY, pH 7.4).
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Fig. 1. Schematic representation of the (a) immunosensor fabrication and (b) electrochemical principle of detection.
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3. Results and discussion
3.1. Effect of NHa-CNTs on the SPE

The electrochemical profile of the SPE with and without NH-
CNTs incorporated into the carbon ink matrix was investigated
initially using CVs. The influence of NH2-CNTs on the redox peak-
to-peak separation (AEp) is shown in Fig. 2. SPEs with NH-CNT
exhibited a lower AEp (0.38V) than those without NH,-CNTs
(0.58 V), suggesting greater electron transfer. A lower relative
standard deviation (RSD) was observed in SPEs with NH,-CNTs
(2.1%) in comparison to without NH,-CNTs (8.7%), indicating an
increased reproducibility. Additionally, a higher reversibility of the
redox peaks was obtained with NH,-CNTs, suggesting improved
homogeneity and regularity of the carbon ink film on the electrode
surface [29,27].

FT-IR spectra were used to investigate the modification of the
carbon ink with NH,-CNTs (5 mg mL~'). The FT-IR spectra of the
carbon ink layer without NH,-CNTs are shown in Fig. 3a. The peak
at 3783 cm ! corresponds to the band of hydroxyl groups. The
peaks at 2025cm ' and 2856cm ! reveal asymmetric and
symmetric stretches corresponding to methyl and methylene
groups, respectively. These bands are attributed to the ethylene
glycol ether present in the ink [30]. The peaks at 2385cm™ ' and
2301 cm™ " are attributed to C-H stretching vibrations of alkyne
groups. After incorporation of the NH,-CNTs in the carbon ink
(Fig. 3b), two peaks were observed at 2925 cm ™' and 2856 cm ™!
corresponding to methyl and methylene groups, respectively [31].
It was also observed the presence of peaks corresponding to amino
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Fig. 3. ATR FT-IR spectra of the SPE (a) without NH,-CNT and (b) with NH,-CNT.

groups at 1444 cm ! and 1368 cm ! that could be attributed to
the presence of NH,-CNTs in the carbon ink [21].

AFM was used to characterize the morphology of the CNT-5PEs.
The topographic surface of the CNT-SPE was characterized by
amorphous structures typical of polymeric films with an average
roughness of 2725 nm (Fig. 4a). After electrochemical pretreat-
ment, the average roughness decreased to 1244 nm (Fig. 4b)
due to the removal of impurities and organic contaminants on
the sensor surface. When anti-cTnT antibodies were pipetted
onto the electrode surface (10 pL, 5 pg mL™") and incubated for
60 min, the average roughness increased to 273.1 nm, confirming
that the anti-cTnT antibodies had been successfully immobilized
(Fig. 4c).

3.2. Immobilization of the anti-cTnT

The amine groups of the CNTs were used to promote a covalent
immobilization of the anti-cTnT antibodies via amide bonds. For
this procedure, the Fc terminal of the anti-cTnT antibodies were
activated by EDC/NHS mixing. EDC reacts with the carboxyl groups
of the antibodies to form amine-reactive o-acylisourea intermedi-
ates. Addition of NHS stabilizes the amine-reactive intermediate
and increases the efficiency of EDC-mediated coupling reactions.
In situ activation of anti-cTnT antibodies yields NHS-ester-
terminated Fc regions that are susceptible to nucleophilic attack
from amines on the electrode surface to form stable amide bonds
|32]. Orented anti-cTnT immobilization by Fc terminal improves
the sensitivity and selectivity of the immunosensor by exposing
the Fabs, which exhibit a high affinity towards epitopes of the cTnT
antigens.
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821 nm*

Fig. 4. 2D and 3D AFM images of the CNT-SPE (a) as manufactured, (b) after electrochemical pretreatment and (c) after anti-cTnT immobilization.

