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RESUMO

Introdugao. O diagndstico precoce de doengas é de fundamental importancia
para que as ag¢des em saude publica sejam efetivas no controle da incidéncia
dessas doencas na populagdo. Os atuais métodos, além de dispendiosos, néo
sao capazes de atender areas remotas ou sem estrutura laboratorial, tornando-
se um empecilho a implementagdo de politicas de resposta rapida e
abrangentes. Recentemente, diversos equipamentos vém sendo miniaturizados,
fornecendo alternativas portateis para o desenvolvimento de testes diagndsticos
na forma de biosensores. Dentre estes, os potenciostatos portateis associados
a tecnologia de eletrodos impressos se destacam por sua simplicidade
operacional, baixo custo e diversidade de técnicas e materiais de base para os
eletrodos disponiveis comercialmente. A funcionalizacdo da superficie desses
eletrodos com anticorpos ou antigenos, origina 0s imunossensores
eletroquimicos, capazes de reconhecer seu alvo, nos mais diversos materiais
biolégicos. Objetivos. Estudar as interagdes superficiais entre o material do
eletrodo e as biomoléculas e indicadores eletroquimicos, a fim de subsidiar
teoricamente a construgao de imunossensores eletroquimicos utilizando sondas
peptidicas. Material e métodos. Em nosso estudo utilizamos peptideos
miméticos a antigenos de parasitas das doengas Leishmaniose Visceral,
Leishmaniose Tegumentar Americana, Estrongiloidiase e Hanseniase, obtidos
pelo método Phage Display, como sondas de reconhecimento das
correspondentes IgGs em amostras de soro humano. Dois modelos de
plataformas foram desenvolvidos baseados no estudo das afinidades entre
esses peptideos e o material de base dos eletrodos, sendo esses de ouro
nanoporoso ou de grafite. Resultados e conclusdao. Obtivemos sucesso na
funcionalizagdo fundamentada na ligagéo ouro-tiol (presente nos peptideos) e
nas interagdes grafite-peptideos-pirazol, com sucesso na discriminagdo entre
amostras positivas para as doencas estudadas e controles. Além disso, um
indicador eletroquimico universal para sondas peptidicas foi proposto para
utilizagcado em eletrodos a base de carbono.

Palavras-chave: imunossensores, diagndstico de doengas, eletrodos impressos,
sondas peptidicas, 4-(dimetilamino) -1,5-dimetil-2-fenilpirazol-3-ona, indicador 4-

dimetilaminoantipirina, aminofenazona.



ABSTRACT

Introduction. The diseases premature diagnosis is of fundamental importance
for the effectiveness of public health actions. Current laboratory methods,
besides expensive, are not able to serve remotely or in laboratory-free areas. It
creates the manly difficult to implement rapid and comprehensive response
policies. Recently, several devices have been miniaturized, providing portable
alternatives for the development of diagnostic tests in the form of biosensors.
Among these, portable potentiostats associated with printed electrode technology
stand out for their operational simplicity, low cost, and diversity of techniques and
base materials for commercially available electrodes. The functionalization of
these electrodes' surface with antibodies or antigens (natural or not), originates
electrochemical immunoassays, able to recognize their target (antigen or
antibody) in the most diverse biological materials. Objective. To study the
surface interactions between electrode material, biomolecules and
electrochemical indicators, to theoretically subsidize the construction of
electrochemical immunoassay using peptide probes. Material and methods. In
our study, we used mimetic peptides of parasite antigens from diseases Visceral
Leishmaniasis, American Cutaneous Leishmaniasis, Strongyloidiasis, and
Leprosy, obtained by the Phage Display method as probes for recognition of the
corresponding IgGs in human serum samples. Two platforms were developed
according to the study of the affinities between these peptides and the base
material of the electrodes, gold or graphite. Results and conclusion. The results
demonstrated success in the functionalization substantiated on gold-thiol bond
and graphite-peptide-pyrazol interactions, with discrimination between samples
positive for studied diseases and controls. In addition, a universal electrochemical
indicator for peptide probes has been proposed for use in carbon-based

electrodes.

Keywords: immnunosensor, neglected diseases, screen-printed electrode,
peptide probe, 4-Dimethylamino-1,5-dimethyl-2-phenyl-1,2-dihydro-3H-pyrazol-

3-one (4,4-Dimethylaminophenazone), Aminophenazone indicator.
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INTRODUGAO

Doencgas tropicais negligenciadas sdo aquelas associadas a
estados diversos de pobreza, condi¢gdes sanitarias inadequadas e proximidade
a agentes vetores que, devido a impossibilidade de ampla disseminagao (por
restricbes ambientais de seu ciclo bioldgico) e pouca visibilidade das populagbes
afetadas, ndo atraem a atengcdo dos paises desenvolvidos e de grandes
laboratérios de desenvolvimento de produtos farmacéuticos (WHO, 2010).
Portanto, ocorrem prevalentemente em locais sem acesso a infraestrutura basica
de distribuicdo de agua potavel, coleta de esgoto e lixo, e ampla proximidade a
animais domeésticos (ou aglomeracgdes destes) sem cuidados basicos de saude

e higiene, como as periferias dos grandes centros urbanos e areas rurais.

A Organizacdo Mundial de Saude aponta a intensificagdo da gestdo de
casos, que inclui o diagnostico precoce, como uma das 5 estratégias de saude
publica para o controle dessas doengas. No Brasil, um pais de dimensdes
continentais, a melhor gestdo dos casos significa a necessidade de métodos de
diagnostico (ou de triagem de acometimento) que possam ser utilizados em
regides de poucos recursos laboratoriais, rapidos, portateis e de baixo custo, de
modo a construir cenarios preditivos de expansao dessas doengas para melhor
aplicacédo de politicas preventivas em saude publica, como medicagéo

preventiva e controle de vetores.

Esta gestdo de casos, com énfase no diagndstico precoce para
implementagdo de politicas de controle ambiental, de vetores e tratamento
precoce para redug¢ao da incidéncia e prevaléncia, seria de grande valia para
determinadas patologias ainda persistentes em nosso pais, com destaque para
os objetos de interesse desse estudo: as leishmanioses visceral e tegumentar, a

estrongiloidiase e as hanseniases.

Nos ultimos anos, os biossensores tém demonstrado ser um dos melhores
sistemas de diagndstico rapido, preciso e econdmico para determinagdo de
analitos em fluidos biolégicos. O desenvolvimento de biossensores para
diagnostico de dengue, leishmaniose, doengas endémicas, de surtos ou de semi-
surtos epidémicos trara forte impacto pelo fato desta tecnologia permitir que o

diagndstico seja realizado em areas remotas, através da coleta de sangue de
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polpa digital, repercutindo em maior vigilancia e controle epidemioldgico
(Guedes, 2009).

Um dos mecanismos mais comumente utilizados na construcdo de
biossensores sao os transdutores eletroquimicos. O principio baseia-se nas
propriedades elétricas dos eletrodos que sao afetados, por exemplo, pela
interagdo anticorpo-antigeno, no caso dos imunossensores, gerando um sinal
mensuravel correspondente a essa interagdo. A construgdo de um biossensor
consiste na modificagdo de um transdutor com um material biolégico que servira
como sonda para detecgao da reagao de sua ligagao especifica com o analito
alvo. Esse processo consiste de uma transferéncia de sinal, para responder as
mudangas eletroquimicas do receptor causadas pela ligacao especifica (Moyna
e Ybarra, 2012).

Antigenos ou anticorpos podem ser utilizados para funcionalizar a
camada sensora sendo adicionados sobre a superficie de um eletrodo que
recebera corrente elétrica fixa ou variavel. Em nosso trabalho estudamos as
interacdes superficiais da camada sensora, composta por eletrodos de ouro
nanoestruturado e de carbono grafite tipo screen-printed, através da imobilizagao
de peptideos miméticos de antigenos de Leishmaniose visceral, leishmaniose
tegumentar, estrongiloidiase e hanseniase, previamente identificados pela
técnica de Phage Display, de modo a contribuir para a elaboracédo de futuros

sensores para detecgao dessas doengas.
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FUNDAMENTAGAO TEORICA

1. Panorama das Leishmanioses, Estrongiloidiase e Hanseniase

As leishmanioses encontram-se dentro da classe de doencas ditas
negligenciadas e infecta cerca de 12 milhdes de pessoas em 88 paises, e o Brasil
esta entre os 6 paises mais afetados, sendo que 90% dos casos de leishmaniose
na Ameérica Latina ocorrem no Brasil. As leishmanioses vém causando
preocupagao sanitaria devido a auséncia de drogas apropriadas para o
tratamento e pela sua expansdo geografica associada a tendéncia de
urbanizacdo. (Academia Brasileira de Ciéncias, 2010). Na américa latina a
Leishmaniose Visceral é causada pela L. chagasi, espécie considerada
semelhante a L. infantum que ocorre na bacia do mediterraneo, conforme
mostrado recentemente por estudos bioquimicos e moleculares, e a
Leishmaniose Tegumentar Americana por L. brasiliensis, L. amazonenses, entre
outros. A figura 1 mostra os ultimos dados disponiveis sobre a incidéncia dessas
doencas (casos confirmados) de acordo com o banco de dados do Ministério da

Saude, demonstrando o aumento do nimero de casos novos no Brasil.
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Figura 1. Casos confirmados de Leishmaniose Visceral (A) e Leishmaniose Tegumentar
Americana (B), nos anos de 2016 (amarelo) e 2017 (vermelho), para todas as
classificagbes epidemioldgicas.

O protocolo de diagnostico atual do Ministério da Saude preconiza o
exame parasitolégico como padrao-ouro, com a identificacdo de formas
amastigotas em oOrgdos do sistema reticulo endotelial, e os testes
imunoenzimaticos e RIFI (reagdo de imunofluorescéncia indireta) positiva >1:80,
desde que sempre acompanhados de quadro clinico compativel e excluidos
outros diagnosticos. Para casos assintomaticos provenientes de regides
endémicas recomenda-se coleta de soro para os exames de RIFI e ELISA, além
da intradermorreagédo de Montenegro (Tavora et al., 2007; Ministério Da Saude,
2014). Em caes os métodos diagndsticos sdo os mesmos utilizados em seres
humanos, porém o uso isolado desses métodos ndo é aconselhado devido a
reagdes cruzadas com outros agentes infecciosos caninos. Outros métodos
como a Aglutinagdo Rapida (Fast Agglutination-Screening Test) e
imunocromatografia vem sendo descritos como métodos promissores no
diagnostico da doenga em céaes (Leal, 2009). Porém, esses métodos necessitam

de estrutura laboratorial complexa e ndo conseguem ser aplicados rapidamente
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em areas remotas, além de ndo conseguirem avaliar a exposi¢ao das pessoas

ao vetor.

A Estrongiloidiase é uma parasitose intestinal de grande importancia
epidemioldgica global, afetando de 30 a 600 milhdes de pessoas. No Brasil, sua
prevaléncia € uma das mais altas dentre as doencgas parasitarias. Possui uma
grande capacidade de disseminagao devido ao fato de produzir pouquissimos
ou nenhum sintoma enquanto se replica. Ha associagdo com diversas doengas
imunossupressoras, e nesses casos oferece grande risco a vida dessas
pessoas. A prevaléncia desta doenga aumentou em até 50% em regides de solo
umido e disposi¢ao impropria de residuos humanos, como em algumas regiodes
tropicais, por exemplo Brasil, Caribe e Sul da Asia, tendo visto que uma das fases
do ciclo de vida do parasita ocorre no solo (Buonfrate et al., 2013; Requena-
Méndez, 2013; Puthiyakunnon et al., 2014; Varatharajalu e Kakuturu, 2016).
Acredita-se que o uso de corticosteroides € capaz de aumentar o numero de
mudas do parasita por se assemelhar a hidroxiecdisona, responsavel pelo
processo de ecdise (Keiser e Nutman, 2004; Sudré et al., 2006; De Bona e
Basso, 2008).

