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RESUMO

As arboviroses sdo reconhecidas pela Organizacdo Mundial da Satde como um problema global
de salde, gerando impactos sociais e econOmicos relevantes. Nas zonas tropicais e
intertropicais do globo terrestre, a infeccdo por dengue tem sido a mais endemicamente
prevalente, embora outras infec¢Bes, como a Zika, tenham causado efeitos devastadores, como
a Sindrome da Zika Congénita. Considerando-se que o diagnéstico clinico diferencial é uma
tarefa dificil, a busca por novos biomarcadores que identifiquem as arboviroses laboratorialmente
é desejavel. A proteina ndo estrutural 1 (NS1) tem sido observada nas infec¢des pelos virus
dengue (DENV) e Zika (ZIKV), circulando na corrente sanguinea do individuo infectado durante
toda a viremia, com niveis mais elevados na fase inicial da doenca, tendo sido detectada no soro
e na urina. A proteina NS1, por ser sensivel e mais especifica para o diagnéstico na fase inicial
dessas infec¢des, tem sido utilizada em muitas pesquisas visando o desenvolvimento de
imunossensores, usando diferentes tipos de transducéo, tais como: fluorescéncia, impedancia,
ressonancia plasmonica de superficie, amperometria. Entretanto, a transducdo amperométrica,
por ser de facil portabilidade e poder ser usada em pronto-atendimento, tem se mostrado a mais
atrativa. Nesta tese foi desenvolvida uma plataforma imunossensora constituida pela
eletrossintese do polietilienodiamina (poli-EDA), a partir da oxidacdo da etilenodiamina,
proporcionando uma espessura controlada e boas propriedades eletroquimicas. O filme de poli-
EDA rico em grupos amino-reativos foi utilizado para estrategicamente ancorar nanotubos de
carbono (NTC) que aumentam a transferéncia de elétrons, bem como a area eletroativa da
superficie sensora. A incorporacdo de NTC carboxilados proporcionaram a imobilizacdo, de
modo orientado, dos anticorpos monoclonais anti-NS1 por meio de ligacdes covalentes,
permitindo uma alta estabilidade durante as medidas. Todas as etapas de modificacbes da
superficie eletrédica foram caracterizadas eletroquimica, estrutural e morfologicamente pelas
técnicas de voltametria ciclica, espectroscopia de infravermelho por transformada de Fourier com
refletancia total atenuada (FT-IR ATR) e microscopia eletrénica de varredura, respectivamente.
Um sistema de microbalanga de cristal de quartzo foi usado para controlar a espessura do poli-
EDA eletrossintetizado em ordem de nanoescala (~ 100nm). As respostas analiticas do
imunossensor a proteina NS1 foram obtidas por técnica de voltametria de pulso diferencial
exibindo uma faixa linear entre 20 e 800 ng/mL; com limite de deteccdo de 6,8 ng/mL e
reprodutibilidade de 97,0%. Este imunossensor foi capaz de detectar a proteina NS1 em
individuos com dengue e com Zika em amostras de soro e urina enriguecida. A sinergia do poli-
EDA e NTC resultou em um filme com grande estabilidade e potencial para imobilizagdo estavel
de biomoléculas, permitindo a deteccdo da NS1 em niveis clinicos. O imunossensor
desenvolvido mostrou-se com potencial para aplicacdo no diagnostico do DENV e ZIKV, podendo
ser utilizado em pronto atendimento, viabilizando a coleta de dados clinicos de individuos
infectados, bem como ser aplicado em estudos epidemiolégicos auxiliando no controle e

vigilancia sanitaria de regides endémicas.

Palavras-chaves: Dengue; Zika; NB tidnourtogsemse; R@Adtubos de carbono



ABSTRACT

Arboviruses diseases are recognized by the World Health Organization as a global health
problem, generating relevant social and economic impacts. In the tropics and intertropical zones
of the terrestrial globe, dengue infection has been the most endemically prevalent, although other
infections, such as Zika, have had devastating effects, such as congenital fetal syndrome.
Considering that the clinical differential diagnosis is a difficult task, the search for new biomarkers
that identify arboviruses in a laboratory manner and in large scale is desirable. Non-structural
protein 1 (NS1) has been observed in infections by dengue (DENV) and Zika (ZIKV) viruses,
circulating in the bloodstream of the infected individual during the entire viremia, with higher levels
in the initial phase of the disease, having been detected in serum and urine samples. Because
the NS1 protein is considered sensitive among non-structural proteins and more specific for
diagnosis, it is important in the clinical phase of these infections, several studies for the
development of immunosensors were carried out, using different types of transduction, such as:
fluorescence, impedance, surface plasmon resonance, amperometry. However, the
amperometric transduction, as it is easy to be portable and can be used in emergency care, has
proven to be the most attractive. In this thesis, an immunosensor platform was developed,
constituted by the electrosynthesis of polyethylenediamine (poly-EDA), from the oxidation of
ethylenediamine, providing a controlled thickness and good electrochemical properties. The poly-
EDA film rich in amino-reactive groups was used to strategically anchor carbon nanotubes (NTC)
that increase the electron transfer as well as the electroactive area of the sensor surface. The
incorporation of NTC carboxylated provided an oriented immobilization of the anti-NS1
monoclonal antibodies by covalent bonds, allowing high stability during the measurements. All
steps of electrode surface modifications were characterized by electrochemical, structural and
morphological techniques using cyclic voltammetry, Fourier Transform Infrared with Attenuated
Total Reflectance (ATR FTIR) and scanning electron microscopy, respectively. A quartz crystal
microbalance system was used to control the thickness of the electrosynthesized poly-EDA in
nanoscale order (~100nm). The analytical responses of immunosensor to the NS1 protein were
obtained by differential pulse voltammetry technique, exhibiting a linear range between 20 and
800 ng/mL; with a limit of detection 6.8 ng/mL and reproducibility of 97.0%. This immunosensor
was able to detect the NS1 protein in individuals with Dengue and Zika, in samples of serum and
spiked urine samples. The synergy of the poly-EDA and NTC resulted in a film with high stability
and potential for a stable immobilization of biomolecules, allowing detection of the NS1 with
sensitivity at clinical levels. The developed immunosensor showed as one potential for DENV and
ZIKV diagnostic, and can be used as point-of-care, enabling the clinical collect data from infected
individuals, as well as being applied in epidemiological studies to assist in the control and sanitary

surveillance of endemic regions.
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1 INTRODUCAO

Atualmente, as arboviroses afetam mais de 128 paises e as interferéncias
humanas séo consideradas fatores importantes para o aumento da propagacao

e disseminacgdo dos arbovirus envolvidos (https://www.who.int/news-room/fact-

sheets/detail/vector-borne-diseases). Nos Ultimos anos, a co-circulacdo dos
arbovirus: dengue (DENV), Zika (ZIKV), febre amarela (YFV), chikungunya
(CHIKV), mayaro (MAYV) e Oeste do Nilo (WNV), tem causado grande impacto

na saude publica mundial. Dentre os virus mencionados, 0s que causam maior
impacto para a saude da populacdo sédo os virus dengue e Zika, principalmente
nos paises de clima tropical e sub-tropical (BARRETT, A. D.T.; WEAVER, 2012).

A dengue é atualmente a mais conhecida arbovirose e com maior nimero
de infec¢des anual em todo o mundo. A dengue tem um amplo espectro clinico,
incluindo desde as formas brandas até os quadros graves. Os sintomas sdo
variados, compreendendo febre, dor de cabeca, mialgia, artralgia, exantema,
prurido, podendo ocorrer sangramento pelo nariz, boca e gengivas, o que pode
levar ao choque hipovolémico e morte. O diagndstico clinico da infec¢do por
DENV é passivel de confundimento com outras arboviroses, principalmente com
a infeccao pelo ZIKV, quando em co-circulacdo (HARAPAN et al., 2020).

Os principais sintomas da infeccao pelo ZIKV sao febre baixa, erupcao
cutanea, conjuntivite, dores musculares e articulares, mal-estar ou dor de
cabeca, além da possibilidade de causar a sindrome da Zika congénita (SZC),
em particular a microcefalia, em criangas cujas maes foram infectadas pelo ZIKV
durante a gestacdo. Este Ultimo agravo, levou a Organizacdo Mundial da
Saude (OMS) em 2016, a declarara infeccdo pelo ZIKV emergéncia
internacional apés um grande surto no Brasil, pois também existe a possibilidade
da sua transmissdo também ocorrer pela via sexual (BRITO, Carlos Alexandre
Antunes DE; CORDEIRO, Marli Tenorio, 2016).

Atualmente, o teste considerado padrdo ouro para a identificacdo da
dengue e Zika € o teste molecular da reacdo em cadeia da polimerase, precedida
da transcricdo reversa (RT-PCR) por apresentar melhor sensibilidade e
especificidade na detec¢cdo do RNA viral. Entretanto, essa metodologia ndo é
pratica para aplicacdo em larga escala em surtos epidémicos, principalmente por

requerer profissional especializado, equipamentos especificos, ser demorada e


https://www.who.int/news-room/fact-sheets/detail/vector-borne-diseases
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possuir custos relativamente altos para paises em desenvolvimento (CHONG et
al., 2019).

Testes soroldgicos para a deteccdo das imunoglobulinas IgM e IgG sao
empregados no diagndstico laboratorial. Entretanto, os testes comerciais
disponiveis para detec¢do de anticorpos IgM e IgG para o DENV e o ZIKV
comumente apresentam significativa taxa de reacdo cruzada, com resultados
falso-positivos e falso-negativos, o que significa que a maioria dos resultados
sorolégicos sé@o presuntivos, mas ndo confirmatério (CHONG et al., 2019).

Alternativamente, a proteina nao estrutural 1 (NS1) presente no genoma
do DENV e do ZIKV tem sido utilizada como um biomarcador especifico para o
diagnéstico da infec¢do causada por esses virus (MENDONCA et al., 2021a). Na
fase aguda da doenca, durante a replicacdo viral hA um aumento significativo
nas concentracbes de NS1 na corrente sanguinea, o que pode auxiliar no
diagnéstico laboratorial e, consequentemente, na conduta terapéutica nos casos
de dengue grave (RASTOGI; SHARMA, N.; SINGH, 2016). Na infeccao pelo
ZIKV, a NS1 também tem sido observada na corrente sanguinea durante a fase
aguda da doenca e na urina por um periodo maior. Dessa forma, a deteccao da
proteina NS1 pode ser muito utii como marcador de diagndéstico dessas
arboviroses, sobretudo quando ha co-circulacédo dos virus (CARPIO; BARRETT,
Alan D.T., 2021; MENDONCA et al., 2021a).

Atualmente, os testes comerciais de deteccdo de NS1 baseados em
ensaios imunoenzimaticos e quimioluminescéncia disponiveis, apesar de
possuirem alta sensibilidade e especificidade, sdo em sua maioria onerosos,
demandam equipamentos e treinamento especificos para sua execuc¢ao, além
de ndo fornecer um diagndstico rapido como € desejavel.

Levando em consideracdo que a deteccdo da proteina NS1 tem se
mostrado eficiente no diagnéstico das arboviroses mencionadas,
imunossensores tém sido desenvolvidos para NS1 usando diferentes tipos de
transducéo, tais como: fluorescéncia, impedancia, ressonancia plasmonica de
superficie, amperometria (CECCHETTO et al., 2017). Entretanto, a transducéo
amperométrica, por ser de facil portabilidade e poder ser usada em pronto-
atendimento, tem se mostrado a mais promissora. Na confec¢do de
biossensores eletroquimicos, a associacao de polimeros com nanomateriais tem

se mostrado uma estratégia eficiente, sobretudo pela melhoria nas propriedades
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de conducao elétrica, estabilidade eletroquimica e aumento da area eletroativa
superficial sensora (HARSHAVARDHAN et al., 2019).

Neste trabalho, foi desenvolvida uma plataforma imunossensora formada
pela eletrossintese do polietilenodiamina (poli-EDA) a partir da oxidacdo da
etilenodiamina, proporcionando uma espessura controlada e boas qualidades
eletroquimicas. O filme do poli-EDA rico em grupos amino-reativos possibilitou a
imobilizacdo, de modo orientado, dos anticorpos monoclonais anti-NS1, bem
como favoreceu uma ligacéo covalente amida entre NTC e anti-NS1, permitindo
uma alta estabilidade durante as medidas. A interagdo entre as estruturas poli-
EDA/NTC resultaram em uma maior transferéncia de elétrons e aumento de area
eletroativa da superficie sensora, melhorando a sensibilidade diagnéstica para a
deteccdo da proteina NS1.

O imunossensor desenvolvido apresentou excelente potencial para
aplicacao no diagnostico das infeccbes pelo DENV e ZIKV, evidenciando uma
larga faixa linear de deteccdo de NS1 (20 a 800 ng/mL) e alta reprodutibilidade
das medidas (97,0%). Consequentemente, esta proposta podera resultar em um
impacto positivo no diagnostico point-of-care, auxiliando no controle das
arboviroses incluidas na vigilancia epidemioldgica e investigacfes sanitarias do

sistema de saude publica do pais.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Caracterizacao e desenvolvimento de plataforma sensora eletroquimica
baseada em nanocompdésito de poli-EDA/NTC para aplicacdo em imunossensor

na deteccao da proteina NS1 das arboviroses dengue e Zika em soro e urina.

2.2 OBJETIVOS ESPECIFICOS

1. Desenvolver e modificar a superficie de plataformas sensoras do dispositivo
modificados com o poli-EDA e com NTC,;

2. Caracterizar a matriz de imobilizacdo de anticorpos anti-NS1 por técnicas
eletroquimicas e piezoelétricas;

3. Realizar andlises das superficies nanoestruturadas desenvolvidas por
espectroscopia no infravermelho por transformada de Fourier e microscopia
eletronica de varredura,

4. Estabelecer curva analitica do imunossensor quanto a determinacdo da
proteina NS1,;

5. Avaliar o imunossensor frente as amostras de soro e urina, enriquecidas com
NS1, de pacientes infectados por DENV e ZIKV.
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3 FUNDAMENTACAO TEORICA

3.1 ARBOVIROSES: DENGUE E ZIKA

Arbovirose é uma doenca infecciosa aguda, causada por um grupo
heterogéneo de virus, denominado “arbovirus” (do inglés Arthropod-borne
virus), que possui caracteristicas epidemiolégicas em comum. Tais virus séo
transmitidos por vetores artropodes hematéfagos, pertencentes as familias
Ixodidae (carrapatos), Culicidae (mosquitos), Ceratopogonidae (mosquitos-
polvora) e Psychodidae (mosquitos-palha/fleb6tomos) (JONES, KULKARNI, et al.,
2020, SEGONDY, 2016).

As interferéncias humanas, as modificacbes dos ecossistemas, a
globalizacdo, o crescimento descontrolado da populacdo, as mudancas
climaticas e as novas trajetdrias utilizadas por aves migratérias sdo fatores
considerados responsaveis pelo aumento da propagacdo e disseminacdo dos
arbovirus, como o DENV e o ZIKV. A distribuicdo geografica de ambos os virus
estd ligada a distribuicdo do vetor (GIRARD, NELSON, et al., 2020, MARTINS,
PRATA-BARBOSA, et al., 2020).

O virus da dengue exibe um perfil estritamente urbano, tem como vetor
principal mosquitos da espécie Aedes aegypti, e em algumas localidades o
Aedes albopictus. Com a reforma sanitaria promovida por Oswaldo Cruz a partir
de 1904, a fim de eliminar a febre amarela urbana, o Brasil foi decretado livre do
Aedes aegypti em 1955. Observa-se que no periodo entre 1923 e 1981 nédo
houve casos reportados de dengue no pais, no entanto, a partir de 1981 os
nameros de infeccbes comecaram a aparecer e sua incidéncia e prevaléncia
aumentaram a cada ano (MINISTERIO DA SAUDE, 2019).

De acordo com a OMS, mais de 3 bilhGes de pessoas vivem em area de
risco de infeccao por DENV. Aproximadamente 100 milhdes de casos ocorrem
por ano, destes, cerca de 250 a 500 mil sdo diagnosticados como dengue
hemorragica. Estima-se que 5% dos casos de dengue hemorragica sdo fatais
(OMS, 2020). Sugere-se que 0s mesmos fatores que impulsionaram a
disseminagédo do DENV também foram responsaveis pela disseminacao do ZIKV
(QURESHI, 2020).
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O ZIKV foi identificado inicialmente em 1947 ao ser isolado de um
macaco-Rhesus (Macaca mulata) usado como sentinela na floresta Zika em
Uganda (BERUBE, 2020). Desde sua identificacdo, o ZIKV apresentou baixa
circulacdo, uma vez que pesquisas soroldgicas apontaram, por meio da
deteccdo de anticorpos especificos em vérias espécies de mamiferos e
roedores, que a circulacdo do ZIKV era caracterizada como silenciosa,
apresentando uma distribuicdo geogréfica restrita aos paises africanos e do
sudeste Asiatico (CARVALHO, 2019). Esse cenério foi modificado em 2007 apds
um grave surto ser relatado nas ilhas Yap, no qual 73% da populagé&o da ilha foi
infectada pelo Zika virus em apenas quatro meses. Desde entédo, o Zika virus se
disseminou por todo o hemisfério ocidental e uma grande epidemia no continente
da Ameérica do Sul comecou a surgir (HOSSEIN, 2020).

No Brasil, o Nordeste foi a regido com maior nimero casos de microcefalia
e outras malformacbes congénitas associadas ao virus Zika, tendo sido
registrados mais de dois mil e quinhentos casos, representando 62,5% das
ocorréncias do Brasil entre 2015 e 2019. O estado de Pernambuco despontou
no cenario epidemiolégico nacional como epicentro inicial da epidemia (POSSAS
et al., 2017).

Os surtos de dengue observados todos os anos e a epidemia causada
pelo Zika revelou a persisténcia de estruturas sociais, politicas e econdmicas
que reproduzem a desvantagem e vulnerabilidade de determinadas popula¢cdes
e grupos (MARSHALL et al., 2020). As doencas negligenciadas como dengue e
Zika tém sido reconhecidas como, simultaneamente, um resultado e um
mecanismo perpetuador da pobreza - as denominadas, "doencas da pobreza"
ou "doencas tropicais da pobreza" (CLAPHAM, 2019).

3.2 DENGUE: EPIDEMIOLOGIA E ASPECTOS CLINICOS

O virus da dengue foi um dos primeiros arbovirus a ser relatado na
literatura (WANG, W. et al., 2020), evidéncias sugerem que sua origem foi em
primatas ndo humanos na Africa e Asia (HARAPAN et al., 2020). Por volta do
ano 1780, uma doenca semelhante a dengue foi observada na india, na cidade

de Madras. Posteriormente, o DENV foi disseminado para muitas partes do
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mundo através do comércio (WANG, W. et al., 2020) e o primeiro isolamento do
DENV foi em 1943 no Japao (HARAPAN et al., 2020).