The amount of antibody immobilized on the electrode surface with anti-cTnT at 5 pg mL ™. It was observed an increase of the
also affects the sensitivity of the immunosensor. In order to obtain exposure time with increase of the DPV peaks, reaching a plateau
a maximal efficiency on the attached anti-cTnT to electrode sur- at 90 min (Fig. S1—Supplementary data). In this instant, a maximal
face, the exposure time to the EDC/NHS by anti-cTnT was opti- amount of anti-cTnT Fc portions were activated resulting in more
mized. Herein, the exposure time ranged from 15 min to 120 min amide bonds with the NH,-CNTs.
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3.3. Assembling the SPE

In Fig. 53, the CV of the CNT-SPE as manufactured shows a AE,
of 0.68 V (curve [). After electrochemical pretreatment (curve II),
the Mp decreased to 0.38V, which illustrates a decrease of
electron transfer resistance by removing of organic contaminants
or impurities from the electrode surface. On the other hand, when
the anti-cTnT was pipetted on the CNT-SPE it was, observed a
decrease in the redox peaks as a result of electron-transfer
inhibition due to the insulating nature of the antibody (curve III).
The blocking effect to non-specific binding was observed after
incubation with glycine (50 mmol L™ ') (curve IV). The negatively
charged glycine acts by hindering the electron transfer between
the anionic species of the electrolyte and the electrode surface, as
demonstrated by a slight reduction in redox peaks.

CNT-SPE assembly also was evaluated by EIS. The electrodes
were submitted to an electrochemical cell with Ks[Fe(CN)g]/K,
|Fe(CN)g] (5 mmol L") prepared in PBS (10 mmol L™, pH 74).
According to the Nyquist plot showed in Fig. 5b, it was observed,
after electrochemical pretreatment a reduction in the charge-
transfer resistance (R.) from 5805 £} (curve I) to 665 £ (curve
II), by decreasing the diameter of the semicircles. Immobilization
of the anti-cTnTs were confirmed by an increase in the R (768 £,
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Fig. 5. Stepwise the CNT-SPE preparation: (curve I) as manufactured, (curve II)
after electrochemical pretreatment, (curve IlI) anti-cTnT/CNT-SPE, (curve IV)
glycinefanti-cTnT/CNT-5PE (a) CVs and (b) Nyquist plots in Ks|Fe{CN);|/Ks|Fe
(M) (5 mmeol L-') prepared in PES (10 mmol L—', pH 7.4).

curve I}, due to their insulating nature. Glycine, the blocking
agent, also was linked on the electrode surface as confirmed by an
increase in the diameter of the semicircle (R,=966 £3, curve IV)
These results are in accordance with those obtained using CV.

In order to study electron diffusion at the sensor interface,
glycine/anti-cTnT/CNT-SPEs were submitted to different scan
rates. The electrodes were immersed in an electrochemical
cell containing K;[Fe(CN)g|/K,[Fe(CN)g] (5mmolL-') in PBS
(10 mmolL~", pH 74) as the redox probe, and voltammograms
were registered (Fig. S2—Supplementary data). The currents of the
anodic peak (I,,) and the cathodic peak (I,.) increased linearly
with the square root of the scan rate (Fig. S2—Supplementary data,
inset). The following linear regression equations then were calcu-
lated: I,,=14.8570"?+21.502 (r=0.999) and I,.=—14.0350"%-
33.578 (r=0.996). These equations suggested a diffusion-con-
trolled process. The electroactive surface area of the glycine/anti-
¢TnT/CNT-5PE was calculated according to the Randles—Sewvcik
equation [22] to be 0.047 cm®,

3.4. Experimental conditions

Optimal experimental conditions for immunosensor detection
were investigated according to the pH and ionic strength of the
buffer (PBS). Electrostatic intermolecular forces of the electrolyte can
affect electron transfer on the electrode surface [33]. The pH of PBS
(10 mmol L") was varied from 5.5 to 8.0; the current increased
proportionately with the pH achieving a maximal current peak at pH
65 (Fig. S3a—Supplementary data). Therefore, pH 6.5 was adopted
for all remaining measurements. The ionic strength was varied from
0.01 mmol L' to 10 mmol L', and steady state was achieved at
5mmol L~ (Fig. S3b—Supplementary data).

Additional parameters affecting immunosensor performance
include the immobilized antibody load and the incubation time of
the cTnl. The anti-cTnT antibody concentration was vared from
001 pgmL ™" to 10 pg mL™". The current response to a fixed con-
centration of ¢TnT (0.05 ng mL ™'} in PBS was proportional to the anti-
cInT concentration with a plateau at approximately 5 pg mL T anti-
cInT(Fg. S4a—Supplementary data). At this anti-cTnT concentration, a
40 min incubation time was optimal as demonstrated by a plateau in
the curve (Fg. 54b—Supplementary data), which suggested maximal
antigen-antibody interaction.

