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RESUMO

A leishmaniose é uma doenca que afeta grande parte da populacdo da América Latina,
especialmente no Brasil. Tem uma alta taxa de mortalidade se ndo for tratada. Os principais
métodos diagndsticos atualmente utilizados baseiam-se em sinais e sintomas sugestivos
associados a testes parasitoldgicos e/ou imunoldgicos, no entanto, tais testes apresentam
desvantagens como baixa sensibilidade e especificidade, alto custo, necessidade de laboratorios
equipados e profissionais qualificados. Assim, é necessario ter um diagnostico rapido, preciso,
de baixo custo, portatil e com boa sensibilidade e especificidade. Neste estudo, foi utilizado um
antigeno recombinante denominado DTL-4 devido ao seu potencial para melhorar a
sensibilidade e especificidade dos testes, pois permite apenas a ligacdo especifica com o
anticorpo no soro de pacientes com a doenca. Os resultados do imunossensor proposto
mostraram um limite de detecgdo estimado de 0,0442 ng mL—1. A auséncia de modificagdes
com nanoparticulas de ouro é outro ponto interessante quando comparamos o custo relacionado
ao biossensor em questdo com outros métodos diagnosticos. Assim, 0 IMuUNOSSENSOr proposto
tem baixo custo, alta especificidade e sensibilidade. Dessa forma, o biossensor em questao se
mostra promissor para validar a plataforma de diagndstico e seu futuro uso portatil em salde
publica.

Palavras-chave: Imunossensor, Leishmaniose Visceral Humana, Antigeno Recombinante,

Soro, Eletroquimico.



ABSTRACT

Leishmaniasis is a disease that affects a large part of the population of Latin America,
especially in Brazil. It has a high mortality rate if left untreated. The main diagnostic methods
currently used are based on signs and symptoms suggestive associated with parasitological
and/or immunological tests, however, such tests have disadvantages such as low sensitivity and
specificity, high cost, need for equipped laboratories and qualified professionals. Thus, it is
necessary to have a fast, accurate, low-cost, portable diagnosis that has good sensitivity and
specificity. In this study, a recombinant antigen called DTL-4 was used because of its potential
to improve the sensitivity and specificity of the tests because it only allows specific binding
with the antibody in the serum of patients with the disease. The results of the proposed
immunosensor showed an estimated detection limit of 0.0442 ng mL™t. The absence of
modifications with gold nanoparticles is another interesting point when we compare the cost
related to the biosensor in question with other diagnostic methods. Thus, the proposed
immunosensor has low cost, high specificity and sensitivity. In this way, the biosensor in
question shows promise for validating the diagnostic platform and its future portable use in

public health.

Keywords: Immunosensor, Human Visceral Leishmaniasis, Recombinant Antigen, Serum,

Electrochemical.
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1. INTRODUCAO
1.1 LEISHMANIOSES

A leishmaniose é uma doenca infecciosa ndo contagiosa causada por protozoarios
flagelados do género Leishmania. Possui como vetor o flebtomo fémea conhecido
popularmente como mosquito palha ou calazar que, quando infectada, transmite a doenca ao

hospedeiro através do repasto sanguineo (Steverding D 2017).

O parasita existe em duas formas. A forma de promastigota (indica presenca de
flagelo) é encontrada no sistema gastrointestinal e bucal do mosquito, ja a forma de amastigota
(indica auséncia de flagelo) é encontrada no hospedeiro, que sao 0s mamiferos como caes, ratos
e 0 ser humano. De acordo com o agente etioldgico, o protozoario tem tropismo pelo sistema
tegumentar ou visceral do hospedeiro. Em raras situacdes, espécies dermatotrépicas podem

eviscerar, como € o caso de pacientes imunossuprimidos (Van Griensven J e Diro E, 2019).

Existem duas principais formas de manifestagdo da doenca. A leishmaniose
tegumentar (LT) ou cutanea é causada principalmente pela espécie Leishmania brasiliensis que
séo encontradas em todo Brasil, causam lesdes tanto em mucosas como na pele, podendo
ocorrer de forma localizada, difusa ou mucocutanea (Steverding D 2017). Outra forma de
manifestacdo da doenca é a leishmaniose visceral (LV), que sera o ponto alvo deste estudo. E
causada principalmente pelas espécies Leishmania chagasi e Leishmania infantum. Os
principais Orgaos acometidos por ela sdo: figado, baco e medula d6ssea, sendo a ultima,
resultante da forma mais grave da doenca. Os principais sintomas da leishmaniose visceral
incluem crises irregulares de febre, perda substancial de peso, hepatomegalia (aumento do
figado), esplenomegalia (aumento do bago) e anemia grave (WHO, 2024).

Segundo dados do Ministério da Saude (2022), a leishmaniose visceral causa endemias
em 76 paises do mundo. S6 na América Latina, mais de 90% dos casos ocorrem no Brasil.
Anualmente no pais, 0s numeros podem chegar a 3.500 novos casos anuais. Mundialmente, a
doenca pode acometer de 200 a 400 mil individuos por ano. E sem tratamento, em média 95%
vao a Obito (WHO, 2024). A doenca ainda é amplamente negligenciada no Brasil,
principalmente em populagdes de vulnerabilidade social como baixa renda, condigfes

desfavoraveis de moradia, seguranca e situacdo laboral (Okwor I e Uzonna JE, 2016).