Entretanto, foi a partir da Segunda Guerra Mundial (1945) que a doenca
foi disseminada pelo mundo. Anos depois o DENV foi reintroduzido nas Ameéricas
em meados de 1977, na cidade de Santiago de Cuba, em seguida, foi
disseminado para a América do Sul (Figura 1), qguando aconteceram 0s surtos
da doenca. Na década de 1980, esses surtos foram disseminados para a Asia e
Africa, porém somente a partir de 1994, eles comecaram a atingir paises da
América do Sul, que nado tinham casos registrados e, até hoje, o continente é
acometido por inUmeros casos desta doenca todos os anos, tendo o Brasil como
uma das principais areas endémicas do virus (WEAVER, SCOTT C; CHARLIER,
CAROLINE; NIKOS, 2018).

Figura 1: Regides geograficas da atividade viral historica da epidemia do DENV.

Dengue virus

Fonte: Fonte: Paul R. Young (2018)

No Brasil, nos anos de 1916 e 1923 foram registrados casos sugestivos
de dengue em Sao Paulo e no Rio de Janeiro, respectivamente. Ja no final do
ano de 1981 e inicio de 1982, na cidade de Boa Vista, Roraima, localizada na
Regido Norte do pais, foram registrados casos da doengca com confirmacao

laboratorial, tendo sido identificados os sorotipos 1 e 4 do virus (DENV-1 e
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DENV-4). Dos anos de 1983 até 1985 nao foram registrados casos de dengue
no Brasil, porém em 1986, no Estado do Rio de Janeiro, uma epidemia causada
pelo DENV-1 foi registrada e se espalhou para outros estados e levou a cinco
casos fatais neste ano. (Figura 2) Os primeiros casos de febre hemorragica do
dengue (FHD) foram registrados no ano de 1990 causados pelo DENV2, assim
sendo, as epidemias seguintes foram oriundas dos DENV-1 e DENV-2 que
circulavam ao mesmo tempo por todo o Brasil (NUNES et al., 2019).

Em 1998, uma epidemia acometeu mais de 500.000 pessoas no Brasil,
principalmente no Nordeste. Entre os anos de 2001 e 2003 uma nova epidemia
se disseminou pelo pais, e o0 sorotipo DENV-3 causou este surto, visto que o
mesmo comecou a circular no ano 2000 (SALLES et al., 2018).

Com a répida disseminacao do DENV por todo o continente americano,
em 2010 comecaram a surgir casos esporadicos em alguns paises da Europa
(Croacia e Franca) oriundos dos Estados Unidos e, em 2012, foi relatado um
surto considerado grande em Madeira, Portugal (WILDER-SMITH et al., 2019).

Essa rapida disseminacdo do DENV em todos os continentes é o
resultado do aumento da mobilidade humana por meio de transporte e sua
transmissdo vem acontecendo muito rapido para novas regides, causando
epidemias consideradas graves (KUMAR, R. P.; , R. SUNITH; KUMAR, And V.
P.,2020).
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Figura 2: Linha do tempo do surgimento e disseminag&o do DENV.
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A dengue é considerada uma doenca negligenciada e sua disseminacao
depende das condi¢cdes sanitarias e sazonais. A transmissdo da doenca se da
por meio de artropodes hemat6fagos contaminados, principalmente mosquitos,
cujos ciclos de vidas estdo relacionados as condi¢des de temperatura e habitat
de reproducdo (DA SILVA et al., 2019, MERLE, DONNIO, et al., 2018). Neste
contexto, a prevaléncia da dengue oscila conforme o controle dos vetores de
infeccdo, tendo aumentado 30 vezes em 50 anos, passando também da zona
urbana para a zona rural (WANG, Wen-hung, NAYIM, et al., 2020).

Nas ultimas décadas, um estudo sobre a carga global da doenca observou
que a dengue aumentou consideravelmente em relacdo as outras doencas
transmissiveis. Esse aumento foi de 400% em 13 anos (2000-2013). De acordo
com a OMS, estima-se que acontecam de 100-400 milhdes de infec¢des por
dengue anualmente. Os casos de infec¢des pelo DENV vém aumentando todos
0S anos; no ano 2000 foram registrados 505.430 casos, em 2010 aumentaram
para 2,4 milh6es e em 2019 o numero de infec¢des foi de 4,2 milhdes (ELTOM
et al., 2021). Na tabela 1 observa-se algumas das principais caracteristicas do
DENV em relacdo a sua distribuicdo geografica, sintomatologia, prevaléncia
anual, vetor, entre outras (BURDMANN, 2019; CHONG et al., 2019b).

Tabela 1: Resumo das principais caracteristicas do virus da Dengue

DENV
Virus Quatro sorotipos
Principal género do mosquito Aedes
Hospedeiros relevantes Humanos
Distribuic@o geogréfica Principalmente na América Latina, Africa, Sul e Sudeste

Asiatico e Oceania. Espalhando para América do Norte e
Europa. Presente em mais de 128 paises.

Carga estimada / ano 390 milhGes (96 milhdes sintomaticos)
no mundo todo
Quadro clinico Febre leve e grave,
Doencga multissistémica
Vacina Em desenvolvimento (ja estd sendo testada em alguns
paises)

Fonte: BURDMANN (2019) e CHONG, LEOW, et al., (2019)
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Antes do final da década de 60, a dengue foi considerada uma doenca
gue apenas deixava o paciente debilitado e ndo era fatal (SRIKIATKHACHORN
et al., 2011), porém, ap0s um surto que causou a morte de varias criancas no
Sudeste Asidtico, essa classificacdo foi reavaliada. Convém salientar que a
gravidade da doenca ndo depende do sorotipo do DENV responsavel pela
infeccdo (WALIA; ARIF; LIAQAT, 2019).

Grande numero das pessoas infectadas pelo DENV sdo assintomaticas
ou apresentam sintomas leves, 25% destes tem uma doenga febril autolimitada.
S&0 poucos os casos de dengue que podem evoluir para a forma mais grave,
gue é uma inflamac&o multissistémica de alta mortalidade; apenas cerca de 5%
a 30% das pessoas infectadas que adoecem. (WANG, Wen-hung, NAYIM, et al.,
2020).

Em 1975, a OMS publicou uma diretriz sobre as formas clinicas da dengue
gue perdurou até sua atualizacdo em 1997, considerada a primeira classificacao
da dengue. A OMS classificou a dengue em trés formas clinicas, seus sinais e
sintomas foram as referéncias usadas para se realizar essa divisao: Febre da
dengue (FD), Febre hemorragica da dengue (FHD) e Sindrome do choque da
dengue (SCD), (SRIKIATKHACHORN et al., 2011; WALIA; ARIF; LIAQAT,
2019). Na febre da dengue, o paciente apresentava: febre, dor nas articulacdes,
dor muscular, dor de cabeca, erupcao na pele e leucopenia, consideradas como
sintomas da fase aguda da doenca. Ja na FHD, o individuo apresentava 0s
mesmos sintomas clinicos da forma branda, além de outros mais graves tais
como: febre alta persistente, hemorragias, trombocitopenia, niveis do
hematécrito aumentados, derrame pleural ou ascite eram observados devido ao
extravasamento do plasma e pelo desenvolvimento do choque hipovolémico, e
também insuficiéncia circulatéria em alguns casos considerados mais graves
(WANG, W. et al., 2020). Em relacdo a SCD, a doenca era classificada como
dengue hemorragica que causava um colapso devido ao extravasamento do
plasma, estreitamento da pressédo do pulso, hipotensdo de sinal tardio, pulso
rapido e fraco e a pele se apresentava fria e Umida. Entretanto, essa
classificacdo ndo apresentava uma aplicacdo pratica na clinica médica, por ser
muito complexa quando se pretendia notificar o caso (WALIA; ARIF; LIAQAT,
2019).
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Considerando a dificuldade para se classificar as formas clinicas da
dengue, a OMS realizou um amplo estudo internacional e, em 2009, passou a
classificar a dengue da seguinte forma: dengue (doenca sem sinais de alerta),
dengue com sinais de alerta e dengue grave (CDC/WHO, 2021). A subdivisé&o
da dengue, com ou sem sinais de alerta, foi elaborada com o intuito de auxiliar
os profissionais da saude em relacdo aos cuidados dispensados aos pacientes
(GUZMAN et al., 2016).

A partir de janeiro de 2014 o Brasil passou a adotar a nova classificagao
de caso de dengue revisada da OMS (MINISTERIO DA SAUDE, 2019). Um caso
suspeito de dengue com sinais de alerta € todo caso de dengue que, no periodo
da remissao da febre, apresenta um ou mais dos seguintes sinais de alarme: dor
abdominal intensa e continua, ou dor a palpacdo do abddémen; vomitos
persistentes; acumulo de liquidos (ascites, derrame pleural, derrame
pericardico); sangramento de mucosas; letargia ou irritabilidade; hipotensao
postural; hepatomegalia maior do que 2 cm; aumento progressivo do
hematdcrito. (MINISTERIO DA SAUDE, 2019; WALIA; ARIF; LIAQAT, 2019).

A classificacéo vigente adotada encontra-se detalhada na Figura 3.
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Figura 3: Classificacdo da infeccao por dengue conforme a OMS, 2009.
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>1.000), o sistema nervoso central (consciéncia prejudicada), o coracdo e
outros drgaos.
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Os sintomas da dengue se manifestam apos o periodo de incubacéo do
virus, que é de 4 a 7 dias, podendo chegar a 14 dias; apos esse periodo o
paciente comeca a apresentar sintomas, em trés fases: fases febril, fase critica
e fase de recuperacdo. (MURUGESAN; MANOHARAN, 2019; WILDER-SMITH
et al., 2019). A fase febril é a etapa inicial do curso da doenca e seu primeiro
sintoma é a febre que normalmente é acima de 38 °C, podendo durar entre 2 e
7 dias. Essa febre vem acompanhada de outros sintomas, além dos acima
mencionados para a FD, os quais podem estar presentes: vomito, nduseas,
diarreia, dores abdominais, dor de garganta, paladar modificado, constipacéo e
rinorreia. Criangcas podem ter quadros de convulsdes quando a febre chega a
40 °C, nos primeiros dias (MURUGESAN; MANOHARAN, 2019).

A maioria dos pacientes apresenta lesdes exanteméaticas do tipo
maculopapular que se espalha pela face, tronco e membros, com ou sem
prurido (MINISTERIO DA SAUDE, 2019). Quando a febre cessa ha uma
melhora do paciente, no entanto, pode acontecer complicacdes que levam a
desenvolver outros sintomas, fazendo-se necesséario uma identificacdo rapida
e marcando o inicio da fase critica (WILDER-SMITH et al., 2019b).

A fase critica comeca ap6és a reducdo da febre, geralmente entre 0 3% e
7° dia do inicio dos sintomas e é nessa fase (entre o0 4° e 0 5° dia) que 0s sinais
graves podem aparecer (Figura 4). Na fase critica, que pode durar de 24 a 48
horas, é de extrema importancia a realizacdo de testes especificos para
verificar se h& extravasamento plasmatico, assim como testes para
diagnosticar o dengue, a fim de realizar o tratamento adequado, evitando,
assim, a evolucéo das formas graves da doenca (MINISTERIO DA SAUDE,
2019). Os sintomas graves sdo varios, como ja citados para a FHD, também
podem ocorrer sangramentos onde foi realizado coleta de sangue; a dispneia e
letargia estdo presentes em quase todos os casos. (WALIA; ARIF; LIAQAT,
2019).

Criangas e jovens geralmente desenvolvem uma sindrome chamada
extravasamento vascular sistémico, manifestando-se com sangramento,
extravasamento do plasma, podendo levar a uma faléncia dos 6rgaos (WALIA;
ARIF; LIAQAT, 2019). A recuperacéo total do paciente se dademtornode 1 a2
semanas, mas o paciente pode ficar cansado por varios dias, pois a fase de

recuperacdo em adultos é longa (GARCIA et al., 2011). Na fase de
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recuperacdo, acontece uma reabsorcdo constante do fluido extracelular,
estabilizacdo do hematdcrito e o aumento dos leucdcitos, retorno progressivo
do apetite e reducdo dos sintomas gastrointestinais (HARDEEP; REEMA,
2019).

Figura 4: Evolucao clinica e laboratorial da dengue
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3.3 ZIKA: EPIDEMIOLOGIA E ASPECTOS CLINICOS

A Zika € uma doenca febril aguda, causada pelo virus Zika, um arbovirus
da familia Flaviviridae, género Flavivirus, transmitida por meio da picada de
mosquitos do género Aedes, principalmente o A. aegypti e A. albopicuts
infectados. O virus Zika foi identificado pela primeira vez em Uganda no ano de
1947, em amostra de sangue coletada de um macaco Rhesus que servia como
sentinela para o virus da febre amarela, na floresta denominada Zika. Ndo havia
relatos de surtos na populacdo humana; a circulacdo do virus acontecia ha
muitas décadas, principalmente em primatas ndo humanos, por transmissao
esporadica ou silenciosa. Apos o seu descobrimento em 1947, s6 em 1954 é
que foi isolado e identificado o primeiro caso em uma menina, porém foi
guestionado sua veracidade, e em 1962-63 o primeiro caso de infeccdo por
ZIKV em humanos foi confirmado, clinica e laboratorialmente. (MUSSO, KO, et
al., 2019, SHARMA, SHARMA, et al., 2020).

No Brasil, em 2015, o ZIKV foi introduzido causando uma doenca febril,
semelhante a dengue, em seguida se disseminou para quase todo o pais. No
Brasil, a Zika assumiu grande importancia epidemiolégica e para a saude
publica em virtude de ser uma doenca que causa Sérios problemas
neurolégicos aos fetos de mulheres que contraem a infeccdo durante a
gestacdo (ARORA, 2020). Posteriormente, o virus foi confirmado em outros
paises das Américas e foram confirmados 223.000 casos até o final de 2017
nas ilhas do Pacifico e nas Américas conforme podemos observar na Figura
5 (BRITO, CORDEIRO, 2016).
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Figura 5: Linha do tempo do surgimento e disseminacdo da infeccdo pelo ZIKV,
mostrando os principais acontecimentos sobre sua epidemiologia, desde seu primeiro
relato em 1947 até 2017.
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O Zika virus € um exemplo de virus emergente que pertencente a
linhagem asiética e africana, que causa surtos e apresenta grande capacidade
de se disseminar e infectar o Aedes com eficiéncia, afetando regides em todo
o mundo pelo movimento da populagdo humana. Nos surtos ocorridos nos
altimos anos, cepas da linhagem asiatica foram identificadas em todo o
continente americano. O ZIKV foi confirmado em 87 paises e territérios com
climas subtropicais e tropicais, como no caso da Florida e Texas e todos esses
locais relataram transmisséo autéctone (RODRIGUEZ-BARRAQUER, COSTA,
et al., 2019).

O periodo de incubacao do virus Zika varia de 3 a 14 dias, até o
aparecimento dos sintomas, tais como: febre, mal-estar, tontura, nausea,
vomitos, cefaleia, dores estomacais, anorexia, conjuntivite, erup¢ao cutanea

maculopapular, diarreia e edema. Geralmente os infectados passam até uma



32

semana com 0s sintomas, em casos mais graves alguns sintomas persistem
por mais tempo, porém de 50% a 80% dos casos, as pessoas Sao
assintomaticas (ARORA, 2020, KAZMI, ALl, et al., 2020).

Grande parte dos casos de Zika sdo assintométicos, ou com sintomas
leves. As manifestacdes clinicas na Zika possuem muitas semelhancas com a
dengue, em relacdo a sintomas como: febre, mialgia, prostracdo e erupc¢ao
cutdnea. Na maioria dos casos de Zika ndo se faz necessaria internacao do
paciente, entretanto, nos casos graves, como as complicacfes neuroldgicas
(sindrome de Guillain-Barré, microcefalia e Meningoencefalite) se faz

necessario uma maior atencéo e cuidados especiais com o paciente (SHUAIB,

STANAZAI, et al.,, 2016).

importantes sobre sintomas, tratamento e prevencao da Zika.

Quadro 1: Informacdes basicas e relevantes sobre o ZIKV

No Quadro 1, sdo apresentadas informacdes

Duracéao dos
sintomas (periodo
de incubacao)

Sintomas

Tratamento

Profilaxia

3 al4 dias

Dor de cabeca
Artralgia
Mialgia
Conjuntivite
Febre
Voémito
Erupcéo maculopapular
Prostracao
Edema das
extremidades
Microcefalia
Sindrome de Guillain-
Barré
Hepatomegalia
Aumento das
transaminases

Acetaminofeno
Ingestdo de agua,
amplo descanso e

tratamento da dor e
febre com soluctes
liquidas para alivio
sintomatico podem ser
considerados como o
paracetamol para aliviar
a dor e a febre
Homeopatia

Telas da casa
Ar-condicionado
Remocéo de detritos
Repelentes
Mulheres gravidas néo
viajar para areas com risco
de transmisséo ZIKV
Evitar a picada de mosquito
durante a 12 semana de
doenca para evitar a
transmissao humano /
mosquitos (transmisséo
humana)

STANAZA|, et al., 2016)

Fonte: (ARORA, 2020, KAZMI, AL, et al., 2020, MARTINEZ DE SALAZAR, SUY, et al., 2016, SHUAIB,
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3.4 BIOMARCADORES ALVOS

A dengue e a Zika sdo doencas infecciosas causadas por arbovirus
pertencente a familia Flaviviridae, género Flavivirus (WILDER-SMITH et al.,
2019a). O DENV apresenta quatro sorotipos antigenicamente distintos (DENV-
1, DENV-2, DENV-3 e DENV-4) com plena capacidade de produzir a infeccao.
(TIAN et al., 2018; WANG, W. et al., 2020).

A particula viral é esférica, medindo de 40-50 nm. O genoma dos
Flavivirus, (tais como DENV e ZIKV) consiste em uma fita simples de RNA
(ssRNA) de sentido positivo, possui um unico quadro aberto de leitura (ORF,
do inglés Open Reading Frame) e longo (extremidades 3’ e 5’), e que codifica
as proteinas estruturais e ndo estruturais (NS). A ORF codifica uma poliproteina
pelas proteases dos hospedeiros e proteases do virus e € dividida em trés
proteinas estruturais que sao do capsideo (C), da membrana (M) e o envelope
(E) viral e sete proteinas ndo-estruturais (NS1, NS2A, NS2b, NS3, NS4A, NS4B
e NS5) (Figura 6). (BARROWS, CAMPOS, et al., 2018, CHONG, LEOW, et al.,
2019).