3.5, Analytical response to the cTnT

Under optimized experimental conditions, the calibration curve
of the immunosensor was obtained. The electrodes were incu-
bated in various concentrations of ¢I'nT for 40 min and then were
submitted to DPV measurements in the presence of Ks[Fe(CN)g]/
K4[Fe(CN)g] (5mmolL~ ") in PBS (5 mmol L™ ', pH 6.5). The cali-
bration curve indicated a gradual decrease in DPV current peaks
with increased ¢TnT concentrations (Fig. 6a). When the data were
adjusted to a linear regression equation, Al=325*Cr+42, a
correlation coefficient of 0895 (p<0.0001, n=7) and a low
relative error (<« 1%) were obtained (Fig. 63, inset). Based on the
RSD of the blank and the slope of the calibration curve, the LOD
was calculated as: LOD=3(RSD/slope) |34]. CNT-SPEs exhibited a
lower LOD (0.0035 ng mL™") than previously described for cTnT
electrochemical immunosensors [15-18]. One of limitations
encountered for these labeled immunosensors is associated with
the interaction or passivation of the electrode by requirement of
an enzyme substrate or chemical mediator [35]. Moreover, limita-
tions related to Michaelis—-Menten kinetic imply an increase in the
analyses time and a reduced sensitivity.
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the standard deviation of three replicates

3.6. Repeatability and reproducibility

The repeatability of the CNT-SPE was evaluated by replicate
measurements of a single electrode in response to 0.05 ng mL ! ¢TnT

under optimized experimental conditions. An RSD value of 32% was
found for five successive determinations corresponding to a good
repeatability of the immunosensor. The reproducibility was also
evaluated using ten CNT-SPEs manufactured on different days and
measured in response to 0.05 ng mL " ¢TnT. The obtained RSD was
3.8%, which implies a good reproducibility and repeatability in the
fabrication procedures.

3.7. Determination of cInT in serum samples

Fig. 6b shows the amperometric responses of the ONT-5PEs to cTnl
serum samples. The immunosensor measurements were compared
with those using ECLIA. The results showed good agreement with
ECLIA at a 95% confidence level when the paired t-test was applied
The calibration plot exhibited a good linear correlation (r=0990,
p<0.0001), and a linear range of detection was observed between
0.005 ngmL~ ! and 0.065 ng mL~ " ¢TnT. This range is comparable to
the clinical range, which s assodated with a cutoff of 0.01
ngmL ™" ¢TnT [36]. The LOD of CNT-SPEs for ¢TnT in serum samples
was found to be approximately 0007 ngmL™ .

The matrix effect on the analytical response of CNT-5PEs also
was evaluated (Fig. 6¢). Blood serum from a non-myocardial
infarction subject was diluted 1:1, 1:10, 1:50, 1:100, 1:500, and
1:1000 and then was compared to a myocardial infarction subject's
serum, containing 0.01 ng mL~ ! ¢TnT. All dilutions were carried out
using PBS (10 mmol L™, pH 7.4). The serum dilution curve obtained
from the non-myocardial infarction subject (curve 1) was main-
tained practically constant, showing a non-matnx effect. This
proposed label-free immunosensor is simpler, more rapid, and more
practical for cTnT detection in blood serum and can be carmmied out
by one-step manufacturing in addition to low cost requirements.

4. Conclusions

A disposable CNT-SPE was developed for the measurement of
cInT in blood serum. The incorporation of NHy-CNT into the
carbon ink enabled a more stable measurement and an oriented
anti-cTnT immobilization leading to a high sensitivity. Addition-
ally, the platform dispensed chemical mediators, compounds or
polymers to anchor the CNTs. The CNT-SPE described in this study
achieved a high sensitivity and a low LOD (0.0035 ng mL ') of
cTnT compared to others electrochemical immunosensors. The
linear range was obtained within ¢TnT clinical levels for AMI
diagnostics, although further validation studies with real samples
are reqguired before clinical use.
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A nanostructured immunosensor based on carbon nanotubes supported by a conductive polymer film was devel-
oped for detection of cardiac Troponin T (cTnT), an important cardiac marker for acute myocardial infarction.
Carboxylated carbon nanotubes were covalently bound to the electrode surface via polyethyleneimine. The func-
tionalized nanostructured surface was used to bind anti-cTnT monoclonal antibodies. Stepwise modification of
the electrode was characterized by cyclic voltammetry studies. The immunosensor achieved a low limit of detec-
tion (0.033 ng mL~ ') and a linearrange between 0.1 and 10 ng mL~! ¢TnT), significant for acute myocardial in-
farction diagnosis. Good reproducibility and repeatability were obtained by the proposed immunosensor
supported by a coefficient of variation of 3.7% and 2 6%, respectively.

