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RESUMO

O trabalho descreve uma metodologia para diagnostico eletroquimico de
Leishmanioses (LSH), que suprime a reacdo cruzada com a Doenca de Chagas
(DC). Estudos anteriores demonstram que as reac¢des cruzadas ocorrem nos testes
disponiveis no mercado (ELISA). Esta problemética ndo permite inicio correto e/ou
precoce do tratamento desta enfermidade. Os imunossensores eletroquimicos sdo
dispositivos com caracteristicas notaveis na obtencdo de diagndsticos, com
excelente custo beneficio e rapida execucdo. A Leishmaniose foi selecionada,
levando-se em consideracao seu enorme impacto na saude publica e na dificuldade
em se obter um diagndstico preciso e diferencial, uma vez que, mediante o exposto,
desenvolveu-se um sensor eletroquimico para diagnostico especifico e seletivo para
as Leishmanioses. As informacBes sobre sensibilidade de biossensores
eletroquimicos permitiu testar as biomoléculas anteriormente em testes de ELISA,
adaptando com metodologias apropriadas para os sensores. As caracteristicas de
trés plataformas diagnésticas foram estudadas e comparativamente testadas. Assim,
eletrodos screen-printed de ouro, grafite e eletrodos screen-printed de grafite
eletrodepositado com ouro foram selecionados como plataformas para imobilizacao
de antigenos totais brutos. Os anticorpos foram detectados em soros de pacientes:
pools de doencas de Chagas e Leishmanioses para realizacao dos testes iniciais. As
propriedades eletroquimicas, avaliadas por voltametria ciclica (0,1 V.s?). O par
redox Ferri/Ferrocianeto de Potassio, possibilitaram a analise dos picos de corrente
anddicas e catddicas. Os resultados, obtidos pelo potenciostato EmStatl/software
PSTrace8, demonstram a melhor eficiéncia do eletrodo de grafite com filme de ouro
eletrodepositado, em relacdo as demais plataformas testadas. O diagndstico obtido,
nao somente permitiram a discriminacdo das doencas de Chagas e Leishmanioses
na forma de pool, como também suas formas isoladas. Ressaltamos que as analises
comparativas com ELISA indiretas foram realizadas com 0S mesmos grupos,
apresentaram reacdes cruzadas. Quanto a estabilidade, obtivemos resultados
satisfatorios em 5 dias de andlises e curva de calibracdo com LOD em 9,466.
Portanto, este sensor pode ser apresentado como um dispositivo eficiente na
utiizacdo como método diagnostico eficiente e eficaz dos anticorpos de
Leishmanioses, presentes no soro de pacientes.

Palavra-chaves: Imunossensor. Eletroquimica. Leishmanioses. Doenca de Chagas.

Filme de ouro. Eletrodo de grafite.



ABSTRACT
The work is a methodology for the electrochemical diagnosis of Leishmaniasis (LSH),
which is supreme to a cross reaction with Chagas disease (DC). Previous studies
have demonstrated that cross-reactions occur in commercially available testis
(ELISA). This problematic is to top early and / or delay of the treatment of nurse.
Electrochemical immunosensors are devices with remarkable parameters in the
search for diagnoses, with an excellent cost-benefit and fast execution.
Leishmaniasis was selected, leading to serious difficulties in public health and the
need for early and differential diagnosis. Through the above, an electrochemical
sensor was developed for the specific and selective diagnosis for Leishmaniasis.
Information on the resistance of electrochemical biosensors can be tested as
biomolecules in ELISA testicles, adapting to social methodologies for sensors. The
diagnostic characteristics were studied and comparatively tested. Thus, screen-
printed electrodes of gold, graphite and electrodeposited graphite screen-printed
electrodes with gold selected as the basis for immobilization of crude total antigens.
Antibodies were detected in patient sera: Chagas disease and Leishmaniasis pools
for the initial tests. As electrochemical properties evaluated by cyclic voltammetry
(0.1 Vs™). The solutions of [Fe(CN)s]* [Fe(CN) ¢]* 3H,0 and KCI allow an analysis of
anode and cathodic current potentials. The results obtained are demonstrated by the
performance test of a PSTrace8 model, showing a better performance of graphite
with gold electrodeposited film in relation to the others tested. The diagnosis obtained
not only allowed the separation of Chagas and Leishmaniosis diseases in the form of
swimming pool, but also their isolated forms. We emphasize that the comparative
analyzes with indirect ELISA, we performed with our groups, the last cross reactions.
Regarding stability, the performance is satisfactory in 5 days of analysis and the
calibration curve with the RSD in 9.466. Therefore, this sensor can be presented as
an effective device in the way the diagnosis is effective and effective of the

antibodies of Leishmaniasis, present in patients.

Key words: Immunosensor. Electrochemistry. Leishmaniasis. Chagas disease. Gold
film. Graphite electrode.
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1 INTRODUCAO

As doencas negligenciadas, relacionadas a baixo financiamento em pesquisas
que independem do numero de casos, estdo entre o rol de enfermidades que
necessitam de diagnostico com baixo custo. A Organizacdo Mundial da Saude
(OMS) é responséavel por relatar em suas avaliagbes as enfermidades que se
enquadram entre as doencas negligenciadas (tabela 1). Com isso, pesquisadores
buscam aprimorar sistemas de pesquisa, a fim de, propiciar um rapido diagndstico
gue auxilie na escolha do tratamento mais adequado para a cura do paciente, ou

pelo menos monitoramento.

Tabela 1: Lista de doencas negligenciadas definidas pela Organizacdo Mundial da
Saude (OMS).

Doencas negligenciadas

Ulcera de Buruli

Doencga de Chagas

Dengue e Chikungunya

Dracunculiase (doenc¢a do verme da Guiné)
Equinococose

Trematodiases alimentar

Tripanossomatiase humana africana (doenca do sono)
Leishmaniose

Hanseniase (hanseniase)

Filariose linfatica

Micetoma; cromoblastomicose e outras micoses profundas
Oncocercose (cegueira dos rios)

Raiva

Sarna e outros ectoparasitas

Esquistossomose

Helmintiases transmitidas pelo sono

Envenenamento de picada de cobra
Taenia/Cisticercose

Tracoma

Yaws (treponematoses endémicas)

(OMS, 2017).
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1.1LEISHMANIOSES

As Leishmanioses s@o doencas infecciosas, porém, ndo contagiosas. Como o
publico afetado por essas enfermidades possuem baixo poder aquisitivo, ndo ha o
“olhar” de grandes empresas no financiamento em pesquisa diagnoéstica (Rosario et.
al, 2017). Essas enfermidades sdo um grupo de doencas negligenciadas provocadas
por um protozoario do género Leishmania, transmitidas por um vetor muito
prevalente em regides tropicais e subtropicais, fémea do flebotomineo, também
conhecido como mosquitos-palha (Ordem Diptera; Familia Psychodidae; Sub-Familia
Phlebotominae) (Basano, 2004; Netto, 2009).

As infeccbes por Leishmanioses sdo de distribuicAo mundial. A doenca é
endémica nas regides tropicais e subtropicais de 98 paises, prevalecendo em
regides como Africa, América Latina e Asia. (Conceicéo-Silva; Leite-Silva; Morgado,
2018). Existem cerca de 12 milhdes de casos em todo o mundo; 1,5 a 2 milhdes de
Novos casos ocorrem a cada ano (Sundar; Rai, 2002).

O primeiro a observar o parasita do género Leishmania foi Cunningham
(1885), na india, em casos de leishmaniose visceral. A saber, 90% de todos os casos
de Leishmaniose visceral ocorrem no Brasil (Figura 1), Bangladesh, india e Suddo
(Basano, 2004). As leishmanioses podem ser subdivididas em dois grupos: a
Leishmaniose Tegumentar (LT) e a Leishmaniose Visceral (LV). De acordo com o
Ministério da Saude em 2017, o Estado de Minas Gerais, era o segundo com maior

indice de casos de Leishmanioses no Brasil (Figura 2).
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Fonte: SVS/MS,2017.

Figura 1: Representacéo de regides endémicas de Leishmania spp. no Brasil. Estados com maior
indice de casos de acordo com as cores: vermelha (maior), marrom, alaranjado, salmao, rosé, cinza
(menor).
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Figura 2: Avaliacdo de numero de casos de Leishmania spp. nos estados brasileiros. O estado de
Minas Gerais € localizado como o segundo no ranking nacional de incidéncia da doenca.
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A Leishmaniose Tegumentar (LT) pode apresentar diferentes formas clinicas,

variando de lesbes Unicas a multiplas, localizadas ou disseminadas, ulceradas na
pele ou membranas mucosas. As principais espécies de parasitas responsaveis por
essa doenca na América do Sul, especialmente no Brasil, sao Leishmania

braziliensis e Leishmania amazonenses (Pires et. al, 2018).