O diagndstico se baseia no exame parasitologico de amostras de fezes,
escarro ou lavado gastrico, simples ou multiplas, por meio do Baermann-Moraes.
Outros testes que podem ser usados para auxiliar o diagnéstico em casos graves
sdo: reacao de imunofluorescéncia indireta (RIFI), ELISA e hemoaglutinacao
(Ministério da Saude, 2010). O aprimoramento desses testes vem sendo
pesquisado para melhoria de sua sensibilidade e especificidade na deteccao da
doenca. Como exemplo podemos citar as novas proteinas recombinantes para
uso em ELISA, Teste de Aglutinacdo baseado em Microscopia de
Imunofluorescéncia Indireta, Analise Imunoblot e o teste de PCR em tempo real
para busca de gene de RNA de uma subunidade ribossémica do parasita nas
fezes para deteccao de casos; enquanto isso, os testes de rotina exibem baixa
sensibilidade de detecgéo (Sudré et al. 2006; Requena-Méndez, 2013; Buonfrate
et al., 2015; Varatharajalu e Kakuturu, 2016).

A figura 2 mostra os obitos por regi&do no ano de 2017 no Brasil. N&o foi
possivel obter dados recentes de gastos especificos com saude publica voltados
especificamente a estrongiloidiase.
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Figura 2. Numero de 6bitos em decorréncia de Strongiloidiase no ano de 2017 por
macrorregiao brasileira. Fonte: Sistema de Informagbes sobre Mortalidade SIM/MS.

Hanseniase é uma doencga causada pela bactéria Mycobacterium leprae,
atingindo pele, olhos, trato respiratério superior e nervos periféricos, sendo de
progressao lenta e com formas altamente infectantes. Esta associada a
habitagcdes precarias, estado nutricional ruim e baixa escolaridade, que se
associam indiretamente a condigdes de higiene que favorecem o contagio e
desenvolvimento da doencga (IPEA, 2011). O pico de incidéncia da doenga no
Brasil nos ultimos vinte anos se deu em 2003, com mais de 60.000 novos casos
notificados. Desde entdo, a doenga vem diminuindo substantivamente. Porém,
apenas 3 paises, dentre os 122 endémicos, permanecem nessa categoria
segundo a OMS, sendo o Brasil um deles, com mais de 2 casos notificados a
cada 10 mil habitantes. Em 2015 a taxa de prevaléncia da doenga no Brasil foi a
menor registrada desde 2004, com 1,01 casos/10 mil habitantes, porém essa
tendéncia de diminui¢do nao foi observada em todas as regides do pais, com
Nordeste, Norte e Centro-Oeste superando e média nacional (Ribeiro et al.,
2018). A figura 3 mostra os dados de incidéncia e prevaléncia da Hanseniase no
ano de 2018.
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Os gastos com a hanseniase giram em torno de US$ 76 a US$ 264
conforme estimativa da Organizagao Mundial de Saude (WHO, 2010) e incluem
medicamentos para tratamento, profissionais, devido ao diagndstico
predominantemente clinico, reabilitacdo e prevencido de incapacidades, além
dos custos indiretos, pois a doenga atinge pessoas em idade economicamente
ativa. O principal tratamento disponivel &€ por administragdo de antibi6ticos
multiplos, mas o diagndstico precoce é importante para evitar as deformidades
resultantes da infeccdo. O diagnostico da hanseniase € clinico, podendo ser
auxiliado principalmente por baciloscopia de raspado intradérmico ou exame
histopatoldgico, sempre associados a clinica (Ministério da Saude, 2017). Nao

existe, atualmente um teste rapido disponivel para detec¢ado da hanseniase.
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Figura 3. Dados absolutos de incidéncia e prevaléncia da Hanseniase por regido
brasileira no ano de 2018. Fonte: SINAN - Sistema de Informagbes de Agravos de
Notificacdo e CGHDE - Coordenacio Geral de Hanseniase e Doencgas em Eliminacgio.
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Diante desses fatores, € evidente a importancia do desenvolvimento de
método diagndstico sensivel, especifico, rapido e de facil uso em campo para o
diagnostico precoce de doengas negligenciadas em regides endémicas e de
expansao dessas doengas, para que politicas publicas de controle e tratamento
precoce sejam estabelecidas com base em dados concretos, evitando esforgos

e gastos publicos desnecessarios nesta tematica.

2. Contextualizagao dos Sensores biolégicos

Em saude publica, sistemas de diagnostico e monitoramento em tempo
real sdo altamente vantajosos tendo em vista a necessidade de identificacdo
precoce de doentes para adogao de medidas de controle, mas esbarram na
complexidade dos procedimentos realizados, indisponibilidade de laboratérios
de suporte e demora na conclusao dos testes. Essa problematica € ainda mais
evidente quando tratamos de doengas que ocorrem em locais de dificil acesso,
regides remotas, na maioria das vezes sem suporte de saude, saneamento e

educacgao preventiva.

Nesse cenario, o desenvolvimento de sistemas menos complexos de
diagndstico, sistemas portateis e rapidos, sao de grande valia na construgao de
programas de saude publica. Mesmo que o teste diagndstico ndo seja mais
sensivel ou especifico que o respectivo teste laboratorial padrdao ouro, ele

oferece uma importante ferramenta na triagem de casos suspeitos.

Partindo dessa premissa, 0s sensores bioldgicos ou biossensores sao
uma alternativa interessante aos diagndsticos complexos, devido ao grande
numero de equipamentos e métodos disponiveis comercialmente para seu
desenvolvimento. Os sensores biologicos possuem diversas naturezas,
eletroquimica, o6tica, magnética, dentre outras associadas ao transdutor, mas
podem ser também imunoldgicos, genéticos, enzimaticos, etc., quando se
observa a camada sensora, elemento principal no desenvolvimento de um

biossensor (Santana et al., 2017).

Dentre os diversos tipos de sensores bioldgicos, os imunossensores sao
aqueles capazes de transformar a reagao antigeno-anticorpo em sinal através
de um transdutor. Neste sistema, a sonda de reconhecimento pode ser tanto um
anticorpo quanto um antigeno, dependendo do desenho do estudo.
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Particularmente, as sondas de antigenos podem ser obtidas por extragdo e
purificacdo de parasitas, células e outros materiais biolégicos ou nao, ou por
técnicas de sintese laboratorial, como Phage Display, que possibilita a
construcdo de sondas para alvos especificos, com base na identificacdo de
epitopos ou determinantes antigénicos, regides de reconhecimento do antigeno

pelos anticorpos (Almeida et al., 2015).

3. A técnica de Phage Display

O Phage Display uma técnica de clonagem que consiste na insercéo de
sequencias génicas de interesse em uma regido codificadora de um bacteriéfago
utilizado como agente vetor da sequéncia de interesse ao interior das células de
bactérias onde sédo expressas. A técnica foi descrita pela primeira vez em 1985
por George P. Smith, que demonstrou a exibicdo de peptideos em fagos
filamentosos. Esses peptideos quando ligados ao alvo de interesse poderiam ser

selecionados de acordo com sua afinidade por este alvo (Wu et al., 2016).

Bibliotecas de fagos expressando peptideos sdo usadas para a selegéo
de sequencias de aminoacidos que imitam, ou mimetizam, determinados
epitopos proteicos reconhecidos por anticorpos naturais, e sdao chamados
mimotopos. Apesar de possuirem baixa similaridade com os antigenos
primarios, esses peptideos geram respostas imunes muito semelhantes (Wu et
al., 2016) e devido a esta caracteristica possuem ainda diversas funcionalidades,
desde o tratamento de doencas (Ladner et al., 2004; Muteeb et al., 2017), até o
diagndstico e desenvolvimento de vacinas (Schmitz et al., 2000; Cardoso et al.,
2009; Ferraz Coelho et al., 2015; Rami et al., 2017).

Para formacao das bibliotecas de fagos, uma grande variabilidade de
sequencias génicas codificadoras de peptideos ou proteinas sao inseridas no
DNA de bacteriofagos ligadas a regides codificadoras de proteinas do capsideo
viral, sendo, portanto, expressos em sua superficie. Estes fagos sao
apresentados as moléculas alvo para que ocorra uma selegao por afinidade,
chamada Biopanning. Estando os alvos fixados em uma superficie, sucessivas
lavagens sao responsaveis por retirar todos os fagos inespecificos ou com
ligagdes fracas ao alvo. Como resultado tem-se fagos expressando peptideos

especificos ligados ao alvo fixo. Os fagos, separados do alvo por tampdes
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acidos, sao entdo colocados em cultura bacteriana para amplificagdo dos
peptideos de interesse em ciclos sucessivos de selecdo (Hoogenboom et al.,
1998; Hoogenboom e Chames, 2000; Schmitz et al., 2000; Ferraz Coelho et al.,
2015; Wu et al., 2016).

O Inovirus M13 é o mais utilizado atualmente nesta técnica e possui um
capsideo composto por 5 proteinas diferentes, sendo as proteinas plll e pVIlI
escolhidas preferencialmente na apresentacdo de sequéncias de interesse
(Cortese et al., 1994). Apenas a plll é capaz de apresentar grandes sequencias
de aminoacidos sem comprometer sua funcao celular. As bactérias infectadas
pelo M13 de bibliotecas adquirem a coloragédo azul, o que facilita a separagao

das coldnias (Pande et al., 2010).

Vale ressaltar que, além das bibliotecas de peptideos expressos em fagos
utilizadas na obtencéo das sondas de nosso estudo, também podem ser obtidas
bibliotecas de anticorpos, c-DNA, dentre outras, de acordo com a pesquisa a ser

realizada.

4. Imunossensores eletroquimicos

Nos ultimos anos a miniaturizagao dos equipamentos utilizados no
processamento dos dados diagndsticos ou transdutores de sinal se tornou uma
realidade, a medida que equipamentos cada vez menores vém sendo
desenvolvidos com o objetivo de melhorar os custos e diminuir a quantidade das
amostras utilizadas e até mesmo dos elementos sensores ou sondas de
reconhecimento (Hayat e Marty, 2014). Ja existem diversos equipamentos
utilizando principios eletroquimicos, épticos, magnéticos, micro fluidicos, etc.,
capazes de serem operados sem a necessidade de um suporte laboratorial
robusto. Nesse trabalho, daremos destaque para os transdutores eletroquimicos
miniaturizados, que foram utilizados na leitura dos dados obtidos em nossos

sSensores.

Um transdutor eletroquimico nada mais € que um equipamento capaz de
transformar a passagem de corrente elétrica em dados sobre as interagdes
moleculares presentes na superficie do sensor. Existem diferentes métodos
eletroquimicos de deteccao dependendo do fenbmeno a ser analisado: os que

se baseiam na analise da corrente em si sido chamados métodos
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amperomeétricos, os que se baseiam na analise da diferengca de potencial ou
voltagem sao chamados potenciométricos ou voltamétricos e aqueles baseados
na analise da condutividade ou resisténcia sao os métodos condutimétricos
(Hayat e Marty, 2014). A escolha desses métodos vai depender de quais tipos
de interagdes superficiais ocorrerdo na camada sensora e de seu
comportamento elétrico, e também de qual informagao é desejada na analise
final dos dados. Optamos por estudos de voltametria, pois este método, além de
seu baixo custo operacional e de equipamentos, € considerado um dos mais
sensiveis, pois consideram os fenbmenos que ocorrem na interface da superficie
do eletrodo com camada de solugdo adjacente, de modo a avaliar a agao de

especies eletroativas.