© 2012 Published by Elsevier B.V.

1. Introduction

Acute myocardial infarction (AMI) is considered one of the major
causes of mortality in the world population. According to the World
Health Organization, diagnosis of AMI is based on the following
criteria: clinical history of ischemic chest discomfort, changes in the
electrocardiogram and alterations in the quantity of markers of myo-
cardial necrosis [1,2]. Cardiac Troponin T (¢TnT) has been used as a
clinical marker for myocardial damage associated with acute infarc-
tion [3]. It is more reliable because it is released in the blood more
rapidly than creatine kinase (CK)-MB, its concentration in blood in-
creases quickly within 3 to 4 h after onset of the AMI [4,5]. Thus, the
development of a rapid and practical immunosensor for cTnT mea-
surements is desirable due to its roles in cardiospecific diagnosis,
risk stratification, prognostic risk assessment and therapeutic choices.

Immunoassays for cTnT detection such as Electrochemiluminescence
Immunoassay (ECLIA) and Enzyme-linked Immunosorbent Assay
(ELISA) have been widely used for AMI diagnosis [6]. However, they are
not practical, involve skilled personnel and are not easily miniaturized,
hindering a rapid diagnostic in the cardiac emergence [7,8]. Alternatively,
an ideal immunosensor device is capable of overcoming all these difficul-
ties. Although some progresses have been reached in detection of the
¢TnT by immunosensors, either in the transducers type or in relation to
process of the antibodies immobilization, some limitations are highlight-
ed. Mattos et al. [9] developed a dual quartz crystal microbalance system
with a lower detection limit; Vasconcelos et al. [10] constructed a simpli-
fied capacitive transducer; Dittmer et al. [11], an optomagnetic biosensor
and some authors have developed transduction based on Kretschmann

* Corresponding author. Tel: 455 81 21268200; fax: 455 81 21268000.
E-mail addresses: rosa.dutra@ufpe.br, rosa.dutra@pq.cnpg.br (RF. Dutra).

0026-265X/$ - see front matter © 2012 Published by Elsevier B.V.
doi: 10.1016/j.microc.2012.05.033

configuration using the surface plasmon resonance technique [12-14].
Despite that all these methods support quantitative and non-time con-
suming analysis, they are not practical, economical and are not compati-
ble with the most used transduction technology of the well-established
enzymatic glucometers [15,16]. Thus, immunosensor based on ampero-
metric transduction compared with all those previously described has
been considered attractive for analytical approaches especially due to its
versatility, adaptability to previous portable systems and its possibility
of becoming a point-of-care testing [ 17,18]. These transducers can be con-
figured as a screen printed electrode, profitable if in mass produced and
ideal to dispose after use, allowing safe and reliable analysis, and ideal
for practical trials and care-management of the AML

Chemical mediators in the amperometric biosensors have been
widely described [19,20]. These resonant compounds shuttle the elec-
trons between the active site of the enzymes and the electrode surface,
in order to amplify the analytical response. However, the use of media-
tors can cause damage or passivation on the electrode surface, reducing
its life-time. On the other hand, when mediators are incorporated to
carbon paste or conductive ink, they can be release into the bulk solu-
tion leading to irregular response. Recently, new strategies for enhance-
ment amperometric transduction based on nanomaterials have been
employed [21]. Carbon nanotubes (CNT) have become the focus of in-
tensive research by analytical chemists for use as electrodes that trans-
mit electrical signals or as sensors to detect concentrations of chemicals
or biological materials. The structure of CNT can be described as a
rolled-up tubular shell of graphite sheet with the carbon atoms cova-
lently bound to their neighbours. Physical and chemical properties
such as electrical conductance, high mechanical stiffness and the possi-
bilities to functionalize CNTs in order to change their intrinsic proper-
ties are reasons why they are used in biosensors [22]. Furthermore,
they promote a rapid electron transfer, increasing the reaction rate of
many electroactive species and then decreasing the electrode response
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time [23,24]. These fascinating properties are the reasons why the CNT
electrodes can achieve high sensitivity with low detection limits. [n ad-
dition, CNTs increase the electroactive area by forming a nanostruc-
tured surface that promotes a greater amount of immobilized
biomolecules.