A Leishmaniose Visceral também conhecida por seu home indiano “calazar”
(kala-azar) - é uma doenca ndo contagiosa causada, entre outros, por trés
espécies de protozoarios pertencentes ao género Leishmania, clinica e
biologicamente distintas e com diferentes distribuicdes geograficas: Leishmania
donovani, Leishmania infantum No Brasil ha prevaléncia de Leishmania infantum,
o teste diagnostico com rK39 é feito com Leishmania danovani, parasita que ndo
circula no Brasil.

No caso humano os parasitos sdo transportados pela corrente sanguinea
por todo o corpo, afetando principalmente os 6rgdos com consideravel
concentracdo de leucdcitos - com destaque para medula 6ssea, figado, baco e
linfonodos - onde se instalam, levando quase sempre a anomalias no tamanho
destes, conhecidas como hepatomegalia (figado), esplenomegalia (baco) e
adenomegalia (linfonodos). O periodo de incubacéo € variado, podendo chegar a
2 anos, e na auséncia de tratamento adequado, a doenca é fatal em quase 100%

dos casos.

1.2CICLO DE VIDA DAS LEISHMANIOSES

A principal forma de transmissdo do parasita para o homem e outros
hospedeiros mamiferos (Figura 3 e 4) é através da picada de fémeas infectadas
de dipteros da familia Psychodidae, sub-familia Phebotominae, conhecidos
genericamente por flebotomineos (GONTIJO e MELO 2004).

De acordo com o CDC 2015, as formas promastigotas sdo transmitidas ao
hospedeiro através da picada das fémeas de flebotomineos e ao cairem na
corrente sanguinea sdo fagocitados por macréfagos e outros tipos de células
fagociticas mononucleares. Os promastigotas se transformam nessas células no
estagio amastigotas, que se multiplicam por simples divisdo e passam a infectar
outras células fagociticas mononucleares. A partir deste momento, as fémeas do
inseto sdo infectadas pela ingestdo de células durante as refeicbes de sangue.

Nos flebotomineos, o0s amastigotas se transformam em promastigotas,
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desenvolvem-se no intestino e migram para a tromba onde estéo peraradas para

infectar outros hospedeiros e reiniciar o ciclo.
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Figura 3: Representacdo esquematica do ciclo de infeccdo antroponético natural de casos de
Leishmania spp. Onde s&@o simbolizados os estagios de infeccdo e de diagnéstico da doenca. A
deteccdo do parasita no humano € possivel, a partir do momento em que o promastigota se

transforma em amastigota.

Os ciclos de infeccéo por Leishmanioses podem ocorrer através de diferentes
ciclos (Figura 4). O ciclo antropondtico natural foi anteriormente explicado através
do esquema proposto pela CDC-2015. No ciclo antropondtico artificial, as formas
amastigotas do parasita sdo transmitidas através de elementos perfurantes e/ou

cortantes contaminadas com o parasita, garantindo a perpetuacéo do ciclo.

Por fim, o ciclo zoondtico se assemelha ao ciclo antroponético natural, as
formas promastigotas sédo transmitidas ao hospedeiro animal através da picada
das fémeas de flebotomineos e ao cairem na corrente sanguinea sao fagocitados
por macrofagos e outros tipos de células fagociticas mononucleares. Os
promastigotas se transformam nessas células no estagio amastigotas, que se

multiplicam por simples divisdo e passam a infectar outras células fagociticas
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mononucleares. A partir deste momento, as fémeas do inseto sdo infectadas pela

ingestdo de células durante as refeicbes de sangue. Nos flebotomineos, os
amastigotas se transformam em promastigotas, desenvolvem-se no intestino e
migram para a tromba onde estdo peraradas para infectar outros hospedeiros

(animal ou humano) e reiniciar o ciclo.

.
-
.
I =2

Amastigotas
~— -y / .'."lll""‘
Ciclo Ciclo Ciclo zoonético
antroponético antropondtico
artificial natural

Fonte: Nunes et. al, 2007
Figura 4: Representacao esquematica do ciclo de infec¢do zoonético, antropondtico natural e artificial

de casos de Leishmania spp.

1.3DIAGNOSTICOS DE LEISHMANIOSES

O diagnostico das Leishmanioses é feito pela combinacdo de sinais (Figura 5)
clinicos com testes parasitolégicos ou soroldgicos (principalmente testes de
diagnostico rapido da LV) (OPAS, 2014; Netto, 2009).

Clinico < | Parasitolégico| e/ou | Imunolégico

Figura 5: Representacdo esquematica das formas de deteccdo da Leishmaniose spp. em humanos.

O diagnéstico clinico para Leishmaniose se baseia na avaliacdo de sinais e sintomas apresentados
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pelo paciente. Ja o parasitoldgico consiste na andlise de material coletado, onde o parasita pode ser

demonstrado. E o diagnéstico imunolégico é baseado na analise de sinais imunoldgicos presentes nos

soros dos pacientes, esta técnica € menos invasiva.

Os sinais clinicos séo inicialmente avaliados pelo médico clinico, durante
consultas. Os pacientes avaliados nos testes clinicos podem ser divididos em
sintomaticos classicos (apresentam sintomas tipicos da doenca), oligossintomaticos
(apresentam alguns sintomas da doenca, esses sintomas podem ser confundidos
com uma outra forma) e os assintométicos (pacientes portadores da enfermidade

gue nao apresentam sintomas clinicos).

Sabendo que os exames para diagnosticar a Leishmaniose Visceral envolvem
observacfes dos sinais clinicos juntamente com auxilio de técnicas parasitologicas,
imunoldgicas e moleculares. E, os testes laboratoriais dependem de mé&o de obra
gualificada e elevado tempo para sua realizagdo. Os pesquisadores, constantemente
relatam e avaliam o desempenho e custos diretos de kits comercialmente disponiveis
no Brasil (Freire, 2017).

1.3.1 DIAGNOSTICO CLINICO

Na forma clinica, a doenca pode ser classificada em: assintomatica,
oligossintomética e sintomatica. A infeccdo assintomatica ocorre em area endémicas,
sendo que esta pode evoluir para cura, manifestacbes brandas (forma
oligossintomética) ou manifestacdes clinicas mais graves (forma sintoméatica) (MS-
Brasil, 2014).

Na Leishmaniose visceral, tanto em criangas como em adultos, manifesta-se
apos periodo de dois a seis meses de incubagdo, com 0 seguinte quadro clinico
sintomatico: Febre recorrente, palidez cutaneo-mucosa, diarreia, tosse e aumento do
volume abdominal. Os exames complementares demonstram: anemia, leucopenia,
trombocitopenia e elevacdo dos niveis de ureia-creatinina-bilirrubinas. Caso nao
haja o diagnostico correto e tratamento imediato, ha o agravo do estado geral,
podendo levar o paciente a 6bito (Oliveira et.al, 2010; MS-Brasil, 2014; Sena 2018).

1.3.2 DIAGNOSTICO PARASITOLOGICO

Os exames parasitolégicos sdo os mais comumente utilizados para fechar

diagnostico de LV demonstrando diretamente o parasita em tecidos ou isolados em
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cultura. O procedimento demanda de uma técnica invasiva e a especificidade e a

sensibilidade varia com o tecido a ser analisado (Catorze 2005). A medula Gssea,
frente ao risco da coleta, apresenta baixa sensibilidade cerca de 52 a 85%
(Srivastava 2011).

A técnica de isolamento em cultura utiliza o meio de cultura para que
aspirados esplénicos ou de medula 6ssea tenham suas formas amastigotas
transformam em promastigotas (MS-Brasil 2014). Apés a incubacdo, estas séo
avaliadas em periodos de uma a quatro semanas. O prazo necessario para

confirmacgédo do resultado torna esta técnica menos usada (Sakkas 2016).

1.3.3 DIAGNOSTICO IMUNOLOGICO

Os principais meios de diagndstico imunoldgicos da LV apresentam relativa
sensibilidade. A especificidade € dependente ao tipo de antigeno utilizado na
deteccéo de anticorpos.

Sao comumente utilizadas as técnicas: RIFI (Reag¢do de imunofluorescéncia
indireta), o teste imunocromatografico rapido, ELISA e o teste de aglutinacdo direta

(DAT, do inglés “direct agglutination test”).

e RIFI
Consiste na reacdo entre soros com o0 extrato bruto de parasitas
promastigotas (Leishmania), fixados em laminas de microscopia. Numa etapa
seguinte, utiliza-se um conjugado fluorescente para se evidenciar a interacdo. O
microscopio de fluorescéncia é utilizado na deteccao (MS-Brasil 2014).
e Testes imunocromatograficos
Teste rapido qualitativo de anticorpos no soro a partir de um antigeno
recombinante RK39 L.(L.) danovani. A analise das bandas na area C e na area T
permite o resultado positivo. A K39 (rK39), descrito pela primeira vez em 1993, tem
sido 0 mais largamente utilizado em regies endémicas de L. danovani. Consiste
uma sequéncia de 39 aminoacidos isolada de L. danovani, clonada e expressa em
Escherichia coli (Burns et al., 1993; Maia, 2012).

e Ensaio Imunoenzimatico
A técnica de ELISA utiliza antigenos aderidos a placa para a detec¢do dos
anticorpos. O antigeno soluvel bruto, obtido através de ciclos de congelamento e

descongelamento das formas promastigotas de Leishmania, sendo o sobrenadante
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usado como antigeno (Fonseca 2013). A técnica de ELISA tem baixa especificidade,

assim nao limita a reatividade cruzada.

e DAT — Teste de Aglutinacéo Direta

A técnica combina altos niveis de validade intrinseca e facilidade de
execucao, embora apresente problemas na padronizacéo e controle de qualidade do
antigeno e nao tenha valor no progndstico da doenca. Uma variacado da DAT, o Fast
Agglutination Screening Test (FAST), foi criado para deteccdo de anticorpos anti-
Leishmania em amostras sanguineas. O teste é baseado no DAT, porém combina
uma concentracdo parasitaria mais alta com um menor volume de teste. A técnica

permite uma varredura rapida de um grande namero de amostras (Souza, 2013).