Figura 6: (A) Genoma dos Flavivirus. B) Poliproteina flaviviral: topologia e dominios

transmembranares.
& UTR Quadro de leitura aberto i 3 UTR
Clivagens
RE- limen

NS24  Nsom

Citoplasma

T\, NS3/NS2B ™ Sinal de peptidase ™, Furina Desconhecido

Fonte: A autora
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As regides das extremidades (UTRs) 5 e 3’ apresentam estruturas
complexas por terem varios “grampos” e estes, por sua vez, tém importancia
na traducdo, na sintese do RNA e na formacdo de sfRNA. A membrana do
reticulo endoplasmatico faz parte da poliproteina dos flavivirus. Algumas das
proteinas do virus sdo encontradas geralmente na parte luminal e essas
proteinas sdo a prM, E e NS1, ja na parte do citoplasma as proteinas
encontradas sé@o as de C, NS3 e NS5. As proteinas ndo estruturais NS2A e B
e as NS4A e B apresentam muitas propriedades nos dominios das
transmembranas, englobando o reticulo endoplasméatico, dessa maneira,
grande parte das proteinas fica no lumen da membrana do reticulo
endoplasmatico. O peptideo 2K codificado pelas proteinas NS4A e B é todo
incluso na membrana do reticulo endoplasmatico e a poliproteina é clivada em
co- e pos-traducional em muitos locais (Quadro 2) (BARROWS, CAMPOS, et
al., 2018).

Quadro 2: Resumo das fun¢des atualmente das proteinas estruturais e n&o estruturais
dos flavivirus.

Proteinas Estruturais

Proteinas Funcbes
Capsideo - C Capsideo associado ao genoma do RNA
prM (pr eM) Protege a proteina E da inducdo de alteracbes do pH

conformacionais no viriao imaturo

Envelope -E Ligagéo e entrada de receptores celulares

Proteinas ndo-estruturais

Replicacdo do genoma do virus, evaséo sistema imunoldgico,

NS1 pode facilitar a dependéncia de anticorpos da infeccao

NS2A Componente do complexo replicase, montagem do virido,
modulacdo do sistema imunol()gico e evaséo

NS2B Cofator para protease NS3
Protease responséavel pela clivagem de poliproteinas, enzima

NS3 multifuncional envolvida em replicacdo do genoma dos virus
(helicase, NTPase)

NS4A Cofator NS3, componente do complexo da replicase

NS4B Componente do complexo replicase, modulagao imunoldgica
e evasdo do sistema
Componente do complexo replicase, dependente do RNA

NS5 Polimerase, de RNA (RdRp) para sintese do genoma, RNA

metiltransferase (MTase), modulagdo do sistema imunolégico
e evasao

Fonte: BIDET, GARCIA-BLANCO (2018) e CHONG, LEOW, et al., (2019)
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A proteina ndo estrutural 1 (NS1) € de grande importancia na
patogénese das infeccdes virais por Flavivirus, principalmente o DENV e ZIKV,
pois nos ultimos anos vem sendo considerada um marcador ideal para o seu
diagnostico. A NS1 é considerada uma proteina conservada e possui 352
aminoéacidos (CARPIO; BARRETT, Alan D.T., 2021). Seu peso molecular é de
40 a 50 kDa multifuncional (depende do estado de glicosilagéo), no entanto,
sua funcionalidade ainda precisa ser bastante estudada, pois grande parte &
desconhecida (NASAR, RASHID, et al., 2020).

Inicialmente, a NS1 intracelular desempenha um papel de monémero,
no entanto, no reticulo endoplasmatico, este forma um dimero resultante dos
residuos de cisteina, que formam ligacées dissulfeto (CARPIO et al; 2021).
Estudos realizados por pesquisadores da Universidade Nacional de Cheng
Kung (Taiwan) observaram, por meio da microscopia crioeletrénica, que a NS1
possui trés dominios em cada monémero (LAI et al.,, 2017), os quais s&o:
dominio de dimerizacdo hidrofébico B-roll (possui os aminoacidos 1 a 29),
dominio wing (WD) (aminoécidos 30 a 180), possuindo dois locais de
glicosilacdo (Asn130 e Asnl175), um dissulfeto interno e dos subdominios e um
dominio central, o B-ladder, sua formacdo acontece na posi¢cdo do C-terminal
da NS1 e os aminoacidos que o compdem sédo os das posicbes 181 a 352
(AKEY et al., 2014).

A ligacdo da NS1 se d& pela juncéo de células via sulfato de heparina e
sua internalizacdo acontece pelas vias de dinamina ou clatrina e essa
internalizacao é essencial para a alteracéo da barreira do endotélio (WANG, C.
et al., 2019).

Durante a fase aguda da doenca, os niveis de NS1 estdo altos (BHATT
et al., 2021) e a NS1 é secretada a partir das células que sdo infectadas e séo
detectadas no hospedeiro até 9 dias apos a doenca (WALIA, ARIF, et al., 2019).

Em relagdo ao ZIKV, a NS1 também age nas células endoteliais. A NS1
pode causar hiperpermeabilidade das células endoteliais do cérebro e da veia
umbilical e modifica os glicosaminoglicanos da matriz extracelular das células
trofoblasticas, resultando no mal funcionamento da barreira endotelial
(PUERTA-GUARDO et al., 2020). A NS1 € uma glicoproteina que apresenta
alta homologia dos aminoacidos e nucleotideos dos flavivirus (DHAL,
KALYANI, et al., 2020).
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A NS1, na fase aguda das infec¢des causadas tanto pelo DENV quanto
pelo ZIKV, apresenta-se em niveis altos na corrente sanguinea. Apesar da NS1
ter alta sensibilidade de deteccdo nos casos da dengue grave, um dos
problemas para o diagndstico € quando ocorre a co-infeccdo por outros
flavivirus. Em muitos paises onde a dengue € endémica tem ocorrido infeccéo
pelo ZIKV, o que pode significar que os testes sorologicos para deteccédo da
proteina NS1 podem n&o serem eficientes o bastante para diferenciar ambos
0s virus, exigindo o teste de RT-PCR complementar para fechar o diagndéstico
laboratorial. No entanto, a NS1 tem se mostrado um excelente marcador
biolégico empregado no diagnostico sorolégico da dengue e da Zika (LUSTIG
et al., 2020).

3.5 METODOS DE DIAGNOSTICO DA DENGUE E ZIKA

As infeccBes por arbovirus trazem sérias consequéncias para a saude
publica em todo 0 mundo e € de suma importancia ter instituicbes publicas de
diagnostico que possam suprir as necessidades da populacdo e para o
gerenciamento dos dados, que sejam especificos e de facil deteccdo em
ambientes urbanos e rurais (remotos). O diagnostico € de grande importancia
para o atendimento clinico, suporte de vigilancia, estudos de patogénese e
tratamentos oportunos para ser administrado a pacientes antes que a infeccao
se agrave (CHONG, LEOW, et al., 2019b).

A infeccdo por DENV e ZIKV é identificada por meio do isolamento viral,
deteccdo do RNA viral por testes moleculares, detec¢cdo do antigeno NS1,
testes soroldgicos para deteccao de anticorpos especificos IgM e 1gG, bem
como pela pesquisa de anticorpos neutralizantes por outras metodologias.

3.5.1 Isolamento viral e diagndstico molecular

Para se realizar o isolamento dos virus dengue e Zika as amostras
biolégicas devem ser obtidas 0 mais precocemente possivel, de preferéncia
nos primeiros 5 a 6 dias de sintomas, pois a viremia (presenca do virus no
sangue) normalmente é fugaz, a partir do 6° dia a carga viral comeca a diminuir.

No que se diz respeito ao DENV, este pode ser detectado no sangue total, soro,
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plasma e tecidos obtidos de autépsias de figado, baco, nédulos linfaticos,
pulméo e timo (KABIR et al., 2021). Quanto ao ZIKV, 0s mesmos espécimes
acima podem ser utilizados, além de urina, leite materno, secregcdo vaginal,
esperma, liquido amnidtico, liquido céfalo raquidiano (LCR), etc. (MUSSO;
DESPRES, 2020)

Por exigir laboratorio de virologia apropriado e o procedimento ser
demorado, o isolamento viral foi substituido pelas técnicas moleculares, a RT-
PCR convencional e a em tempo real (RT-gPCR), para o diagnostico ser mais
rapido; os mesmos espécimes bioldgicos podem ser utilizados. Dado que 0s
virus da dengue e da Zika apresentam similaridades, as infeccdes causadas
por estes virus sao confirmadas por testes moleculares (deteccao de acidos
nucleicos — NATs, RT-PCR e RT-qPCR) (MUSSO; DESPRES, 2020).

Os testes de amplificacdo de acido nucleico sédo considerados padréo
ouro quando se quer realizar a deteccdo do DENV e ZIKV, pois apresentam
maior sensibilidade e especificidade. Inicialmente, o RNA do virus é extraido
da amostra bioldgica a ser analisada e, apés a extracdo do RNA, ele seré
transcrito em cDNA, em seguida, amplificado em equipamentos apropriados e
realizada a leitura da amostra amplificada (KABIR et al., 2021).

Estudos realizados empregando a técnica RT-PCR para deteccdo do
ZIKV, em amostras de soro e urina, observaram que a urina € confiavel para
confirmar a infeccédo pelo ZIKV, principalmente quando a carga viral no sangue
estd com niveis altos. Estudos realizados mostrou que a concentracao de RNA
€ detectavel na urina e apresentou carga viral maior (GOURINAT et al., 2015)
e quando se compara com amostras de soro, a urina € detectada por um
periodo mais longo no pés infeccdo (7 ou mais dias apos se tornar indetectavel
no soro) (LAMB et al., 2016). Um estudo realizado em Nova Caledénia (é um
territorio francés que abrange dezenas de ilhas no sul do Oceano Pacifico) com
amostras de urina de pacientes infectados pelo ZIKV mostrou resultados
positivos e sua carga viral maxima foi estimada de 0,7-220.106 cépias/mL
(GOURINAT et al., 2015). Isso mostra que a urina pode ser usada como a
amostra ideal para detectar o virus sem ser invasiva (KAUSHIK et al., 2017).

Os testes moleculares, como a RT-PCR, apresentam alta sensibilidade
e especificidade para realizar o diagnéstico com rapidez ja na fase aguda da
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doenca, apresentando uma confiabilidade alta, porém, convém ressaltar que o
seu emprego se limita a fase inicial da infecgdo (MUSSO; DESPRES, 2020).

3.5.2 Diagnéstico Soroldgico

Véarios testes soroldgicos estdo disponiveis para a deteccdo de
anticorpos para os virus dengue e Zika, tais como: Western-blotting, teste de
imunofluorescéncia indireta e imunoensaios enziméticos (ELISA) para
deteccado de IgM e IgG, teste de neutralizacdo por reducédo de placa (PRNT),
ensaio dot-blot. Em relacdo ao ELISA (IgM), esta técnica proporciona um
resultado mais rapido e de facil acesso para diagnosticar infeccdes causadas
pelo arbovirus, como o DENV e o ZIKV. Estudos mostram que os testes
sorologicos baseados na deteccdo de anticorpos devem levar em conta o
periodo da doenca, pois entre a fase aguda e a convalescenca existe uma
janela imunoldgica, quando os anticorpos ndo podem ser detectados. O ideal &
realizar os testes soroldgicos em duas amostras de soro coletadas na fase
aguda da infeccdo e outra ap6s 14 dias do inicio dos sintomas (amostras
pareadas). Por exemplo, no caso do dengue, na fase aguda da doenca, o IgG
nao é detectavel nas infec¢Bes primarias causadas pelos flavivirus, entretanto,
em uma segunda infeccao, a deteccéo do IgG pode ser realizada trés dias apos
o0 inicio dos sintomas, e isso se da devido o IgG reconhecer epitopos que
compartilham varias proteinas virais de diferentes sorotipos (CHONG, LEOW,
et al., 2019a).

Os imunoensaios (IgM e 1gG) para diagnosticar os flavivirus podem
apresentar uma limitacédo por conta da reatividade cruzada dos anticorpos que
sdo conservados nha regidao da proteina E. Portanto, resultados falsos positivos
para determinada infeccdo podem ser confundidos em areas endémicas
(BARRETT, WEAVER, 2012). Como aconteceu na epidemia provocada pelo
ZIKV em 2016, os imunoensaios (testes comerciais) foram imprecisos para
diferenciar as infec¢cbes causadas pelos arbovirus, pois o surto de ZIKV
acometeu areas endémicas do DENV (MUSSO; DESPRES, 2020). Neste caso
especifico, o teste in house MAC ELISA (do CDC), para deteccdo de IgM, é
capaz de diagnosticar e diferenciar, com certa precisdo, um caso de Zika ou de
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dengue, ao testar a amostra de soro, simultaneamente, para ambos 0s virus
(CORDEIRO et al., 2016).

3.5.3 Diagnéstico por NS1

Estando presente nos quatro sorotipos do DENV, os niveis de circulacéo
da NS1 no sangue sao altos, tanto na infecgcéo primaria quanto na secundaria,
podendo ser detectada a partir do 1° dia do surgimento da febre e ficar
circulante por cerca de nove dias ap0s o0 aparecimento dos sintomas, em alguns
casos por mais tempo (CHONG et al., 2019b). Recentemente, a proteina NS1
tem sido destacada como marcador de fase aguda da DENV (KABIR et al.,
2021). Nesta fase, a expressdo desta proteina é maxima, portanto, sua
deteccdo contribui decisivamente para o diagnéstico precoce e tratamento
imediato, prevenindo a evolucdo para a dengue grave, evitando o choque por
dengue (NASAR; RASHID; IFTIKHAR, 2020). A NS1 tem sido detectada em
87% e 95% de pacientes com dengue (RAAFAT; BLACKSELL; MAUDE, 2019).
Durante o curso da doenca, os niveis circulantes do NS1 podem variar. Durante
a fase de convalescenca ha uma queda drastica nos seus niveis, justificando
assim a sua maior taxa de deteccdo em soros de fase aguda (ALCALA;
PALOMARES; LUDERT, 2018).

A concentragdo de NS1 circulante no soro humano demonstra ser
significativamente maior nos pacientes que desenvolvem dengue grave quando
comparada a febre da dengue, entretanto, este efeito ndo esta claro se € uma
causa ou uma consequéncia do extravasamento de plasma. Assim, além de
ser um marcador diagnéstico da infec¢do pelo DENV, a NS1 pode representar
um indicador de predicdo de gravidade de doenca (KHAN et al.,, 2020).A
deteccdo da proteina NS1 também tem se mostrado muito util no diagndstico
da Zika, principalmente durante a fase aguda da doenca, da mesma forma que
€ empregada para o diagnéstico da dengue. Atualmente, estdo disponiveis
testes comerciais, imunoenzimaticos (ELISA) e por imunocromatografia (teste

rapido).
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3.6 DIAGNOSTICOS POR BIOSSENSORES

Biossensor € um dispositivo analitico que compreende um componente
biolégico (enzima, anticorpos, antigeno, fita de DNA, etc) imobilizado a
superficie sensora, em intimo contato com um transdutor que convertera a
resposta da interacdo bioquimica do componente biolégico com o analito em
um sinal elétrico quantificavel (Figura 7). No biossensor, quando ocorre a
interacdo do componente bioldgico com a molécula de interesse, a reagéo da
conversdo da energia bioquimica pelo transdutor pode ocorrer sob diferentes
formas, por exemplo, transferéncia de calor, mudanca de distribuicdo de cargas
elétricas, movimento de elétrons, emissdo de luz, alteracdo de massa
(OBERLEITNER, THESES, 2018). As vantagens dos biossensores em relacao
aos métodos analiticos convencionais incluem a possibilidade de realizacao de
analises diretas, uso de pequenas quantidades de amostras biolégicas e facil
manuseio. Os biossensores podem ser aplicAveis ao diagndstico clinico,
controle ambiental, processos de fermentacdo e na industria alimenticia
(BHALLA, JOLLY, et al., 2016).

Figura 7: Representagdo esquematica do principio basico de um biossensor.
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Fonte: (BHALLA, JOLLY, et al., 2016)
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Nos dultimos anos, o0s biossensores que utilizam a transducao
eletroquimica tém despertado interesse, mostrando-se atrativos por
possibilitarem o desenvolvimento de métodos analiticos versateis, econdmicos
e de tecnologia pratica para diagndstico a beira do leito. Este tipo de transducéo
combina a sensibilidade com baixos limites de deteccéo e alta especificidade
nos processos de bioreconhecimento.

Em relagdo ao elemento de bioreconhecimento, os biossensores sao
classificados em duas categorias:catalitico e de afinidade (CURULLI, 2021). Os
biossensores cataliticos sdo aqueles em que a interacdo resulta no
desenvolvimento de um novo produto de reacdo bioquimica. Este biossensor
inclui enzimas, microrganismos, tecidos e células inteiras. No caso de afinidade
(ndo catalitico) biossensor, o analito é ligado ao receptor irreversivelmente, e
durante o interacdo nenhum novo produto de reacdo bioquimica é formado.
Biossensores de afinidade sdo baseados na interacdo de um analito alvo, por
exemplo, um antigeno que serd detectado por meio da formacdo do
imunocomplexo entre 0 antigeno e o anticorpo como agente de captura do
anticorpo, resultando em um sinal gerado por um tipo de transdutor
(ANALYSIS, 2019).

Biossensores do tipo afinidade utilizam, por exemplo, anticorpos e
antigenos, fitas de DNA e RNA, explorando a forte afinidade entre as
biomoléculas, ndo gerando espécies eletroativas apds suas interacées (SHUI,
TAO, et al.,, 2018). Particularmente, quando os biossensores de afinidade
realizam a ligacdo antigeno-anticorpo sdo chamados de “imunossensores”.
Estes vém sendo muito estudados nas ultimas décadas por oferecerem baixos
limites de deteccao e, devido a isto, eles muitas vezes séo utilizados para
detectar tracos de micro-organismos, horménios, etc. (CURULLI, 2021). Os
imunossensores apresentam Otima qualidade em diagndsticos clinicos e
utilizam diferentes biomarcadores que estdo relacionados a infeccdes
detectando a presenca de anticorpos e antigenos em soro, urina, leite e entre
outros (HARSHAVARDHAN et al., 2019).

Os imunossensores também estédo classificados em relacdo ao
seu modo de transducdo, possuindo trés classes categorizadas, Otica
(luminescéncia, fluorescéncia, indice de refracdo), eletroquimica

(amperométrica, potenciométrica, impedancia, capacitivo e condutimétrica) e
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piezoelétrica (HARSHAVARDHAN et al., 2019).entre os transdutores para
imunossensores, 0s eletroquimicos sdo 0s mais comumente utilizados e
integram um grande grupo dos sensores, apresentando alta sensibilidade e
seletividade em relacdo as interacdes antigeno-anticorpo, visto que tém
potencial para um diagnostico rapido, podendo direcionar a um tratamento
imediato aos pacientes. Ele emprega o uso de um antigeno ou anticorpo que
age como agente de captura, medindo quantitativamente o sinal elétrico gerado
pela interacdo do anticorpo imobilizado com a molécula alvo
(analito)(HARSHAVARDHAN et al., 2019).