Segundo dados obtidos do Sistema de Informacéo de Agravos de Notificagdo (SINAN,
2024), em 2022 o Brasil registrou 1.684 casos de leishmaniose visceral, sendo Minas Gerais 0
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segundo estado com maior nimero de casos (tabela 1 e figura 1). No mesmo ano, o percentual
de mortalidade por leishmaniose visceral humana foi de 10,7%, sendo o maior dos Ultimos 10

anos (figura 2). O que diz muito a respeito das politicas de prevencdo e combate aos vetores.

Tabela 1 - Casos confirmados de leishmaniose visceral, Brasil, Grandes Regides e Unidades
Federadas. 2018 a 2022 - adaptada.
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Figura 1: Casos de leishmaniose visceral por unidades federativas de infeccéo
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Fonte: SVSA, 2022.

Figura 2 - Percentual de letalidade por leishmaniose visceral. Brasil, 2013 a 2022.
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Sabe-se que a vacinagdo é o meio mais econémico e eficaz na prevencao de doencas
infecciosas, porém, para a leishmaniose humana a vacinacao ainda ndo é uma realidade devido
a dificuldade de producdo e padronizacdo. O tratamento da doenca fica a cargo de medicacdes
leishmanicidas, porém, os efeitos colaterais (arritmias, hepatites e disfuncdes renais) sdo fatores
complicadores e que estdo associados ao abandono do tratamento e consequentemente
resisténcia aos medicamentos em paises subdesenvolvidos (Ghorbani M e Farhoudi R, 2017).

1.2 CICLO DE VIDA DA LEISHMANIA

Sandfly Stages Human Stages
Sandfly takes a blood meal ;
o llrerIs promastioste stage a Fromastigotes are

phagocytized by

nkz the sking h
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% M other cealls ﬂ
6 Ingest:m of ;;H’
parasitized cedl &
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(ingests macrophages infected
with amastigotes]

ﬁ= Infective Stage
ﬁE Diagnostic Stage BAFER-MEALTHIER : FEORLE"

Fonte: CDC, 2024.
Figura 3: Ciclo de vida da leishmania, 2024.

Quando um mosquito infectado realiza o repasto sanguineo ele transmite a doenca
injetando promastigotas no hospedeiro. Na leishmaniose tegumentar, os parasitas s&o
fagocitados por macrdfagos residentes na pele e se transformam de promastigotas em
amastigotas. Quando a célula hospedeira ndo comporta mais o grande nimero dos parasitas, ela
se rompe e 0s amastigotas liberados infectardo outros macréfagos (figura 3). A combinagdo do
processo inflamatorio causado pela sinalizacéo ao sistema imune na presenca dos parasitas em

conjunto com a disseminacdo dos mesmos € responsavel pelas lesdes caracteristicas da doenca
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em sua forma cuténea. J& na leishmaniose visceral, no entanto, as amastigotas liberadas sao
espalhadas pela circulagdo sanguinea e infectam células do sistema de fagocitos mononucleares
do figado, baco, medula 6ssea, linfonodos e intestino. O ciclo continua quando um mosquito
ndo infectado realiza a alimentacao sanguinea em um hospedeiro infectado ingerindo o parasita
na forma de amastigotas (figura 3). (Van Griensven J, Diro E, 2019). Nos flebotomineos
infectados, os amastigotas ingeridos séo transformados no intestino do inseto em promastigotas,
se desenvolvem e migram para a tromba e serdo transferidos ao hospedeiro novamente através

do repasto sanguineo reiniciando o ciclo de infeccéo (figura 3) (CDC, 2024).

1.3 METODOS DIAGNOSTICOS PARA LEISHMANIOSES

O diagndstico das leishmanioses é realizado através de dois grandes pilares: sinais e
sintomas sugestivos da doenca presentes no individuo e exames complementares laboratoriais,
sendo esses exames imunoldgicos e/ou parasitologicos. Os exames imunoldgicos atualmente
disponibilizados no Brasil pelo Sistema Unico de Satde (SUS) consistem no teste de reacio de
imunofluorescéncia indireta (RIFI) e no teste rapido imunocromatografico. O ensaio
imunoensimatico (ELISA) também pode ser utilizado para diagnéstico da doenca. Os testes
parasitologicos consistem na busca pelo parasita por exame direto ou isolamento em cultura,
preferencialmente por aspirado de medula Ossea. Testes moleculares também podem ser
utilizados, pois detectam o DNA do parasita através do teste de PCR (do inglés polymerase
chain reaction) (OPAS, 2022).

1.3.1 Métodos imunoldgicos

Baseado na reacdo especifica que ocorre através da resposta humoral do individuo ao
entrar em contato com o parasito. Desse modo, possuem a mesma desvantagem quando se
observou que 0s anticorpos permanecem circulantes por muito tempo apds a cura do paciente,
0 que tornam esses testes positivos, mesmo que o individuo ndo apresente mais a doenca
(Elmahallawy EK et al., 2014).

1.3.1.1 Teste rapido imunocromatografico

O teste imunocromatogréafico (IC) utiliza o antigeno recombinante rK39. Em testes
realizados no Brasil, observou-se variagOes de sensibilidade e especificidade entre as regides
estudadas. O IC rk39, apresentou em amostras da cidade de Natal, Rio Grande do Norte,
sensibilidade de 80% utilizando sangue total e soro, e sensibilidade de 43,3% utilizando saliva.
Quanto a especificidade, apresentou 100% no sangue total 96,3% no soro e 95,3% na saliva
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(Sanchez MCA et al., 2020). O IC rk39 possui como vantagens ser versatil, facil de usar em

campo, barato e reproduzir resultados de forma rapida (15 a 20 minutos).
1.3.1.2 Reacdo de imunofluorescéncia indireta (RIFI)

Consiste na reacao de anticorpos presentes na amostra com os antigenos do parasita
fixados em laminas de microscopia utilizando um conjugado fluorescente. (FIOCRUZ, 2022).
Apresentou variancia de sensibilidade de 78,8% e especificidade de 96,2% em um estudo
realizado para verificar o desempenho de testes utilizados na deteccdo de leishmaniose visceral
no Brasil (Freire ML 2019). Sua principal desvantagem consiste na necessidade de um
laboratdrio equipado com microscépio de fluorescéncia, restringindo o uso do teste de RIFI aos

laboratdrios de referéncia (EImahallawy EK et al., 2014).