1.3.4 DIAGNOSTICO MOLECULAR

Constitui em identificar uma sequéncia de DNA dos parasitas, através de
amostra (sangue periférico e aspirado de medula d&ssea). Essa tecnologia
diagndstica apresenta elevado custo para a sua execucao.

Séao utilizados iniciadores, enzima DNA polimerase e desoxinucleotideos
trifosfatados, que sdo adicionados pela polimerase, na éarea delimitada pelos
iniciadores. Com o processo de desnaturacdo da fita molde ha o aumento da
sequéncia especifica. Devido a variacdo na temperatura e com ciclos alternados
acontece a ligacao entre os iniciadores e a extensao.

Existem kits comerciais de PCR convencional, porém a dificuldade de
padronizacdo nos ensaios de PCR a determinacdo de um protocolo uniforme a fim

de comparacao de resultados se faz necessério (Faria, 2012; Moradi, 2016).

1.4AREATIVIDADE CRUZADA

O soro de pacientes € um meio complexo que apresenta diversificadas
biomoléculas, com propriedades bioquimicas Unicas, que podem inferir no
diagnostico destoante da realidade. Assim, as respostas imunoldgicas séo diversas
em pacientes, como prova de conceito a Leishmaniose, pode ser manifestada nos
individuos de forma assintomatica, oligossintomatica ou sintomatica.

Em estudos de casos é possivel observar a ligagdo de anticorpos que

possuam epitopo semelhante ao antigeno. Esta similaridade tridimensional pode
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gerar interacdo, mesmo com ligacdes fracas e /ou afinidade baixa, gerando um

resultado falso- positivo ou falso-negativo (Fonseca et al., 2011; Gomes, 2011).

Os estudos realizados por Camargo (1969), Maywald (1996), Islam (2002) e
Matos (2015), demonstraram: que testes sorologicos apresentavam reacdes
cruzadas entre Leishmaniose Visceral e doenca de Chagas. Neste momento,

alertava-se a necessidade de um método diagndstico discriminatoério.

Em estudos anteriores, foi alertado que no caso do uso de extrato bruto ou
antigenos semi-purificados, reacfes cruzadas do género Leishmania spp sé&o
recorrentes em virtude de sua proximidade filogenética com o T. cruzi. Assim, o
estudo alerta sobre a necessidade de realizar avaliagbes sistematicas dos testes
soroldgicos disponiveis comercialmente e verificar a necessidade da busca de
antigenos que apresentem elevada acuracia, mesmo quando os testes forem

realizados em areas de co-endemicidade (Daltro et.al., 2018).



25
2 BIOSSENSORES

Biossensores sdo sistemas analiticos constituidos por elementos biolégicos,
derivados biolégicos, materiais bioldgicos sintéticos que sdo conectados a superficie
de transdutores fisico-quimicos ou microssistemas integrados, eletroquimicos,
Opticos, magnéticos, micromecanicos, piezoelétricos ou termométricos (Lakcka et al.,
2007).

O principio do biossensor é que este esteja conectado a um transdutor e
transforme o sinal biolégico em um sinal elétrico, possibilitando assim a quantificacao

dos sinais (Figura 6).
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Fonte: Machado, 2015 (adaptado).

Figura 6: Esquema geral do biossensor, apresentando possibilidades de sondas e transdutores.

Esforcos tém sido realizados buscando melhorar a confianca de modo a obter
um sensor com desempenho desejado em termos de sensibilidade, alcance
dindmico e reprodutibilidade (Silva, 2011; Saraf, 2012).

O desenvolvimento deste procedimento pode contribuir com a otimizacdo de
uma plataforma portatil e importante ferramenta para a melhoria do diagnéstico.
Partindo deste principio, algumas modificacdes no eletrodo de trabalho podem ser
utilizadas.

As principais sdao: matérias ou materiais adsorvidos, ligados covalentemente,
uso de filmes poliméricos imobilizagdo por ocluséo e eletrodeposicao (Freire et al.,
2003; Barbieri, 2017; De Meneses, 2018). Essas modificacbes apresentam
vantagens e desvantagens que devem ser analisadas de acordo o interesse da

pesquisa (Tabela 2).
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Método Vantagem Desvantagem Referéncia
Adsorcao Simplicidade; Limitacdo da faixa
Alta eficiéncia; de resposta linear; (Pereira,
Alta incidéncia de 2002; De
perda de Meneses,
reprodutibilidade; 2018)
Reducdo da vida util
do EQM.
Ligacéo Estavel; Muito tempo para a
covalente realizagéo; dificil (Pereira,
execucao; 2002; De
Limitacdo da faixa Meneses,
de resposta linear, 2018)
Filmes Ampliacdo na resposta | Alto tempo  de | Pereira,2002;
poliméricos eletroquimica; execucao; De Meneses,
Aumento na a velocidade | PH da solucéo; 2018; Balvedi,
de transferéncia  dos | Tempo de | 2014; Alves-
elétrons; execucao. Balvedi,
2016)
Imobilizacéo Componente biolégico | Possibilidade de
por oclusao nao se liga a matriz; Evita | lixiviacao; (Pereira,
diminuicdo da atividade | Propriedades néo 2002; De
enzimatica que pode | condutoras do gel; Meneses,
ocorrer por imobilizacéo; Perda de resposta. 2018)
Eletrodeposicao | Seletividade; Tempo de | (De Meneses,
Promove a reatividade | execucéo. 2018)

desejada;

Formas de otimizagdo de uma plataforma portatil e importante ferramenta para a melhoria do

diagnéstico e deteccdo dos biossensores eletroquimicos. A analise dessas otimizagGes faz-se

necesséria na busca da obtencdo de uma melhor forma de deteccdo da Leishmaniose spp. em

humanos.

2.1

ELETRODOS QUIMICAMENTE MODIFICADOS (EQM)

Algumas técnicas foram desenvolvidas para o desenvolvimento dos eletrodos,

sendo mais a insercdo de camadas modificadoras sobre a superficie dos eletrodos
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(Barbieri, 2017). Assim, aperfeicoamentos podem ser feitos e tornar diversificadas as

possibilidades de aplicacdo das plataformas diagnosticas.

Do ponto de vista analitico a sensibilidade e/ou a seletividade devem
aumentar com a utilizacdo de um EQM para que seu uso seja justificado. Isto pode
ser obtido por meio de um ou mais dos seguintes fenbmenos: 1- pré-concentracao,
2- eletrocatalise e 3- exclusdo de interferentes (Souza, 1997).

Esses fundamentos estdo diretamente ligados com o aumento da seletividade
nas plataformas diagndsticas. Assim, faz-se necesséria a avaliagdo desses
principios (Tabela 3) durante o processo de escolha metodoldgica.

Tabela 3: Fendbmenos que contribuem para o aumento da sensibilidade e

especificidade dos EQM

Fundamento Objetivo(s) Referéncia

Reduzir a energia de ativacéo da reacado. | (Souza, 1997,

Eletrocatélise Busca o aumento da sensibilidade. Pereira et.al.,
2002)

Aumento na componente faradaica da | (Souza, 1997,

Pré- corrente; Pereira et.al.,
Concentracao Elevacdo na sensibilidade da técnica 2002)

voltamétrica utilizada;

Aumento da seletividade

Inibir a agdo de interferentes | (Souza, 1997,
Excluséo de gue mascaram a resposta eletroquimica | Pereira et.al.,

Interferentes da espécie de interesse. 2002)

Fendbmenos eletroquimicos responséaveis pelo aumento da sensibilidade e especificidade em eletrodos

guimicamente modificados, esses fenébmenos influenciam na otimiza¢do dos sensores eletroquimicos.

Freire et al., 2003, revelaram que as monocamadas exibem uma
homogeneidade capaz de gerar sensores mais sensiveis e reprodutivos que
reduzem as correntes residuais ndo faradaicas e a passivacdo na superficie do
eletrodo. Estudos anteriores a insercdo de monocamadas devem ser realizados, a
fim de, realizar uma investigacdo a respeito de propriedades e fungbes que
proporcionem a ligacao superficie-analito.