Nos ultimos anos, com o0 advento da nanotecnologia, o0 niumero de
pesquisas para desenvolver métodos de diagndsticos por imunossensores
aumentou consideravelmente. O progresso no desenvolvimento de novos
materiais e técnicas de funcionalizacdo das superficies nanoestruturadas, bem
como o uso de biomoléculas teve um grande avanco, possibilitando a aplicacao
dos imunossensores em inUmeras areas, tais como: salude, meio ambiente,
alimentacédo e entre outras (RODRIGUEZ et al., 2015).. Particularmente, em
relacdo a deteccdo da NS1, muitos imunossensores foram desenvolvidos, visto
que a proteina pode ser utilizada tanto para o diagnostico do DENV como para
a ZIKV na fase aguda da doenca, como previamente mencionado. Em relacao
ao diagndstico por imunossensores, os limites de detec¢do encontrados para
NS1 corroboram com os descritos na literatura para o diagndstico do DENV
(ALCON et al., 2002; MULLER; YOUNG, 2013). Na Tabela 2 estéo relatados
alguns biossensores para a aplicacdo no diagnostico da dengue, utilizando

diferentes técnicas de transducéo eletroquimica (MENDONCA et al., 2021b).
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Tabela 2: Biossensores aplicados para o diagndstico da deteccdo da Proteina NS1

Descricéo Limite de deteccdo Faixa linear Referéncia
(ng/mL) (ng/mL)
Imunoensaio impedimétrico 0.5 10-25 (SINAWANG
et al., 2016)
Poli(alilamina) — nanotubo 35 100-2500 (SILVA,
de carbono: ensaio M.M.S. et al.,
sanduiche 2015)
Eletrodo de nanotubo de 12 0-2000 (DIAS, Ana
carbono impresso CarolinaM S
et al., 2013)
Eletrodo impresso/tiofeno- 15 40-600 (SILVA,
Nanoparticulas de M.M.S. et al.,
ouro/Proteina A 2014)
Imunosensor eletroquimico 35 5-4000 (DARWISH et
hibrido baseado em al., 2016)
anticorpo-nanoparticula
Imunosensor impedimétrico 30 10-1000 (CECCHETTO
et al., 2015)
Imunosensor eletroquimico 6.2 20-800 (MENDONCA
amperomeétrico et al., 2021b)

Fonte: (MENDONCA et al., 2021b)

3.7 TECNICAS ELETROQUIMICAS DE CARACTERIZACAO E RESPOSTA
ANALITICA

No desenvolvimento de imunossensores, técnicas eletroquimicas usam
propriedades elétricas mensuraveis submetendo-se os eletrodos em uma em
uma célula eletroquimica para realizacdo das medidas de caracterizacao de
procedimentos de modificacdo, bem como de respostas analiticas (HARVEY,
2019). As medidas que acontecem neste processo sao: alteracédo de potencial,
condutancia, impedancia, alteracdes de corrente, capacitancia e entre outras.
Para se realizar esses processos, as medidas sao realizadas em uma célula
eletroquimica, sendo esta célula composta por trés eletrodos, que séo eles:
eletrodo de trabalho, o eletrodo ou auxiliar e o eletrodo de referéncia (Figura
8). No eletrodo de trabalho sdo gerados mecanismos eletroquimicos com a
espécie bioldgica imobilizada a superficie sensora. Usa um potenciostato para

controlar o potencial aplicado no eletrodo de trabalho em funcéo do eletrodo de



44

referéncia (ELGRISHI et al., 2018). Em relacdo ao eletrodo auxiliar, aplica-se
um potencial no eletrodo de trabalho de modo que a reducdo ou oxidacao do
analito de interesse venha a acontecer e a corrente possa fluir. A funcdo do
eletrodo auxiliar é de se ter um circuito elétrico completo, sendo direcionado
para descarga de poténcia. E, por ultimo, o eletrodo de referéncia é usado
contra o potencial do eletrodo de trabalho, apresentando um potencial
equilibrado definido e estavel (CYNTHIA G. ZOSKI; KEYES; FORSTER, 2007).

Figura 8: Representacdo esquemaética de uma célula eletroquimica trieletrodica.

Computador

Voltamograma
Potenciostato

A: Eletrodo de referéncia

' e I B: Eletrodo de trabalho

C: Eletrodo auxiliar ou contra-eletrodo

Célula eletroquimica

Fonte: Marcelino, 2015

No desenvolvimento de imunossensores, Sao comumente usadas
técnicas de voltametria, optando-se pelas voltametria ciclica, voltametria de
pulso diferencial, voltametria linear e voltametria de onda quadrada. A seguir
iremos decorrer sobre a voltametria ciclica e a voltametria de pulso diferencial
qgue utilizam o sistema tri-eletrodico nas medidas eletroquimicas (UGO;
MORETTO, 2017).
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3.7.1 Voltametria Ciclica

A voltametria ciclica (CV) é conhecida como a marca registrada da
analise eletroquimica, tendo grande impacto em varias areas fora da quimica,
tais qual ciéncia dos materiais, fotbnica, biologia celular, neurociéncia,
engenharia elétrica e fisica de fase condensada. Os voltamogramas
proporcionam uma vasta gama de informagfes em relacao a transferéncia de
carga e transporte de massa de processos nas superficies dos eletrodos de
trabalho (ESPINOZA et al., 2019), bem como na termodinamica de processos
redox, da cinética de reacBes heterogéneas e rea¢fes quimica juntas ao
processo adsortivo.

A voltametria ciclica dispde da interacdo dos eletrodos com a solugéo de
contato, proporcionando varredura de potencial em muitos ciclos sucessivos
em duas dire¢cbes, como oxidacdo e reducdo, atuando no desempenho
eletroquimico das espécies que foram geradas no eletrodo (HARVEY, 2019).
Nesse processo, uma corrente capacitiva € gerada, proporcionando
modificacdes na dupla camada do eletrodo apds aplicacdo do potencial,
resultando na rapida queda do sinal (PACHECO, W. F. et al., 2013). A diferenca
de pico de potencial e de pico de corrente dos parametros catédico e anddico
(Figura 9) de ambos séo essenciais para analisar os dados obtidos, mostrando
o sistema eletroguimico como reversivel, sendo a voltametria ciclica importante
para analisar superficies e reacdes que acontecem por meio dela (REZAEI;
IRANNEJAD, 2019).



46

Figura 9: Voltamograma ciclico demonstrando as correntes catddica () e anddica

(Ipa)-

40 +

I (nA)
o
L

Ipa

00 01 02 03 04 05

Fonte: Trindade, 2015.

3.7.2. Voltametria de Pulso Diferencial

A técnica de voltametria de pulso diferencial (VPD) deriva da varredura
linear e consiste na aplicacdo de uma série de pulsos de potenciais, com cada
pulso sendo fixo e de pequena amplitude aplicando-se um pulso de potencial
superposto em uma rampa de potencial linearmente crescente lentamente ao
potencial de base (por exemplo, 10-100 mV). A corrente do eletrodo de trabalho
€ medida em dois pontos para cada pulso, o primeiro ponto antes do pulso ser
aplicado e o segundo ao final do pulso. Esses pontos sdo escolhidos,
permitindo a decadéncia ndo-Faradaica, eliminando efeitos de fundo, tais quais
carga de camada dupla e capacitancia inadequada (THEODORIDIS;
LAMBROU, 2019). A diferenca entre a medida de corrente nos dois pontos de
pulso é determinada e plotada contra o potencial de base. A corrente de pico
indica presenca de ferri/ferrocianeto de potéassio.

A diferenca entre as medidas de corrente é apresentada em dois
intervalos de tempo; o primeiro intervalo imediatamente antes da aplicagao do

pulso (S1) e o segundo préximo do final do tempo de vida (S2). O valor final da
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corrente é a diferenca entre esses dois valores medidos (Figura 10). A corrente
de pico pode ser indicativa da presenca de um marcador redox, como por
exemplo, o par redox ferri/ferrocianeto de potassio. As vantagens de uma
medicdo VPD é sua velocidade, sensibilidade relativa e facilidade de andlise.
Esta medicdo é usada para estudar as propriedades redox de analitos com
valores de concentracdo muito baixos. Isso é alcancado devido a baixas
correntes de carga que fornecem alta sensibilidade (BLAIR, CORRIGAN, 2019,
GILL, SINGH, et al., 2019).

Figura 10: Representacdo esquematica da técnica de pulso diferencial com aplicacao
em potencial em funcdo do tempo. A corrente € amostrada em S1 e S2 e a diferenca
entre elas é que é registrada.
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Fonte: Luiz Manoel Aleixo

As técnicas eletroquimicas apresentadas sdo comumente usadas para
desenvolver imunossensores, no qual apresentam bom desempenho quando
aplicadas no desenvolvimento de plataformas sensoras. Dentre estes
compostos citados, 0s nanomateriais apresentam grande area na superficie e
iISSO proporciona uma maior desempenho de carga e o transporte de reagentes,
resultando em um aumento do sinal. Neste trabalho, focamos em nanomateriais
funcionais a base de carbono, utilizado em biossensores eletroquimicos. Estes
nanomateriais a base de carbono melhorou a qualidade analitica em termos de
sensibilidade, pois combinam propriedades como alta é&rea superficial,
propriedade eletrocatalitica, capacidade de movimento elétron, estabilidade

quimica e eletroquimica, boa condutividade elétrica e biocompatibilidade. Os
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nanotubos de carbono séo os nanomateriais a base de carbono mais utilizados
e muito atrativos e usados na area de bioeletroanalitica na caracterizacdo de
plataformas sensoras (CHO; KIM; PARK, 2020). Pode-se, por meio desses
processos, estudar as propriedades eletroquimicas dos nanotubos de carbono,
assim como estimar certos parametros fisicos destes, como a reatividade e a
capacitancia eletroquimica da interface eletrodo-eletrolito. Além disso, pode-se
por meio do processo de eletrodeposicdo fazer deposi¢fes de particulas em
escala nanométrica (YELLAMPALLI, 2012). A seguir, iremos descrever um

pouco sobre os

3.5 NANOTUBOS DE CARBONO

De acordo com o Instituto Nacional de Propriedade Industrial-INPI, o
surgimento da nanotecnologia foi de enorme importancia, pois proporcionou o
desenvolvimento de dispositivos cada vez mais robustos para andlises
bioguimicas e diagnosticos moleculares, com grandes melhorias na eficiéncia,
precisdo e sensibilidade dos resultados (BAYDA, ADEEL, et al., 2020). Os
nanobiossensores, dispositivos desenvolvidos em nano-escala, recebem este
nome por utilizarem nanomaterias em suas plataformas sensoras, sendo
capazes de manipular parametros bioquimicos e moleculares com um limite de
deteccdo mais baixo, uma vez que 0s nanomaterias proporcionam aumento na
area da superficie sensora, aumento na transferéncia de elétrons, no aumento
na condutividade, entre outros (MAYRA BELTRAN-PINEDA, 2021; BANIGO,
AZEEZ, et al., 2020).

Nanomaterial, simplificadamente, pode ser definido como um material
que possui ao menos uma de suas dimensdes na escala nanométrica, mais
exatamente entre 1 e 100 nm. Um exemplo classico sdo nanoparticulas
metalicas de ouro, prata ou cobre que tém seus espectros eletrbnicos
dependentes do tamanho e forma de suas particulas, quando as dimensfes
dessas sédo reduzidas a escala nanométrica (WU, Qiong, MIAO, et al., 2020).

Nas ultimas décadas, os hanomaterias vém sendo amplamente usados,
construindo uma nova geragdo para a biotecnologia. Umas das areas que

mostra maior avango é a biomedicina, com aplicagfes na terapia e nos métodos
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diagnoésticos que tém grande potencial, pois proporcionam solu¢cdes que sao
muitas vezes inovadoras e superam as limitacdes existentes (BAYDA, ADEEL,
et al, 2020). Com o advento dos nanomaterias, foi possivel observar
propriedades fisico-quimicas e fotofisicas antes ndo observadas em escala
macroscopica, como: pureza, estabilidade, peso molecular, solubilidade e
atividade catalitica, entretanto, essas propriedades podem ser modificadas por
meio da sintese utilizada e funcionalizacdo da superficie do nanometerial
(MAYRA BELTRAN-PINEDA, 2021). Quando os nanomaterias s&o utilizados
juntamente com materiais biolégicos, eles sédo envoltos por proteinas,
anticorpos e outras biomoléculas (BHATTACHARYA, MUKHERJEE, et al.,
2017).

Uma classe de nanomaterias muito utilizada no desenvolvimento de
biossensores € a dos nanotubos de carbono (NTC). Descobertos em 1991 por
Sumio Lijima, os NTCs apresentam 6timas propriedades elétricas e mecanicas.
Nanotubos de carbono sdo tubulos de grafeno compostos de camadas
monoatdmicas de atomos de carbono em estruturas hexagonais. Os NTC
podem ser constituidos de diferentes cilindricos concéntricos, contendo Unica
ou multiplas paredes (Figura 11) (BHATTACHARYA, MUKHERJEE, et al.,
2017). Os NTC de mudltiplas paredes séo de facil sintese e, portanto, sdo 0s
mais econdmicos. Eles absorvem luz infravermelha, dando as propriedades,

como amplificadores de sinal de biorreconhecimento e transdutores.

Figura 11: Representagdo esquemdtica da estrutura dos NTC e imagem de
microscopia eletrénica de transmissao, em: (a) NTC de parede simples, (b) NTC de
paredes multiplas.

(a)

Fonte: Gupta et al. (2019)
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Os NTC sao aplicados em biossensores eletroquimicos devido a sua
grande area superficial por volume, elevada condutividade elétrica e excelentes
propriedades de transferéncia de elétrons (MAYRA BELTRAN-PINEDA, 2021).
Sabe-se que os NTC podem ser bio-persistentes, mantendo suas
caracteristicas fisico-quimicas inalteradas no meio ambiente, sem se degradar
e tendo a capacidade de gerar efeitos adversos nos organismos expostos. A
biocompatibilidade de NTC pode ser melhorada com a funcionalizag&o por sua
modificagdo com grupos reativos que favorecam a imobilizacdo de
biomoléculas. O processo de funcionalizacdo dos NTC é realizado, em geral,
pela formacéo do grupo reativo acido carboxilico, a partir de uma disperséo do
nanomaterial em solucdo com a mistura de &cidos sulfdrico e nitrico [3:1]
(BRITO, C. L.; FERREIRA, E. I.; LA-SCALEA, 2020).

Na literatura, sdo descritos diversos processos de funcionalizacdo de
NTC empregando métodos quimicos e fisicos. Dentre os métodos fisicos,
podem ser empregados: ultrassom, moagem, trituracédo e friccdo que ativam
sua superficie (processos fisicos modificam a estrutura da superficie dos NTC)
(ALIM, VEJAYAN, et al., 2018).

Em relacdo aos métodos quimicos, tém-se por funcionalizacdes
covalentes e ndo covalentes. A funcionalizacdo ndo covalente permite que a
estrutura original dos NTC seja conservada e suas propriedades ndo rompa o
sistema 1 (ALIM, VEJAYAN, et al., 2018), ou seja, a ligacdo ndo covalente é
baseada em forcas de Van der Waals e suas interacfes hidrofébicas ndo sao
invasivas, preservando assim, os NTC (GUPTA, N.; GUPTA, S. M.; SHARMA,
2019). Em relagcdo a funcionalizagdo ndo covalente, sdo dispostas duas
caracterizacdes par obter as interacdes necessarias, sendo elas por entalpia e
entropia. A interacdo caracterizada pela entalpia acontece por ligacfes do tipo
m—m, CH —m, NH — 1, em meio a superficie dos NTC e seus dispersantes. Ja a

interacdo por entropia se d& pela interacdo hidrofobica usando surfactantes
(Figura 12) (FUJIGAYA; NAKASHIMA, 2015).
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Figura 12: Imagem ilustrativa das interacdes do NTC por meio de funcionalizacdo nao
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Fonte: Adaptado de (FUJIGAYA; NAKASHIMA, 2015).

A ligacdo covalente é a mais comumente usada no processo de
imobilizagdo de elementos, dentre estes elementos, temos o NTC. A
funcionalizacdo covalente dos NTC tem como principal vantagem a sua
eficiéncia no alto grau de modificacdo quimica (GUPTA, N.; GUPTA, S. M;
SHARMA, S. K., 2019), acontecendo pela adicdo de grupos funcionais
quimicos nas paredes laterais do NTC, resultando em NTC carboxilados, NTC
funcionalizados com amina e NTC funcionalizados com sulfidril (AN ZHOU,
2019).

Os grupos funcionais dos NTC podem reagir com grupos funcionais
complementares que estdo presentes, por exemplo, nos anticorpos e, assim,
formar uma ligacdo covalente que auxilia na imobilizacdo da biomolécula na
superficie do CNT (AN ZHOU, 2019). Neste caso, os NTC carboxilados tendem
a interagir com anticorpos ou outra biomolécula quando usam um composto a
base de carbodiimida e assim ativar os grupos carboxil nos NTC diretamente
com as aminas primarias dos anticorpos. A carbodiimida, que frequentemente
€ o cloridrato de N-etil-N’-(3-dimetilamino-propil) carbodiimida (EDC - age como
agente de reticulagdo), e o N-hidroxisuccinimida (NHS)acilitam a reacdo de
acoplamento. O EDC reage com o0s grupos carboxila, formando um éster
mediador ativo, podendo deslocar-se com facilidade por meio da amina
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primaria encontrada na biomolécula. O NHS é usado como um mediador
secundario antes da aminacdo e a funcionalizacdo dos NTC com estes
compostos tém modificado as aplicacdbes nas plataformas sensoras,
melhorando assim a imobilizacdo das biomoléculas utilizadas no processo de
desenvolvimento de imunossensores (WICKRAMATHILAKA; TAO, 2019).

Figura 13: Esquema da reacdo do EDC e EDC/NHS pela funcionalizagdo covalente no
nanotubo de carbono
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Fonte: Adaptado de (AN ZHOU, 2019).

Com base nas inumeras possibilidades dos NTCs eles séo atrativos para
o desenvolvimento de plataformas sensoras, pois aumentam a area eletroativa
superficial dos eletrodos. Uma maneira de melhorar o desempenho deste
nanomaterial € a combinacédo deste com polimeros, que sdo macromoléculas
resultantes da formacao de mondémeros. Os polimeros facilitam o transporte de

carga, sao de facil sintese e quando incorporados ou revestidos com NTC
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permitem que a disposicao do NTC possa ser perfilada na superficie sensora,
ampliando sua area e potencializando as interacdes entre 0s hanomateriais e
analitos, proporcionando condutividade, transferéncia de elétrons e interacdes
eletrostaticas entre o NTC, demonstrando boa estabilidade e
biocompatibilidade (AN ZHOU, 2019; YELLAMPALLI, 2012).

3.8 POLIMEROS CONDUTORES

Os polimeros condutores apresentam propriedades eletroquimicas
atrativas, pois possuem baixo potencial de ionizacdo, altas afinidades
eletrbnicas e propriedades Opticas, com condutividade eletrbnica intrinseca,
podendo apresentar variacbes na condutividade. Polimeros condutores
também sdo conhecidos por sua capacidade de serem compativeis com
moléculas biolégicas em solu¢cdes aquosas neutras e, muitas vezes, eles
podem ser modificados para ligar biomoléculas. Outra vantagem dos polimeros
condutores é que a sintese eletroquimica permite a deposicao direta de um
filme de polimero no substrato do eletrodo, que pode ser seguida pela
imobilizacdo da biomolécula (KUMARA SWAMY, SANDEEP, et al., 2017).