Polymers have exerted an important role for CNTs bond on the
electrode surface due to they act as true anchors resulting in more
regular biosensors response. A new class of polymers known as in-
trinsically conducting polymers or electroactive conjugated polymers
has recently emerged in the electrochemical sensors. They are com-
monly deposited on the electrode surface area operating as an elec-
tron promoter between the polymer film and electrolyte solution
[25]. Herein, the polyethyleneimine (PEI) in the branched form,
which has a higher density of amine groups [26,27], was used to
bind carboxylated CNTs (COOH-CNT). A nanostructured surface was
obtained in order to increase the immunoreactive electrode area
and to achieve a more sensitive and reliable response.

2. Experimental
2.1. Materials

¢TnT was obtained from Calbiochem (San Diego, USA). Anti-cTnT-HRP
and anti-cTnT antibodies were purchased from Abcam (Cambridge, USA).
COOH functionalized multi-walled carbon nanotubes (COOH-CNT) were
obtained from DropSens (Oviedo, Spain). 50% (w/v) polyethyleneimine
solution in water, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hy-
drochloride (EDC), N-hydroxysuccinimide (NHS) and horseradish perox-
idase (HRP) enzyme were acquired from Sigma-Aldrich (St. Louis, USA).
30% (v/v) Hy0, was provided by Labsynth (Sdo Paulo, Brazil). Phosphate
buffer saline (PBS) (0.01 mol L™", pH 7.4) used in all experiments was
prepared by dissolving 0.2 g KCl, 8.0 g NaCl, 024 g KH,POs and 144 g
Na,HPO, in 1000 mL of Milli-Q water. All other chemicals were of analyt-
ical reagents grade and used without further purification. The water used
to prepare of the solutions was obtained from a Milli-Q water purification
system from Millipore Inc. (Billerica, USA).

2.2. Apparatus and measurements

The electrochemical experiments were carried out using the Auto-
lab PGSTAT12 potentiostat/galvanostat (Eco Chemie, The Nether-
lands) coupled with the microcomputer and controlled by GPES 4.9
software. A three-electrode system comprising of a gold electrode as
the working electrode, a platinum wire as the auxiliary electrode,
and an Ag/AgCl electrode as the reference, was employed for all elec-
trochemical experiments.

Cyclic voltammetry experiments were carried out on an electro-
chemical cell (10 mL) at room temperature (24 °C). The voltammetry
measurements ranged from —0.1 to 0.6V in 4 mmol L™ K;Fe(CN)g
solution.

2.3. Dispersion and activation of COOH-CNT

3 mg of COOH-CNT was dispersed in 1 mL of DMF and sonicated for
2 h to form a COOH-CNT homogeneous solution. Then, the dispersed
COOH-CNT was activated with a 1:1 mixture of 8 mmolL~" EDC and
20 mmol L~ ! NHS, which was left to react for 1 h at room temperature
[24].

2.4. Self-assembling of the immunosensor

Prior to use, the gold electrode with geometric area of approximate-
ly 0.2 mm? was cleaned with a freshly prepared nitric acid solution
(4mmolL™") for 10 min, then exhaustively rinsed in an ultrasonic
bath in water and ethanol. The cleaning procedure of the electrode
was confirmed by cyclic voltammograms. Afterwards, the electrodes

were coated with 5 pL of 5% (v/v) PEI in ethanol and dried at 45 °C for
10 min, in order to form a uniform polymer film. Then, 5 pL of previous-
ly activated COOH-CNT was deposited on the electrode surface and
dried at 50 °C for 20 min. Elapsed time of the solvent drying, the elec-
trode was then washed to remove the excess of unbound COOH-CNT.
Then, an aliquot of 5L anti-cTnT (1 pgmL~") was pipetted on the
nanostructured surface COOH-CNT/PEI/Au and incubated for 60 min
at4°C In order to block remaining active sites and avoid non-specific
binding, the electrode surface was incubated with 0.05 mol L~ glycine
solution for 60 min. An illustrative scheme of the stepwise construction
process of the immunosensor is shown in Fig. 1.