De acordo com Angnes e Nascimento (1998), um marco para 0S avangos e

aperfeicoamentos das plataformas “silk-screen”, foi a década de 70, periodo em que
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se teve uma expansdo no aprimoramento dessa metodologia. Os estudos revelaram

gue a modificacdo de superficies ampliaria a possibilidade para criacdo de diversos
sensores. A forma de preparacdo de um eletrodo quimicamente modificado é
determinada pela caracteristica analitica desejadas no sensor (Pereira et al., 2002).

2.1.1 ELETRODEPOSICAO DE OURO

A eletrodeposicdo de ouro € capaz de promover reatividade e seletividade
desejadas. Além da potencializacdo das respostas em plataformas diagnosticas,
como também permitiu a melhor interagdo das sondas a superficie (Janegtiz, 2007;
Barbosa, 2012).

Comparando os eletrodos screen-prited de ouro ao eletrodo de grafite,
observamos que este é capaz de minimizar algumas alteracdes cinéticas de
transferéncia de elétrons entre analito e a superficie eletrédica. A superficie de ouro,
por exemplo, pode alterar e aumentar esta transferéncia que estava lenta o
suficiente, atrapalhando a deteccdo de compostos ou a discriminacao entre grupos
redox semelhantes (Freire, 2003; Galli et al, 2006; Prakash, 2013).

A eletrodeposicao de ouro € responsavel por aumentar a area superficial do
eletrodo base e promover, nos imunossensores, um maior sitio de imobilizacGes de
antigenos (Ag) (Chu, 2016; Fonseca et.al, 2011). Essa técnica eletroquimica de
modificacdo da superficie do eletrodo € responsavel por organizar configuracées de
cargas e/ou aumentar a superficie de contato entre plataforma eletroquimica e
analito.

Esse tipo de modificacdo apresenta vantagens experimentais extras sobre a
utilizacdo de ouro em biossensores. Além disso, pode-se citar a facilidade de
manuseio e preparacao, baixo custo, acessibilidade e estabilidade (Chaki, 2002;
Silva, 2010; Santos, 2016).

Durante o desenvolvimento de plataformas diagndsticas alguns passos sao
fundamentais. A escolha da plataforma base, modificacdo ou ndo da superficie sao
importantes para a escolha do biossensor, porém a biomolécula imobilizada definira

a classificacao do sensor (Figura 7).
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Biossensores Enzimaticos: imobilizacdao de enzimas (Gomes,

2011).

Biossensores microbioldgicos: imobilizacdao de células

microbiolégicas (Gomes, 2011).

Genossensores: imobilizacao de fragmentos de DNA ou

oligonucleotideos (Gomes, 2011).

antigeno (Gomes, 2011).

Imunossensores: imobilizagao de anticorpos especificos a um

Figura 7: Nomeclatura utilizada para sensores eletroquimicos, resultante da ligagdo entre os analitos

analisados pela plataforma eletroquimica.

De acordo com Barbieri, 2017, as técnicas mais comuns para a imobilizacdo

das biomoléculas envolvem adsorcao fisica, ligacdo covalente, ligacdo cruzada e

aprisionamento ou oclusdo. No processo de escolha da técnica, as vantagens e

desvantagens (Tabela 4), devem ser selecionadas de acordo com o resultado

esperado.

Tabela 4: Técnicas para imobilizacdo da biomolécula

Método Vantagens Desvantagens Referéncias
Adsorcao | Simplicidade; N&o exige | Influenciada por fatores
fisica modificacao quimica; | como pH, solvente e
Menor dano a | temperatura. Baixa
biomolécula; estabilidade;
Ligagcdo | Dificil desprendimento do | Complexidade; Elevado
covalente | componente bioldgico a |[tempo de  producdo;
matriz suporte | Possivel perda de
(estabilidade);  Ligacdo | atividade de  grupos | Gomes, 2011;

especifica (biomolécula-

matriz); Ideal para
producdo em massa e

comercializacao;

essenciais;

Barbieri, 2017
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Oclusé@o | Simples; Ndo  sofre | Resisténcia  difusional,
interferéncia do meio; Possivel  desnaturacao

da biomolécula;

Ligagdo | Simples; LigacOes | Dificil controle; maior

cruzada | quimicas fortes; guantidade de
biomolécula; baixa
sensibilidade;

Apresentacdo de técnicas para imobilizacdo da biomolécula. As técnicas para imobilizacdo da
biomolécula apresentam semelhanca significativa, mas apresentam diferentes mecanismos de acao

sobre a biomolécula analisada.

Na adsorcao fisica um solvente € utilizado para a diluicdo da biomolécula e a
solucéo € imobilizada no eletrodo. A ligacdo covalente envolve processos de ligacao
guimica entre o substrato e a biomolécula. Ja a ligacdo cruzada permite a ligacao
das moléculas que formam uma rede tridimensional sobre a superficie da plataforma.
Por fim, na ocluséo, a biomolécula é aprisionada no interior das ligacdes covalentes

gue formaram a matriz polimérica.

2.2 IMUNOSSENSORES
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Fonte: Machado, 2015 (adaptado).
Figura 6: Esquema geral do biossensor, apresentando possibilidades de sondas e transdutores.

Neste esquema, os alvos de interesses para realizacdo do imunossensor proposto estdo destacados.

De acordo com a patologia, selecionamos o elemento de biorreconhecimento.
No caso das patologias avaliadas os anticorpos representam as moléculas alvo de
deteccdo e assim, desenvolveremos um imunossensor (Lemos, 2017; Barbieri,

2017). Os Ac possuem dois sitios ou porcdes variaveis (Fab) que ligam-se aos
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antigenos (Ag) e uma porcao cristalizavel (Fc) determinante na variacdo de classes

diferentes de anticorpos (Figura 8).

A preparacdo do antigeno de Leishmania infantum para realizacdo dos testes
eletroquimico consistiu em algumas etapas, anteriormente padronizadas. A extracao
PP75 de L. infantum cultivada em meio Schneider, suplementado com 20% de soro
bovino fetal, na fase exponencial foi centrifugada 2000xg, 25 ° C por 20 minutos e
depois lavada 3 vezes com PBS e sobrenadante descartado. O sedimento foi
ressuspenso em PBS, contendo 0,05% de NP40 com o inibidor de protease
COMPLETETM (ROCHE, SWI). O antigeno foi obtido pelo método de congelamento
em nitrogénio liquido e descongelamento a 37 ° C e centrifugado a 10000xg por 30
minutos e o sobrenadante contendo o antigeno bruto soltuvel foi armazenado a -80 °
C até o momento da utilizacdo. A concentracdo proteica do antigeno foi determinada
pelo método de Lowry (Lowry et al., 1951). Aliquotas do extrato foram armazenadas

WL

. Codeia Pesoda Codeio leve
SLA = sitio de ligagdo com antigeno

Fab = fragmentoab  VH = fragmento varidvel da codeia pesada
Fc = fragmento c VL = frogmento variGvel da cadeio pesada

com 0s antigenos sollveis totais a -80 ° C até o uso posterior.
Fonte: Barbieri, 2017.

Figura 8: Representacao esquematica de um anticorpo

Dessa forma, a imobilizacdo de forma ordenada e orientada do anticorpo na
superficie do transdutor € extremamente importante. Para a correta ligacdo, a por¢cao
Fc deve ser ligada ao transdutor para manter as por¢des Fab livre o reconhecimento
com o antigeno presente (Ferreira e Yamanaka, 2006).

A imobilizacdo da biomolécula sobre a superficie do transdutor é um passo
crucial no desenvolvimento dos imunossensores, pois deve permitir a exposicao da

area de atividade biologica de reconhecimento.
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A escolha do método apropriado varia de acordo com as condicOes

operacionais do sistema, gerando dados confiaveis e de qualidade (Kongsuphol et
al., 2014, Barbieri. 2017).

2.3 TECNICAS ELETROQUIMICAS E VOLTAMETRIA CICLICA

As técnicas eletroquimicas compreendem a analise de eventos que envolvem
oxidacao e reducdo. Essas técnicas estudam propriedades elétricas mensuraveis
como potencial e corrente de um analito numa célula eletroquimica submetido a uma
diferenca de potencial (Barbieri, 2017).

A Voltametria Ciclica (VC) é uma técnica utilizada para adquirir informacfes
qualitativas e quantitativas sobre processos eletroquimicos. Seu principal uso é a
deteccdo de espécies eletroativas presentes na solucédo eletrolitica (Barbieri, 2017).

As informacdes sobre o analito sdo obtidas por meio da medicdo da
magnitude da corrente elétrica obtida pela transferéncia de elétrons durante o
processo de oxirredugdo. A quantidade de analito presente na interface do eletrodo e
na célula eletroquimica € correlacionada com a magnitude da corrente gerada. E o
registro da corrente em funcéo do potencial € denominado voltamograma (Figura 9)
(Barbieri, 2017).

Ciclo1

A / /‘\
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Fonte: Barbieri, 2017.