Por isso, sdo determinantes no desenvolvimento de um biossensor, o
conhecimento do comportamento quimico e afinidades existentes entre os
elementos que compdem a camada ativa, material do eletrodo de trabalho,
sonda, alvo e eletrdlitos utilizados, e dos fendmenos de equilibrio ibnico entre

estes elementos (Santana et al., 2017).

Em se tratando de sistemas portateis, alguns potenciostatos possibilizam
a aplicacado desses métodos utilizando-se de eletrodos impressos em microchips
ou screen printed electrodes. Estes sdo compostos dos mais diversos tipos de
materiais possibilitando uma infinidade de interagdes superficiais com os mais
diversos tipos de sondas de reconhecimento (Hart et al., 2004; Yamanaka et al.
2016).

Os microchips screen printed operam, em geral, utilizando o sistema de
trés eletrodos sobre uma estrutura cerdmica ou plastica inerte: eletrodo de
trabalho, eletrodo de referéncia e contra eletrodo ou eletrodo auxiliar (Ricci et al.,
2012). O eletrodo de referéncia fornece um potencial fixo e definido, que é
conhecido como potencial de referéncia. Ele é calculado com base na diferenga
de potencial entre o eletrodo de referéncia em questao e o eletrodo padrédo de
hidrogénio, que equivale a OV (zero volts), mesmo variando a temperatura (Silva
Jr. e Araujo Filho, 2000; Pacheco et al., 2013). Além disso, o eletrodo de
referéncia controla o potencial do eletrodo de trabalho, que varia de forma linear
com o tempo. O eletrodo auxiliar, em contrapartida, equilibra a corrente no
eletrodo de trabalho, recebendo-a e oscilando em potenciais de oxidagao e
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reducao do eletrdlito utilizado. Diversos microchips screen printed utilizam como
referéncia um eletrodo de prata ou cloreto de prata, por ser um material barato,
atoéxico e estavel, e o eletrodo auxiliar, geralmente, possui a mesma constituicao
do eletrodo de trabalho, onde acontecem todas as modificagbes superficiais
necessarias para viabilizar o mecanismo de reconhecimento. Em nosso estudo
utilizamos microchips com eletrodos de trabalho a base de grafite e ouro

nanoestruturados.

5. Interagoes superficiais em biossensores

Outro aspecto importante na construcdo de um sensor eletroquimico € o
método de imobilizacdo de compostos de interesse na superficie do eletrodo de
trabalho. Quanto mais especifica a imobilizagdo maior a quantidade de
moléculas encontra-se funcional na superficie do eletrodo, aumentando a
sensibilidade, estabilidade e longevidade do sistema (Santana et al., 2017). Isso
porque a transferéncia de cargas elétricas ocorre entre espécies eletroativas em

distancias atdmicas (Cervenka et al., 2012).

Quando ocorre a adesdo fisica ou quimica de moléculas em uma
superficie sélida dizemos que houve imobilizacdo por adsorgao. Se as moléculas
ficam mergulhadas ou revestidas por outro componente intermediario acoplado
na superficie sélida, ocorre imobilizacdo por encapsulamento. Caso as
moléculas se liguem covalentemente a superficie solida do eletrodo, a
imobilizacéo se deu por ligacdo covalente ou covalente cruzada, ou cross-linking,
quando ocorre uma cadeia reticulada de ligagdes covalentes em toda a
superficie. Em sensores a base de enzimas as imobilizagdes do tipo covalente
sdo as de escolha, pois os grupos funcionais dessas enzimas costumam se ligar
mais facilmente a superficie dos eletrodos. Além desses, podemos listar também
as monocamadas automontadas (SAMs), uma forma de imobilizagéo sitio
dirigida para realizagdo de ligagdes “em cadeia”, formando um filme com as
regides de reconhecimento voltadas para a superficie da monocamada, e as
imobilizacbes por beads magnéticos, utilizados para se “forgar”’ a interagao de
moléculas biolégicas com a superficie do solido (Ricci et al., 2012).

Na adsorcdo ocorre uma relativa “transferéncia” de massa pela

concentracdo de substancias (adsorvato) na superficie de um elemento solido
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(adsorvente). A molécula, ao se deslocar para a superficie adsorvente perde
gradativamente energia até “aderirem” a esta. Este fenbmeno de equilibrio
dindamico entre moléculas ocorre em fungcdo da temperatura. Ela pode se dar
quimica ou fisicamente, dependendo do tipo de interacéo superficial. Forcas de
Van der Waals (dipolo-dipolo e polarizagao dipolo-induzido) e coesdo molecular
sdo processos fisicos de adsorgao, e sao dependentes da area superficial e da
polaridade do adsorvente. Ja a partilha de elétrons de ligagbes quimicas
caracteriza a adsorg¢ao quimica, formando uma unica camada na superficie com
maior proximidade das moléculas de adsorvato, de forma irreversivel e com
liberagcdo de energia (Vidal et al., 2014; Do Nascimento, 2014). Utilizamos o
meétodo de adsorgdo em nossos estudos: em um primeiro estudo a quimissorgao,
imobilizagdo por ligagdo entre grupos tiol e superficies de ouro e, em nosso
segundo estudo, a fisissor¢ado de peptideos de reconhecimento na superficie de

eletrodos de grafite, associados a um novo indicador eletroquimico.

O planejamento da constru¢cdo do biossensor tem inicio no estudo
aprofundado da sonda de reconhecimento a ser utilizada. Em nosso estudo
utilizamos sondas peptidicas miméticas de antigenos dos parasitas “alvo’
obtidas pelo método denominado Phage Display. Esta tecnologia consiste na
expressao e selecao por afinidade de proteinas ou peptideos expressos em
fusdo com proteinas virais presentes em capsideo de bacteriéfagos. Os fagos
recombinantes expressando peptideos randémicos ou fragmentos de anticorpos
combinatoriais podem ser selecionados por afinidade e a seguir expandidos em
ciclos adicionais de crescimento em bactérias E. coli hospedeiras apropriadas
(SMITH, 1985). A abordagem biotecnolégica baseada em Phage Display nos
permite identificar peptideos especificos que detectam imunoglobulinas G
circulantes especificas para diversas patologias, provaveis ligantes de auto
anticorpos, com grande potencial diagndstico, especialmente no formato de

biossensores.

Conhecendo a sequéncia de aminoacidos dos peptideos utilizados como
sonda de reconhecimento e suas caracteristicas € possivel escolher o melhor
material do eletrodo de trabalho e o método de imobilizagado deste peptideo de
modo a obter um sensor mais eficiente. E sabido que determinados aminoacidos

possuem afinidade por determinados tipos de elementos quimicos e este fato é

28



de grande valia na funcionalizagédo de eletrodos. Também é possivel a selegéo
de peptideos com caracteristicas estruturais desejadas nao somente pela

afinidade ao alvo, mas a materiais solidos das superficies dos eletrodos.

Kyani e Goliaei (2009) citam a ligagao covalente entre peptideos apolares
e nanotubos de carbono, que sao extremamente hidrofébicos, e ainda que as
adsor¢des nao covalentes (tipo Van der Waals) quando ocorrem em nanotubos
de carbono preservam sua geometria, suas propriedades mecanicas e elétricas
e aumentam sua solubilidade. Além disso, que aminoacidos com cadeias
aromaticas em sua composicao possuem maior afinidade por nanotubos de
carbono, e consequentemente essa afinidade aumenta em peptideos com maior

numero de aminoacidos aromaticos e baixo valor médio de hidrofobicidade.

Palafox-Hernandez et al. (2014) sugerem, através do calculo da energia
livre de ligagédo, que os aminoacidos Cisteina, Arginina, Tirosina e Triptofano
possuem forte afinidade em se ligar a moléculas de ouro, enquanto Arginina,
Metionina, Cisteina, Aspartato, e Serina sao fortes ligantes a prata. As
simulagdes mostraram que a adsor¢ao ao ouro se da via contato direto, enquanto
a adsorgao na prata (Ag111) ocorre por contato direto associado a mediagéo

pelo solvente.

Em estudo de Humblot e colaboradores (2014) com espectroscopia de
foto emissao de raios X, pode ser observado que o modo de interagdo com o
ouro e o mecanismo de crescimento da camada de adsorcdo € sensivel a
composicao dos peptideos. A interacédo “quelante” entre peptideos e ouro se da
via grupamentos acidos dessas moléculas. Além disso, a presenca de ligacoes
de hidrogénio guia o modo de crescimento e o tamanho dos agregados
peptidicos na superficie de ouro e os grupos -COOH encontram-se

desprotonados em peptideos adsorvidos.

Tendo em vista a construcdo de um sensor para identificacdo de
pacientes portadores de estrongiloidiase, utilizamos dois peptideos miméticos
de antigenos de Strongyloides sp previamente selecionados e testados em
ELISA (C10 e D3; Feliciano et al.,, 2014) como sonda de reconhecimento de
imunoglobulinas G “anti-estrongiloidiase” em soro humano. Ambos possuem

quatro residuos de cisteina em sua cadeia peptidica de 24 aminoacidos, nas
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posicdes 2, 10, 16 e 24, caracteristica que levou a escolha de eletrodos de ouro
nanoestruturados como material de base da camada sensora. A cisteina possui
um grupo funcional tiol, capaz de se ligar ao ouro e outros metais pela afinidade
do sulfeto a metais “moles”, formando uma ligagéo forte do tipo quimissor¢ao
covalente. A partir dai as cadeias carbdnicas se organizam espontaneamente de
modo a formar um filme composto pelas moléculas peptidicas estaveis e
ordenadas por interagcdes do tipo Van der Waals entre os grupos R — alquila
(Benites et al., 2014).

Porém, nem sempre € possivel o estabelecimento de ligagdes altamente
especificas entre os elementos da camada sensora. Ligagdes fortes envolvendo
eletrodo de carbono e peptideos precisam ser construidas com a ajuda de
compostos quimicos “ligantes” ou por métodos de adsorgao fisica entre o sélido
superficial e o elemento biolégico de reconhecimento. O glutaraldeido, por
exemplo, € um elemento quimico que promove ligagdes covalentes do tipo cross-
linking, disponibilizando ligagbes covalentes na superficie dos eletrodos de
carbono (Oliveira et al., 2015; Santana et al., 2017).

O carbono € um nao metal sdlido a temperatura ambiente. Possui 4
elétrons em sua camada de valéncia, sendo, portanto, capaz de realizar quatro
ligagdes covalentes. Quando na forma de grafite, se dispde em anéis hexagonais
que alternam ligagdes duplas e simples (3 elétrons em orbitais hibridos sp?e 1
em orbital p), e as camadas unidas por forgcas de van der Walls, o que permite a

conducao de eletricidade por toda a sua estrutura.

Para “ativacdo” do carbono depositado na superficie do eletrodo de
trabalho, diversos pré-tratamentos encontram-se descritos na literatura. Em
nosso estudo, tanto os eletrodos de carbono (110) quanto os de ouro (220BT)
passaram por pelo menos 5 ciclos de voltametria ciclica em acido sulfurico 0,5M,
janela de -0,3 a 1,5V, de modo a promover uma espécie de limpeza superficial,
principalmente em relacdo aos materiais de adesdo da tinta eletroquimica na
superficie da ceramica, que interferem na migragdo de elétrons pela camada sp?
e nas interagdes com as moléculas adsorvidas, conforme visto na figura 4 (Hayat
e Marty, 2014; Faria et al., 2019).
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Figura 4. Voltametria ciclica (5 scans) em eletrodo 220BT com objetivo de limpeza
superficial e eliminagao de interferentes da fabricacdo. Solugdo de Acido Sulfurico a
0,5M; scan rate 0,1V/s.