2.5. Measurements principle of immunosensor

Initially, the anti-cTnT coated electrode was incubated with 5 pL of
cTnT solution prepared in PBS (0.01 mol L™, pH 7.4), for 30 min.
Subsequently, an aliquot of anti-cTnT-HRP (1 pgmL~') was pipetted
on the sensor surface and incubated for 30 min. After each step of im-
munoassay, the electrode surface was washed with PBS.

All the amperometric signals were generated by H.0- reaction
with enzyme conjugated to anti-cTnT. Then, an H,0, solution
(5mmol L=!) prepared in PBS (0.01 mol L~',pH 7.0) was filled in
an electrochemical cell (10 mL) to generate the amperometric signal.

3. Results and discussion
3.1. Electrochemical characterization of the modified electrodes

The use of polymers as anchors for CNT has been justified [28]. In
this work, gold surface was coated with PEI, a highly cationic polymer.
Its film contains a large number of amine groups that bind to the
COOH-CNT by an amide linkage [29], allowing a covalent binding be-
tween the antibodies and COOH-CNT. Concerning the COOH-CNT in-
teraction to PEI, when the electrode was prepared without PEI film,
there was not a stable COOH-CNT binding to the electrode surface.
In order to quantitatively determine the stability of the COOH-CNT
binding to the electrode surface, cyclic voltammograms were per-
formed with three electrodes immersed in the electrochemical cell
in the presence of a 4 mmol ! KsFe(CN)g solution. The coefficient
of variation of the redox peaks were 95.9% and 0.4% in five cycles,
for the electrode prepared without and with PEI film, respectively.
The COOH-CNT was probably released from the electrode surface.

All assembly process of Anti-cTnT/COOH-CNT/PEI on the gold
electrode was monitored by cyclic voltammetry in 4 mmolL~'
K3Fe(CN)g solution (Fig. 2). Based on the voltammograms (curves a
and b), it was possible to calculate the (I of the PEI film on the
bare electrode surface through Eq. (1):

I'bf = 1-Qclean/QPEI (1)

where, Qpg; load (obtained by integrating the area of redox peaks of
the PEI/Au electrode) and Qg,n load (obtained by integrating the
area of redox peaks of the bare electrode). The degree of coverage
achieved was 19%, indicative of a good volume ration.

Cyclic voltammogram of the COOH-CNT/PEI modified electrode
presented an increase in the pair of reversible redox peaks in
Epa=029V and E,.=0.16V (see also in Fig. 2). This behavior con-
firms the attachment of the CNTs on the electrode surface that lead
to an enhancement in the conductivity and a higher electron transfer
to the electroactive area (curve c) [30]. When the anti-cTnT was
immobilized, the voltammetry showed a slight decrease in the ampli-
tude of the redox peaks (curve d). This behavior can be attributed to
reduction in the electron-transfer kinetics on the electrode surface,
resulting from the addition of the biological insulating material that
prevents the load diffusion to the electrode surface [31].
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Fig. 1. Schematic diagram of the immunosensor in the successive steps. (a) Bare Au , (b) formation of the PEI film, (c) assembly of the COOH-CNT, (d) immobilization of

anti-cTnT, (e) blocking with glycine.

3.1.1. Effect of the PEI concentration

In order to determine the dependence of concentration of PEl on the
electrochemical response of the immunosensor, solutions containing
different concentrations of PEI were prepared. The concentration of
PEI was changed from 0.5% to 10% ( w/v) and voltammograms were
performed with different electrodes. To compensate the variations
among them, the difference between the cathodic peak currents (Ai),
obtained in K3Fe(CN)g solution was calculated. According to Fig. 3, the
cathodic peak current enhanced with the increasing of the PEI concen-
tration reaching a plateau at 5.0% (v/v). Thus, the concentration of PEI
5.0% (v/v) was chosen for all remaining experiments.