Figura 9 - Representagéo da variagdo do potencial com o tempo em voltametria ciclica

Constantemente, o desenvolvimento de técnicas que possuam caracteristicas
relacionadas a rapida execucgdo, bom custo-beneficio, facil manuseio e ampla faixa
de deteccédo, tornam-se essenciais para contribuir com o diagnéstico precoce das
doencas negligenciadas.

Portanto, a partir da analise da literatura e com a finalidade diminuir o tempo
de analise, facilitar os processos de deteccdo, melhorar a sensibilidade e reduzir
custos, propde o desenvolvimento de um imunossensor eletroquimico para deteccao

de Leishmaniose visceral e que suprima reacdes cruzadas com doenca de Chagas.
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Abstract: Visceral leishmaniasis is a reemerging neglected tropical disease with limitations for its
diagnosis, including low concentration of antibodies in the serum of asymptomatic patients and
cross-reactions. In this context, this work proposes an electrochemical immunosensor for the diagnosis
of visceral leishmaniasis in a more sensitive way that is capable of avoiding cross-reaction with
Chagas disease (CD). Crude Leishmania infantum antigens tested in the enzyme-linked immunosorbent
assay (ELISA) were methodologically standardized to best engage to the sensor. The antibodies
anti-Trypanosoma cruzi and anti-Leishmania sp. Present in serum from patients with diverse types of CD
or leishmaniasis were chosen. A screen-printed carbon electrode modified with gold nanoparticles
was the best platform to guarantee effective adsorption of all antigens so that the epitope of specific
recognition for leishmaniasis occurred efficiently and without cross-reaction with the evaluated CD.
The current peaksreduced linearly after the recognition, and still were able to notice the discrimination
between different kinds of diseases (digestive, cardiac, undetermined Chagas/acute and visceral
chronic leishmaniasis). Comparative analyses with ELISA were performed with the same groups,
and a low specificity (44%) was verified due to cross-reactions (high number of false positives)
on ELISA tests, while the proposed immunosensor presented high selectivity and specificity (100%)
without any false positives or false negatives for the serum samples from isolated patients with
different types of CD and visceral leishmaniasis. Furthermore, the biosensor was stable for 5 days
and presented a detection limit of 200 ng mL™..

Keywords: electrochemical biosensor; visceral leishmaniasis; Chagas disease; gold nanoparticles;
point-of-care; portable analysis
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1. Introduction

Leishmaniasis is a complex of diseases caused by a protozoan of the genus Leishmania [1,2]
that affects millions of people worldwide. Visceral leishmaniasis, caused by Leishmania donovani and
Leishmania infantum, represents the most severe form and can lead to death if not treated [3,4]. The
onset of the infection and clinical manifestations are dependent on many factors including
environmental and host immunologic status, especially in the early stages of infection [5]. Visceral
leishmaniasis represents a major health problem in some tropical areas of the world. The currently
available serum diagnosis does not fit the proper criteria of sensitivity and specificity, especially for
identification of asymptomatic and or low symptomatic patients due to the low concentration of
antibodies in the serum, particularly in the case of asymptomatic patients, which results in high
cross-reactions [6]. Furthermore, due to its epidemiological characteristics, a diagnostic test that is
accessible in remote areas is a desired tool for precise diagnosis and early therapeutic intervention.

The diagnosis of visceral leishmaniasis is made by combining clinical signs with parasitological
or serological tests; however, they depend on extremely equipped laboratories, qualified labor,
and a long period of time to carry out the tests [7,8]. The parasitological diagnosis is the reference
choice for exams for detecting the disease, which shows the parasite directly in tissues or in culture.
Aspirates from the spleen, bone marrow, and lymph nodes are used, and liver biopsy can also be
performed. These techniques have high specificity and variable sensitivity. Until 2014, the Ministry
of Health used two tests: the fluorescence indirect antibody test (IFAT) for human leishmaniasis,
developed by the Institute of Immunobiological Technology (Biomanguinhos), Fundagao Oswaldo
Cruz, Brazil, and the Kalazar Detect rapid test (InBios International, Seattle, WA, USA).

Several studies show a comparison between the techniques, such as rapid test rK39,
direct agglutination test (DAT), and ELISA, with some even showing good sensitivities and
specificities in these patients [9]. However, the identification of asymptomatic infection remains
challenging, since it depends on the sensitivity and specificity of the employed technique [10].
Furthermore, there is no agreement among the available techniques, and thus it is necessary to search
for the best method to measure visceral leishmaniasis positives not only in symptomatic patients
[11]. Hence, the average linear range of asymptomatic patients is a concern.

In this context, the presentation of new methodologies that show good performance, easy
handling, speed, and detection of asymptomatic patients is essential to the control and early
treatment of leishmaniasis. In other words, the development of tools that contribute to the
optimization of a portable platform of leishmaniasis is a priority. Thus, the development of
electrochemical biosensors shows advantages in comparison to traditional techniques, such as fast
execution, a small amount of sample utilization, portability, selectivity, and specificity to obtain
diagnoses.

The physical principle of the biosensor is to turn the biological sign into an electrical sign,
making it possible in this way to monitor and quantification of signals. The immobilization of
antigens, which specifically recognize the antibodies, can be provided on the surface of the sensor.
The biorecognition, in the case of the evaluated pathologies, involves the antibodies as the target of
detection, and they can be also quantified [9,12].

Electrochemical biosensors were developed by some research groups seeking to solve the
problem of diagnosis of visceral leishmaniasis, investigating novel platforms and modification
procedures for the diagnostic needs of Leishmania sp. [13-23]. Amongst the platforms used in sensors,
the carbon-based electrodes present conditions for immobilization (through adsorption) once they
enable a random anchorage and orientation of the biomolecules on its surface. Meanwhile, gold
electrodes enable oriented couplings that minimize the distance between the active biomolecule
sites and the electrode surface, facilitating the electron transfer, and a greater number of antibodies
can be immobilized on the electrode surface [24-26]. Considering the use of portable platforms for
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point-of-care diagnosis, screen-printed electrodes play a key role in the development of
electrochemical biosensors for several applications, as reported in the literature [27-35].

In order to an immunosensor functions properly for the diagnosis of leishmaniasis, it should be
highly sensitive, specific, fast, and simple, with potential application for the serological diagnosis of
leishmaniasis, since the disease is directly related to cross-reactivity with Chagas disease and other
diseases. There are some studies reporting sensors for the diagnostic of Leishmania sp. Infection.
Mohan et. al. [36] developed a genosensor modified with NiO nanostructured on an indium-tin
oxide conductive glass plate to distinguish DNA from parasites extracted from human DNA
extracts; however, these tests have not yet been performed in clinical samples. Moradi et al. [13] also
developed a genosensor based on gold nanoparticles immobilized on polycrystalline gold discs and
found high sensitivity in cutaneous leishmaniasis. However, the DNA extraction process has a
higher cost compared to the use of protein antigens. Facing the diagnostic difficulties of cross-
reactions, in this study, we describe how the electrode allows for differentiated interactions of the
same biomolecule using a gold nanoparticle-modified surface, starting from the principle of this
being biologically compatible and non-toxic. Such properties have attracted attention in diagnostic
application because the molecules should not have their biological properties altered [26,36,37].

In this context, this work shows the development of an immunosensor for the specific diagnosis
of visceral leishmaniasis without the cross-reactivity with Chagas disease (CD). Linear response,
sensitivity, selectivity, specificity, repeatability, reproducibility, and stability were researched. To
our knowledge, the concentration of Leishmania antigens considered as potential risk to develop the
disease is not accurately known, and for this reason the proposed biosensor provides a detection
limit in very concentrations (ng mL7!) to detect antigens before the appearance of disease
symptoms.

2. Materials and Methods

2.1. Reagents and Biomolecules

All used reagents were of analytical grade and were used without further purification.
Ultrapure water (MilliQ, Resistivity value greater than 18.2 MQ, Millipore Corporation, Burlington,
MA, USA) was used in the preparation of all solutions. The aqueous solution of the mixture of
potassium ferricyanide/ferrocyanide ([Fe(CN)s]*~/[Fe(CN)e]*") in KCI (5 mmol L™!, 0.1 mol L7,
pH 7.4, LabSynth, Brazil) used for the electrochemical characterization of the immunosensor was
prepared immediately before the use. Gold (IlI) chloride was dissolved in sulfuric acid medium
(1 g L™ AuCls in 10 mL of 0.5 mol L™ sulfuric acid). All experiments were carried out at controlled
room temperature (25 +1°C).