Os polimeros condutores tém vantagens em relacdo ao metal ou
materiais inorganicos, como: facil sintese, na modificacdo da superficie do
eletrodo, podendo promover afinidade e estabilidade do bicomponente,
diversidade quimica e estrutural, baixo peso e flexibilidade. Quando séo
associados aos NTC, a area da superficie sensora € ampliada, potencializando
as interacdes entre 0s materiais e analitos, o que leva a alta sensibilidade. Por
outro lado, espera-se que nanocompdsitos a base de NTC-polimero tenham
varias propriedades como: mudanca significativa na mecanica, propriedades
elétricas e térmicas de matrizes poliméricas, tornando-os candidatos
promissores para aplicagdo em plataformas sensoras (PARK, KWON, et al.,
2014). Para obtencdo de um eletrodo modificado por filme polimérico, podem
ser utilizadas as técnicas de dip-coating, spin-coating, eletrodeposicao,
polimerizacdo por plasma, eletropolimerizacdo, dentre outras (TAO et al.,
2007).

Em biossensores eletroguimicos, filmes poliméricos obtidos pela

oxidacao do pirrol, tiofeno e fenileno tém sido os mais estudados, devido as
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suas caracteristicas de rapida transferéncia de carga poliméricos
ricos em grupos amino, carboxilicos, tiolados podem também facilitar a
imobilizacdo de biomoléculas. Uma das possibilidades € a utilizacdo de
mondmeros contendo estas funcionalidades. A etilenodiamina (EDA) é um
composto diamino de cadeia curta que facilmente pode ser polimerizado

produzindo filmes delgados (Figura 12).

Figura 12: Estrutura quimica da etilenodiamina.
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A sintese de filme de de poli-EDA pode resultar em uma superficie
sensora com alta densidade de grupos amino reativos, além de alta area
superficial e facilidade de imobilizacdo covalente de biomoléculas por ligacdo
amida (FREITAS, 2014). A eletropolimerizacdo do EDA no eletrodo de trabalho
resulta em um filme polimérico de estrutura semelhante ao polietilenoimina
(PEI). A funcionalizagcdo de superficies com NTC utlizando o poli-
etilenodiamina (poli-EDA) é facilitada pela capacidade das nanoestruturas
formarem complexos com polieletrélitos catibnicos e ions metdlicos. Neste
caso, o polimero atua como agente controlador de tamanho e confere grande
estabilidade. Outra vantagem da utilizacédo do poli-EDA é a obtencéo de grupos
funcionais na superficie das nanoparticulas por meio da sintese em uma Unica
etapa (RIVA, FIORATI, et al., 2021). A eletropolimerizacdo ocorre com a
primeira etapa envolvendo a eletro-oxidagdo do monomero utilizado com a
formacdo de um cétion-radical (INZELT et al., 2000). A dimerizacdo é o inicio
da segunda etapa, chamada etapa quimica. O crescimento da cadeia e,
consequentemente, formagdo do polimero, procede via reacdo do dimero
resultante com outra molécula neutra e assim por diante. Por ultimo, ocorre a
eletrodeposicdo do polimero formado na superficie do eletrodo (KUMAR &
CHEN, 2008).
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Esses filmes eletropolimerizados geralmente contém grupos funcionais
que apOs ativacdo podem imobilizar biomoléculas via um grupo funcional
especifico, podendo ser hidroxilas (-OH), carbonilas (C=0), carboxilas (COOH)
e aminas primarias (NH2) (FREITAS, 2014). Assim sendo, um filme formado
pelo poli-EDA combinado com NTC foi formado, sendo possivel observar pelas
micrografias eletrbnicas de varredura, proporcionando uma espessura
controlada e boa estabilidade da plataforma para a imobilizag&o dos anticorpos

monoclonais anti-NS1.
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Os resultados seréo apresentados em forma de artigo referente ao artigo

produzido e publicado, conforme mostra a Tabela 3.

O artigo tem fator de impacto 4.142 (2020), classificado Qualis Capes

2020 no estrato A2, atendendo os critérios para obtencao do titulo de Doutor

no Programa de Rede em Biotecnologia do Nordeste.

Tabela 3 — Organizacéo dos Resultados obtidos na Tese.

Capitulo/Artigo Titulo Peridédico Apéndice
_ ) Analytical and Bioanalytical
NS1 glycoprotein detecting
. i Chemistry (2021) 413:4873-
in serum and urine as an
4885
ARTIGO 1 electrochemical screening Péagina 64

immunosensor for Dengue

and Zika virus

https://doi.org/10.1007/s00216-
021-03449-7
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5 CONSIDERACOES FINAIS

No presente estudo, foi desenvolvido um imunossensor baseado em
nanocomposito, buscando o desenvolvimento de um sensor eletroquimico
capaz de detectar a proteina NS1.Para a caracterizacdo da plataforma, o
meétodo usado foi a eletropolimerizacdo que sintetizou o filme em um polimero
(poli-EDA) usando a voltametria ciclica. A eletrossintese permite o crescimento
de filmes mais controlados e sua estabilidade eletroquimica resulta em uma
condutividade melhor quando se comparado a dropcasting. Neste estudo foi
desenvolvido um método label free por meio do filme poli-EDA e obtido em
nanoescala, sendo confirmado pela microbalanca de cristal de quartzo. A
microscopia eletrbnica de varredura mostrou um polimero com uma
condutividade efetiva, gerando sinergismo entro o NTC-COOH e o poli-EDA por
meio das ligacdes amidas e promoveu alta taxa de transferéncia de elétrons e
estabilidade eletroquimica viavel. O imunossensor foi capaz de detectar a
proteina NS1, pela técnica de voltametria de pulso diferencial, apresentando
boa sensibilidade para rastreamento de NS1 por meio de amostra reais de soro
e urina em meio complexo. Comparado aos meétodos convencionais, €
econdmico e pratico a partir de um ponto de vista, a imobilizacdo de anticorpos
pode ser facilmente analisada, visto que imunossensor demonstra uma
sensibilidade dentro dos limites de detec¢cédo quando se comparado aos outros
métodos de diagndsticos que € relatado na literatura, apresentando boa
facilidade de operacéo, utilizacdo de amostra minima com potencial adicional

para analises clinicas.
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Abstract

The incidence of infection by the dengue virus (DENV) has grown dramatically, reaching 128 countries in tropical and subtrop-
ical regions worldwide, with a pattern of hyper-endemicity. DENV is a mosquito-borne disease having four serotypes, one or two
circulating in epidemic outbreaks. The diagnosis of DENV is challenging mainly due to the circulation of new viruses with
remarkable similarities, such as Zika (ZIKV) that may cause fetal microcephaly. DENV affects 390 million people per year, but
these numbers may be higher due to the underreported and misclassified cases. Recently, the NS1 nonstructural protein has been
described in serum and urine of DENV and ZIKV patients, suggesting its use as a biomarker for screening since a negative NS|1
sample confirms the absence of these infections. Herein, a label-free immunosensor comprising an assembled nanostructured thin
film of carbon nanotube-ethylenediamine is described. The advantage of in situ electrosynthesis of polymer film is to allow major
control of thickness and conductivity, in addition to designing the reactive groups for functionalization. A quartz crystal
microbalance system was used to estimate the thickness of the polymeric film obtained. The anti-NS1 monoclonal antibodies
were immobilized to carbon nanotubes by covalent linkage, permitting a high stability during measurements. Analytical re-
sponses to NS1 were obtained by differential pulse voltammetry (DPV), showing a linear range from 20 to 800 ng mL ' and
reproducibility of 3.0%, with a limit of detection (LOD) of 6.8 ng mL" '. This immunoscnsor was capable of detecting ZIKV and
DENV NSI in spiked urine and real serum in a clinical range.

Keywords Immunosensor - Label-free - NS1 - Dengue virus - Zika virus

Introduction

Dengue is one of the oldest arboviruses globally, endemic in
tropical and subtropical regions, transmitted mainly by the
Aedes aegypti mosquitoes and affects more than 125 countries
[1]. Severe forms can lead to hemorrhagic fever or dengue
shock resulting in death [2]. It is estimated 390 million indi-
viduals are infected per year; however, the number of cases
fluctuates according to the seasonality of the disease [3].
There is no specific vaccine or therapy, and prevention by
massive testing of mosquitoes and infected individuals is
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one of the strategies for controlling the disease. The gold-
standard diagnostic test for DENV is the polymerase chain
reaction (PCR) that detects the viral RGNA. However, it is
prohibitively expensive, mainly in epidemic outbreaks, be-
sides requiring complicated procedures in amplification to
avoid contamination and care in sample collection. Cost-
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effective tests based on immunoassay are urgently needed to
detect DENV more quickly and efficiently. The NS1 non-
structural secretory protein has been considered a powerful
marker of DENV, and several immunochromatographic rapid
tests have been developed in the last decade [4]. In the acute
phase of viral replications, there is a significant increase in
NSI concentrations in the bloodstream [5, 6].

Although some studies have found the NS1 protein only in
individuals infected with DENV, this description is not a con-
sensus. ZIKV is closely related to DENV, and during the acute
phase of disease, the Zika virus might release NS1 protein into
the bloodstream [7, 8]. Besides, ZIKV infection has apparent
symptoms very similar to DENV; it is most severe in pregnant
being associated with severe congenital microcephaly and
malformations in infants [9, 10]. The same mosquitoes of
DENV transmit ZIKV; however, given the ZIKV ability to
infect the reproductive tract [11], it may also to be transmitted
via sexual intercourse [12, 13]. There is no controversy re-
garding the presence of Zika virus RNA in urine [7]. ZIKV
RNA can be identified in urine and in whole blood for a longer
period; however, a negative result does not rule out infection
even early after symptom onset. In many countries endemic
for DENV, co-infection with DENV and ZIKV occurs, mean-
ing that the NS1 serological tests for differential diagnosis are
not exhaustive, requiring the molecular PCR test. However,
there is a consensus that the absence of NS1 protein precludes
a positive diagnosis for DENV and ZIKV. DENV-NSI in
urine has been reported and also in saliva [8]. Urine offers
obvious advantages for sample collection in groups as new-
borns and patients.

Given the great importance of NS1, many immunosensors
for NS1 protein detection have been proposed using different
transducers, including optical detection based on localized
surface plasmon resonance [14], fluorescence [15],
impedimetric [16], amperometric [17] and others.
Nevertheless, among them, label-free electrochemical trans-
ducers are a more attractive alternative, due to the possibility
of easy portability, which can result in a quick point-of-care
diagnosis such as with the use of glucometers [18].

In electrochemical biosensors, the use of conductive
polymer associated with carbon nanomaterials has been
shown as an attractive strategy to obtain nanocomposites
with high chemical stability and conductivity [19, 20].
Polymers derived from pyrrol and thiophene have been
used alone as well in combination with carbon nanotubes
[21, 22]. The way that nanocomposites are synthesized on
the electrode surface is crucial, because it can affect the
electrochemical properties and conductivity by effects on
the electron transfer and charge net. Conventional
methods for synthesis such as drop-casting and dip-
coating have produced films with uncontrolled thickness,
irregularities on the surface and several pinholes [23].
When polymer films are obtained by electrosynthesis, it
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is possible to control the thickness in nanoscale, based on
the electrochemical technique, number of cycles of cyclic
voltammetry (CV), pH and other factors. Amine-rich
conducting polymers seem more advantageous for biosen-
sors than simply conducting polymers, because they are
readily functionalized for linking to biomolecules by car-
boxylic groups, or to the carbon nanostructures [24].

In this study, we designed the development of an
immunosensor for NS1 glycoprotein combining a carboxylat-
ed multi-walled carbon nanotube (CNT-COOH) and thin and
short-branched poly-ethylenediamine (poly-EDA) forming a
high-conductivity film to detect NS1 in serum and urine sam-
ples in a range of clinical levels.

Materials and methods
Reagents and materials

Ethylenediamine (EDA, 98%), ethyldimethylamine-propyl
carbodiimide (EDC), hydroxysuccinimide (NHS), glycine,
potassium ferricyanide (K;[Fe(CN)®]) and potassium ferricy-
anide [K3Fe(CN)®] were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Multi-walled carbon nanotubes function-
alized with carboxylic acid (CNT-COOH, > 8% functional-
ized) were purchased from Dropsens (Oviedo, Spain). Ant-
NS1 antibodies and NS1 protein were acquired from Abcam
(Cambridge, UK). Phosphate-buffered saline (PBS)
(0.01 mol L', pH 7.4) was used in all experiments for dilution
of the samples. Ultrapure water obtained from a Millipore
water purification system (18 M2, Milli-Q, Millipore) was
used in all experiments. All other chemicals used were of
analytical grade.

Pools of spiked sera used in the study were prepared from a
mixture of five sera from healthy individuals collected by
venipuncture. The blood was collected in a dry tube and cen-
trifuged at 15,000 RPM for 10 min. Lipemic serum was
discarded to prepare pools spiked with NS1 at the desired
concentration for analysis. The urine samples used in this
study were collected in a clean dry tube, free of preservatives,
from two healthy volunteers and were also spiked with NS1 in
the desired concentration for the test.

In addition to the spiked samples, samples from ZIKV-
infected individuals confirmed by molecular diagnosis via
RT-PCR and IgM ELISA with assay protocol according to
the Centers for Disease Control and Prevention (CDC) from
the USA were also used in this study. Sera with a positive
diagnosis of DENV was confirmed by protocols already de-
scribed, in addition to the cultivation of the virus. For this
study, sera from positive ZIKV individuals who had also been
previously co-infected with DENV were discarded, which
was very common in the study, because the ZIKV sample
collection zone was endemic for DENV. The positive ZIKV
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individuals were admitted to the Hospital das Clinicas
Universitario in Recife, Pernambuco, the Brazilian state most
affected during the ZIKV outbreak in 2016. All samples used
in this study were from volunteers who signed informed con-
sent forms, and the required protocols were approved by the
Ethics Committee of the CPqAM/FIOCRUZ (protocol num-
ber 28309414.9.0000.5190).

Electrochemical and piezoelectric measurements

Electrochemical measurements were carried out by the Ivium
CompactStat potentiostate (Eindhoven, Netherlands)
interfaced with a computer, and software controlled by
IviumSoft. It was used a conventional three-electrode system,
comprising a gold electrode (EAu) as the working electrode
(area of 0.985 mm?), Ag/AgCl in saturated KCI (Ag/AgCl,
KCl,) as the reference electrode and platinum wire (Pt) as the
counter electrode. The electrodes were immersed in a 5 mL
electrochemical cell with 5 mmol L' K [Fe(CN)®* /K
[Fe(CN)®]*~ in KCl solution at 0.1 mol L ™" measured at room
temperature (approximately 23 °C).

Modifications that occurred on the electrode surface were
characterized by cyclic voltammetry (CV) with a potential
window from —0.2 to 0.6 V at 50 mV s ' and pretreatment
of 10 s for stabilization of the residual current. Analytical
measurements were performed using differential pulse volt-
ammetry (DPV), applying a modulation amplitude of 25 mV,
modulation time of 50 ms and interval time of 500 ms, with a
step potential of 5 mV s '. The analytical responses of NS1
were obtained from the differential currents of the anodic
peaks discounting the blank (Al), the ready electrode before
the NS1 incubations.

Changes in the sensor surface were also characterized
by a piezoelectric quartz crystal microbalance (QCM) sys-
tem. The QCM system consisted of a 10 MHz quartz crys-
tal electrode (Universal Sensors, USA) coupled to a home-
made oscillator circuit that was developed by our group
[25]. The oscillating circuit was designed to operate with
two crystal electrodes, one reference whose oscillating fre-
quency was adjusted to zero to match the difference be-
tween them. These initial calibrations are essential for re-
storing the equilibrium and make possible the comparisons
among QCM electrodes since their resonance frequency
can be slightly discrepant. Here, only one crystal electrode
was modified. The QCM system was programmed to op-
erate in a continuous flow mode at a rate of 100 pL/min
supplied by a peristaltic pump (Watson-Marlow SCI Q 400
model, UK). During each step of the crystal electrode mod-
ifications, measurements were recorded by a frequency
counter (Agilent - model 011, USA). During measure-
ments, the flow was turned off, avoiding fluctuation on
the baseline.

Chemical and morphological characterization

FTIR in attenuated total reflectance (ATR) spectra provided
information on functional groups near the surface (~1 pm) of
internal reflection elements. To obtain spectrain ATR mode, a
compact Bruker ALPHA IFS 66e spectrometer (Germany)
was used in the range of 500 to 4000 cm™" with 20 scans.

For morphological characterizations, micrographs were ob-
tained by scanning electron microscopy (SEM) using a
TESCAN VEGA3 microscope with LM-type compartment
and tungsten filament with secondary electron and
backscattered electron detectors. To obtain the images, the
gold discs were metalized over a period of 180 s using a
Quorum Technologies Ltd. Q150R modular coating system
(Ashford, UK).

Growth of nanostructured polymer film on the sensor
surface

The polymer film was obtained from EDA monomers using
the CV electrochemical technique. For electropolymerization,
the three electrodes were immersed in an electrochemical cell
with an internal volume of 5 mL containing a mixture of
0.1 mol L™! EDA and 0.1 mol L' of lithium perchlorate
prepared in acetonitrile. Polymerization was carried out at a
scan rate of 50 mV s™! in a potential window between —1.8
and 1.9 V with a step potential of 10 mV during 25 cycles.

Afterward, the CNT-COOH was covalently linked to the
poly-EDA film. Prior to use, 1 mg of CNT-COOH was dis-
persed in 1 ml of dimethylformamide (DMF) and subjected to
an ultrasound bath at 40 kHz for 1 h. After dispersion, CNT-
COOH was pre-activated by incubating with EDC
(40 mol L") and NHS (100 mol L™") prepared in
0.1 mol L' of acetate buffer (pH 5.5) and left to stand for
1 h at room temperature (~ 24 °C). Then, an aliquot (5 puL) of
the pre-activated CNT-COOH was pipetted on the electrode
surface and left to react for 1 h, followed by two washes with
PBS.

To perform the piezoelectric measurements, instead of
using the gold electrode as described, the crystal electrode
(Universal Sensors, USA) was employed as the working elec-
trode with both terminals short-circuited, using the mentioned
reference and counter electrodes immersed in a 5-mL cell,
with the same electrochemical parameters for
electropolymerization.

Immobilization of the anti-NS1 antibodies and
immunoassay

Immobilization of the anti-NS1 antibody was performed by
pipetting an aliquot (2 pL) of anti-NS1 (10 pg mL ") on the
electrode surface [26]. The electrode was incubated in a moist
chamber for 1 h at room temperature (~ 24 °C). The remaining
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non-covalently bound antibodies were removed with five
washes with PBS for 2 min each, followed by rinsing with
ultrapure water. The remaining free reactive carboxylic groups
were blocked with 50 mmol L™ glycine prepared in
0.1 mol L™" of citrate phosphate buffer (pH 5.5).