1.3.1.3 Ensaio imunoenzimatico (ELISA)

O ELISA é comumente o teste mais realizado para o sorodiagnostico da LV por poder
ser facilmente realizado e ser adaptavel para uso em diversas moléculas antigénicas. (Piyasiri
SB et al., 2022). A técnica é altamente sensivel, mas a especificidade depende do antigeno
utilizado. Desvantagens relacionadas a reatividade cruzada com soros de pacientes com
tuberculose, tripanossomiase, toxoplasmose e principalmente doenca de chagas tem sido
relatada nos ensaios imunoenzimaticos realizados (Matos HJ et al, 2015). Com intuito de
melhorar a acuracia dos resultados do teste ELISA, um estudo realizou testes utilizando a
proteina quimérica DTL-4, onde obteve-se sensibilidade e especificidade de 94,61% e 99,41%
respectivamente (Figueiredo MM et al, 2021). Devido a necessidade de profissionais
especializados, equipamentos e exigéncia de eletricidade a realizacdo desse teste é restrito ao
ambito laboratorial (EImahallawy EK et al., 2014).

1.3.1.4 Western blot

Western blot consiste em um teste onde as promastigotas séo cultivadas e lisadas. As
proteinas que foram separadas sao eletrotransferidas para uma membrana de nitrocelulose que
reagem posteriormente com o soro do individuo (Ravindran R et al., 2004). A sensibilidade dos
testes alcanga 91% e especificidade pode chegar a 100%. No entanto, possui custo e tempo
elevados para sua realizacdo bem como necessidade de equipamentos complexos e profissionais

qualificados limitando seu uso a laboratdrios de pesquisa (ElImahallawy EK et al., 2014).
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1.3.1.5 Teste de aglutinacéo direta (DAT)

E um teste baseado na aglutinacdo direta de leishmania na forma de promastigotas que
reagem com anticorpos anti-leishmania no soro. Porém, nao difere uma infeccéo atual de uma
infeccdo passada, podendo apresentar-se positivo mesmo apos anos da cura (Takur S, Joshi J e
Kaur S, 2020).

A sensibilidade do teste de aglutinacdo direta pode variar de 70,5% a 100% e a
especificidade de 53% a 100% (Mondal S, Bhattacharya P e Ali N, 2010). Possui como
limitagdo o tempo de incubagédo que podem variar de 12 a 18 horas e as dilui¢Ges seriadas das
amostras que sdo necessarias para a realizacao do teste (Akhoundi B et al., 2010). Para resolver
esse problema, foi desenvolvido por Schoone e colaboradores (em 2001) um teste de triagem
de aglutinacdo rapida denominado FAST (do inglés Fast Agglutination Screening Test). O teste
requer 2 horas de incubacéo e apenas uma dilui¢do do soro. Mostrou em um estudo realizado
por Hailu e colaboradores (2006) a sensibilidade e especificidade de 91,1% e 70,5%

respectivamente.

1.3.2 Métodos parasitologicos

O diagnostico através dos métodos parasitoldgicos consiste na visualizagdo através
microscopica de amastigotas presentes em esfregacos realizados por raspados de lesdes ou
aspirado do bago ou medula 6ssea (EImahallawy EK et al., 2014). A sensibilidade depende do
local em que a amostra é coletada. Na medula Gssea pode apresentar até 85%. As que
apresentam maior sensibilidade (93%) observada sdo os aspirados esplénicos (baco). Porém,
uma desvantagem desse método € o risco de hemorragia mesmo quando realizado por
profissional altamente qualificado (Srivastava P et al., 2011; Barrett MP e Croft SL, 2012). A
sensibilidade observada nos esfregacos de sangue periférico é baixa, principalmente em

individuos com baixa parasitemia (Elmahallawy EK et al., 2014).

1.3.3 Método molecular

Testes da reagdo em cadeia da polimerase (PCR) realizados com amostras do baco
apresentaram sensibilidade de 98,8% e especificidade de 100%, porém a coleta é realizada por
um procedimento altamente invasivo (Shahbazi F et al. 2008). A amostra ideal é o sangue
periférico, porém as sensibilidades variam de 70% a 100% (Lachaud L et al., 2000). As técnicas
de PCR sdo complexas e dispendiosas, em paises endémicos para leishmaniose visceral, 0s
testes sdo restritos a poucos hospitais de ensino e centros de pesquisa (Elmahallawy EK et al.,
2014).



Tabela 2: Relacdo dos principais métodos utilizados para o diagndéstico de leishmaniose visceral

METODO

SENSIBILIDADE

ESPECIFICIDADE

VANTAGENS

DESVANTAGENS
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REFERENCIAS

IMUNOLOGICO
Imunocromatografico

RIFI

ELISA

Western blot

DAT

FAST

PARASITOLOGICO

MOLECULAR

80% (sangue total e
soro)
43,3% (saliva).