A presenca de aminoacidos alifaticos na estrutura dos peptideos de
reconhecimento da leishmaniose visceral — LC1 (6 residuos), leishmaniose
tegumentar — LT (8 residuos), estrongiloidiase — D3 (8 residuos) e hanseniase —
M3R (8 residuos) e a predominante hidrofobicidade (a maioria com carga elétrica
negativa em pH neutro, com excecdo do peptideo LT, de carga zero)
contribuiram para a melhor interagcdo com a superficie de carbono na camada
sensora. Para o peptideo de reconhecimento da hanseniase, esta interagdo com
a superficie de carbono, provavelmente, se deu também através do grande

numero de aminoacidos aromaticos (9 residuos).

Penna e colaboradores (2015) realizaram um estudo aprofundado sobre
as interagdes entre carbono e os aminoacidos de um peptideo selecionado em
biopanning de Phage Display para afinidade com carbono e concluiram que a
hidrofobicidade € um fator determinante na adsor¢ao dessas biomoléculas em
superficies a base de carbono. O processo de adsorcao foi dividido em etapas
conforme a aproximagao com a superficie, desde 12 até 2 angstrons, e as etapas
assim descritas: a massa do solvente passa por um processo de difusdo na
interface sdélido/liquido e realizando ancoragens reversiveis; algumas partes do

peptideos penetram a segunda interface da lamina aquosa onde se inicia o
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contado dessas regides com os atomos da superficie sélida, que € o inicio das
interacbes fortes irreversiveis, passando, posteriormente ao rearranjo do
peptideo nesta superficie, de modo a aumentar sua area de interagédo para a
ligacdo definitiva, tornando o processo definitivamente irreversivel. De acordo
com os autores os aminoacidos alifaticos ou ndo polares possuem um papel
fundamental no mecanismo de adsorgao, principalmente na fase de difusao, e
os aromaticos e hidrofébicos, como isoleucina, tirosina e metionina, possuem

propriedades de ancoragem no grafite.

Confirmando esta afinidade temos ainda estudo de Rajest e
colaboradores (2009), onde ele compara as interacdes de triptofano, tirosina,
fenilalanina e histidina quanto a maior ou menor afinidade por superficies de
grafeno e nanotubos de carbono. A interagdo do triptofano (aromatico) foi
superior a da histidina (com grupo R positivo), mostrando alteragdes no anel
benzénico compativeis com interagcbes com grafeno e nanotubos via m-7. De
acordo com Rodriguez e colaboradores (2016), a histidina interage com o
grafeno por interagdes fisicas de van der Waals, que a transferéncia de cargas
do grafeno para a histidina aumenta com a inclusdo de grupos carboxilicos e

amina no sistema.

Nossos peptideos de escolha para a adsorgao na superficie do carbono
possuem um grande numero de aminoacidos alifaticos, uniformemente
distribuidos em sua estrutura, o que colaborou para a funcionalizacdo na
superficie do eletrodo de grafite, sem a necessidade de promogao de ligagdes
covalentes por compostos ligantes, como o glutaraldeido. Vale ressaltar que os
experimentos realizados na tentativa de promover uma ligagado do tipo cross-
linking na superficie dos eletrodos de grafite mostraram-se ineficientes na
diferenciagdo dos soros (dados néo incluidos), o que pode ter ocorrido por
incompatibilidade entre o ligante e nosso indicador eletroquimico que, conforme
discutiremos no artigo 2, também interage fortemente com a superficie de

carbono.
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Figura 5. Estrutura dos peptideos mimotopos utilizados como sondas de
reconhecimento de IgGs em nossos estudos. Produtos protegidos pelas patentes
PI10903089-1A2 e BR102014003636-9.

O processo de adsorcao ocorre numa interface aquosa entre o eletrodo e
as biomoléculas. E necessario que esse meio esteja em condicdes fisioldgicas,

caso contrario, as variacbes de pH podem alterar a conformacdo das
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biomoléculas, podendo comprometer principalmente as regides de
reconhecimento e consecutivamente prejudicando o funcionamento do
biossensor. Mesmo assim, ndo ha garantias quando a orientagdo desses
peptideos de modo a expor as regides de reconhecimento das imunoglobulinas
de forma ordenada, fato este que deve interferir de alguma forma na resposta de
reconhecimento identificada em nossos ensaios eletroquimicos, sendo um fator

limitante do estudo.

Outro fator importante para o sucesso da funcionalizacdo da camada
sensora foi a adogao de um método semelhante ao imune ensaio ELISA, onde
as biomoléculas sado adicionadas em etapas, como em um sanduiche (Ricci et
al., 2012). Primeiramente imobilizamos a sonda de reconhecimento na superficie
do eletrodo de trabalho, depois realizamos o bloqueio da superficie para liga¢des
inespecificas com BSA, para s6 entdo adicionar os soros e controles a serem
analisados. Nao utilizamos anticorpos secundarios, pois apenas a reacao
antigeno-anticorpo foi nosso objeto de estudo. A ordem de inclusdo do indicador
eletroquimico também foi nosso objeto de estudo no artigo 2. As propor¢des
entre os peptideos e os soros foram mantidas em relacdo aos imunoensaios
realizados previamente para essas biomoléculas, de modo a permitir a
comparagao entre os resultados e também por serem concentragdes onde houve

sucesso no reconhecimento.

Acreditamos que a manutencgao da interface aquosa durante as etapas de
adicdo das biomoléculas, de modo a promover sua adsor¢ao, permitiu que as
interagdes eletrostaticas entre todos os componentes ocorressem da forma mais
natural possivel, principalmente as reagdes antigeno-anticorpo em
predominancia as demais, por serem interagdes fortes. Nao foi possivel, por
exemplo, pelo método de funcionalizagdo utilizado, a eliminacdo total de
interagdes inespecificas com os controles utilizados, conforme evidenciado nos
resultados de voltametria desses controles, pela grande afinidade de nosso

indicador a moléculas proteicas.

6. Indicadores eletroquimicos

Carbono e o grafite possuem baixa atividade redox (Yamanaka et al.,

2016). Sendo assim, o uso de mediadores e indicadores eletroquimicos viabiliza
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seu uso como eletrodo, também para estudo de moléculas com baixo ou nenhum
potencial redox, como os peptideos. Em nossos estudos utilizamos uma solugao
contendo duas sondas redox amplamente conhecidas e estudadas, a solugao de
ferricianeto (Fe (CN)e>/ferrocianeto (Fe (CN)s*) e um novo indicador e mediador
eletroquimico com grande especificidade para moléculas proteicas, a 4-
Dimetilaminoantipirina. Da mesma forma, nanoparticulas metalicas vém sendo
utilizadas para amplificacdo do sinal eletroquimico em imunossensores,

favorecendo o transporte de elétrons na camada sensora (Cho et al., 2018).

O sistema redox ferro/ferri, € um sistema eletroquimico reversivel onde
um potencial positivo oxida o Fe (CN)s* em Fe (CN)s*, gerando uma corrente
anddica pela liberagcdo de elétrons. Quando a concentracdo de ferrocianeto
diminui, a corrente também reduz até ocorrer a reducéo do ferricianeto formado
em ferrocianeto novamente, reiniciando o ciclo. As moléculas adicionadas na
superficie do eletrodo de trabalho irdo promover um desequilibrio nesta reagao
de oxirreducdo, diminuindo ou aumentando a corrente no potencial de oxidacao
ou de redugdo (Marasinghe, 2017). A oxidagcédo/redugdo do eletrdlito ainda
ocorrera, mas em menor ou maior grau, considerando que os peptideos
interagem quimica e fisicamente com a superficie do eletrodo de trabalho.
Baseado nesta teoria, foram realizados os testes utilizando peptideos miméticos
de alta afinidade para IgGs “anti-estrongiloidiase”, em soros positivos e controles
(negativo e outras parasitoses), e ainda uma fracao detergente de antigenos do

parasita (Artigo 1).

O 4-dimetilaminoantipirina (4-DMAP) é um derivado da dipirona que
contem em sua estrutura um grupo substituinte dimetilamina, um pirazol e um
anel aromatico, que permite interacdes com moléculas proteicas e superficies a
base de carbono. Ha uma vasta literatura disponivel sobre seu homaologo amino-
antipirina (AAP), porém a 4-DMAP ainda nao foi explorado em suas fungoes,
além dos estudos de seus aspectos téxicos in vivo (Hu et al., 2010). Por isso,
encontram-se descritos dois potenciais de oxidagdo para as amino-antipirinas:
0,6V, atribuido a oxidagao do grupo pirazol, e 0,9V, que seria o potencial de
oxidagdo do anel aromatico (Gowda et al., 2014). Curiosamente, nao
evidenciamos nenhum desses potenciais em nossos estudos, apenas um pico

de oxidagdo em 0,2V, algo ainda n&o descrito na literatura para este composto.
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Acreditamos que esse potencial favoravel em 0,2V se refere a oxidagdo do
Nitrogénio no grupo substituinte Dimetilamina presente na 4-DMAP, ausente na
AAP, e que a inexisténcia dos demais potenciais de oxidagdo encontrados no
AAP, se devem as interagdes do grupo pirazol e dos anéis aromaticos com as

biomoléculas adsorvidas e a camada sensora de grafite, respectivamente.

Grafite 4-DMAA aminoacido

O OH

Figura 6. Demonstracao das interagbes entre o anel aromatico das antipirinas e a
superficie de grafite, e do pirazol com os aminoacidos.

Em nossos estudos, a 4-DMAP n&o interagiu bem com eletrodos de ouro,

certamente lixiviando durante as etapas de lavagem, pois ndo obtivemos

resposta satisfatdria quanto a sua oxidagao nessa superficie.
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OBJETIVOS

Objetivo geral

Estudar as interagdes entre peptideos, eletrodos impressos e indicadores
eletroquimicos urtilizando voltametria para subsidiar o desenvolvimento de

imunossensores eletroquimicos.
Objetivos especificos

Analisar as interagdes entre os peptideos e a superficie dos eletrodos de modo
a eleger as melhores caracteristicas dos peptideos para promover sua adsorgéo

na superficie da camada sensora;

Verificar o reconhecimento das IgGs especificas pelos peptideos por meio da
variagao da intensidade de corrente e potencial em voltametria ciclica e de pulso

diferencial;

Analisar as interagdes entre um derivado de pirazol e os diversos componentes

da camada sensora;
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Artigo 1.

Biological determinants and their interface with Nano porous gold
electrode as critical components of the electrochemical response in

serological analysis
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Abstract

Quantification of biological constituents through electrochemistry is the
utmost goal in biomedical applications, but conversion of biological information
into electronic signals is challenging due to the complex biological environment.
Our hypothesis is that antigens’ sequences, quantity and diversity deposited onto
functionalized electrodes’ surface may also be a critical factor for differential
electrochemical response compared to ELISA due to their specific interactions
with electrodes’ surface. We have used three antigens for detection of serum IgG
of human strongyloidiasis for electrochemical detection with known diagnostic
parameters and same serological sensitivity. The Nanoporous gold electrode and
ELISA parameters for all three antigens were considered fixed parameters. We
used human sera from three populations: Strongyloides stercoralis positive,
negative and positive for other parasitic infections. The three antigens consisted
of two single-epitope synthetic peptides (C10 and D3) with different sequences,
and a multi-epitope antigen (Dp) composed of integral membrane proteins. The
electrochemical response of peptides D3 and C10 against positive sera was
significantly higher than the Dp, contrarily to ELISA parameters. The largest
differences of positive sera with S. stercoralis from other parasitic infections and
negative controls were respectively observed for D3, followed by C10 and Dp.
The D3 antigen presented the highest and most specific signal, probably
conditioned by its higher specificity coupled with a greater quantity of a unique
epitope onto the surface. Our results bring new breadth to electrochemical
sensors, indicating that the direct conversion of a biological event into an
electronic signal relies on the interaction of materials interface with probes and

their specificity or affinity to biological samples.