Analytical responses were obtained by incubating the elec-
trode surface with 2 uL of samples for 30 min followed by
placement in a moist chamber at 37 °C. Samples of serum and
urine were diluted with 10 mM PBS (pH 7.4) for further
analyses.

Results and discussion
Electrosynthesis of the poly-EDA/CNT-COOH film

Figure 1 exhibits a typical cyclic voltammogram of the elec-
trochemical growth of polymer film on the electrode surface.
EDA monomers were electrochemically oxidized to a peak of
approximately 0.88 V. The first oxidation peak can be attrib-
uted to oxidation of an amino group that corresponds to the
radical NH," cation. The reduction currents in oxidation peaks
are due to the binding of the EDA monomers on the electrode
surface. Also observed was an increase in the reduction cur-
rent, showing that radical cations were consumed during the
electropolymerization of the poly-EDA, as well as different
amine polymers [24, 27, 28].

The current density supplied for electropolymerization af-
fects the thickness and conductivity of the film. Figure Sla
(see Supplementary Information, ESM) shows the profile of

200
150 —
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50 H

I /uA

-50

-100 +

130 -t r 1 1 - 1rrrr°r°7T1r
20 15 10 05 00 05 10 15 20
Potential/V vs. Ag/ AgCl)

Fig. 1 Typical cyclic voltammogram of the electrosynthesis of the poly-
EDA by 25 cycles. Polymerization was carried out at a scan rate of
50 mV s 'in a potential window between —1.8 and 1.9 V with a step
potential of 10 mV
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the cyclic voltammogram obtained after the
electropolymerization of the poly-EDA film, under different
scan rates from 10 to 50 mV's " in the presence of 5 mmol L '
K4 [Fe(CN)YT* ~ / K5 [Fe(CN)®] *~ in 0.1 mol L™ KCI. An
increase in redox current peaks was observed with the increase
of scan rates, indicating that polymerized monomers on the
electrode surface increased with the current density, reaching
a plateau at 30 mV s ' (ESM Fig. S1b). A scan rate of
50 mV s ' was adopted for all subsequent experiments, due
to it requiring less time to obtain film.

Electrochemical characterization of poly-EDA/CNT-
COOH nanostructured film

The stability of the poly-EDA film was evaluated by subject-
ing the electrode to 25 consecutive cycles of CV in a potential
ranging from —0.2 V to 0.6 V at a 50mV s™' scan rate in the
presence of 5 mmol LKy [Fe(CN)f,]4_ / K3[Fe(CN)6]3_ in
0.1 mol L™'KCI. The coefficients of variation of the anodic
and cathodic peaks were 0.01% to 0.1%, respectively, dem-
onstrating that the poly-EDA film achieved excellent electro-
chemical stability, implying a further high reproducibility in
analytical measurements [29]. Electrochemical diffusion pro-
cesses on the poly-EDA film were also analyzed by CV in the
presence of ferri/ferrocyanide as a redox probe (Fig. 2a).
According to the amplitude of redox peaks, a linear increase
of anodic and cathodic current peaks was observed, as a func-
tion of the square root of the scan rate with high correlation
coefficients, found at 0.999 and 0.997, respectively, indicating
a process controlled by diffusion (Fig. 2b). This behavior was
also confirmed by the slope (m) of the logarithm of anodic and
cathodic peaks of current versus the logarithm of scan rate
(Fig. 2¢). The m values were approximately 0.51 and 0.58,
respectively, which means the system was mostly driven by
diffusion, as opposed to a value close to 1.0 that would de-
scribe adsorptive behavior [30-32].

It is well-established that the binding of CNT-COOH to the
sensor surface in an adsorptive way results in low reproduc-
ibility due to the leaching of nanomaterial during the analyses
[33]. A covalent bond to the poly-EDA film can be achieved
through an amide bond with the amino groups since the CNT
used here was carboxyl-functionalized. Herein, the EDC/NHS
chemistry was used for this purpose with the pre-activation of
the CNT-COOH for subsequent bonding to the amino poly-
EDA film. The CNT-COOH binding was confirmed by
changes in the electrochemical profile with an increase in
the electroactive area at the expense of capacitive and faradaic
current. Previous studies using only the CNTs on electrode
surfaces have shown CV results with a typical double-layer
behavior [34, 35]. However, in this study, synergism between
CNT-COOH and poly-EDA due to the strong linkage be-
tween two structures improved the conductivity with an in-
crease of electron transfer rate, probably attributed to the non-
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4007 (a) 4 Fig. 2 (a) Cyclic voltammograms of poly-EDA film under different
3004 scanning rates of 10 = 150 mV s~ (10, 20, 30, 40, 50, 60, 70, 80, 90,

100, 110, 120, 130, 140 and 150 mV s ') in 5 mmol L' of the Ky
2004 [Fe(CN)g]* /7 K3[Fe(CN)6 > ip 0.1 M KCL .(b) Effect of the square root
of the scan rate on the anodic and cathodic peaks. (¢) Curves of the
logarithm of the anodic and cathodic current peaks (Ipa, Ipc) versus the
100 logarithm of the square root of scan rates
3 o
- o COOH promoting a high capacity to store charge [36, 37].
Based on the Randles—Sevick equation [38], it is possible to
200 quantify the contribution of nanomaterial by the increase of
electroactive area after CNT-COOH linkage:
-300
al iy = 0.4463nFAC ”; l;”
where 7 is the number of electrons, F is the Faraday con-
stant, A is the area of the electrode, C is the concentration, R is
404 (b) the ideal gas constant, 7"is the temperature and D is the diffu-
35: = Ipa - sion constant. An increase of approximately 1.8 times in the
22: e Ipc . - electroactive area was observed as compared to the poly-
20 ] o EDA, confirming that the electrosynthesized film behaved
15 - iad like the conducting polymer, simultaneously accelerating the
07 o transfer of electrons and increasing the charge storage, as con-
< 3: firmed by the increase of area approximately 4.5 times the
= 5] B bare electrode (ESM Fig. Sla). Here, the results show that
-10 4 """0»..,,,._. the electrosynthesis of the poly-EDA film showed better
;z: e ee . electroactive conductivity compared to the polyethylenimine
25.] ° film obtained by drop-casting in previous studies [39]. It is
-30 believed that this can be attributed to the structure of the poly-
'35-: mer formed, which appears to be linear and short-branched,
E 3 "1 e 2 10 5 which can promote greater electron transfer due to the struc-
Square root of scan rate / (V.s™)"? ture (_)f ionic bonds.
Given that the CNT-COOH amount bound to poly-EDA
iige can affect the electroanalytical response by changing the elec-
| (c) = Anodic . tron transfer rate, studies were performed in different elec-
£ e Cathodic . _-'. trodes of poly-EDA modified by varying the concentration
’ " . from 1 to 5 mg mL™" of previously dispersed CNT-COOH
i a o®® (ESM Fig. S2a). According to redox peaks of the cyclic volt-
< 129 . .® = ammograms, the amount of CNT-COOH was limited to
;j . & 4 mg mL™' when a plateau was reached (ESM Fig. S2b).
' 104 ° This amount was limited by the availability of amine groups
=l . ° of the poly-EDA.
0.8 8 FTIR in the ATR mode is a very useful technique to ana-
lyze chemical surface modifications at nanoscale [40]. As can
064 ® be observed in Fig. 3, there were evident differences between
i ' i i ' i the bare gold electrode after deposition of the poly-EDA and
25 26 27 28 29 30 31 after linking the CNT-COOH. As expected, the bare Au elec-

Log (v)/mV.s™

branched structure of poly-EDA. Conductive polymers and
CNT-COOH have shown excellent performance in the elec-
tron transfer, in addition to the high surface area of CNT-

trode showed no characteristic bands or peaks. The peaks
around 2362 and 2358 cm ' can be explained by the CO,
interference in the FTIR measurements [41]. There are some
peaks that appear in both poly-EDA and poly-EDA/CNT-
COOH that, obviously, are explained by the structure of the
polymer: peaks around 2944 and 2937 cm ™ can be attributed
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Fig.3 FTIR-ATR spectra in each (U]
step of the poly-EDA nanostruc-

tured film preparation: (I) bare

EAu, (IT) poly-EDA/EAu, (III)

.—f--‘-/-m
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to the axial deformation of C—H; the peaks around 1481 and
1500 cm™" can be attributed to the angular deformation of
C—H [27]; the peaks around 1383 and 1392 em ! can be
attributed to the angular symmetric deformation of C-H;
and the peaks in the region between 1200 and 1000 cm !
(where the peaks 1158, 1040, 1099 and 1063 cm ! can be
found) can be attributed to the axial vibration of C—C [41];
however, it was specified that the 1063 cm™! peak can also
be attributed to the C—N stretching [27]. Then, there can be
found a few changes from one spectrum to the other that
can be explained by the reaction between the poly-EDA’s
amines and the carboxylic groups in the CNT-COOH
forming amides (as schematized in Fig. 3): it seems that
the band around 3296 ¢cm ™! (in poly-EDA) can be attribut-
ed to the axial deformation of N—H. This band is large
because it is a mixture between primary and secondary
amines; then, after reaction (poly-EDA/CNT-COOH), the
peak discretely shifted to the left (3398 cmfl), and the
band became narrower because there were more amides
present and less primary amines. In the poly-EDA spec-
trum, there is a small peak (1653 cm_l) that can be attrib-
uted to the axial deformation of N-H, another peak
(1568 em™") that can be attributed to the symmetric angular
deformation of N—H, and the 1318 ¢cm ! peak that can be
attributed to the amine’s axial deformation of C-N [42].
Then, the poly-EDA/CNT-COOH spectrum showed a
sharp peak at 1647 cm™ ' that corresponded to the superim-
position of the axial deformation of N-H along with the
more intense axial deformation of the amide’s C=0 [43]. It
is described that the C=0 of the carboxylic acid is evident
in the 1730-1700 cm ™" region, and the amide can appear in
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the 1680-1630 cm ' region; moreover, the small
1434 em™" peak can be attributed to the amide’s axial de-
formation of C—N [41]. Finally, a few peaks were observed
that can be attributed to the CNT-COOH, thus only
appearing in the poly-EDA/CNT-COOH spectrum, name-
ly, the 1254 cm ' peak attributed to the scissoring vibra-
tion of the aromatic C—H and the 666 cm ! attributed to a
mono-substituted aromatic ring [44]. These results confirm
the successful activation of the CNT-COOH anchoring to
the amines in the poly-EDA film forming an amide
linkage.

Morphological characterization

Scanning electron micrographs were obtained to study the
conformational structures of poly-EDA and CNT-COOH. It
is observed that the Au modified with poly-EDA polymer
formed a polymer with a linear structure exhibiting a short-
branched characteristic (Fig. 4a). The interaction of poly-EDA
with CNT-COOH occurred in a really homogeneous way,
with a homogeneous film covering all the CNT-COOH (Fig.
4b1 and b2). According to the CV, a significant improvement
in the conductivity of the composite films was also observed
as previously described in a polyethylenimine/CNT film [45].

Piezoelectric characterization

The QCM system is an excellent tool for studying rigid thin
films [46], and was used to evaluate the stability and thickness
of the poly-EDA film. Poly-EDA film was
electropolymerized on the gold electrode of the quartz crystal,
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Fig. 4 Scanning electron
micrographs of the (a) poly-EDA
and (b1 and b2) CNT-COOH
/poly-EDA in different
magnitudes

and frequency was taken in PBS buffer with pump flow
stopped and compared to the initial time and after 24 h of
sample monitoring. After 24 h of monitoring with a sampling
frequency of 30 Hz, the frequency values were, respectively,
49.651 +5 Hz and 49.692 + 6 Hz, showing no significant dif-
ference (paired ¢ test, p >>0.05). This stability can be attrib-
uted to the formation of short and healthy chains, probably
with more linear characteristics.

Taking into account that the thickness of the film can affect
the analytical sensitivity due to modifying the electron trans-
fer, thicknesses were studied using five electrodes in the QCM
system described. Based on the frequency changes and densi-
ty of the polymer, the thickness of the poly-EDA film (t_poly-
EDA) could be calculated from the Am, then using the poly-
EDA density (p_poly-EDA) of 1.08 g mL™":

t_poly — EDA = Am/p_poly — EDA

Thus, it was found that the average film thickness obtained
was 104+23 nm (n=5), indicating a nanoscale film, as

expected. It was observed that the thickness of the poly-
EDA films obtained by electropolymerization of
triethanolamine increased proportionally to the
electropolymerization time, obtaining an optimal at 13 min
(0.1 M EDA) [47]; here, the film reached an average thickness
of 100 nm in a shorter time, being also very homogeneous, as
confirmed by symmetrical and regular peaks of the cyclic
voltammograms. On the other hand, the EDA film was more
quickly electropolymerized compared to tricthanolamine,
probably attributed to a shorter chain. Another advantage of
electropolymerization compared to chemical synthesis and
further drop-casting deposition is related to the reduction in
the thickness, resulting in improved electron transfer.

Immobilization of anti-NS1 and blocking of the non-
specific bindings

The immobilization of anti-NS1 antibodies was confirmed by
the reduction of redox peaks and electroactive area due to the

@ Springer



4880

71

Mendonga P.D. etal.

150

100 1

50 4

current / pA
o

-50 A

-100 -

-150 T T T T T T T T T
03 02 01 00 01 02 03 04 05 06 07

potential / V vs. Ag|AgCI (KCI_,,)

Fig. 5 Stepwise modifications in the immunosensor: (1) bare Eau, (2)
poly-EDA/EAu, (3) CNT-COOH/poly-EDA/Eau, (4) anti-NSI/CNT-
COOH/poly-EDA/Eau, (5) glycine/anti-NS1/CNT-COOH/poly-EDA/
Eau and (6) NS1/anti-NS1/CNT-COOH/poly-EDA/Eau. In (a): cyclic

insulating nature of proteins, as seen in Fig. 5a, curve 4. In
order to block nonspecific bindings, one aliquot (2 uL) of
50 mmol L™ glycine solution was pipetted on the sensor
surface. The decrease in redox peaks (curve 5) confirmed
the blockage due to its similar insulating nature. Glycine is a
very suitable block for biosensors since it has a low molecular
weight with only one amino acid, not resulting in a change in
the background current when compared to blocking with BSA
or casein, commonly used in immunoassays.

Frequency changes in each step were also characterized
by a piezoelectric system. Using the EDC/NHS chemistry,
the effective anchoring of the CNT-COOH to the poly-
EDA was verified by an increase in the shift frequency of
the QCM system. Likewise, an increase in frequency shift
was observed with successive steps, per the anti-NS1 an-
tibody immobilization, as well as glycine blocking, and
after NSI antigen (100 ng mL™") response. In all these
steps after the film, it is necessary to consider that the
mass variation model does not correspond to a linear var-
iation of mass on the electrode surface. It is mainly ob-
served that when the sensor surface is covered by carbon
nanotubes and followed by structured 3D proteins, defor-
mations and changes in viscoelasticity occurring in the
center of the electrode due to the movement of molecules
on the sensor surface can affect the electric dipole of the
quartz crystal [46]. Thus, although the model does not
obey the Sauerbrey equation (1958) [48], changes in fre-
quency by mass adsorption cannot be compared to the
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voltammograms obtained in the presence of 5 mmol L' K4[Fe(CN)q]*
~/ Ks[Fe(CN)s]*~ in 0.1 M KCL; and (b) Barr plot of the frequency chang-
es in the QCM system measured in PBS

electrochemical technique, even though a gradual increase
at each successive step is observed (Fig. 5b).

Analytical curve and interference study

Under optimal conditions, the immunosensor was evalu-
ated in response to the NS1 in PBS, applying DPV as the
electrochemical method. The current response was ob-
tained by the difference of amplitude of the DPV cathod-
ic peaks before and after incubation with NS1 prepared
in the PBS. The calibration curve of the DPV current
peaks was Ai, (LA)=(1.13£0.08) [NSI] (ug mL ')+
(0.23 £0.03) for three NSI standard curves (values of
the slope and intercept expressed as the adjusted data
for the linear equation showed a coefficient of determi-
nation (R?) of 0.9975, p<< 0.01, n=7) with a low rel-
ative error (< 1%) (Fig. 6a and inset).

Analytical responses were also obtained with the re-
combinant NS1I spiked serum diluted 1:10 in PBS after
successive incubations by DPV (ESM Fig. S3a). The
curve obtained resulted in an R* of 0.9725 with a linear
range between 20 and 800 ng mL ' (ESM Fig. S3b).
Based on the relative standard deviation (RSD) of the
blank sample and slope of the analytical curve, the limit
of detection according to the TUPAC was found at
6.2 ng mL™’, comparable to that reported previously
for labeled immunosensors [33, 49], however here with
the advantage of practicality and fewer steps required,
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Fig.6 Immunosensor as response

to NS1 diluted in PBS. 9
Electrochemical DPV
measurements obtained in the 304
presence of
5 mmol L' Ky[Fe(CN)sJ*/ 251
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due to the label-free detection. Impedimetric immunosensors
for NSI were also developed, showing a superior limit of
detection [16, 50, 51] and a combination of impedimetric
and lateral flow in an electrochemical immunosensor [17];
these works are presented in Table S1 (see ESM). Likewise,
here, detection of the NS1 was demonstrated using a simpler
effective electrochemical method. It has been reported that
NSI1 protein is found in circulation in serum at levels up to
50 ug ml, higher than that found in this study [52]. Thus, the
designed immunosensor was able to detect the NS1 at the
clinical level in serum, showing ability to distinguish NS1.

Further interference studies encompass typical agents that
cause cross-reaction results, such as ascorbic acid present in
the human blood, bovine serum albumin used as blocking
agent, and human immunoglobulin G. According to the re-
covery factor (%), the average error found was less than 8%
(ESM Table S2). Tt is noteworthy that the concentrations of
studied interferents were higher than or similar to those found
in human samples. These satisfactory results can be attributed
to the effective glycine blockage that was carried out at a
slightly acidic pH (5.5), below the isoelectric point of the
glycine, making its amino groups available to block the
CNT-COOH free remaining carboxyl moieties.

Real sample analysis

Regarding the selectivity to the NS1, this immunosensor
was further investigated by subjecting it to real conditions
with human serum samples of ZIKV and DENV from
mono-infected patients and using a negative serum against
both arboviruses as control. All the samples were previ-
ously checked according to the CDC’s protocols, and

04 02z 03 04 05
Potential / V vs. Ag/AgCl

hemolyzed and hypercholesteremic samples were
discarded since they can interfere with the analytical sig-
nal. DPV response curves of different electrodes after in-
cubating with the ZIKV, DENV and control diluted in
PBS are shown in Fig. 7a, b and c, respectively.
According to Fig. 7d, serum samples diluted with PBS
up to 1:50 showed significant differences between control
and both infected individuals; however, NS1 was detected
in ZIKV and DENV sera, as expected. Due to the high
structural similarities between the viruses belonging to the
Flaviviridae family, cross-reactivity is a key concern, pri-
marily in the endemic regions where DENV and ZIKV are
present, and the symptoms are also similar [53].
Additionally, there are many asymptomatic
individuals. On the other hand, DENV/ZIKV co-
infections may also occur [10].