78,8% (soro)

94,61 (soro)

91% (soro)

70,5% - 100%
(soro)

91,1% (soro)

85% (medula éssea)
95% (baco)

98,8% (baco)
70% (sg periférico)

Fonte: propria da autora

100% (sangue)
96,3% (soro)
95,3% (saliva)

96,2% (soro)

99,41 (soro)

100% (soro)

53% a 100% (soro)

70,5% (soro)

100% (baco)
100% (sg periférico)

Verséatil para uso em campo, barato e
reproduz resultados rapidos.

Alta especificidade.

Altamente sensivel, facilmente realizado e
adaptavel para uso em diversas moléculas
antigénicas

Alta sensibilidade e especificidade,
especialmente nos casos de leishmaniose
cuténea

Barato, de facil execugdo, utilizado com
soro, plasma ou o sangue total.

Facil execuc¢do, tempo de incubagéo
reduzido, diluicdo Unica da amostra.

Permite visualizacdo direta das amastigotas
em diversas amostras. Pode ser
potencializado se realizado concomitante
com culturas.

A depender do local de coleta, os testes sdo
altamente sensiveis e especificos.

Né&o difere infeccdo atual de passada.

Necessidade de um laboratério equipado
com microscépio de fluorescéncia.

Especificidade depende do antigeno
utilizado. Relatos de reatividade cruzada.
Restrito a laboratorios.

Custo e tempo elevados. Necessidade de
equipamentos complexos e profissionais
qualificados.

N&o difere infeccdo atual de passada. Tempo
de incubagdo prolongado e diluigdo seriada
das amostras.

Teste rapido de triagem, ndo difere infecgdo
atual de passada.

Risco de hemorragia (puncéo do baco).

Necessario habilidades e conhecimentos

técnicos. Sensibilidade baixa de sangue
periférico.

Invasivo (coleta do baco).
Necessério profissional capacitado, técnicas
complexas e caras.

Sanchez MCA et al., 2020.
Elmahallawy EK et al.,
2014.

Freire ML 2019.
Elmahallawy EK et al.,
2014.

Figueiredo MM et al,
2021.

Elmahallawy EK et al.,
2014,

Ravindran R et al., 2004.
Elmahallawy EK et al.,
2014.

Takur S, Joshi J e Kaur S,
2020.

Mondal S, Bhattacharya P
e Ali N, 2010.

Akhoundi B et al., 2010.
Schoone GJ et al.,2001.
Hailu A et al., 2006.

Srivastava P et al., 2011.
Barrett MP e Croft SL,
2012.

Elmahallawy EK et al.,
2014,

Shahbazi F et al. 2008.
Lachaud L et al., 2000.
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1.4 REACAO CRUZADA

Devido a grande complexidade de proteinas presentes nos antigenos e também da
heterogeneidade das amostras, reacGes cruzadas podem acontecer no diagnéstico da
leishmaniose, levando a falsos positivos ou falsos negativos (Matos HJ et al, 2015). A doenca
de chagas compfe uma das principais doencas em que essa reacdo cruzada pode acontecer
devido a semelhanca de glicoproteinas presentes na superficie dos parasitas Tripanossoma cruzi
(protozoario causador da doenga de chagas) e a Leishmania spp. (protozoarios causadores da
leishmaniose) (Cervantes-Landin AY et al., 2014)

1.5 BIOSSENSORES

Os biossensores destacam-se por sua importancia analitica em diagndsticos clinicos,
monitoramento de doencas através de marcadores encontrados em diversos analitos, deteccéo
de farmacos, poluentes e organismos causadores de doencas. O biossensor é composto por
elementos fundamentais que possibilitam a ocorréncia desde a interacdo das moléculas até a
leitura dos sinais através de gréficos, tabelas, entre outros. O analito é a substancia de interesse
a ser detectada atraves de diversas amostras (sangue, saliva, suor e urina). O bioreceptor
consiste na molécula que reage especificamente com o analito de interesse. O principio do
biossensor é que este esteja conectado a um transdutor e transforme o sinal bioldgico ou
quimicas em um sinal elétrico. O sistema eletronico consiste na quantificacdo dos sinais através
de graficos, por exemplo (Figura 4) (Grieshaber D et al., 2008; Bhalla N et al., 2016).

Figura 4 — Elementos de um biossensor.
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Fonte: Grieshaber et al, 2008.
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1.5.1 Biossensor eletroquimico

Os biossensores eletroquimicos podem ser classificados de acordo com a molécula a
ser analisada e seu respectivo bioreceptor. Dessa forma, genossensores sao biossensores que
utilizam é&cidos nucleicos ou fragmentos destes para deteccdo especifica. Biossensores
enzimaticos utilizam de enzimas como analitos alvo das amostras que realizam atividade
especifica sobre determinado composto. Biossensor microbiolégico utilizam de fungos,
bactérias, organelas animais ou vegetais, entre outros, como componente bioldgico de deteccéo.
Finalmente, tem-se 0s imunossensores que utilizam da ligacéo entre antigenos e anticorpos que
conferem bioreconhecimento e geracéo sinal a ser analisado posteriormente (Gomes MF, 2011;
Ferreira AAP e Yamanaka H, 2006).

1.5.2 Imunossensores

Baseados na reagdo imunoldgica especifica entre antigenos (Ag) e anticorpos (Ac). O
principio do imunossensor € a formacdo estavel do complexo antigeno-anticorpo de
bioreconhecimento, permitindo a constru¢cdo de imunossensores especificos a diversas
finalidades (Luppa PB, Sokoll LJ e Chan DW, 2001).