Key Words: Immunosensor, strongyloidiasis, single-epitope peptides,

multi-epitope antigens, electrode surface interactions, biological interface.
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1. Introduction

Quantification of biological constituents through electrochemistry
requires conversion of biological information into electronic signals; however, not
always electrodes work with specific antigens, probably due to the complexity of
the biological environment. Connection of electronic devices with functionalized
electrodes is dependent on different materials. We believe that the direct
conversion of a biological event into an electronic signal relies on the interaction
of materials interface with biological samples and probes, which cannot be seen
in a simplistic view. In fact, it is expected that the complex interactions among
biosensor-sample will require intensive investigation in order to optimize

electrochemical signals.

The understanding of fluids’ behavior at the interfacial layer next to the
surface of a solid material is critical for sensing applications. When the solid
surface is charged, it can drive further changes in the interfacial liquid. This
phenomenon has been explored through the characterization of the interfacial
water structure at the surface of bare gold electrodes. With positive potentials or
no potential, the layer was highly structured, and at negative potentials, the layer
was more like less dense water (Velasco-Velez et al., 2014). Therefore, it is
expected that complex fluids and probes will present multifaceted performances
in different potentials, and therefore, sensors must be extensively optimized, and
probably conventional parameters of immunoassays cannot be reproduced in

electrochemical sensors.

Nano porous gold electrodes have important characteristics that make
them ideally suited for electrochemical immunosensing, which include large
surface area, superior conductivity, biocompatibility, high stability, and a well-
characterized thiol-gold surface chemistry. Besides, the high surface area
enables a greater amount of probes to be immobilized onto the surface relative
to that obtained on a flat, planar surface, providing greater access to the target
substrate (Collinson 2013).

An electrochemical immunosensor was developed for detection of alpha-
fetoprotein (AFP) based on a three-dimensional nanostructure gold electrode
using a square-wave oxidation-reduction cycle technique for detection of a pure
AFP antigen using a sandwich ELISA system, mimicking the protocol used in a
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conventional immunoassay (Zhong et al., 2015); however, such system required
a capture monoclonal antibody and a horseradish peroxidase-conjugated mouse
monoclonal antibody probe both directed against AFP, and the electrochemical

measurements were performed after adding a TMB substrate to the complex.

We have developed a simple diagnostic to strongyloidiasis, a major
worldwide neglected public health disease, caused by a helminth infection,
Strongyloides stercoralis (Olsen et al., 2009), by fixing the electrode material, the
device characteristics, and serological parameters for three different antigens.
ELISA standards for each antigen were compared with the device responses. We
hypothesized that interactions of biological probes with the electrodes’ polymeric
film are dependent on probes’ sequence, amount and diversity, which may lead
to differential electrochemical responses, and such aspects will be explored

herein.
2. Material and Methods
2.1. Ethics Statement

This study was conducted according to the ethical guidelines of the
Brazilian Ministry of Health, with protocols and procedures approved by the UFU
Research Ethics Committee, under the protocol number CEP 307.605, approved
in 2013. Serum samples were obtained at the Clinics’ Hospital of UFU, and

signed consent forms were obtained from all patients.
2.2. Study Population

This study used nine samples divided into three groups of patients (1.0
ML from each). Group 1 (G1) consisted of three samples from patients living in an
endemic area with confirmed parasitological diagnosis of strongyloidiasis by
using (BAERMANN and G 1917) and (Moraes 1948) method, based on positive
larval thermo-hydrotropism and (Lutz 1919) method, a gravity sedimentation
technique. Group 2 (G2) included three pooled samples from patients with
positive  diagnosis of other parasitic diseases, including Ascaris
lumbricoides (n=8), Enterobius  vermicularis (n=5), Giardia lamblia (n=5),
hookworm (n=7), Hymenolepis nana (n=4), Schistosoma

mansoni (n=4), Taenia sp. (n=6), and Trichuris trichiura (n=5). Samples from
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Groups 1 and 2 were obtained from patients affected by single infection. Group
3 (G3) contained samples from apparently healthy individuals, based on clinical
observation without any evidence of contact with S. stercoralis infection, or
previous history of strongyloidiasis, and with three negative tests of fecal

samples.

For electrochemical detection, reaction conditions were similarly
performed to those described elsewhere (Feliciano et al., 2010) and (Feliciano et

al., 2014), following the ELISA protocols summarized in Table 1.

Table 1. Three antigens used for electrochemical detection, their reaction conditions,
diagnostic parameters, and references.

ELISA index*
Antigen Reaction Condition Reference
or Cut-off**
5mg/mL antigen/well;
Blocking solution . _
Detergent (Nagilla Daliane
(PBS + 0.05% Tween 20 + o
phase 2.346* Feliciano et al.,
3% Skim milk);
(Dp) . 2010)
Serum 1:80 in PBST;
Anti-IgG 1:2000 in PBST
1mg/mL antigen/well;
Serum 1:160 in PBS 5% (Nagilla D.
Peptide o
- BSA; 0.307** Feliciano et al.,
Anti-IgG 1:2000 in PBS + 2016)
5% BSA
1mg/mL antigen/well;
Serum 1:160 in PBS 5% (Nagilla D.
Peptide o
e BSA; 0.288** Feliciano et al,
Anti-IgG 1:2000 in PBS + 2016)
5% BSA

2.3. Antigens

Antigens used in this study were chosen based on previous diagnostic
parameters obtained in serological tests (ELISA), which detected IgG in serum

43


https://paperpile.com/c/4psQt3/SK5E
https://paperpile.com/c/4psQt3/fGkB
https://paperpile.com/c/4psQt3/fGkB
https://paperpile.com/c/4psQt3/SK5E
https://paperpile.com/c/4psQt3/SK5E
https://paperpile.com/c/4psQt3/SK5E
https://paperpile.com/c/4psQt3/5AZn
https://paperpile.com/c/4psQt3/5AZn
https://paperpile.com/c/4psQt3/5AZn
https://paperpile.com/c/4psQt3/5AZn
https://paperpile.com/c/4psQt3/5AZn
https://paperpile.com/c/4psQt3/5AZn

samples from patients with strongyloidiasis with the same sensitivity (Table 1).
The three antigens consisted of a detergent phase (Dp) with multi-epitope
proteins (Feliciano et al., 2010; Ribeiro et al., 2010; Silva et al., 2014), and two
mono-epitope peptides with different amino acid sequences, named C10 and D3
(Feliciano et al., 2014; Feliciano et al., 2016).

The Dp is a fraction obtained by a solution of Triton X-114, a non-ionic
surfactant that is homogeneous at 0°C, but separates into detergent and aqueous
phases at 20°C. It is composed of integral membrane proteins of amphiphilic
nature. The peptide design was based on mimotopes sequences originated from
phage display selections, as previously described by our group (Feliciano et al.,
2014). Each synthetic peptide consisted of two repetitive epitope motifs spaced
by GGGS, followed by modifications with BSA coupled to the N-terminal and an

amide to the carboxy-terminal according to (Feliciano et al., 2016).

The isoelectric points of peptides were calculated through the server
“isoeletric.ovh.org” (Kozlowski 2016), in order to aid the design of the study
regarding the previous steps of preparation of the electrodes before the

functionalization of the biomolecules.
2.4. Electrodes and the Potentiostat Apparatus

All electrochemical measurements were performed in a low temperature-
synthesized Nano porous gold screen-printed electrode (BT 220, DropSens,
Spain), with the following dimensions 33 x 10 x 0.5 mm. Working (4 mm diameter)
and counter electrodes are made of gold polymer, whereas the reference

electrode and electrical contacts are made of silver (Figure 1).
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Figure 1: Nano porous surface of work electrode. Agglomeration of gold particles from
micrometric to nanometric leading to the formation of numerous pores and increasing
the surface of the electrode (Scanning Electron Microscopy - Multiuser Microscopy Lab,
Federal University of Uberlandia, Brazil).

To assess the conductivity of electrodes and for optimization of detection,
cyclic voltammetry were carried out on pure gold electrode, without any
biomolecule, and aqueous solution of [Fe (CN)s]*/*~and 0.1 MKCI, pH 7.0, and
current changes were recorded. Measurements were carried out in 5mM [Fe
(CN)s] 3/ (1:1 solution), which served as a redox probe containing 0.1M KCI. The
potentiostat PalmSens 3 (PalmSens, Netherlands) were used with the PSTrace
software at the Laboratory of Nanobiotechnology from the Federal University of
Uberlandia, MG, Brazil.

2.5. Electrochemical Measurements

All electrochemical assays were conducted in triplicate. To test the
immobilization of probes onto the gold electrodes and the serum IgG detection,
electrochemical analyses were carried out to investigate whether electrochemical
responses were different when compared to ELISA results, which could be only
interconnected with materials interface among electrodes and different biological
probes.
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Briefly, for BT 220 electrode functionalization, 2uL of probes solution
(C10 or D3 1pg/uL) or D phase (5.0ug/uL) onto the working electrode surface,
according to previous standardization of ELISA protocols. The electrodes were
incubated at room temperature (25°C + 1) for 20 min, washed with 1mL
phosphate buffer solution (0. 1mol.L-", pH 7.4) and dried. The working electrode
surface was blocked with 2.0uL of a BSA 0,5%, diluted in phosphate buffer
solution, for 20 minutes at room temperature (25°C £ 1) to eliminate the non-
specific binding effect and block the remaining active sites, washing was
performed again with 1mL of phosphate buffer solution (0.1mol. L', pH 7.4) and
electrodes were dried. For direct measurements, electrodes were incubated with
2uL of serum samples from patients from G1, G2 and G3 for 20 minutes at room
temperature (25°C £ 1), and then electrodes were washed again with 1 mL of
phosphate buffer solution and air-dried. All measurements were performed
through differential pulse voltammetry in the presence of the probe, blocking

solution and target sera from groups G1, G2 and G3.
2.6. Electrochemical detection

Differential Pulse Voltammetry (VPD) was the method of choice to
monitor the changes caused by the redox probe on the surface of gold electrodes
and a more sensitive method to study the faradaic current through elimination of
the capacitive interference type current that occurs in the interface electrode
solution containing 5,0mM [Fe(CN)s]*/ 3 and 0.1M KCI to evaluate the

conductivity changes of the system.

The basic parameters used for the readings were: modulation amplitude
(pulse E): 0.015mV; pulse interval (pulse t): 0.06s; scanning rate:15 mV.s™
(0.002V step); current range 1nA to 10mA, time equilibration 2s, potential -0.2V
to 0.9V.

2.7. Electrodes’ Surface Analyses

Surface analyses were recorded using Atomic Force Microscope Model
XE-70 manufactured by Park System® and SPM 9600® (Shimadzu Corp.,
Japan). The AFM images were generated at the Laboratory of New Insulating
and Semiconductor Materials of the Federal University of Uberlandia, MG, Brazil,

through swept in 10 x 10nm using the non-contact mode, and resolution of 10

46



nm. Structural and topographical observations of the sensors’ surfaces were
performed prior and after the probe immobilization, after blocking solution, and

after serum incubation.
3. Results and Discussion

3.1 Probe-target-work electrode surface interaction and electrochemical

approaches

The cyclic voltammetry cyclic behavior of the redox pair in gold electrode
([Fe (CN)e]** and 0.1M KCI) is well described in the literature. In addition, the
electrolyte redox activity of the gold electrode exhibits a faradaic behavior. So,

we consider as unnecessary any previous study.

The positive potential applied prior to the surface functionalization with
the previous cited solution works like a baseline to eliminate negative charges
that could be present on the electrode, leaving it positively charged and allowing
the best use of the peptide probes that are negatively charged at the working pH
of 7.4 (isoelectric point at pH 6.43 for the probe C10, and pH 4.91 for probe D3).