150

100 4

50

-50 4

-100

-150 . T T T T T T
0.2 0.0 0.2 0.4 0.6
E (V) vs. Ag/AgCl

Fig. 2. Cyclic voltammograms of the immunosensor in each step of immobilization:
(a) bare Au, (b) PEI/Au, (c) CNT/PEI/Au, (d) anti-cTnT/CNT/PEl/Au, in the presence
of 4 mmol L~ K;Fe(CN) under scan rate of 100 mV s~ .

3.1.2. Effect of the CNT concentration

The size of the electroactive area depends on the amount of
COOH-CNT attached to PEI film. The cathodic peaks current reached
a plateau at 1.5 mg mL~ ' COOH-CNT (Fig. 4). After this point, the ex-
cess of the COOH-CNT can cause aggregation phenomena, and
unleashing the CNTs from electrode surface. On the other hand, it is
not as easy to obtain a homogenous dispersion when higher CNT con-
centrations are employed, consequently resulting in a non-regular
COOH-CNT solution that can block the electron transfer to the elec-
trode surface.

The repeatability of the nanostructured electrode was also evalu-
ated by performing successive cyclic voltammograms (30 cycles) in
4 mmol L~ ! KsFe(CN); solution. A low coefficient of variation was
obtained (CV=0.31%) indicating a stable nanostructured platform
for the electrochemical immunosensor.

24
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Fig. 3. Effect of the PH concentration on the immunosensor response. Measurements were
conducted by CV in a solution of H,0, 5 mmol L~ diluted in PBS 10 mmol L=, pH 7.0.
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3.1.3. Scan rate study

Information involving the electrochemical mechanisms can often
be obtained by relationship between the cathodic/anodic current
peak and scan rate [32]. Cyclic voltammograms under different
scan rates (5 to 250 mVs™ ') were performed with the Anti-cTnT-
HRP/cTnT/Glycine/Anti-cTnT/COOH-CNT/PEI/Au electrode in 10 mL
4 mmol L—1KsFe(CN)s solution. It was found that the peaks of anodic
and cathodic currents were modified with the scan rate (Fig. 5a).
According to Fig. 5b, the currents of both anodic and cathodic peaks in-
creased linearly with the square root of the scan rate indicating that
the process was controlled by diffusion. There was proportionality be-
tween the cathodic peak currents and the square root of the scan rate,
showing that the charge transfer occurred reversibly. The electron
transfer rate constant (ks) was calculated employing the Laviron
equation [33]:

ks = anFv/RT (2)

where, «v is the electron transfer coefficient, n is the number of elec-
trons transferred, F is the Faraday constant, v is the scan rate, R is the
gas constant and T is the temperature. The ks were estimated to be
12x10%s™ 1,

3.2. Analytical response of the immunosensor

3.2.1. Effect of pH

The enzyme activity used as electroactive species in immuno-
sensor is strongly influenced by the medium pH. Fig. 6 shows the dif-
ference in the cathodic current peak in a constant potential of —0.2V
atdifferent pH values. In this study it can be observed that the current
peak increased gradually until it attained the maximum at pH 7.0,
then it decreased. Thus, pH 7.0 was chosen as the optimum pH value.

3.2.2. Effect of PBS concentration

In order to obfain the best PBS concentration for immunosensor re-
sponse, electrochemical measurements of the Anti-cTnT-HRP/cTnT/
Glycine/Anti-cTnT/COOH-CNT/PEI/Au electrode were performed in
5 mmol L~ ' H,0, diluted in PBS (0.01, 0.1, 1,25, 5,7.5, 10, 12.5, 15,
17.5and 20 mmol L™ '), The curve of cathodic currents in a constant po-
tential of — 0.2 Vshowed that the optimum concentration wasachieved
at 10mmol L=" (Fig. 7). Thus, the PBS concentration of 10 mmolL~'
was selected for all remaining experiments.

Alpe (4A)

0 1 2 3 4 5 6 7
CNT concentration (mg mL™")

(=]

Fig. 4. Influence of the CNT concentration on the cathedic peak current. CVs were con-
ducted in a solution of 4 mmol L~ K3Fe(CN)g.
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Fig. 5. (a) Cydlic voltammograms of the immunosensor in the 4 mmol L™ ' KsFe({(N)g, at
scan rate (from inner to outer): 10, 20, 30, 40, 50, 60, 70, 80,90, 100, 110, 120, 130, 140,
150, 160, 170, 180, 190, 200 mV s~ (b) Plots of currents peak as a function of square
root of scan rate.