Figura 5: Representacao da estrutura de um anticorpo

sitio de ligac3o sitio de ligag3o ANTIGENOS

com o antigeno com o antigeno ' ' -
| Bl
— -

antigeno

sitio de ligacdo
com o0 antigeno

cadeia leve
cadeia pesada —

cadela leve

"=~ cadeia pesada

A B

ANTICORPO ANTICORPO

Nota: (A) Fab: fragmento que contém sitio de ligacdo com antigeno (cadeia leve); Fc: fragdo constante com funcéo
de regulacdo imunolégica (cadeia pesada). (B) ligacdo especifica formando complexo antigeno-anticorpo.
Fonte: Gomes MF, 2011 (adaptada).
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Anticorpos sdo formados por glicoproteinas denominadas imunoglobulinas (Ig), que
sdo produzidos, pelos linfocitos B, a partir de estimulos causados pela presenca de compostos
considerados nocivos pelo sistema imune, chamados de antigenos. Possuem estrutura quimica
que torna possivel a interacdo com os patdgenos, possibilitando a neutralizacdo do mesmo e
posteriormente sendo fagocitado por macréfagos (Gomes MF, 2011) Os Ac sdo compostos por
dois sitios (figura 5): porcao varidvel (Fab), responsével pela ligacdo deste ao Ag, e porcao
cristalizavel (Fc), responsavel pela variacdo da classe de Ac. Para a correta ligacdo na superficie
do eletrodo, a imobilizacéo precisa ser realizada de forma criteriosa, com o intuito de manter a
porcao Fc imobilizada e a porgdo Fab livre para se ligar ao antigeno (Ferreira AAP e Yamanaka
H, 2006).

1.5.4 Imobilizacdo de moléculas

A imobilizacdo das moléculas é extremamente importante para o desenvolvimento de
um biossensor. Essa etapa tem como objetivo manter a biomolécula aderida ao eletrodo para
aproveitamento de sua maxima atividade, garantindo estabilidade (Carneiro P, Morais S e
Pereira MC, 2020). Diversos sdo os métodos utilizados para imobilizacdo de moléculas na
superficie do eletrodo, que sdo escolhidas de acordo com condi¢des como: o analito e o
bioreceptor, o transdutor e as condi¢fes operacionais para o desenvolvimento do sensor. Os
métodos mais utilizados sdo a adsorcdo fisica, ligacdo covalente, ligacdo cruzada e
aprisionamento (Mello LD e Kubota LT, 2002).

O método de adsorcdo ocorre por meio de forcas de Van der Waals, pontes de
hidrogénio, ligagGes idnicas e formacdo de sitios complexos de transferéncia de elétrons que
ocorrem pela afinidade entre a molécula e a estrutura do sensor. Apresenta uma técnica
vantajosa por ser de baixo custo, rapida, simples e apresentar menores danos a estrutura das
moléculas. Porém, as forcas podem ser influenciadas por alteracbes no meio (como pH,
temperatura e forca idnica), podendo acarretar em uma fragil unido entre os elementos (D’Souza

SF 2001).

1.5.5 Eletrodos modificados

A fim de melhorar a imobilizacdo de moléculas, melhorar a transferéncia de elétrons
e diminuir ligacGes inespecificas de moléculas com caracteristicas redox similares, tém-se
utilizado a modificacdo da superficie dos eletrodos com materiais que apresentam diversas

propriedades fisico-quimicas (Idris AO et al., 2023).
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1.5.5.1 Eletrodos de grafeno

O grafeno é um nanomaterial bidimensional composto por &tomos de carbono dispostos
hexagonalmente, conferindo uma grande area de superficie, capaz de interagir com uma ampla
gama de moléculas (Suvarnaphaet P, Pechprasarn S, 2017). Possui alta resisténcia mecanica,
alta condutividade elétrica, alta elasticidade e condutividade térmica. Tais propriedades fisicas
e eletroquimicas despertaram o interesse em seu uso na construcao de sensores e biossensores

com uma ampla gama de aplicacGes (Justino CLL et al., 2017).

Sensores e biossensores com grafeno em sua constituicdo ja foram utilizados em
diversas aplicagdes clinicas como na deteccdo de biomarcadores importantes, como glicose,
peroxido de hidrogénio e biomarcadores de cancer (Bollella P et al., 2017). No entanto, apesar
do seu potencial promissor, suas propriedades ainda necessitam ser exploradas na construcao

de biossensores para diagndstico de doencas.

1.5.5.2 Eletrodeposic¢éo de ouro

A utilizacdo de nanoparticulas de ouro (AuNP’s) para 0 desenvolvimento de
biossensores apresentam grandes vantagens, pois eles possuem a capacidade de amplificar o
sinal facilitando a transferéncia de elétrons, sendo muito utilizada em biossensores
eletroquimicos. A eletrodeposicdo de ouro configura excelente condutividade elétrica,
aumentando a transferéncia de elétrons e consequentemente melhorando a detecgdo. Também
configuram aumento da area de superficie e melhorando os sitios de ligac6es de antigenos, por
exemplo (Campos DAR et al., 2022). A estabilidade também é um fator que pode ser melhorado
devido ao uso do nanomaterial (Chiang HC et al., 2019).