Although RNA of the flavivirus is observed only in the
urine of ZIKV-infected patients [10], recent studies have
reported that the NSI nonstructural protein occurs in
ZIKV and DENV urine samples [8]. One advantage of
urine for a rapid test the noninvasive sample collection
and higher sample volume. Here, a proof of concept was
performed measuring NS1 in a spiked urine sample
(Fig. 8a). The analytical performance of the
immunosensor according to the DPV curves showed sig-
nificant discrimination between control and NS1-spiked
urine for NS1 concentrations up to 20 ng mL™"!, which
was established as the cutoff (Fig. 8b). These results con-
firm the possibility of developing an immunosensor for
ZIKV and DENV trials by detection of NS1, although
more samples need to be tested.
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Fig. 7 DPV responses to real serum samples of (a) ZIKV-infected individuals, (b) DENV-infected individuals and (¢) healthy individuals. (d)
Calibration curves of anodic peaks of the ZIKV-infected, DENV-infected and healthy individuals

Repeatability and reproducibility

Repeatability and reproducibility are important analytical
parameters in immunosensor performance. Herein, re-
peatability was obtained by analyzing ten successive
measurements after incubating the electrode with sample
serum spiked with 50 ng mL™" of NS1, running an inter-
val of 10 min for cach one. The coefficient of variation
for measurements of DPV, anodic and cathodic peaks of
cyclic voltammograms and square-wave voltammograms
are shown in bar plots in ESM Fig. S4a. The RSD values
for Ipa and Ipc were highly similar, with good perfor-
mance (RSD < 5%). Reproducibility was assessed using
the same techniques as repeatability on eight different
electrodes (ESM Fig. S4b). For all the techniques, the
RSD was about 5%, indicating the good selectivity of
the designed immunosensor.
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Conclusions

An immunosensor for NS1 protein detection was suc-
cessfully developed for analyses in real samples of se-
rum and showed possible used for urine samples. The
electropolymerization method was used to synthesize a
polymer film using cyclic voltammetry. Electrosynthesis
compared with drop-casting enables the growth of films
with more controlled thickness, chain lengths and elec-
trochemical stability to result in better conductivity. In
this study, poly-EDA film was obtained with nanoscale
thickness, as confirmed by the QCM system. SEM im-
ages showed a short-branched polymer, implying an ef-
fective conductivity, and amine-rich moieties yielded
profitable synergism between the CNT-COOH and
poly-EDA by amide bonds, promoting a high electron
transfer rate and good electrochemical stability. In
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Fig. 8 (a) DPV curves in response to the NS1-spiked urine in different
PBS dilutions, and (b) calibration curves of anodic peaks of the NSI-
spiked and non-spiked urine samples

optimized conditions, this immunosensor was able to de-
tect the NSI with discrimination in serum and urine in
complex medium, showing this proposed immunosensor
has further potential for clinical analysis.

Supplementary Information The online version contains supplementary
material available at https:/doi.org/10.1007/s00216-021-03449-7.
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Fig. S1: (a) Effect of poly-EDA polymerization at different scan rates (10mV, 20mV, 30mV, 40mV and 50mV); CV in presence of 5 mmol L-1 K4 [Fe (CN)6]4
- / K3 [Fe (CN)6] 3- in KCI solution at 0.1mol L-1 (b) Redox peaks of CVs as function of the scan rate (Error bars represent the standard deviation of three

replicate data).
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Fig.S2. (a) Cyclic voltammetry of the modified electrode with different concentrations of NTC-COOH. (b) Effect of the NTC-COOH concentrations on the

anodic redox peaks of the CVs (Error bars represent the standard deviation of three replicate data).
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Fig S3 (a) DPV analytical curve of immunosensor in response to different concentrations of the NS1 in PBS diluted. Inset: Linear fit of the current vs. NS1

concentrations. (b) DPV analytical curve of immunosensor in the spiked NS1 serum responses, and (c) Analytical curve of immunosensor in response to spiked

and non-spiked NS1 serum. All the DPV measurements were obtained in 5mmolL1 de K3 [ Fe (CN)6] /K4Fe(CN)6
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Table S1: Comparison of immunosensor performance of NS1 detection with this
immunosensor.

(Prima Dewi Sinawang et Impedimetric 0.5 10-25
al., 2016)(SINAWANG et al., lateral flow
2016) immunoassay
(Silva et al., 2015) (SILVA, Poly (allylamine) 35 100-2500
M.M.S. et al., 2015) (PAH) sandwiched
NTCs
(Dias et al., 2013)(DIAS, Ana  carbon nanotube- 12 0-2000
Carolina M.S. et al., 2013) ink printed
electrode
(Silva et al., 2014)(SILVA, Thiophene- 15 40-600
M.M.S. et al., 2014) SPE/gold
NPs/Protein A
(Darwish et al., Electrochemical o 5-4000
2016)(DARWISH et al., Immunosensor
2016) Based on
Antibody-
Nanoparticle
Hybrid
(Cecchetto et al., Electrochemical 30 10-1000
2015)(CECCHETTO et al., impedimetric
2015) immunosensor
This work 6.2 20-800




Table S2. Recovery (%) obtained in interference contaminants with designed electrochemical immunosensor for NS1 in three replicate measurements.

Interference Recovery % Error %

NS1 100.0% 0
5 mM Ascorbic 105.9 59
Acid
1% BSA 92.4 7.6

0.5 mg/mL 1gG 99.4 0.6
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Figure S4. Repeatibility and reproducibility study of the immunosensor in response to NS1 spiked serum. Coefficient of variation for Repeatibility obtained
from same electrode at 10 replicates (a); and Reproducibility from 8 different electrodes (B) in measurements of DPV, SWV, CV electrochemical techniques.
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Abstract: The Zika virus (ZIKV) is a great concern for global health due to its high transmission,
including disseminating through blood, saliva, urine, semen and vertical transmission. In some cases,
ZIKV has been associated with microcephaly, neurological disorders, and Guillain-Barré syndrome.
There is no vaccine, and controlling the disease is a challenge, especially with the co-circulation of the
Dengue virus, which causes a severe cross-reaction due to the similarity between the two arboviruses.
Considering that electrochemical immunosensors are well-established, sensitive, and practical tools
for diagnosis, in this study we developed a sensor platform with intrinsic redox activity that facilitates
measurement readouts. Prussian blue (PB) has a great ability to form electrocatalytic surfaces,
dispensing redox probe solutions in voltammetric measurements. Herein, PB was incorporated into a
chitosan—carbon nanotube hybrid, forming a nanocomposite that was drop-casted on a screen-printed
electrode (SPE). The immunosensor detected the envelope protein of ZIKV in a linear range of 0.25 to
1.75 ug/mL (n = 8, p < 0.01), with a 0.20 ug/mL limit of detection. The developed immunosensor
represents a new method for electrochemical measurements without additional redox probe solutions,
and it is feasible for application in point-of-care diagnosis.

Keywords: Zika virus; immunosensor; Prussian blue; envelope protein; point-of-care diagnosis

1. Introduction

The Zika virus (ZIKV) is considered endemic and an emerging disease of great concern
for health services, due to its high transmission rates in the tropical regions of Africa, Amer-
ica, and Asia [1]. In addition to vector transmission by mosquitoes of the Aedes genus and
other arthropods, ZIKV can be transmitted by sexual intercourse, blood transfusion, saliva,
urine, and vertical transmission, which makes controlling its spread more difficult [2].
ZIKV infection is a self-limiting disease; although in most cases it ranges from being asymp-
tomatic to presenting mild symptoms such as fever, joint pain, headache, malaise, and
rashes, it can also develop into a severe form [3]. In 2016, during a large outbreak in
America, especially in northeastern Brazil, the correlation between the potential mecha-
nism of severe congenital microcephaly and malformations in infants was confirmed [4,5].
Additionally, records of spontaneous abortions and decreased male fertility have also been
associated with ZIKV infection [6,7].

Currently, the gold standard for ZIKV diagnosis is the molecular method, whereby the
viral RNA is detected using the reverse transcription technique (PCR) [8]. However, molec-
ular tests have seen limited use in several endemic countries due to the high cost of analysis
and require skilled laboratory staff for sample preparation and result managements [9].
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Furthermore, molecular tests are suitable only in the acute stage, when the replication
phase of the virion is still highly active [1]. After the viremic period, serological assays to
detect antibodies or virion proteins of ZIKV are more appropriate. ZIKV is a member of
the Flaviviridae family, with a positive-sense RNA genome codifying seven non-structural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) and three structural proteins,
which are cleaved into the capsid (C), envelope (E), and precursor membrane (prM) [10].
The serological detection of ZIKV can identify any of these proteins or antibodies from
the humoral response. However, in many countries, multiple viruses are in co-circulation,
including Dengue, Zika, Yellow Fever, and West Nile. It is challenging to eliminate the cross-
reactivity among these viruses due to their similarities, especially to distinguish Dengue
and Zika [11,12]. Recently, the ZIKV E protein has been identified as a good biomarker for
ZIKV since it is the largest of the virion and is involved in many aspects of the viral cycle,
including membrane fusion and binding mediation, which makes it an optimal choice for
serological diagnosis [1]. The ZIKV E protein stands out among the structural proteins, as
it offers greater power to differentiate between ZIKV and other flaviviruses [13].

Immunochromatographic tests (ICTs) have been identified as an attractive tool for
rapid diagnosis, especially during outbreaks, as was evidenced recently in the Coronavirus
pandemic beginning in March 2020 [14]. ICTs have the advantage of producing results
quickly (within approximately 15-30 min), and most can be used as a point-of care test
with greater usability ICTs have become popular and are distributed in many countries,
facilitating rapid disease management and intervention and helping countries with limited
or poor resources [15,16]. Nowadays, several ZIKV tests using chromatography technology
are commercially available, such as the Chembio DPP Zika IgM system (DPP Zika ICA;
Chembio, Medford, NY, USA) and others that detect antigens or antibodies in blood and
saliva [17]. Although ICTs have many advantages, they are limited in terms of sensitivity
compared to laboratory immunoassays that perform detection using enzymatic reactions
(ELISA) or electrochemiluminescence (ECLIA); in addition, these analyzers can provide
quantitative results, and their sensitivity and specificity are higher than those of ICT-based
devices. However, they also have several disadvantages, such as high infrastructure costs,
additional steps for sample processing, the longer time required to obtain results, and the
need for sophisticated equipment that substantially increases the cost per test, restricting
their use in ZIKV-endemic areas and their distribution in places with limited resources.
In contrast, immunosensors based on nanomaterials can mitigate all these drawbacks [18]
while achieving the same sensitivity as ELISA immunoanalyzers, and they have the advan-
tage of being a portable technology, thus facilitating therapeutic management.

In recent years, several immunosensors for ZIKV have been developed with optical [19,20]
and acoustic mechanisms, using multimode interference waveguides [21] and electrochem-
ical transduction [17,22]. Although notable advances in immunosensor technologies have
been observed, certain challenges and drawbacks still need to be overcome for their ap-
plication in clinical practice, such as the many steps required and their unsuitability for
practical use. In this study, we designed a redox-free electrochemical sensor by exploring
Prussian blue (PB) as a stable electroactive species intrinsically immobilized on the sensor
surface. Species derived from the oxidation of PB are capable of generating a faradaic
current response, creating a diffusional charge flow at the sensor surface. Based on our
previous studies and those of other authors using active redox surfaces [22-24], this new
design provides faster responses, a simpler readout system, and fewer steps to avoid passi-
vation on the sensor surface and minimize false responses. PB is a chemically recognized
compound that promotes redox reactions in a reversible way [25]. It has been denoted as
an “artificial peroxidase”, since it is a chemical with high catalytic activity. However, if PB
is simply adsorbed onto the sensor surface, a loss of reversibility can easily occur, as this
chemical is sensitive to cyclic potential variations or even simple changes in pH [26]. One
strategy is its incorporation into compatible polymers that allow anchoring and stability.

Chitosan (CHI) is a cationic polysaccharide rich in amine groups that allow the stable
immobilization of proteins by amide bonds [27,28]. Herein, CHI was used to disperse
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carboxylated carbon nanotubes (CNT) to form a nanocomposite, CHI-CNTs@PB. The
nanostructured film on the SPE was obtained by drop-casting in a single step, facilitating
scale-up. Different concentrations of PB were evaluated to obtain a thin film with good
conductivity. The ZIKV E protein was detected by the reduction of the faradaic current
without an additional redox probe solution in the electrochemical procedure, such as the
well-known potassium ferri/ferrocyanide.

2. Materials and Methods
2.1. Reagents and Materials

Iron (IT)-ferrocyanide-Fe4 (Fe (CN) 6) 3 (PB), chitosan (CHI), glycine, potassium
ferricyanide (K3 (Fe [CN] 6)), and potassium ferrocyanide (K4 (Fe [CN] 6)) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Recombinant ZIKV E protein and anti-ZIKV E
protein antibodies were acquired from EastCoasr Bio (North Berwick, UK). The ZIKV Vero
E6 tissue culture antigen was acquired from Bei Resources (Manassas, VA, USA). Multi-
walled carbon nanotubes (CNTs) and screen-printed electrodes (SPEs) were obtained from
Dropsens (Oviedo, Spain). Tris Hydrochloride buffer (Tris-HCI) (100 mmol-L~!, pH 6.5)
was used in the blocking solution containing glycine (100 mmol-L~!). Phosphate buffer
saline (PBS) (100 mmol-L~!, pH 7.4) was used in all experiments to dilute the samples. All
other chemicals used were of analytical grade, and solutions were prepared in ultra-pure
water acquired from a MilliQ station (USA) and had resistivity below 18 MQ) em L

2.2. Native and Recombinant ZIKV Antigen Spiked Serum Samples

A serum pool was prepared by mixing seven serum samples obtained from volunteers
collected by venipuncture. Blood samples (4 mL) were collected in a dry tube (vacutainer)
and subjected to centrifugation at 2000 x ¢ for 20 min to obtain the serum. All serum samples
were freshly processed within 2 h of collection. Lipemic and hemolyzed sera were discarded
to avoid false responses. Serum samples were previously confirmed to be negative for
ZIKV by molecular diagnostics RT-PCR and IgM ELISA following the assay protocol of
the US Centers for Disease Control and Prevention (CDC). All participating volunteers
were duly informed, and the protocols were approved by the CPqAM/FIOCRUZ Ethics
Committee (protocol number 63441516.6.0000.5190).

To evaluate the analytical responses, the electrode was subjected to the ZIKV E recom-
binant protein as well as the native antigen extracted from the viral culture. First, antigens
were diluted in PBS (100 mmol-L !, pH 7.4), and afterward, the pools of serum were 1:4 di-
luted in PBS that had previously been spiked with the respective analytes. Control samples
(unspiked pool of serum) were obtained under the same conditions, except Vero-E6 cells
without the virus were used.

2.3. Electrochemical Measurements

Electrochemical measurements were performed in the Autolab potentiostat/galvanostat
model PGSTAT204 from Eco Chemie (Utrecht, The Netherlands), interfaced to the PC sys-
tem and controlled by Nova 2.1.1 software. Carbon ink SPEs (DRP-C110) were purchased
from Dropsens (Spain). The diameter of the working electrode was 4 mm, allowing micro-
volume samples. The measurements were performed at room temperature (~24 °C) by
pipetting 25 uL of the sample volume on the screen-printed electrode, which was interfaced
to the potentiostat by a DSC cable connector (Dropsens, Spain).

Electrochemical characterizations of the surface electrode modifications were per-
formed by cyclic voltammetry (CV) in a window potential between —0.4 and 0.6 V with
a scan rate of 50 mV-s~!, applying a pre-treatment of 5 s at —0.3 V potential to stabilize
the residual current. Analytical responses were also evaluated by CV under the same con-
ditions and measured by the anodic current peaks with blank subtraction (before sample
incubations). Characterizations and analytical responses, unless stated otherwise, were
measured in the presence of KCI (100 mmol-L ') as the supporting electrolyte. All statisti-
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cal analyses and graphs were processed using OriginPro version 9.0 software (OriginLab
Co., Northampton, MA, USA).

Before chemical modifications for antibody immobilization, screen-printed electrodes
(SPE) were cleaned in ethanol and ultra-pure water. After cleaning, they were electrochemi-
cally pre-treated using a cyclic voltammetry procedure, in which the SPEs were subjected
to a potential window between —1.8 and 1.8 V at a scan rate of 80 mV-s~! in the presence
of 100 mmol-L~! KCl solution.

2.4. Structural and Morphological Analyses

For morphological characterizations, micrographs were obtained by scanning elec-
tron microscopy (SEM) using an AURIGA model with crossbeam scanning (Zeiss, Jena,
Germany). The microscope contained a field emission gun (FEG) electron column and a
focused ion column (FIB) that provided better image quality compared to the traditional
filament sources. MEV was operated at a potential of 0.1-30 kV and a resolution of 1 nm
at 15 KV. Samples were deposited onto stubs and secured with glassy carbon tape. Before
obtaining the images, the stubs containing the samples were metallized for a period of 90 s
using a sputtering coater (model Q150R PLUS, Quorum Technologies LTD, Lewes, UK).
The resolutions of 200 nm and 1 um were chosen to obtain the images.

2.5. Synthesis of the CHI-CNT@PB Nanocomposite

The preparation of the CHI-CNT@PB nanocomposite solution was carried out through
the mixture of solutions A and B. Solution A was prepared by adding 3 mg CHI to 3 mg
CNTs, dissolved in 2 mL acetic acid (2.5% w/v), and homogenizing in an ultrasound bath
for 1 h at room temperature (~25 °C). Solution B was obtained by dispersing 12 mg PB
in 1 mL of 2.5% (v/v) acetic acid and subjecting the mixture to an ultrasound bath for 1 h
at room temperature (~25 °C). The final mixture was obtained by adding solution A to
solution B, resulting in a total volume of 3 mL. This mixture was subjected to an ultrasound
bath for 1 h at room temperature (~25 °C), thus forming the CHI-=CNT@PB nanocomposite
with final concentrations of 1 mg-mL~! CHI, 1 mg-mL~! CNTs, and 4 mg-mL~! PB.

2.6. Assembly of the CHI-CNT@PB Nanoelectrode SPE

Before assembling the CHI-CNT@PB nanocomposite film, SPEs were cleaned using a
cyclic voltammetry procedure, in which the SPEs were subjected to a potential window
between —2.0 and 2.0 V at an 80 mV-s~! scan rate in the presence of the 100 mmol-L~!
KCl solution; this was followed by rinsing with ultra-pure water and air-drying at room
temperature (~24 °C). Then, 7.5 uL of the prepared CHI-CNT@PB nanocomposite solution
was pipetted onto the SPE working surface, and the modified SPE was subjected to oven-
drying at 50 °C for 10 min. Four layers were drop-casted using a total volume of 10 uL
nanocomposite per electrode (Figure 1a).