Preparation of the leishmania infantum crude antigen: The PP75 strain of Leishmania infantum
cultured in the Schneider medium, supplemented with 20% fetal bovine serum, in the exponential
phase was centrifuged 2000% g at 25 °C for 20 min and then washed three times with phosphate buffer
(PB) solution and discarded supernatant. The pellet was resuspended in PB containing 0.05% NP40
(Nonidet P-40 Substitute, Roche) with the COMPLETE protease inhibitor (ROCHE, SWI). The
antigen was obtained by the method of freezing in liquid nitrogen and thawing in a 37 °C water bath
and then centrifuging it at 10,000x ¢ for 30 min, and then the supernatant containing the soluble
crude antigen
was stored at =80 °C until the moment of use. The protein concentration of the antigen was
determined by the Lowry method [38]. Aliquots of the extract were stored with the total soluble
antigens at =80 °C
until further use. The preparation of crude antigens specific to Leishmania infantum was
performed. This species is characteristic of visceral leishmaniasis [39]. The technique was performed
and adapted on the basis of [40]. Moreover, in our experiments, the efficiency of soluble and
membrane-free extract of the parasite (data not shown) was proven, since these Leishmania
infantum antigens are able to specifically be recognized by the serum antibodies of patients with
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visceral leishmaniasis antibodies. The real samples used in the experiments appeared favorable and
were substantiated from CEP (Comité de Ftica em Pesquisa/Research Ethics Committee) by
Plataforma Brasil. Leishmania sera have the CAAE 58301516.8.0000.5154 and were 1,846,584 in
number. Chagas sera have the CAAE 64048117.3.0000.5154 and were 2,163,043 in number. The stock
solutions of total antigens (0.01 pg mL™1) and serum (visceral leishmaniasis = 1:100-0.202 mg mL™;
CD = 1:100-0.146 mg mL™!) were diluted in deionized water and frozen until the electrochemical
experiment. Devices Screen-printed carbon electrodes (DPR-110) and screen-printed gold electrodes
(DPR-220 BT) were purchased from DropSens (Oviedo, Asturias, Spain), which consist of a ceramic
strip containing a three-electrode system (working, counter, and reference electrodes) for a single-
drop analysis. The reference was made of a silver ink (known as silver pseudo-reference electrode)
and the counter and working electrodes were made of carbon ink (in DPR-110) or of made of a gold
ink  (in DPR-220 BT). The working electrode of the screen-printed carbon electrode was modified
with gold by electrodeposition (next described), which is the third electrochemical device evaluated
in this work. Electrochemical analyses were performed by cyclic voltammetry using Em Stat 1
equipment (PalmSens BV, The Netherlands) connected to a notebook. The changes in the
electrochemical signals of [Fe(CN)e]*"/[Fe(CN)]>~ (5 mM) were evaluated (scan rate of 100 mV s71).
For ELISA tests (EnSpire/PerkinElmer), optical density (OD) values were determined on a
microtiter plate reader at 490 nm.

2.2. Indirect ELISA

The indirect ELISA for the detection of immunoglobulin G (IgG) antibodies against leishmania
used high affinity plaques (Thermo Scientific Tm Nunc Tm, Waltham, MA, USA), which were
sensitized with the antigens (1 pg mL™), diluted in 0.06 mol L™! carbonate-bicarbonate buffer (pH
9.6), and incubated for 18 h at 4 "C. After this period, all plates were washed six times with PB
containing 0.05% Tween 20 (PB-T) and blocked with PB containing 5% skimmed milk powder
(Molico, Nestle, Sao Paulo, Brazil —PB-M5%) for 4 h at room temperature. After further washing,
the serum samples were 1:40 diluted in 5% PB-M and incubated for 2 hours at room temperature.
After six washes, the anti-human IgG antibody (1:2000) conjugated to peroxidase (IgG/horseradish
peroxidase(HRP), Dako) was added and incubated for 2 h at room temperature. After further
washing, the reaction was developed by addition of the enzymatic substrate 1,2-
orthophenylenediamine (OPD, Dako) with 0.05% H>O. and stopped with H3PO,. Positive and
negative controls were included on the plate. The levels of antibodies were expressed in ELISA,
according to the following formula: EI = Abs sample/cut-off, where cut-off is calculated as the
mean of the Abs of negative control serum plus three standard deviations. EI values > 1.4 were
considered positive.

2.3. Electrodeposition of Gold Nanoparticles on Carbon Electrodes

The electrodes were submitted to a 30-cycle cyclic voltammetry (CV) pre-treatment in 1 mol
L™ H,SOs solution in the potential range between —0.3 and +1.2 V at 100 mV s™! for surface
cleaning and activation. After that, the electrodes were submitted to the deposition of gold
nanoparticles by 15 voltammetric cycles in a gold chloride (HauCls, 1 g L™) solution prepared in 1
mol L™ H,SOj in the potential range between 0.3 and +1.0 V at scan rate of 0.1 V s™! [41-44]. After
the electrodeposition, it is possible to verify the color change of the working electrode evidencing
the formation of gold nanoparticles.

The activation of the modified electrode was performed by 10 cycles in 1 mol L™ H,SO4 solution
to eliminate impurities that can hinder the adsorption of molecules, diminishing the reproducibility
and stability of the modified surface [45-47].

2.4. Immunosensor

The first step involved the immobilization of the total soluble antigens on the surface of the
working electrode (carbon, gold, and carbon modified with an electrodeposited gold nanoparticles)
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by drop-casting. The dissolution method of 4 pL lasted until the solution dried (15 min). In order to
prevent nonspecific binding, we added 4 uL of 1% bovine serum albumin (BSA) as a blocking solution
(15 min) after the first step. At the end, the serum was made available until it dried. After each step,
the electrodes were washed and dried in a desiccator. For the interaction investigation between
total antigens immobilized on each working electrode and total soluble antigens recognition, we
used the solution of [Fe(CN)s]*™/[Fe(CN)¢]>~ (5 mM) as a redox probe indicator. Thus, 80 uL of this
solution was dropped over the three electrodes, closing the working electrode circuit between the
other two electrodes (counter electrode and reference). Reactions occurred at room temperature (25
t 1 °C). Using the cyclic voltammetry (CV) technique, we evaluated the behavior of the
electrochemical signal of the supporting electrolyte (indirect detection) on the sensor, as shown in
Figurel.
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Figure 1. Scheme of the carbon immunosensor using a gold-modified electrode. The surface antigen probe
was autonomized as presented in a voltammogram. The steps of preparation of the immunosensor are as
follows: (a) the carbon electrode was selected as the base platform; (b) carbon was electrodeposited with gold
nanoparticles; (c) the Leishmania infantum antigen was immobilized on the gold nanoparticle-modified
surface; (d) the 1% bovine serum albumin (BSA) blocking solution was coupled to the platform as a blocking

solution; (e) | after the preparations, the antibodies were coupled (real sample/serum); and (f) at the end, the
electroanalytical solution was inserted and the process of transduction was initiated.

2.5. Specificity

An aliquot of 4 pL of positive serum for Chagas disease (1:100 diluted) was pipetted on the
immunosensor and kept for 15 min at room temperature. Thereafter, a final wash occurred with
MiliQ water (50 pL), and the electrode was dried. Using the other electrode, the same protocol with
positive serum for leishmaniasis (1:100 diluted) was performed, and on a third electrode, it was
performed with serum negative (diluted 1:100, protein concentration in 5 pg mL™). In all tests,
including triplicates, the changes in the electrochemical signals of [Fe (CN)]*~/[Fe (CN)e]>~ (5 mM)
were evaluated (scan rate: 100 mV s™).

2.6. Sensor Stability

To evaluate the stability of the immunosensor, we stored modified electrodes containing the
total soluble antigen at 4 °C for 5 days, protecting them from light and oxygen.
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2.7. Calibration Curve

To validate the immunosensor sensitivity analyses, we added 4 pL of different serum dilutions
(1:25, 1:50, 1:100, 1:250, 1:100,000) to the immunosensor. Incubation was for 15 min at 25+ 1 °C.

2.8. Statistical Analysis

The analyses are descriptive and are based on the comparative study of the voltammograms
and their reinterpretations in bar charts and linear graphs (calibration).

3. Results and Discussion

3.1. Screen-Printed Electrode

Considering the differential molecular interaction with electrodes, we proposed the evaluation
of the antigens and their recognition by anti-Leishmania antibodies present in the serum using a
screen-printed carbon electrode and a screen-printed gold electrode (results shown in Figure 2A,B).
It is important to emphasize that the same antibody/antigen system was used in the proposed
electrochemical biosensor. The analyses enabled the evaluation of which platform increased
stability and maintenance of the biological activity of the antibody because the immobilization of the
probe on the electrode surface is a crucial step in the development of the sensors. To homogenize the
analyses, we assembled the column graphs from current peak data, extracted from CV
measurements. The current percentages (oxidation and reduction currents of the redox probe) were
calculated from the initial CV (without the biomolecule) counting 100%. As the immobilization of
biomolecules occurs by physical adsorption, conducting sites of the working electrode are blocked
and therefore a fall of the current occurs (fewer conducting sites are available for the redox probe
undergoes the electron transfer). Thus, low percentage refers to high blocking surface due to
proportional immobilization or molecular recognition (Figure 2). On carbon (Figure 2A), an affinity
for adsorption of antigens was shown, but no recognition for antibodies present in serum from
patients with CD and visceral leishmaniasis was found, which indicates the effect of cross-
reactivity. On the other hand, when the gold electrode was used as a platform (Figure 2B), a greater
affinity for CD occurred more effectively in comparison with visceral leishmaniasis. This result may
be explained by the molecular organization of the antigens on the gold surface due to thiol group
presented in the leishmaniasis antigens, as previously stated in the literature for the immobilization
of visceral leishmaniasis antigens [48].
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Figure 2. Column graphs extracted from cyclic voltammetry (CV) shows the variation of current peak
percentages for (a) after immobilization of total soluble antigen followed by the addition of BSA, (b) after
addition of Chagas disease (CD) antibodies, and (c) after addition of visceral leishmaniasis antibodies. The
percentages were calculated from initial CV (without biomolecule) counting 100%. Screen-printed carbon
electrode used as a platform. (B) Screen-printed gold electrode used as a platform. The data are oxidation in
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blue and reduction in red. The electrochemical probe was 5 mmol L™ [Fe (CN)g]*~/[Fe (CN) ¢]®~ and scan