We observed a decreasing current in VPD when recognition of the target
by the peptide probe occurred (Figure 2). However, G1, G2 and G3 probe groups
showed different performances, and the difference among them can be explained

by several factors related to the molecular interactions in the proposed system.
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Figure 2: Differential Pulse Voltammetry (DPV): (A) C10 peptide, (B) D3 peptide, and (C)
detergent phase with different pools of serum samples. Blue lines indicate positive serum
for strongyloidiasis, red and green lines represent sera from negative and other parasitic
diseases, respectively. Electrolytic solution [Fe (CN) 6]*/*~ and KClI, electrode BT 220,
scan rate= 15. 0OmV.s™.

First, we must consider that the detergent phase extracted from S.
venezuelensis (Dp) is formed by a pool of hydrophobic proteins of the parasite
(Feliciano et al., 2010), and its interaction with the gold electrode can occur
through hydrophobic, ionic interactions or chemical bonds by Thiol groups,
depending on the type and amino acid sequences that form these proteins. Due
to the protein diversity and probably due to the predominance of weak physical
interactions between gold and these amino acids, the surface functionalization
will occur in a more disordered way and we will not always have the free epitopes
for regions of free contact with the immunoglobulins (Belluzo et al., 2011). In
these cases, some of the probes could not recognize their target, which could
interfere with the values of the oxidation current measured, explaining the smaller
differentiation between the groups in the Dp fraction. Another possible
interference in the electrochemical results of this detergent fraction may be due

to the effect of Triton X-114 used in the antigen fractionation process.

In contrast, the C10 and D3 probes structures had a better interaction
with the working electrode material because they are epitope specific. In a 2014
study by (Palafox-Hernandez et al., 2014) about interactions between peptides
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and silver or gold surfaces, it has been shown that cysteine (Cys), arginine (Arg),
tyrosine (Tyr) and tryptophan (Trp) have higher affinity for gold surfaces, and that
the adsorption occurs essentially through direct contact between molecules, and
not mediated by the solvent. The cysteine is covalently bonded to gold by
dissociation of -SH group, forming S-Au bridges. Both synthetic peptides, C10
and D3, have four cysteine residues distributed almost equidistant from their 24
amino acids. This determines the adsorption process to the electrodes' gold

surface, requiring no other mechanisms to functionalize the working electrode.

In this case, since there is only one type of polymer structure being
adsorbed on the surface, the epitopes are expected to be arranged more
homogeneously and accessible to IgGs, what facilitates the recognition. A study
by (Kuhnle et al., 2004) corroborates the observation about the adsorption of
cysteine on the gold surface. The cysteine may be adsorbed on the entire surface
of gold naturally in double unidirectional lines or double lobes distributed
randomly over the surface, forming cysteine dimers. In addition to the peptide-
gold interactions, we must consider that amino acids between distinct peptides
form hydrogen bonds between each other, and these bonds lead to the formation
of aggregates of peptides on the gold surface (Humblot et al., 2014), increasing
the amount of probe molecules on electrode surface and consequently
recognition of the target, what is verified in the oxidation potentials of the studied
groups. This explains the difference between the results obtained between

synthetic peptides and detergent fraction.

The reduction of the current values for the G1 group, positive for
strongyloidiasis, is probably due to the electron transfer kinetics block of [Fe (CN)
6] 4- / 3- (Puiu et al., 2014); (Li et al., 2009) . This occurs because both the peptide
probe and target IgG are not electron donating species for the system, generating

resistivity between electrolyte and gold surface.

Some amino acids are electroactive compounds, and many have known
antioxidant properties in metabolic chains. Masek and col. (2014) describe that
compounds with antioxidant properties have a low oxidation potential, like
cysteine (Half-wave potential 0.38V) and its oxidation product cystine (Half-wave
potential 0.57V), both with low donate electron capacity. Their experiments were
performed using Platine electrodes and Ferri/Ferrocyanide electrolite. For gold-
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based electrodes (in bars or with gold nanoparticles), the oxidation current value
of Cysteine is dependent on the pH of electrolyte, being maximum at 5.33, close
to the pKa of this amino acid (5.05), at potential 1.11V. Oxidation potentials lower
than this value only can be obtained using lower pH values (Wang e Huang,
2012).

Immunoglobulins tend to present positive charges at neutral pH, which
can be seen in the electrophoresis by their migration in gamma globulin fraction.
Therefore, these species would be important interferents in the flow of electrons
of the system when combined to the antigens immobilized in the electrode
surface. The combination of all these factors possibly led to the reduction of the
oxidation peak values in the readings of G1 group (positive serum — C10=6.6uA,
D3=6.75uA, dp=20.8pA), which did not occur for G2 (other parasitosis —
C10=9.6pA, D3=15.5pA and dp= 23.9pA) and G3 (serum negative -
C10=10.3pA, D3=16.8pA and dp=29.5pA), due to the absence of the anti-

strongyloidiasis immunoglobulin in these sera.

Besides, the electrode we used has Nano porous gold presents on it, and
its surface is responsible for increasing the Faradaic current due to the larger
area of the electrode in contact with the reagents, consequently increasing its
sensitivity and limits of detection (Collinson, 2013). Our system was able to detect
anti-Strongyloidiasis IgGs in a very small serum fractions of 2 microliters at the

dilutions of 1:80 or 1: 160, according to the probe used.

Although the evaluated sera contain many interfering substances, such
as urea, uric acid, glutamate and albumin, we can consider that there was no
disturb of the detection process by these substances (Santos et al., 2012);
(Araujo et al., 2016). The best results using C10 and D3 for the detection of
strongyloidiasis are in agreement with previously published reports (Wu et al.,
2010); (Santos et al., 2012); (Araujo et al., 2016), demonstrating that the peptides
obtained from Phage Display selections are more specific than the pool of
membrane peptides, such as Dp. Our findings also demonstrate that the D3
peptide was superior in electrochemical response probably because it has a
higher specificity than C10, which is equivalent to say higher antigen higher
antibody affinity (Feliciano et al., 2010). The peptides synthesized chemically
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proved to be an important and versatile diagnostic tool to detect the target 19G
(Wu et al., 2010).

3.2. Surface analysis

Atomic force microscopy was performed to evaluate the morphological
changes on the surface of the electrode after the interaction of the peptide with
the sera of groups G1, G2 and G3. This technique is used to visualize images of
surfaces with antigens (Ag) or antibodies (Ab) adsorbed or combined due to Ag /
Ab recognition (Cecchet et al., 2007). Topographic images recorded roughness
differences according to the degree of interaction/ immobilization of probe
recognized by IgG on gold surface (Figure 3). Considering that IgG is much larger
than the probes, a rougher surface is expected on seropositive group electrodes.

The roughness coefficient (Rq) can be found in Table 2.
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Figure 3: AFM topographical images of gold electrodes for detection of IgG with
Strongyloides stercoralis antigens C10 (A, B, C), D3 (D, E, F), and Detergent Phase (G,
H, I). Incubation with positive sera (A, D, G), negative sera (B, E, H), and sera from other
parasitic diseases (C, F, I).

Table 2. AFM analyses specified by the Roughness coefficient (Rq) for antigen binding
to patients’ sera (IgG) from Strongyloides positive, negative, and other parasitosis.

Antigen Bare Gold Positive Serum Negative Serum Other

s Parasitosis

DP 220 233.87 £ 22.29a 303.06 £ 23.09a 275.42 +5.26a
Cc10 230 187.06 £ 1.22a 192.28 +12.35a 274.96 + 71.51a
D3 250 651.42 + 13.58a 35343 +3.81b  214.85+26.81b

* Rq’s in the same line followed by the same letter are not statistically different (P>0.05).

When comparing the surfaces of the electrodes of the 3 groups, the D3
probe analysis showed increased roughness on seropositive group electrodes,
and decreased Rq after the addition of positive sera to other parasites and
negative ones. This result corroborates the voltammetry graphs in which the
detergent fraction has little differentiation between the curves and, on the other
hand, D3 exhibits the greatest differentiation between the G1, G2 and G3 groups.
Thus, roughness can be considered to increase when positive serum antibodies
are recognized with greater efficiency, in agreement with data published by
(Santos et al., 2012).

The difference in the roughness coefficient found in our experiments can
be explained by the fact that the topography of adsorption and the interaction
between biomolecules involved were determined by the composition, amino acid
sequence of the peptide and affinity to the antibodies. These characteristics
determine the position of the binding site within the peptide structure and the
physic-chemical interactions between peptide and electrode surface and
between the peptides themselves (hydrophobic interactions, hydrogen bonds,
covalent bonds, electrostatic interactions) with additional influence of
environmental conditions such as pH and ionic strength (Cecchet et al., 2007;
Humblot et al., 2014).
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Therefore, AFM images and results of electrochemical techniques used
confirmed not only that the immobilization protocol was successful, but also the

greater specificity and sensitivity of the D3 peptide.
4. Conclusion

Interesting platforms for diagnosis can be produced using the
combination of biological materials and electrochemical sensors, provided that
the probe structure used can be chemically or physically combined with the work
electrode material of choice. In our study, we have shown that mimetic peptides
of antigens may be efficiently substitute to extracts of parasite surface antigens

for disease detection by electrochemical immunosensors.

The affinity between C10 and D3 peptide probes and the gold electrode
constructed a stable platform for strongyloidiasis detection demonstrating the
importance of the presence of amino acids that covalently combine to the
electrode surface. Thus, Peptides obtained from Phage Display selections will
not always be good probes for use in electrochemistry, needing the study of their

amino acids to select the best electrode for attainment of the desired platform.

In this study, using nanoporous gold electrode and ferri / ferrocyanide as
electrolyte at neutral pH, the D3 peptide showed the best results and a great
potential for its use as recognition probe of strongyloidiasis positive serum.
However, further studies are needed to determine the sensitivity of the test and

its limits of detection or amplify this recognition.
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Abstract

Understanding the interfaces of materials is a central issue for the
development of electronic devices. Here we describe a new interface mediated
by 4-dimethylaminoantipyrine (4-DMAP), composed of benzene and pyrazole
groups. Due to the association of benzene with graphite and the binding of
pyrazole to proteins, this new indicator may be used in electrochemical
immunoassays with different peptide or protein probes, using simple commercial
screen-printed graphite electrodes. We have successfully demonstrated that 4-
DMAP oxidation was used to amplify the specific biological recognition between
epitope-based peptides and serum immunoglobulin G (IgG) from patients with
leishmaniasis, strongyloidiasis and leprosy. We have also shown that 4-DMAP
must be incorporated onto the electrode’s surface prior to serum without any
interference in the antibody affinity, and consequently on sensitivity and
specificity. Additionally, 4-DMAP oxidizes at a low anodic potential, and its
oxidation peak may be useful to detect proteins in biological fluids. This strategy
is advantageous for the indirect detection of proteins that do not have
electrochemical activities or are spatially inaccessible on the surface of the
electrode. This new indicator opens a new way for immunosensors, especially for

monitoring specific biological targets.

Keywords: Biosensor, 4-dimethylaminoantipyrine, electrochemical indicator,

protein biosensor indicator, peptide probe, diagnosis.
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1. Introduction

The electrochemical sensors have been object of intense research in
recent years due to the range of possibilities of application in the diagnosis of

infectious diseases (Rodovalho et al., 2015).

Electrochemical indicators are commonly used in genosensors to mediate
or display nucleic acids’ hybridization processes. These compounds are mostly
planar aromatic, and so there are several ways in which the compounds may
interact with DNA by electrostatic interaction, groove binding and intercalation
(Ferapontova, 2011). Many studies report useful DNA indicators, such as
ethidium bromide, acridine orange, methylene blue, hematoxylin, Hoechst dye
and tetramethylbenzidine (Alves-Balvedi et al.,, 2016; Rodrigues et al.,, 2015;
Balvedi et al.,, 2014; Zhao et al.,, 2012; Tran et al.,, 2011; Nasirizadeh |zadeh et
al.,, 2011; Le Pecq and Paoletti, 1967; Waring, 1965). However, there are no
electrochemical indicators that can designate biological recognition between

proteins, a challenge that will be explored here.