2.7. Immobilization of Anti-ZIKV E and Immunoassay

First, an aliquot of 5 uL of anti-ZIKV E protein solution at 0.5 p.g'mL‘1 concentration
prepared in PBS (pH 7.4) was deposited on the working SPE surface and incubated in
a moist chamber for 1 h at 60 °C. Afterward, a blocking solution, formed from glycine
(100 mmol-L~!) prepared in Tris-HCI (pH 6.5), was pipetted onto the working SPE surface
and incubated for 2 h. Finally, the immunosensor was washed in PBS at 100 mmol-L~! and
stored in a refrigerator (~8 °C) until use.

Analytical responses were obtained by incubating the Env ZIKV (0.25 ug-mL~!) on the
surface of the SPE for 20 min for each measurement. Before measurements, the electrodes
were immersed for 10 s in a beaker containing 10 mL of PBS with medium agitation. The
immunosensor preparation step is illustrated in detail in Figure 1b.
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Figure 1. Diagram of the ZIKV immunosensor: (a) steps performed in the synthesis of the nanostruc-
tured electrode and (b) process of immobilization of the anti-ZIKV E protein and immunoassay.

3. Results and Discussion
3.1. CHI-CNT@PB Nanocomposite
3.1.1. Synthesis and Optimization of Experimental Conditions

PB has been widely used in the development of electrochemical biosensors due to
its catalytic activity. However, in most cases, PB and its derivatives are unstable when
subjected to cyclic voltammetry, potential variations, and pH changes—parameters that
compromise the diagnostic sensitivity and specificity of biosensors. The search for alter-
natives to improve PB stability without damaging its electrocatalytic properties has been
previously described [24,29]. In this study, a CHI polymer was used due to its well-known
biocompatibility and ability to immobilize biomolecules with amine groups. Additionally,
CHI can confer increased stability to films aggregating on anionic surfaces and thus can
easily bind to PB [30]. Although CHI is considered a non-conductive polymer, it can im-
prove electron transfer when incorporated into materials with good electrical conductivity;
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however, its use in the construction of nanocomposites must be considered carefully so that
it provides stability without a significant decrease in the electrical signal [31-33].

Cyclic voltammetry (CV) is an electrochemical method widely applied in studies for
understanding electron transfer processes. In this study, the electrocatalytic activity of the
CHI-CNT®@PB film component was verified by the presence of redox peaks in measure-
ments with 100 mmol-L~! KCl as an electrolyte support (Figure 2). The electrocatalytic
activity of PB in the CHI-CNT@PB film was evaluated by comparing it with the following
control experiments: (a) CHI + CNT, (b) CHI + PB, (c) CNT + PB, and (d) CHI-CNT@PB.
The redox activity of PB was confirmed in curves (c) and (d) of Figure 2 by the presence of
redox peaks. Although PB was present in curve (b), redox peaks were not observed. This
was attributed to the CHI + PB being synthesized in a gel with insulating properties, since
it was not evidenced in the PB current peaks [34]. The formation of anodic and cathodic
peaks was observed in curve (c) at the potentials of 0.36 V and —0.15 V, respectively, which
was attributed to the redox processes resulting from the CNT-PB interactions with a re-
markable electrocatalytic effect [35]. There was also a great increase in the electroactive
area; however, the composite drop-casted on the electrode surface showed instability when
subjected to successive CVs, suggesting that the polymers promoted greater stability in
the nanocomposite.
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s &
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Figure 2. Cyclic voltammograms at 0.1 V-s ! scan rate with different film compositions: (a) CHI-CNT,

(b) CHI-PB, (c) CNT-PB, and (d) CHI-CNT@PB. Measurements were performed in the presence of
KCI (100 mmol-L 1) ata 0.05 V-s ! scan rate.

Films containing CNTs produced by polymers have shown good stability in the
construction of biosensor platforms [36]. Here, CNT was incorporated with CHI, by using
a CNT-CHI/PB film, which demonstrated anodic and cathodic peaks at the 0.3 V and
—0.1 V potentials, respectively (curve d), representing an increase of approximately 53 %
in the electroactive surface area (cm?) compared to CNT-PB without CHI. This increase
in the electroactive area of the CNT-CHI/PB was determined by CVs according to the
Randles-Sevcik equation:

Ip = (2.687 x 10°) n /2 A.C, (D.v) /2 1)

where Ip is the current peak, n is the number of electrons transferred, A is the electrode
area (cmz), C, is the molar concentration of the redox species (mol‘cm‘3), D is the diffusion
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coefficient of PB, and v is the scan rate (V-s~!). According to Equation (1), the current
peak is directly proportional to the concentration, and its increase is related to the scan
rate [37,38]. Conversely, the CNT-PB film without the presence of CHI did not produce
peaks. It is believed that this significant increase in the electroactive area was due to the
CHI-CNT@PB synthesis process, in which the PB catalytic sites were more exposed to
the nanocomposite surface compared to the mixture of all components simultaneously. In
this case, the CNTs were first dispersed in the CHI solution, and afterward, the PB was
added. This conductivity increase was also attributed to the strong interaction between
the cationic groups of the CHI and the PB, which present opposite charges, resulting in a
synergistic effect. The cationic groups of the CHI, when undergoing oxidation-reduction at
their respective potentials, transfer ionic species that help restore the redox processes of
the BP, guaranteeing its good reversibility. This was confirmed by the redox peaks in the
CVs of the CHI-CNT@PB film at —0.1 and 0.27 V for the cathodic and anodic potentials,
respectively (Figure S1). The stability of the electrocatalytic nanocomposite on the electrode
surface was evaluated by subjecting the modified electrode to 30 successive CVs. The
coefficient of variation of the anodic and cathodic current peak amplitudes were 2% and
3%, respectively, indicating a good performance (CV < 5%).

A study of the optimal concentration of PB for generating faradaic currents was con-
ducted (Figure 3). Significant growth was observed in the redox peak pairs with an increase
in the concentration of PB, reaching the maximum value at the concentration of 4 mg-mL~!
(inset Figure 4). This increase was attributed to the synergistic effect between the CHI-
CNT-PB components, since the carboxylic groups present in CNTs are electrostatically
attracted by the amine groups present in CHI that are bound to the PB. The investigation of
the optimal PB concentration in the nanocomposite showed that at a concentration above
4 mg-mL‘l, the peak currents were reduced; this suggested that higher concentrations
exceeded the number of available binding sites, causing excess PB to detach from the film,
thus reducing the electrocatalytic activity and stability. These materials were dispersed
in an acidic medium, since PB contains ions that are more easily hydrolyzed in a neutral
medium, to stabilize the chemical bonds between the compounds [39].

——— CHI-CNT + PB (1mg.mL")

1000 | —— CHI-CNT + PB (2mg.mL")
——— CHI-CNT + PB (3mg.mL™) 4mg.mL"
1 —— CHI-CNT + PB (4mg.mL™)

~——— CHI-CNT + PB (Smg.mL")
———— CHI-CNT + PB (6mg.mL™)

ACurrent %
o
;)

Electroactive Area (%)

LA NSRS R

.
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g L = ! > T b L) L) 1 L] 1
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Figure 3. CV profiles according to the PB concentration (inset: electroactive area as function of
different PB concentrations). Measurements performed in 100 mmol-L~! KCl at 0.05 V-s~! scan rate.
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Figure 4. SEM micrographs of the following: (a) CHI-CNT, (b) CHI-CNT@PB, (c) CNT-PB,
(d) CHI-PB.

3.1.2. Morphological Characterization

Scanning electron micrography was performed to study the conformational structures
of the CNT-PB, CHI-CNT, CHI-PB, and CHI-CNT@PB films (Figure 4). PB is a porous
and inorganic material formed by iron and hexacyanoferrate bridges. It demonstrates high
redox activity, reversible electron transfer behavior, and excellent electrocatalytic activity.
These characteristics make its use convenient and promising for the development of sensor
platforms [29]. Figure 4a shows the morphology of the CHI-CNT film, formed of tubular
structures compatible with the CNTs covered by the CHI polymer, which appeared on
a cohesive and dense base. Yu et al. (2020) reported that the binding of CNTs to CHI
occurs through adsorption by the carboxyl groups of the CNTs to the amine groups of
the CHI. Although a uniform nanocomposite was observed, forming a homogeneous film
with a greater surface area at the expense of the nanomaterial, the insulating nature of the
CHI was predominant and therefore reduced the electrocatalytic activity [40]. To promote
electrocatalytic activity by the adsorption of a redox species to the film, PB was added to the
CHI-CNT film, and the synthesis was carried out in two ways, either by mixing the three
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compounds simultaneously or by adding the PB after the dispersion of the compounds.
CNTs were added to the CHI, and the mixture was subjected to an ultrasound bath. In
the latter synthesis method, a greater increase in redox peaks was observed in the CVs,
probably due to the greater exposure of the PB, which was bound to the cationic polymer
of the CHI by the anions of hexacyanoferrate (II). Figure 4b shows the CHI-CNT@PB
film, demonstrating that the PB was more superficially and clearly immobilized on the
CHI-CNT film than on the other structures. BP is characterized by cluster structures of a
cubic nature, as shown in detail in Figure 5b. As illustrated in Figure 4c, when CHI was not
present, PB seemed to dissociate from the CNTs, presenting heterogeneous complexes of
isolated structures. Such dissociation corroborates the findings of the CVs, which showed
the electrocatalytic activity with prominent redox peaks [41]; however, this film did not
demonstrate electrochemical stability when subjected to the same conditions and number
of cycles as the CHI-CNT@PB films. According to Figure 4d, when analyzing the CHI-PB
composite, the film morphology showed an aggregated appearance with small particles.
This porosity was due to the interaction between the cationic chains of the chitosan and the
Fe anionic ions of the PB.

3.1.3. Study of Electrochemical Kinetic Properties

Figure 5a presents the CV profiles corresponding to the modified SPE with the CHI-
CNT@PB nanocomposite submitted to different scan rates, ranging from 20 mV-s~! to
120 mV-s~! at a potential window between —0.3 V and 0.6 V. These measurements were
performed in 100 mmol-L~! KCI, and the observed redox current peaks indicated the
reversible activity of the PB (Figure 5a). It was noted that the anodic (Ipa) and cathodic
current peaks (Ipc) increased according to the scan rate, forming a linear curve until
approximately 120 mV-s~!. Correlation coefficients were calculated for Ipa (r = 0.988, n
=11) and Ipc (r = 0.996, n = 11), confirming that the electroactive PB was successfully
surface-confined at the electrode (Figure 5b).
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Figure 5. (a) CVs obtained from the CHI-CNT@PB film at 20, 30, 40, 50, 60, 70, 80, 90, 100, 110,
and 120 mV-s~! scan rates (inner to outer); (b) plot of anodic and cathodic peak currents from CVs
vs. square root of scan rate; (c) plot of log Ipa and Ipc vs. log scan rate. All measurements were
performed in KCI (100 mmol-L~") as the supporting electrolyte.
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As shown in Figure 5a, a slight displacement in the redox peak potentials was ob-
served as the scan rate increased, indicating that PB species were adsorbed into the film.
Through a more accurate analysis, after plotting the logarithm of the scan rate versus the
logarithm of the cathodic and anodic peak currents, it was observed that the slopes of the
regression linear curves were 0.56 and 0.54, respectively (Figure 5c). This meant that the
confined species generated on the electrode interface by redox reactions with the catalytic
PB resulted in a diffusion-controlled process, since the obtained values were very close to
the theoretical value of 0.5, which represents an ideal reaction of the diffusion-controlled
electrode process [23].

3.2. Assembly of the Anti-ZIKV E Immunosensor Platform

The assembly of the biosensor platform was followed by the measurement of the
voltammetric profiles without a redox solution in the presence of the supporting electrolyte
of 10 mmol-L~! KCl, including an analysis of the anodic peak currents and electroactive
area (Figure 6). The electrode modified with the CHI-CNT@PB film showed an electro-
catalytic profile with dramatic increases in the current redox peaks (curve b), especially
compared to the cleaned electrode, in which the currents were practically zero (curve a).
The immobilization of anti-Env ZIKV antibodies was confirmed by the reduction in the
anodic peaks due to the insulating nature of the proteins (curve c) [42]. Given the cationic
characteristics of CHI, anti-Env ZIKV antibodies were probably immobilized in an oriented
mode, e.g., by their FC portion [38]. To block the nonspecific bindings, one aliquot (2 pL 1)
of 100 molL~! glycine solution was prepared in 100 mmol-L~! Tris-HCl buffer (pH 6.5),
pipetted onto the sensor surface, and left to react for 2 h. This step was important to avoid
nonspecific bindings, which were confirmed by a decrease in the current redox peaks
(curve d).
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Figure 6. CVs of the stepwise preparation of the immunosensor: (a) bare SPE, (b) CHI-CNT@PB,
(c) Anti-ZIKV E, (d) glycine (100 mmol-L~1). Measurements were performed in the presence of KCI
(100 mmol-L~) for a 0.05 V-s~! scan rate.

3.3. Analytical Responses to the ZIKV E Protein and ZIKV Isolated Culture

Various electrochemical immunosensors for ZIKV have been described, relying on the
detection of the NS1 protein [43], NS2B protein [22], and membrane protein [44]. To the
best of our knowledge, this work is the first to focus on the detection of the ZIKV envelope
protein. Some immunosensors have a lower limit of detection, with the disadvantage of
requiring a solution containing a redox probe for voltammetric measurements. Additionally,
the E protein is more specific for ZIKV diagnosis than the NS1 protein, since NS1 has 50%
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homology with DENV [13]. NS2B is a redox-probe-free immunosensor developed by our
group with attractive advantages in the acute stage of the disease [22].

To evaluate the specificity of the immunosensor response, a control experiment was
performed by incubating the electrode with both spiked and unspiked human serum
samples. The pool was obtained from serum samples from seven healthy individuals,
all free of lipemia and hemolysis, which can interfere with the immunosensor response.
Under optimal conditions, the ZIKV immunosensor was subjected to successive incubations
with spiked pool serum containing PBS-diluted ZIKV E protein, and CVs were registered
(Figure S2). Current responses were measured according to the difference in the amplitude
of the anodic peaks before and after incubation with ZIKV E protein in the pool serum.
The analytical curve of the anodic current peaks was extracted from three ZIKV E protein
standard curves (Figure 7); the values of the slope and intercept, expressed as the adjusted
data for the linear equation, showed a Pearson correlation coefficient of approximately 0.98
(p <0.01, n =7, t test) with a low relative error (<1%). A linear range between 0.25 and
1.75 pg-mL~! was obtained. The limit of detection was based on the least squares method,
determined as three times the standard deviation of the current response intercept divided
by the slope of the regression curve according to the IUPAC; the value obtained was
0.20 pg-mL~! ZIKV E protein. This value falls in the clinical range for ZIKV diagnosis [19].
Unspiked ZIKV E serum was used as a control and tested under the same conditions, which
resulted in a current response that was practically constant, indicating discrimination by
anti-ZIKV protein E antibodies. The cutoff (limit of reaction) was obtained according to
the average of the unspiked responses plus two standard deviations, resulting in a value
of approximately 0.23 ug mL~! ZIKV E protein. This experiment assessed the impact of
interferences on the sensor response since the serum and pool samples contained different
proteins, antibodies, and other components.
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Figure 7. Analytical curve of the CV anodic peaks for immunosensor response to the serum
pool spiked with ZIKV E protein diluted in PBS 100 mmol-L~! (pH 7.4) and the unspiked serum
pool diluted under the same conditions. Measurements were performed in the presence of KCI
(100 mmol-L ') for a 0.05 V-s~! scan rate.

The evaluation response of the immunosensor to the virus culture, i.e., native ZIKV
protein, was measured by subjecting the immunosensor to incubations with serum samples
(pool) spiked with ZIKV cell culture supernatant (ZIKV Vero E6 Tissue Culture, Bioresource,
Cotati, CA, USA). The pool was diluted 1:4 in PBS spiked with 0.55 x 10° PFU. For analytical
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responses, the pool was successively incubated for 20 min on the electrode surface at room
temperature (~24 °C). Before measurements, the electrodes were washed for 1 min in a PBS
solution with stirring. Analytical responses were measured after successive incubations
with spiked and unspiked samples and were compared (Figure 8). The linear range was
from 0.55 to 2.75 x 10° PFU, with a limit of detection of 0.18 PFU ZIKV. The analyses
of the current responses showed statistically significant differences (p < 0.05) between
spiked and unspiked samples after the application of the paired t-test, demonstrating that
the immunosensor was specific and distinguished the ZIKV cell culture. Additionally,
the analytical response of the immunosensor to the spiked sample was linear (coefficient
correlation 0.979, p < 0.05), and the immunosensor showed a capacity to discriminate
samples infected with the virus. The limit of the reaction (cutoff) for the native protein of
ZIKV was less discriminative than that for the recombinant antigen. However, this was
expected, since the antibody used was a monoclonal produced by the protein E recombinant
antigen, and epitopes of the whole virus could be less exposed to the Fab portions of the
anti-ZIKV E antibody. Thus, it is a promising immunosensor for application in real samples
of infected patients.

130
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Figure 8. Inmunosensor response to successive incubations with serum samples spiked and unspiked
with ZIKV supernatant culture.

3.4. Long-Term Stability

Immunosensors, over time, may undergo aging and the consequent loss of catalytic
activity and decrease in sensitivity and specificity. Service life and stability studies are
important to ensure the proper functioning and market success of these devices [3] The
long-term immunosensor stability was evaluated over a period of 20 days using four
readings from each electrode. Three electrodes were produced at the same time and
stored in a moist chamber in a refrigerator at approximately 4-8 °C. For this study, four

readings were taken on different days from each electrode (1st, 5th, 10th, and 20th days).

For analytical responses, electrodes were subjected to incubations with a concentration
of 0.25 pg mL~! ZIKV-E-protein-spiked serum. The average relative standard deviations
of the three electrodes were found to be 2.97%, which was considered promising for the
immunosensor’s long-term stability.
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4. Conclusions

An electrochemical immunosensor for detecting the Zika virus E protein was devel-
oped. The platform represents a new and effective method for detecting analytes without
a redox probe, conferring the advantages of fewer steps and quicker analytical responses
for immunosensors based on the analysis of faradaic currents. The redox-probe-free im-
munosensor was applied to the analysis of real samples of ZIKV-protein-E-spiked serum,
demonstrating its ability to distinguish between positive and negative controls.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/bios12080623 /51, Figure S1: Cyclic voltammograms of the CHI-CNT@PB nanocomposite film.
The 30 cyclic voltammograms were performed in the presence of KCI (10 mmol-L ') ata0.05V-s~!
scan rate; Figure S2: Anodic peaks of the CV by immunosensor response to the (a) Spiked pool of
serum sample with ZIKV E protein and, (b) Unspiked pool of serum sample with ZIKV E protein.
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