rate was 100 mvs™1,

3.2. Gold-Modified Electrode Used as a Platform

Preliminary results using the screen-printed gold electrodes showed higher sensitivity than
the screen-printed carbon electrodes; however, the results were not completely satisfactory when
the immunosensor was evaluated in real samples (sensitivity was still moderate), and for this
reason we investigated a novel platform—the gold-modified screen-printed carbon electrodes.
This platform is well known for the formation of gold nanoparticles by electrodeposition [41],
and thus the working electrode of the screen-printed carbon electrode strip was used as the electrode
surface for modification. The modification with gold nanoparticles provided an increase in surface
area and hence could potentially improve sensitivity. Figure 3A shows the CV recordings and the
respective current percentages (bar plot beside the CVs) after the addition of (a) antigens, (b) CD,
and (c) visceral leishmaniasis. This figure shows that the affinity for adsorption of antigens was
effective and even more effective for the recognition of anti-leishmania antibodies than using the
gold electrode because the current values of the redox probe decreased sequentially in (b) and (c).
We can note the absence of cross-reactivity with Chagasic serum, proving the specificity of this sensor
(Figure 3A). Moreover, on the basis of the higher efficiency of antigen immobilization without affecting
its biorecognition site, we selected carbon electrodes modified with electrodeposited gold
nanoparticles. Figure 3A also shows that the total soluble antigens could quantitatively discriminate
(b) and (c) from each serum (CH 146, LSH 202). Figure 3B shows the response in the presence of
groups of different clinical forms of Chagas diseases. Even under these conditions, the
immunosensor responded only to anti-Leishmania antibodies, which indicated the absence of cross-
reactivity. Figure 3C shows changes in current peaks from the different types of leishmaniasis,
indicating the recognition of theimmunosensor towards the different leishmaniasis antibodies.

3.3. Stability

The stability studies of the biosensor were evaluated under storage at 4 “C for 5 days, protected
from light and oxygen. This experiment was performed with the same electrode previously optimized
using a gold-modified screen-printed carbon electrode modified with leishmaniasis antigens. The
biosensor was evaluated in the presence of anti-Leishmania antibodies and we observed a decrease of
46% in the detection capacity after 5 days. This signal decrease indicated lack of stability, which is a
compromising feature of the proposed biosensor. Future experiments are required to investigate a
condition to improve the stability of the immunosensor.

3.4. Calibration Curve

Figure 4 shows the preliminary analysis of the calibration curve using the immunosensor.
Keeping in mind that the current of the redox probe is inversely proportional to the concentration of
antibodies, we used diluted serum at 1:25, 1:50, 1:100, 1:250, and 1:100,000 ratios. Higher dilutions did
not generate linearity on the results (tests performed in triplicates). This plot presents the correlation
coefficient of 0.9746 (for the equation: i(%) = —727.5 x [serum dilution ratio] + 72.83), an estimated
limit of detection of 202 ng mL™!, and limit of quantification of 606 ng mL™. The inset shows the
equation obtained from the linear regression of a current peak (%) vs. concentration of
leishmaniasis.

In the screen-printed electrodes without alteration of their surfaces (carbon surface), it was
possible to observe that there was reactivity and absence of specification. The choice of
electrodeposition of gold nanoparticles provided to the carbon electrode new physical-chemical
properties of the biomolecules that were immobilized on its surface. The results demonstrated that
the electrodeposition of the gold nanoparticles was not only capable of promoting reactivity, but also
the desired selectivity. In addition to improving the responses on biosensor platforms, it also
allowed the interaction of the biological probes to the surface of the same ones [49]. Given the
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results, the electrodeposited gold on the screen-printed carbon electrode improved the sensitivity of
the sensor by effectively increasing the surface area of the electrode, promoting a greater site of
adsorption of total soluble antigens [50]. Moreover, the orientation of the total soluble antigen
adsorption on gold nanoparticles may have contributed to the improved specificity not obtained
when the total soluble antigens were immobilized on the unmodified carbon electrode. The
interaction and orientation of total soluble antigens may occur through the S-H bonds of some
amino acids of the total soluble antigens, knowing that these were strongly linked to gold
(chemisorption/covalent) [51,52]. This combination generates a late rally organized system between
the biomolecules in a spontaneous, stabilized, and oriented way, being well-known as a self-
assembled monolayer [48]. This kind of modification has extra experimental advantages over the use
of gold in biosensors. Furthermore, it is linked to ease of handling and preparation, low cost,
accessibility, and stability without the need for an additional step involving the addition of a thiol
monolayer on the electrode surface [53,54].
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Figure 3. Cyclic voltammograms for the redox probe on the carbon electrode modified with gold
nanoparticles that were electrodeposited and antigens; bar plots show the variation of peak current
percentages. (A) Immunosensor (a), pool Chagas serum (b), pool visceral leishmaniarum (c). Immunosensor
(a) and different clinical forms by CD: Chagas serum pool (b), cardiac Chagas serum (c), digestive Chagas
serum (d), Chagas undetermined serum (e). (C) Pool of total visceral leishmaniasis (a), pool of acute visceral
leishmaniasis (b), pool of chronic visceral leishmaniasis (c), antigen Leishmania infantum + BSA1% (d),
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pool negative for leishmaniasis (e). The changes in the electrochemical signals of [Fe (CN)5]47/[Fe (CN)6]3*

(5 mM) were evaluated (scan rate of 100 mV s 1).
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Figure 4. Calibration curve obtained from current peak percentages for triplicate measurements of the
biosensors in the presence of diluted serum (1:25, 1:50, 1:100, 1:250, and 1:100,000) containing antibodies
(stock serum solution of 20.2 mg mL™1). The percentages were calculated from initial CV (without
biomolecule) counting 100%. The changes in the electrochemical signals of [Fe(CN)g]*~/[Fe(CN) ¢]°~ (5
mM) were evaluated (scan rate of 100 mV ™).

3.5. Comparison with Indirect ELISA

In this study, a comparison of the results of the electrochemical immunosensor with indirect
ELISA was carried out. The different diagnostic methods of visceral leishmaniasis present detection
difficulties justified by the occurrence of cross-reactions with other trypanosomatids, explained by
phylogenetic limitations existing among protozoa [1]. The results for indirect ELISA indicate low
specificity (Table S1 shows the representation values from the ELISA plate tests shown in Figure S1).
As expected, the cross-reaction occurred, with discrimination only in positive serum from patients
with acute leishmaniasis (Figure S1). The lack of specificity that occurred in the ELISA test can be
explained by the occurrence of affinities between the total antigen of visceral leishmaniasis and the
antibody of Chagas disease. Figure 5A shows the distribution of ELISA index (EI) values obtained
for the tests performed in different serum samples (data from Table S1), with the individual tests
showing cross-reaction. From the distribution in Figure 5A, it is possible to observe 1 false negative
and 15 false positive tests. Figure 5B shows the EI values and percentage current obtained by the
proposed immunosensor obtained for the same serum samples (six different diseases and a pool
of all of them). We found that the proposed biosensor detects Chagas disease as being a weak
interaction, with this connection being due to the existence of some possible interactions between the
total leishmaniasis antigen and the anti-Trypanosoma cruzi antibody that causes Chagas disease. In the
detection of leishmaniasis, there is a strong interaction between the total visceral leishmaniasis antigen
and the anti-Leishmania infantum antibody, a result that converges with what is expected in theory.
While the electrochemical immunosensor was able to discriminate acute and chronic leishmaniasis
from all the analyzed serum samples, the ELISA test showed values of El higher than 1.4 for almost all
cases presented in Figure 5B, which indicates false negative for cardiac, digestive, and
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indeterminate Chagas. Thus, the electrochemical biosensor can differentiate diseases, even with the
occurrence of such affinities reported in the literature.