1.5.6 Antigeno purificado

A utilizacdo de antigenos purificados pode trazer melhores resultados quando
comparados a antigenos brutos. Pensando nisso, um estudo realizado por Figueiredo e
colaboradores (2021) projetou uma nova proteina quimérica contendo epitopos expressos em
especies de Leishmania que causam a forma visceral da doenca, chamada de DTL-4. Com o
intuito de obter melhor especificidade e sensibilidade de resultados obtidos através do teste
ELISA, foram testadas amostras de pacientes previamente positivos para a leishmaniose

visceral como para outras doencas passiveis de reatividade cruzada.

Os resultados obtidos no estudo citado anteriormente foram muito promissores, ja que
a sensibilidade e especificidade no teste ELISA foram de 94,61% e 99,41% (Figueiredo MM et
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al., 2021). Porém, algumas das limita¢Ges relacionadas ao teste ELISA j& citadas neste trabalho
permanecem. Dessa forma, um imunossensor eletroquimico que utilize o antigeno purificado

DTL-4 para deteccdo da leishmaniose visceral mostra-se uma ferramenta muito promissora.

1.5.7 Técnicas eletroquimicas

Técnicas eletroquimicas se baseiam nas reacdes de oxidacgédo e reducdo em solugdes
eletroliticas. Elas estudam as propriedades elétricas presentes nas células eletroquimicas, como
potencial e corrente de determinado analito. Tais técnicas permitem a construcéo dos sensores

com maior sensibilidade, rapidez e possibilidade de miniaturizagdo (Barbieri GJLS 2017).

1.5.7.1 Voltametria ciclica

A voltametria ciclica (VC) é a técnica mais utilizada para obter informagdes sobre o
potencial de transferéncia de elétrons em reacdes redox (reducédo-oxidacéo) das solugbes de um
analito. A diferenca de potencial (tensdo) é medida em funcdo do tempo entre o eletrodo de
referéncia e o eletrodo de trabalho, enquanto a corrente é aferida entre o eletrodo de trabalho e
0 contra-eletrodo. Os valores obtidos s&o plotados em voltamogramas (Gosser DK 1994).

De inicio, o potencial negativo é aplicado, entdo nenhuma oxidacéo ocorre. Com o
aumento do potencial para regides anddicas (positivas) ocorre a oxidacdo do composto, de
acordo com sua concentracdo gerando um pico de corrente, quando o potencial atingir um valor
méaximo (nenhuma oxidacdo ocorre). O potencial entdo é varrido no sentido inverso até o ponto
inicial da reacdo, ocorrendo entdo a reducéo, gerando um pico simétrico ao de oxidac¢do (figura

6). Nesse caso, a reacdo € reversivel (Barbieri GJLS 2017).

Figura 6: Representacdo esquematica da técnica de voltametria ciclica.
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Abstract

Leishmaniasis is a disease that affects a large part of the population of Latin America, especially

in Brazil. It has a high mortality rate if left untreated. The main diagnostic methods currently used are based

on signs and symptoms suggestive associated with parasitological and/or immunological tests, however,

such tests have disadvantages such as low sensitivity and specificity, high cost, need for equipped

laboratories and qualified professionals. Thus, it is necessary to have a fast, accurate, low-cost, portable

diagnosis that has good sensitivity and specificity. In this study, a recombinant antigen (Ag) called DTL-4

was used because of its potential to improve the sensitivity and specificity of the tests because it only allows

specific binding with the antibody in the serum of patients with the disease. The results of the proposed

immunosensor showed an estimated detection limit of 0.0442 ng mL-1. The absence of modifications with

gold nanoparticles is another interesting point when we compare the cost related to the biosensor in
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question with other diagnostic methods. Thus, the proposed immunosensor has low cost, high specificity
and sensitivity. In this way, the biosensor in question shows promise for validating the diagnostic platform

and its future portable use in public health.

Keywords: Immunosensor, Human Visceral Leishmaniasis, Recombinant Antigen, Serum, Electrochemical.

1. Introduction:

Leishmaniasis is the term designated to identify an infectious disease caused by the flagellated
protozoan called Leishmania spp., transmitted through the bite of the contaminated female mosquito,
popularly known as "sand fly" (subfamily Phlebotominae and genus Lutzomyia). The disease may present

clinical manifestations related to the cutaneous or visceral forms [1, 2].

According to the Brazilian Ministry of Health (2022) [3], currently, at least 76 countries are
endemic for visceral leishmaniasis, with an equivalent of 200-400 thousand new cases annually, where
approximately 95% of infected patients diagnosed late die from poor countries that have difficulties in early
diagnosis and effective treatment of sick communities. In this sense, Brazil becomes a country of alert, since
it has an average of 3,500 new cases annually and represents about 90% of the new cases that affect Latin
America and the Caribbean, this rate becomes even more serious for the country's socially vulnerable
populations [4, 5], thus, these data point to the relevance of prevention and control policies for this disease

in the country.

The primary prevention strategies to mitigate transmission via vectors proposed by the World
Health Organization in 2023 [6], include that in endemic areas, vector control, management of vertebrate
hosts considered reservoirs, diagnosis and immediate treatment of the sick should occur, thus, these
measures together can bring immeasurable benefits to individuals positive for the disease. Regarding the
efficiency and economy of public expenditures for infectious diseases, vaccination represents an interesting
strategy, however, for human visceral leishmaniasis, this methodology cannot yet be used due to the
challenges faced in the production and standardization of these immunizers [7]. In this way, early diagnosis
and treatment, personalized to the reality of the patient and the national health system, become even more

relevant.

The diagnosis of leishmaniasis is made by evaluating clinical signs and symptoms suggestive of

the disease, which will be confirmed by immunological and/or parasitological laboratory tests. In Brazil,
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rapid immunochromatographic tests, indirect immunofluorescence (IFA), enzyme-linked immunosorbent

assay (ELISA), and molecular tests are commonly performed [6, 8, 9, 10, 11].