The organic compound 4-dimethylaminoantipyrine (4-DMAP; 4-
dimethylamino-2,3-dimethyl-1-phenyl-83-pyrazolin-5-one) is an active
pharmaceutical ingredient that has long been used as analgesic, antipyretic and
anti-inflammatory drug (Deshmukhet al., 2015; Santos et. al., 2010). The 4-
DMAP can oxidize or reduce depending on the conditions of the physiological
systems, leading to the formation of radical that seems to have high toxicity to
the human body (Santos et al., 2010; Malvar et al., 2014).

Similarly, to 4-DMAP, the 4-aminoantipyrine (4-AA) and 4-
methylaminoantipyrine (4-MAA) are active metabolites with antipyretic action,
that have affinity for biomolecules as dipyrone has (Malvar et al.,, 2014; Levy et
al.,, 1995). It is expected that the toxic analogue 4-DMAP may also presents
similar affinity to organic compounds due to its structure containing a pyrazole
group (Figure 1). We hypothesized that the binding affinity of 4-DMAP to proteins
coupled with its redox properties may be important traits to be considered as a

new indicator for electrochemical immunosensors.
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E Antipyrine

- 4-Aminoantipyrine:
' R=HH
‘N :
CH3 | 4-(N-Methyl)-aminoantipyrine:
+  R=H,CH3

4-(N,N-Dimethyl}-aminoantipyrine:
R = CH3, CH3

_______________________

Figure 1. Scheme demonstrating the basic structure of antipyrine and its possible
derivations (Source: Santos et al., 2010).

In this investigation, the oxidation of 4-DMAP was used as electrochemical
indicator enabling the recognition of the epitope-based peptides and
immunoglobulin G (IgG), in a voltammetry study. We believe that 4-DMAP is the
first electrochemical indicator for use in immunosensors that use proteins or

peptides as a recognition probe.
2. Experimental Section
2.1. Chemical and biological reagents

All reagents used were of analytical grade without further purification. All
experiments were conducted at room temperature (25 £ 1 °C). Ultrapure (Type
1) Water Quality (Direct-Q®3 Water purification System, Merck Millipore) was
used for the preparation of aqueous solutions. Phosphate buffer (PB) solution
0.1mol-L~" was prepared at pH 7.4. Stock solutions of the probe (peptide), target
(serum), block solution (BSA 0,5%) were prepared in PB and stored in a freezer
until use. The new electrochemical indicator, 4-dimethylaminoantipyrine (4-
DMAP), was prepared in water (5mmol-L™") and stored in 4°C in an amber bottle
(to prevent degradation by UV radiation) until use. Due to the non-interference in
the three-dimensional conformation of the probes, we chose to maintain the

solutions at physiological pH.

For specific biological recognition we use four peptides related to

neglected diseases with different etiological agents: protozoa, nematoda and
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bacterium. These peptides were based on epitopes originated from phage display
selections that mimic highly specific antigens of the target pathologies, with
probes being Visceral Leishmaniasis - LC1 (Leishmania infantum chagasi) and
Tegumentary Leishmaniasis - LT (Leishmania amazonensis) (Goulart et al.,
2008), D3 for Strongyloidiasis (Strongyloides stercoralis; Feliciano et al., 2014)
and M3R for Leprosy (Mycobacterium leprae; Goulart et al., 2014), and chosen
based on previous diagnostic parameters obtained in serological tests (ELISA),
which detected IgG in serum samples from patients (Feliciano et al., 2014,
Feliciano et al., 2016; Ramos et al., 2017; Costa et al., 2017; Salgado et al.,
2018). Negative and positive sera were confirmed by the gold standard assay.
The ratio of probe and target titers used in the ELISA immunoassay previously
were calculated and maintained (Table 1).

Table 1. Target diseases, probes ID and concentrations, serum dilution, and specific
references for each probe.

Probe Probe Target Serum References
D Concentration Disease dilution
LC1 38 pg/mL Visceral 1:100 Goulart et al., 2008

Leishmaniasis

LT 22,5 yg/mL American 1:100 Goulart et al., 2008
Tegumentary

Leishmaniasis

D3 4 pg/mL Strongyloidiasis 1:160 Feliciano et al.,
2014
M3R 3.53 ug/mL Leprosy 1:100 Goulart et al., 2014

*Institutional Research Board (UFU), number of the protocol and date.
2.2. Electrochemical Apparatus

Electrochemical voltammetric measurements (Differential Pulse Cycle)

were performed using the potentiostat PalmSens 3 (PalmSens Compact
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Electrochemical Interfaces, Houten, The Netherlands), and screen-printed
electrodes (DropSens, Asturias, Spain) in ceramic substrate: L33 x W10 x
HO.5mm.

The electrochemical screen-printed electrodes consisted of working electrode (4
mm diameter), counter electrode and reference electrode, with the following
formats: type 1 - carbon, carbon, silver (DropSens, Spain; ref. C110), and type 2
— gold, gold, silver (ref. BT 220). The basic parameters used for the readings
were: modulation amplitude (pulse E): 0.015mV; pulse interval (pulse t): 0.06s;
scanning rate:15 mV.s"' (0.002V step); current range 1nA to 10mA, time

equilibration 2s, potential -0.2V to 0.9V.
2.3. Conjugation of the probe and electrochemical measurements

Two (2)uL of the probes were applied to the surface of the working electrodes
and incubated for 30 minutes at room temperature. The electrode was then
washed with one thousand (1,000) uL of phosphate buffer saline and dried in
manual air insufflator equipment. 2pl of BSA 0.5% for 20 minutes was required to
block the binding of nonspecific biomolecules. Then, the electrode was washed
again with 1000uL of phosphate buffer and dried in the same manner as the first
step. The correct order for incorporation of the indicator (4-DMAP) was tested in
the following order: before adding serum and after inclusion of the serum of
patients. Two (2)uL of 4-DMAP were applied onto the electrode’s surface for 20
minutes, and the probe binding its interaction was evaluated by differential pulse
voltammetry (DPV). DPV measurements in electrode connected to a potentiostat
were obtained by using 100uL of phosphate buffer at pH 7.4 as electrolyte to
evaluate the electrochemical sign (indirect detection). All electrochemical tests
were performed in triplicate. The incubation periods were performed in the

absence of light at room temperature.
2.4. Imnmunosensing tests

We used sera from infected patients to demonstrate the specific peptide-IgG
complex (target probe) link. After immobilization of the probes on working
electrode surface, 2uL of serum was applied to the carbon work surface for 20
minutes at room temperature. Then, the electrode was washed with 1000uL with

phosphate buffer and dried.
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In the first test, not yet using 4-DMAP, the measurements of DPV were obtained
using 100uL of [Fe(CN)e]*"*> and 0.1M KCI, pH 7.0, as electrolyte to evaluate the
electrochemical sign. In the functionalization for 4-DMAP test, when serum was
added after or before this indicator, we used phosphate buffer (pH 7.0) as
electrolyte. The negative control was performed using negative newborn serum

for the pathologies studied.

The best results for probe LC1 were repeated using different probes to confirm

the biological recognition and action of 4-DMAP as electrochemical indicator.
2.5. Atomic force microscopy (AFM) topographical analysis

Atomic force microscopy (AFM) imaging was assessed (SPM 9600, Shimadzu)
to determine topographical changes in the electrodes’ surface pre- and post-
immunoagglutination complex formation. Analyses of rugosity (Rq) were
performed on bare graphite electrodes (C110), C110 electrodes with 4-DMAP,
C110 electrodes functionalized with the LC1 peptide, followed by incorporation of
4-DMAP, and then LC1+4-DMAP with positive IgG sera, and LC1+4-DMAP with

negative 1gG sera.
3. Results and Discussion
3.1 Electrode material and electrochemical indicator

According to Santos et al. (2010), under suitable reaction conditions 4-
DMAP can form hydroxylated derivatives, by addition of hydroxyls to the aromatic
ring, and oxidative demethylation, converting to 4-methylaminoantipyrine and 4-
aminoantipyrine sequentially when in a buffered saline solution. The oxidation of
4-DMAP is dependent on the pH of the solution, being accelerated by pHs closer
to the neutrality. This is an important feature that gives 4-DMAP new possibilities

of interaction with biomolecules.

The four first scans of 4-DMAP differential pulse voltammograms
embedded in the carbon and gold electrode surfaces, respectively, are shown in
Figure 2 (A and B). The 4-DMAP was fully oxidized at the potential of 0.2V at the
first sweep of the electrode of graphite. A different behavior was observed in the
gold surface, where we can observe a little gradual oxidation in a higher anodic

potential of 0.63V in four scans.
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The 4-DMAP did not interact well with the gold surface, presenting a more
effective adsorption on the carbon surface, possibly due to carbon interactions
with the nitrogen of the amine group and Van der Waals interactions with the
aromatic rings. For this reason, the other tests of this study were carried out on a

graphite electrode.

Gowda et al. (2015) evidenced the same behavior for 4-aminoantipyrine
on surface electrodes modified with multiwalled carbon nanotube in cyclic
voltammetry. The 4-AAP completely and irreversibly oxidized at the potential of
0.512V. The author attributed the complete oxidation to the large surface area of

his modified electrode.

After the choice of the best electrode to be used in this platform, we verified
the electrochemical behavior of the LC1-target probe reaction using as
supporting electrolyte the aqueous solution of [Fe(CN)s]*/3- and 0.1M KClI, pH 7.0,
due to its known redox capacity. Figure 2B shows the reading in cyclic
voltammetry (and a Ferro-Ferricyanide redox couple reference signature in
differential pulse voltammetry) of the probe specific for visceral Leishmaniasis

linked with positive and negative controls.

A - -y
40 ; 220BT 1
g, == 220BT 2

30 5 == 220BT 3
— 1
:‘:,; 0 - C1103
.E 20 04 05 06 07 08 03 Cc1102
Q Potential (V)
= = C110 1
-
© 10 \

0
0 02 04 0,6 0.8
Potential (V)

65



150 |
E 100 |
200 =
o 50
3 0
-025 0 025 05 075
100
/ Potential (V)
z &
= 0 é/
o
5
O
-100
-200
-0,25 0 0,25 0,5 0,75 1

Potential (V)

Figure 2. DPV for the first three scans of the 4-DMAP (5 mmol.L-1) on the screen-printed
graphite electrode C110 and gold electrode screen printed BT220 (A) in electrolyte
phosphate buffer saline (pH 7.4); and cyclic voltammetry of target probe reaction LC1
Peptide - IgG anti L chagasi, on graphite electrode C110 and electrolyte [Fe (CN) 6] 4- /
3-and 0.1 M KCI, pH 7.0 (B): red - positive serum (peak 72.62uA £2.5; 0.05V); blue -
negative serum (33.63pA £1.2; 0.04V). Green (out of graph) demonstrates the oxidation
of the Ferro-ferricyanide, with no other components added.

3.2. Assembly of bioelectrodes and importance of the immobilization sequence
of 4-DMAP on the surface for detection

Recognition surface functionalization begins after immobilization of the
visceral leishmaniasis antigen mimetic peptide (LC1) in the corresponding area
to the working electrode (C110). Immediately thereafter, blocking age of free sites
on this surface with the addition of bovine serum albumin (BSA) was performed,
avoiding nonspecific binding. We incorporated the 4-DMAP into two different
biosensor mounting conditions: before adding serum and after inclusion of serum.
The best conditions for recognition of IgG positive sera were obtained when 4-
DMAP was added prior to the introduction of the sera, demonstrating more
significant differences between serum-positive and controls (serum-negative and

peptide alone / other pathologies), and also larger anodic peaks. Comparative

66



indirect detection tests with 4-DMAP incorporated before or after serum showed

significant differences in electrochemical results (Figure 3).
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Figure 3. Electrochemical results of differential pulse voltammetry (DPV) for
Leishmaniasis detection using the LC1 peptide and 4-DMAP in two different moments of
the functionalization of the electrodes’ surfaces. A — scheme of functionalization using 4-
DMAP before serum; B — scheme of functionalization using 4-DMAP after serum; C —
DPV peaks: 45.96pA x 0.20V; 33.73uA x 0.19V; 4.12uA x 0.19V; 2.92uA x 0.21V; and D
— DPV graph area (numbers on top of histogram boxes are standard deviation values).
Electrolyte: phosphate buffer saline (pH 7.4).