8_
n
6_
'} A
—krh—
|
B 4
A
u e
- AL
2 aA
Y| ISE— L T s
0 T T T
Negatives Leishmaniasis Patients Chagasic Patients
: . ] i . m  Pool of Visceral Leishmaniasis
- Pool of Acute Visceral
e - v ; -
= Leishmaniasis
i , Poolof Chronic
= b i Visceral Leishmaniasis
< o - .
5 % ¢ Pool of Cardiac Chagas
i ot Tl alDigestive Chizeas
| * Pool of Chagas Indeterminate
0 : 1 : ; o Pool Chagas
0 20 40 60 80 100
Sensors (%)

Figure 5. (A) Distribution of ELISA index (EI) values obtained by indirect ELISA (data from Table S1), with
a line at El = 1.4 to guide the reader (values above 1.4 are considered positive for the tests), for serum samples
from patients with different types of diseases. (B) EIl values (ELISA) and percentage current (proposed
immunosensor) obtained for the same serum samples of different diseases (acute and chronic visceral
leishmaniasis; cardiac, digestive, and indeterminate Chagas; and a pool of all). Current values below the black
dotted line indicate positive tests for leishmaniasis, while current values above the red dotted line indicate

negative tests.

On the basis of these results, we calculated the selectivity and specificity parameters for the

electrochemical biosensor and ELISA using the following equations [55,56]:

(Specificity) = (total of negative tests)/(false positives + total negative tests)(1)

(Sensitivity) = (total of positive tests)/(false negatives + total positive tests)(2)

ELISA tests presented low specificity (44%) for a total of 38 serum samples analyzed due to the high
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number of false positives (15). Selectivity was calculated as 93.2% due to one false negative test.

On the other hand, the proposed electrochemical biosensor did not present any false positive
or false negative for the total of 12 analysis of serum samples from patients of different types of CD
and leishmaniasis, and consequently the calculated specificity and sensitivity values were both
100%. Therefore, the developed immunosensor presented impressive advantages over the current
ELISA tests for the diagnosis of Leishmania infantum.

Finally, Table 1 compares the sensitivity and specificity of the proposed electrochemical
biosensor and ELISA tests with datareferring to the diagnostic tests of existing leishmaniasis. This table
shows that the proposed biosensor presents the highest sensitivity and specificity values compared
to traditional ELISA tests, as well as other diagnostic tests.

Table 1. Results of research conducted on patients with the aim of finding an efficient diagnosis of

leishmaniasis.
Method Material Sensitivity/Specificity Reference
IFAT Serum 88-92%183-88% [57]
Kalazar Detect Serum 84-88.1%/91% [57]
IT LEISHBio-Rad Blood/Serum 92-93%192-98 % [57]
PCR Blood 93 %196 % [8,57,58]
DAT-LPC Blood 99 %198 % [57]
RIFI Serum 0-100%/80% [9,10]
Immunochromatographic tests Serum 87%I94% [11-13]
ELISA Serum 80-99%/81-100% [14-18]
Electrochemical DNA extracted of blood Not explained [22]
ELISA Serum 92.3%/44% This work
Electrochemical Serum 100%/100% This work

4. Conclusions

The results showed that the electrodeposition of gold nanoparticles on the carbon electrode
was efficient in immobilization of the antigens, providing better results than bare carbon electrode or
gold electrode. This property allowed specific epitope recognition of antibodies present in serum
from patients with visceral leishmaniasis. It should be noted that the use of serum from patients
with CD solves a major problem in detection tests present in the market. We aim to improve and
develop these sensors for application in public health, that is, in a large number of tests with high
performance in sensitivity and specificity. Therefore, future studies will be extended in the
selection of antigens purified for the diagnosis of asymptomatic visceral leishmaniasis patients and
tests with extended periods in stability. In this way, such a tool may be feasible for practical
applications and commercial purposes, with a reduced cost compared with Western blot, and
improved performance in comparison with ELISA. Hence, electrochemical immunosensors offer
great promises for specific and selective diagnosis of visceral leishmaniasis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6374/10/8/81/s1, Figure S1:
ELISA plates for immunological tests. Table S1: Values of ELISA index (IE) obtained for all samples. Values above 1.4
are considered positive for the tests.
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APENDICE B - DADOS SUPLEMENTARES

As amostras de soro testadas (Figura 10), compreenderam pacientes isoladas
para Leishmaniose aguda (1, 7-10), Leishmaniose Cronica (2-6), Chagas Digestiva
(14), Chagas Cardiaca (15-17, 19), Chagas Indeterminada (11-13, 18, 20) e
Negativos para Chagas e Leishmania (20-30). Aléem disso, foram testados Pools de
pacientes das classificacdes acima, os pools foram obtidos apdés uma mistura
dessas enfermidades. Pool Leishmaniose aguda (1’), Pool Leishmaniose Crénica
(2’), Pool Chagas Digestiva (5’), Pool Chagas Cardiaca (4’), Pool Chagas
Indeterminada (3’), Pool inicial Chagas (7’), Pool inicial de Leishmania (8’), Pool

Negativos para Chagas e Leishmania (6’) e Branco (B).

Figura 10: Placa de ELISA para realizacéo de testes imunoldgicos

Os resultados para ELISA indireto indicam baixa especificidade (Tabela 5). Os
testes ELISA indireto apresentaram baixa especificidade. Como esperado, a reacdo
cruzada ocorreu, havendo discriminagdo somente nos soros positivos dos pacientes
com Leishmaniose aguda, conforme apresentado na Figura 10 com pool dos soros
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entre as doencas tipificadas e Tabela 5 demonstrativo da reacdo cruzadas entre as
doencas.

Tabela 5: Representacdo dos valores obtidos por indice ELISA (IE) das amostras

(A:). Os valores acima de 1,4 s&o considerados positivos para o testes.

A:lE A:lE A: IE A:lE A:IE A:lE A:lE
1:2,76 7:4,63 13: 4,60 19: 5,33 25:0,94 | 114,68 | 7:1,79
2:1,16 8: 3,90 14: 2,58 20: 2,55 26:0,85 | 2:1,81 | 8:1,59
3:4,32 9:5,27 15: 3,11 21: 0,95 27:1,58 | 33,59

4:2,39 10: 6,98 16: 1,94 22: 0,85 28:0,70 | 41245

5:4,79 11: 2,91 17: 2,07 23: 0,85 29:0,73 | 5:1,36

6: 3,01 12: 3,52 18: 4,55 24: 1,17 30:1,11 | 6:0,92

Em virtude do baixo valor preditivo do teste ELISA, existe a possibilidade de
resultados falsos. Por esta razdo, o desenvolvimento de novas técnicas que
identifiquem os anticorpos especificos e suas especificidades € necessaria. Por isso,
propusemos uma técnica mais seletiva e especifica para a identificacdo das doencas

e gue evite as reacdes cruzadas.
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ANEXO A — RESULTADOS COMPLEMENTARES

A limpeza do eletrodo pds-eletrodeposicdo € uma etapa crucial na formacao
de monocamadas (Figura 11), pois as impurezas podem dificultar a adsorcao das
moléculas ou causar defeitos diminuindo a reprodutibilidade e estabilidade da

monocamada formada (Santos, 2016).

200
150—-
100—-

50—_
01

-B0 4

Corrente (UA)

=100

=150

=200

0,0 0,5 1.0 15

Potencial (V.s™)

Figura 11: Representacéo limpeza eletroquimica. Limpeza eletroquimica da superficie do eletrodo de
grafite eletrodepositado com ouro.

Para limpeza eletroquimica e posterior depésito do ouro, os eletrodos de
grafite foram submetidos a um tratamento com VC de 30 ciclos em solugcdo de
H,SO, 1mol L™?, na faixa de potencial entre -0,3 e +1,2 V a 100 mV s™. A
eletrodeposicao de Au foi feita por VC, 15 ciclos, na faixa de potencial entre -0,3 e
+1,0 Va 100 mv s™.

O voltamograma (Figura 8) indica processos anodicos provenientes da
formacao de hidroxido de ouro (A) e 6xido de ouro (B), e um pico catddico, referente
a reducdo dos compostos formados na varredura anddica (Santos, 2016). Assim,
evidenciamos a efetiva deposi¢cdo da camada de ouro sobre a superficie do eletrodo

de grafite.
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Ao compararmos, a olho nu, os eletrodos de grafite eletrodepositado (A) com
ouro aos eletrodos de grafite virgem (B), sdo notaveis a mudanca de coloracdo do
eletrodo apdés a modificacdo (Figura 12). Essa alteracdo visivel da coloracdo nos
permite uma suposicao, anterior a realizacéo de testes eletroquimicos, da deposicao
eficiente das particulas de ouro.

Figura 12: Comparagédo entre os eletrodos: eletrodepositado com ouro (A) e grafite virgem (B).

L Leishmania
_ Chagas
L Plataforma
_____ FF Negativo
Negativo

400

200 S

Current (uA)

-600 = = = = . .
-0,4 -0,2 0,0 0,2 0,4 0,6

Potential (V)

Figura 13: Voltamogramas ciclicos em diferentes plataformas, comparativo com negativo. Sendo
Eletrodo de grafite com ouro eletrodepositado: Imunossensor. Diferentes pools para doencas.
Leishmaniose; Chagas; Ag+BSA1% (plataforma); FF para realizacdo de teste negativo; Teste

negativo. Neste resultado fica evidente a confirmacéo do resultado negativo.
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