3.3. Reproducibility and repeatability of the immunosensor

The reproducibility of the proposed immunosensor was studied
under established conditions performed on the Anti-cTnT-HRP/cTnT/
Glycine/Anti-cTnT/COOH-CNT/PEI/Au electrode with ¢TnT concentra-
tion at 1 ngmL~". All scans were conducted in a solution of H,0,
5 mmol L~" diluted in PBS 10 mmol L™', pH 7.0, at a scan rate of
100 mV's™ ', After measurements of the cathodic current peaks were
taken, it was observed that the immunosensor showed good reproduc-
ibility, with a coefficient of variation of 3.7%; a value similar to the ones
described by conventional laboratory tests for troponin T, such as
enzyme immunoassays (ELISA and ECLIA) [34,35]. Meanwhile, the re-
peatability of the immunosensor was evaluated by 10 replicates of
cTnT (1 ngmL~") from one same electrode. A satisfactory coefficient
of variation equal to 2.6% was obtained (Fig. 8).

3.4. Calibration curve

As shown in Fig. 9, the calibration plot exhibited a good linear corre-
lation (r=0.996, p<<0.001, n=7) with cTnT concentration varying
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Fig. 6. pH effect on the immunosensor response. The amperometry measurement was
carried out in H,0, 5 mmol L=1,

from 0.1 to 10 ng mL ™", In this proposed immunosensor, the detection
limit was established at 0.033 ngmL™" ¢TnT being comparable to the
ECLIA method which presents a limit of detection of 0.01 ng/mL
according to the manufacturer (Elecsys® Troponin T STAT Immunoas-
say in the Cobas E601 analyzer, Roche Diagnostics Mannheim, Germa-
ny) [10,15]. This immunosensor showed itself capable of evaluating
¢TnT in the range of the cardiac infarction myocardial based on the
WHO criteria from the 1970s which the cutoff value for cTnT is 0.1 ng/
mL. Regarding the simplicity of this sensor, the PEI/CNT joint resulted
in a highly sensitive immunosensor in which the use of chemical medi-
ators was not necessary in obtaining amperometric response.

3.5. Immunosensor response to the human serum samples

To accomplish the ¢TnT calibration plot in real samples, 10 pL
human serum was pipetted on the electrode surface and the electro-
chemical measurements were done. In order to prevent fluctuations
on the electrochemical responses resulting from evaporation of sam-
ples, a moist chamber was used in all incubation procedures. The
amount of cTnT in the serum samples was previously measured by

Aipe (uA)
_!\J
o

0 5 10 15 20

PBS concentration (mmol L)

Fig. 7. Effect of PBS concentration on the immunosensor response. The amperometry
measurement was carried out in the H,0, 5 mmol L= (pH 7.0).
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Fig. 8. Repeatability of the immunosensor in ten replicate measurements.

a Roche Elecsys 2010 Immunoassay Analyzer, which is based on
ECLIA method. The ¢TnT measurements of this immunosensor were
performed with 1:100 diluted serum samples. The measurements
showed a good agreement with the ECLIA methods at 95% confident
level when the paired t-test was applied. As shown in Fig. 10, the cal-
ibration plot exhibited a good linear correlation between 0.02 and
032 ngmL~" ¢TnT (r=0.987, n=>5, p<0.0001). This method has
the advantage of being more practical, more easily portable and
does not require chemical mediators to obtain the response.

4. Conclusion

In the development of the proposed nanostructured immuno-
sensor, the combined use of PEI film and CNT provided important ad-
vantages for obtaining a highly sensitive analytical method for cTnT
with relevant clinical range for acute myocardial infarction detection.
Additionally, in this electrochemical approach, the use of CNTs could
exempt the use of chemical mediators since that satisfactory electron
transfer was obtained. The results indicated that the concentration of
cTnT detectable by use of the proposed immunosensor meets the re-
quirements for AMI diagnosis.
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Fig. 9. Calibration curve of the immunosensor. The amperometry measurement was
carried out in the Hy0; 5 mmol L™ diluted in PBS 10 mmol L~ ', pH 7.0.
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Fig. 10. Linear response of immunosensor to the serum samples in different concentra-
tions of cTnT measured by ECLIA methods.
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