We note that the amplitude of 4-DMAP oxidation peaks increases by more
than 10 times when we compared functionalization with addition of 4-DMAP after
and before sera (45 x 4.2pA for serum-negative, and 32 x 2.5pA for serum-
positive) (Figures 4A and 4B). This difference is an evidence of indicator
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predilection for the first biomolecules added to the carbon surface (peptide and
BSA) and the weak interaction with the IgGs and other components of the serum.
In this case, the final electrode wash before voltammetry in phosphate buffer
would remove much of the 4-DMAP deposited as the last step of the
functionalization. It's not occurred when added after the probe and the blocker.
Therefore, insertion of 4-DMAP prior to the addition of serum into the system was

considered the best test condition for use in subsequent assays.

Gowda et al. (2014) demonstrated that the electrochemical signal in cyclic
voltammetry and the intensity of fluorescence of human albumin (HSA)
decreased according to the increased concentration of amino antipyrine (AA),
with greater disturbance of tryptophan, indicating a connection between 4-AA and
HSA. Teng et al., (2011) propose that the interaction between BSA and AA occurs
in negatively charged amino acid residues, such as Glu and Asp, through
electrostatic and van der Waals forces. Teng et al. also proposed in 2010 that in
addition to the van der Waals forces, hydrogen bonds are also involved in AAP-
protein interaction, in this case hemoglobin, which is a blood metalloprotein.
Other supporting evidence was provided by molecular coupling and dynamics
studies, which are high affinity between the pyrazole groups and as proteins
(Jagadeesan et al., 2015). The first peptide used, LC1, shows negative electric
charge (-2) at neutral pH, with isoelectric point at 4.04. In its structure, two
glutamates and one aspartate are presented, corroborating with the dynamics of

the 4-DMAP amino antipyrine.

In a study that shows immunological detection of C-reactive protein using
amino antipyrine as electrochemical indicator, the authors propose that this
indicator intercalates in amino acid aromatics by Van der Waals forces in proteins
(Lemos et al., 2018). Therefore, we can conclude that there is a good interaction
of 4-DMAA with peptide probes and also with the BSA used in the block of
nonspecific binding. In addition, the specific target recognition reaction by the
probe probably altered the electron passage dynamic at the electrode surface,
generating a significant reduction of the current in the system, which did not occur
in the voltammetric readings of negative sera, which showed current peaks higher
than positive sera. Figure 4A demonstrates the theory of trapping the
electrochemical indicator between probe / blocker and target, causing an
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insulating effect that reduces the oxidation of the electrochemical indicator. The
absence of the reaction in negative sera exposes the 4-DMAP adsorbed on the

peptide and the BSA, generating larger anodic peaks.

When we observe the individual result graph of each stage of adsorption,
we can verify the electrochemical role of each component in the VPD curves
obtained from the experiments (Figure 4B). The probe LC1 (green line) in the
absence of 4-DMAP maintains a very low current reading near the baseline
(phosphate buffer), defining the probe as non-electron donor element for the
system, or even hindering electric current (Herzog and Arrigan, 2007, Masek et
al.,, 2014). Although it is negative at neutral pH (-2), the peptide in question has
a significant number of hydrophobic amino acids that may further hamper the
passage of electrons through the working electrode. 4-DMAP, on the other hand,
favors the flow of electrons, showing a peak current 30 times higher than the
probe reading (orange line). When this is deposited on the probe and blocker (red
line), an oxidation peak appears between the pure 4-DMAP and the peptide
probe, indicating its adsorption at the carbon surface. When the sera are added,
the peaks of anodic current decrease even more, proving the interference of the
target-probe reaction in the oxidation of our electrochemical indicator, as already
discussed. Even in the oxidation curve of the negative serum control, there is a
decrease in peak amplitude, indicating that some non-specific interaction still

exists on the surface of the system, despite the blocking and washing steps used.

Phosphate buffer
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Figure 4. Stages of adsorption in sequential steps funcionalization showing the DPV
curves of each component added to the system. Peak values for 4-DMAA: 33.50pA X
0.20V, negative serum/4-DMAA: 24.95uA x 0.17V, Positive serum/4-DMAA: 21.60pA x
0.16V, LC1/BSA/4-DMAA: 13.25pA x 0.19V, LC1: 1.61uA x 0.5V. Electrolyte: phosphate
buffer saline (pH 7.4).

3.3 Affinity of 4-DMAP by different peptide probes

When using this test condition for adsorption ordering steps in different
peptide probes, we find that 4-DMAP again succeeds in differentiation between
the target-probe recognition (D3-specific IgG strongyloidiasis peptide) and the
non-recognition of negative sera and other parasites by the probe. The same

occurred for the LT recognition probe, according to Figure 5.
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Figure 5. Results of the differential pulse voltammetric readings using 4-DMAP before
serum: A and B - Strongyloidiasis probe D3 (peaks 9.09, 8.91 and 5.15uA); C and D -
tegumentary leishmaniasis probe LT (peaks 19.84, 19.14 and 2.62pA); E and F - Leprosy
probe M3R (peaks 16.55 and 10.30pA). Bars: blue = positive serum, yellow = negative
serum, and green = controls (the control was absent in F). Graphs showing current range
-5 to 20pA and potential 0 to 0.8V (same scale for all probes). Electrolyte: phosphate
buffer saline (pH 7.4).

It is noted that the concentration of the probes D3 and LT interferes with
anodic oxidation peaks intensity of 4-DMAP obtained in differential pulse
voltammetry. For the lower concentration probes the total oxidation of this
indicator occurred in smaller currents, perhaps due to the smaller amount of 4-
DMAP adsorbed in the system, evidencing the need for higher probe
concentrations for better fixation of the electrochemical indicator and consequent
better detection of the IgGs under study. The LT and D3 probes have 24 amino
acid residues and have a near zero charge at neutral pH (LT = 0; D3 = -0.3),
whereas the M3R probe is a 77 amino acid residue protein negative charged (-

1.7 at neutral pH), which prevents a better comparison with the results of the
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other probes. Although its concentration is the smallest among the probes
studied, so its size was probably an important factor in the immobilization of a
good amount of the 4-DMAP indicator to obtaining satisfactory anodic peaks in

the identification of antibodies to M. leprae.

Enache and Oliveira-Brett (2013), in an oxidation study of a specific
peptide in carbon electrodes, evidencing the oxidation of the amino acids
Tyrosine, Tryptophan, Histidine, Cysteine and Methionine, being the first
oxidation of Tyrosine and Tryptophan residues, followed by oxidation of Histidine,
and thereafter a half of benzene tryptophan residues electrochemical
hydroxylation. Only the M3R protein presents a satisfactory amount of these
amino acids to maximize the anodic peak of DMAP. However, these amino acids
have several oxidation windows, and the results obtained with 0.2 V potential
oxidation could only be related to the oxidation of poly-tyrosine and poly-

tryptophan, 8 residues of M3R structure.

Moreover, using 4-DMAP as an electrochemical indicator, we could
observe only the oxidation potential of this in 0.2 V, corresponding probably to
the oxidation of the nitrogen of the substituent group "N, N-dimethyl", potential

not described in the literature for this substance.

Hu et al. (2010) described two anode peaks for 4-aminoantipyrine in cyclic
voltammetry: 0.56V and 0.94V (on carbon glass electrode, ranging to 0.52 and
0.91 on carbon nanotube electrodes), which correspond to the oxidation of the -

NH2 group and the antipyrine, respectively.

Based on these data and our results, the interaction of 4-DMAP with the
peptide probes probably occurs in the region of the pyrazole aromatic ring, so we
did not identify in the voltammetric tests any anode peak at 0.9V corresponding
to the pyrazole oxidation. The same occurs for the oxidation potential at 0.6V,
described for the amine radical, which also could not be seen in these results.
We believe that this favorable potential in 0.2V refers to the oxidation of Nitrogen
in the substituent group Dimethylamine present in 4-DMAP (absent in the AAP)
and that the absence of the other oxidation potentials found in AAP are due to
the interactions of pyrazole group and aromatic rings with the adsorbed

biomolecules and the graphite sensing layer, respectively (Luong et al., 2009),
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which would also explain the oxidation potentials of 4-DMAP in the 0.7 V range

seen in our experiments with a gold electrode.
3.4. Topographic analysis AFM

The superficial analyzes of the C110 electrode with the best assembling
strategy performed for probe 1 (specific visceral leishmaniasis) are shown in
Figure 6. The addition of 4-DMAP on the graphite surface (Fig. 8B) and electrode
previously functionalized with the peptide probe (Fig. 8C), produced a decrease
in height and size of agglomerates, characterizing the reduced roughness when
compared to the virgin C110 electrode Fig. 8A), suggesting that the indicator and
the peptide are filling the cavities formed on the surface of the graphite.
Interestingly, the best reduction in graphite surface roughness was observed
when 4-DMAP was incorporated alone, suggesting a better planar interaction
with the electrode. After adding the positive serum (Fig. 8D), the roughness
increased significantly (Rq = 165.73) with a globular appearance when compared
to the negative serum (Rg = 60.11, Fig. 8E), showing the occurrence of

agglutination between probe and specific 1gG.
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Figure 6. Atomic force microscopy images (AFM) of the graphite electrode (C110) (A);
4-DMAP added to C110 (B); LC1 added to C110 followed by 4-DMAP (C); LC1 + 4-
DMAP with positive IgG serum (D); LC1 + 4-DMAP with negative IgG serum (E). Rq
equivalent to roughness values.

4. Conclusion

The results showed that 4-dimethylaminoantipyrine is a novel and versatile
electrochemical indicator for immunosensors based on synthetic peptides and
carbon / graphite electrodes. This is explained by its easy adsorption on this
surface through the amino groups and the aromatic ring, which also connects to
proteins through electrostatic and Van der Waals forces. 4-DMAP oxidizes its

methyl groups to low anodic potential and the peak oxidation intensity may be
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useful for detecting serum immunoglobulins and proteins in other biological fluids.
This study showed that the incorporation of 4-DMAP in the electrode before
serum IgG allowed the detection of the antigen-antibody reaction of interest in
four different probes. The sensor response was primarily dependent on probe
concentration when compared to peptides of the same amount of amino acids
(24 amino acid residues), but the size of the protein molecule used as a probe

influenced the intensity of the anode peaks exhibited in the DPV.

Although we have not evaluated the influence of pH on the system, we
believe that little can be done in this sense, considering the possibility of
conformational changes of the probes with pH variation that could be
incompatible with the preservation of the recognition sites. We also used probes
previously constructed to recognize specific antibodies in patient sera, but not
designed specifically for use in electrodes and electrochemical studies. However,
the method used to obtain these probes, the phage display, allows us to produce
probes with specific sequences to facilitate the adsorption process on the surface
of the working electrode, producing greater homogeneity in the results and
consequent greater sensibility in the detection. This method will be the subject of

future studies for the development of new electrochemical systems.

Therefore, 4-DMAP can be used as a universal indicator for
immunoassays based on amino acid polymers (peptides and proteins). We
emphasize that in our study there were no pre-treatments of the surface of the
working electrode, and that this tool also can be used in future studies to improve

the response of this method to the detection of diseases.
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