However, many tests vary in sensitivity and specificity depending on the parasite, type of sample
performed, and region of the country, may present results contrary to the actual diagnosis, also making it
difficult to perform the diagnosis in the field [9, 12, 13,]. In this study, the construction of a method for the
diagnosis of visceral leishmaniasis (VL) was initiated through the evaluation of patients on a platform

sensitized with purified antigens of the parasite.

As a way to improve the diagnostic possibility for leishmaniasis and reduce cross-reactive events
with other pathologies, a study demonstrated the use of purified antigens consisting of chimeric proteins

DTL-4 in ELISA tests [14].

To improve the response and sensitivity of biosensors, carbon-based nanomaterials have been
used. Nanomaterials have been used to compose diagnostic platforms because they have unique chemical,
optical and electrical properties. [15, 16]. An example of a carbon-based nanomaterial that has been much
studied in recent times is graphene. Graphene is a two-dimensional nanomaterial composed of hexagonally
arranged carbon atoms, giving it a large surface area, capable of interacting with a wide range of molecules
[17]. It has high mechanical strength, high electrical conductivity, high elasticity and thermal conductivity.
Such physical and electrochemical properties have sparked interest in its use in the construction of sensors

and biosensors with a wide range of applications [18].

Biosensors with graphene in their constitution have already been used in several clinical
applications such as the detection of important biomarkers, such as glucose, hydrogen peroxide, and cancer

biomarkers [19].

Thus, in this search for new diagnostic processes that are fast and accurate at the point of care of
this disease, electrochemical biosensors are promising diagnostic tools [20, 21, 22]. In this study, we
demonstrated that the application of immunosensors contributes significantly to the diagnostic accuracy of
human visceral leishmaniasis and represents an important tool for epidemiological monitoring and control
of the spread of this endemic. Thus, it can be considered a tool with the potential to face the challenges and

goals associated with the fight and control of this disease, as proposed by the World Health Organization.
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2. Materials and methods

2.1 Reagents and biomolecules

The solutions were previously diluted in ultrapure water (Mili Q). Potassium ferri/ferrocyanide
solution ([Fe(CN)s]3 /[Fe(CN)s]* 3H20) 5mM, containing 0.1M KCl, pH 7.4, (LabSynth, Brazil) was prepared
before use in all experiments, as well as potassium chloride (KCl), at a concentration of 0.1M in order to
activate and reduce the electrode surface. Gold chloride was dissolved in sulfuric acid (1g L' AuClz in 10 mL
of 1M sulfuric acid) for modification on the surface of the electrodes. After the modification with gold, a 1M

sulfuric acid solution was used for electrochemical cleaning.

The purified DTL-4 antigen was kindly provided and is still under patent deposit [23]. It was
reserved in aliquots at a standardized concentration of 10 ng/mlL, diluted and frozen at -80°C. At each new
test, a new aliquot was used. The 0.1% BSA solution was used to block the electrode surface, and thus

prevent the coupling of other biomolecules.

The serum of the patients was used in concentrations that will be addressed throughout the work.
All experiments were made at room temperature (25 * 1 2C). Electrochemical tests were performed using
the equipment Em Stat 1 (PalmSens BV, The Netherlands). The serum samples used were submitted to the
CEP (Research Ethics Committee) by Plataforma Brasil. Leishmania serum has CAAE
58301516.8.0000.5154. Chagas serum has CAAE 64048117.3.0000.5154. In addition to the positive
samples for leishmaniasis and Chagas, a negative sample CAAE: 59831016.2.0000.5154 (Opinion No.:

1.870.741) was also used (n = 3).

2.2 Devices

Graphite (DPR-110) and graphene (DRP-110GPH) screen-printed electrodes from Dropens,
Asturias, Spain, were used for the electrochemical platform. These consist of a ceramic strip containing a

system of three electrodes (working, counter and reference electrodes) for a single drop analysis.

Electrochemical analyses were performed by cyclic voltammetry (100 mV s1) using Em Stat 1

equipment (PalmSens BV, Netherlands) connected to a notebook.
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For ELISA tests (EnSpire/PerkinElmer), optical density (OD) values were determined in a
microtiter plate reader at 490 nm. To prepare the table graphs, the Origin 2019 program (OriginLab, United

Kingdom) was used.

2.3 Indirect ELISA

For the detection of immunoglobulin G (IgG) antibodies against leishmania, we used the indirect
ELISA test with high-affinity plates (Thermo Scientific Tm Nunc Tm, Waltham, MA, USA), sensitized with
antigens (0.25 ug mL-1), diluted in 0.06M carbonate-bicarbonate buffer (pH 9.6) and incubated for 18 hours
at 4°C. The plates were washed 3 times with phosphate buffered saline (PBS) containing 0.05% Tween 20
(PBS-T) and blocked with PBS containing 5% skimmed milk powder (Molico, Nestlé, Sdo Paulo, Brazil - PB-
M5%) for 4 hours at room temperature. Performed again 3 washes of the plate and diluted sera (1:100) in

5% PB-M and incubated for 18 hours at 4°C.

Performed 6 washes and added anti-human IgG antibody (1:1000) conjugated to peroxidase
(IgG/horseradish peroxidase (HRP), Dako) and incubated for 2 hours at room temperature. After washing
the plates again 6 times, the reaction developed by adding the substrate 3,3',5,5'-Tetramethylbenzidine
(Scienco Biotech LTDA, Brazil) and stopping the reaction with H2S04+ 1M. Positive and negative controls
were included on the board. Antibody levels were expressed in ELISA, according to the following formula:
EI = Abs sample/cut off point, where the cut off point is calculated as the mean Abs of the negative control

serum plus three standard deviations. EI values > 1.2 were considered positive.

2.4 Electrochemical Modifications

The electrodes were initially used without any previous modification. After the tests, they were
subjected to electrodeposition of gold nanoparticles for 20 voltammetric cycles in gold chloride (HauCls4, 1
g L) prepared in a 1M H2S04 solution in the potential range between +0.3 and +1.0 V vs pseudo Ag at the
scan rate of 0.1 V s1. After the process, it is possible to notice the color change caused by the
electrodeposition of the gold nanoparticles. The modified electrode was cleaned for 5 cycles in a solution of

H2S04 1M to eliminate any non-electrodeposited particles that may hinder the adsorption of molecules.
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2.5 Immunosensor

For the development of the immunosensor, it was necessary to immobilize 4uL the purified DTL-
4 antigen on the surface of the working electrode (graphite, graphite modified with gold and graphene and
graphene modified with gold) by drop-casting. The drying time between each process was standardized
before they occurred at room temperature for 20 minutes. After drying, the electrodes were washed with
80 pL of water Mili Q and the electrode was spontaneously dried at room temperature. In order to avoid
nonspecific binding, 4uL of 0.1% bovine serum albumin (BSA) was added as a blocking solution. In the end,
the serum was made available. Again, the electrodes were washed and dried spontaneously at room
temperature. To evaluate the immobilization of the antigen in each working electrode, 80 pL of potassium

ferri/ferrocyanide solution ([Fe(CN)¢]*-/[Fe(CN)e]3-) (5 mM) was used as a redox probe indicator.

2.6 Specificity

An aliquot of 4 pL of serum positive for Chagas disease (1:500) was pipetted into the
immunosensor and kept at room temperature for drying. Subsequently, a final wash with ultrapure water
was performed, and the electrode was dried spontaneously. The same protocol was performed with positive
serum for leishmaniasis (1:500) and, in a third electrode, performed with negative serum (1:500). In all
tests, including triplicates, changes in the electrochemical signals of [Fe (CN)s]*-/[Fe (CN)s]3- (5 mM) were

evaluated (scan speed: 100 mV s-1).

2.7 Calibration Curve

To validate the sensitivity of the immunosensor, 4 pL of serum were added at different
concentrations (1:100, 1:500, 1:5,000, 1:10,000 and 1:100,000). Incubation was carried out under the same

conditions as before (drying time of 20 minutes at a temperature of 25 + 1- ().
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Figure 1: Representative image of the electrochemical immunosensor developed using commercial screen
printed electrodes with graphene (DPR-110-GPH). The preparation steps of the immunosensors are as
follows: (a) the commercial carbon electrode was used as the base platform; (b) Activation and reduction
with KCl (c) after material modifications, the gross antigen of DTL-4 was immobilized in modified surface
of the electrodes; (d) for blocking nonspecific interactions, a 0,1 % bovine serum albumin (BSA) blocking
solution was coupled to the platform; (e) after preparations, the antibodies were coupled (real
sample/serum); and (f) finally, the electroanalytic solution was inserted, and the process of transduction
was started; thus, the surface with the antigen probe was autonomized as presented in a cyclic voltammetry
(CV). For the evaluation of chemical modifications performed on the surface of the electrodes

2.8 Statistical analysis

The statistical analyses were based on the construction of column plots through the percentages
of the oxidation and reduction current of the redox probe obtained by cyclic voltammetry, calculated in
relation to the initial cyclic voltammetry (only absorption of the DTL-4 antigen). Thus, a drop in the
percentage of current indicates an increase in the coupling of the biomolecules on the surface of the

electrode.

3. Results and discussions

The evaluation of the peak current occurred in cyclic voltammetry, considering the different
interactions that occur between the electrode surface and the biomolecules, presenting a bar graph and its
voltammetry, using electrodes of: graphite, graphite modified with gold, graphene and graphene modified

with gold.

The initial peak current of oxidation and reduction, which we call the platform, consists of the
voltammetry performed with potassium ferri/ferrocyanide by the electrode adsorbed with the purified
antigen DTL-4. This platform is then compared with new current peaks when the electrode already has
antibody coupling present in the tested sera (Leishmaniasis/positive control, Chagas disease and negative

control).
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To consider whether there was coupling of the antibodies with the DTL-4 antigen already
adsorbed on the surface of the electrode, we observed a drop in peak current. Because when there is
coupling, the surface through which the current will travel is more resistive, in this way, the fall of the
current is observed (surface becomes less conductive). In order for the results to be better visualized, bar
graphs were developed and the results obtained through the tests carried out with graphite and graphene
electrodes and their respective modifications with gold nanoparticles were compared.

In figure 2A we can see the results of the tests with graphite electrode in the form of a bar graph
and in figure 2B the cyclic voltammetry. It is possible to identify that all patients (Leishmaniasis, Chagas
disease and negative control) performed coupling with the adsorbed antigen, that is, all tests were positive,
demonstrating that this platform presented cross-reaction (Chagas serum presented the greatest drop in
current). This fosters the idea that in tests with the antigen in question, in order to improve the specificity

of the results, it is necessary to make modifications to the surface of the electrode.
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Figure 2: Bar graphs representing data referring to the detection graph (A) and cyclic voltammograms (B)
for de redox probe in graphite electrodes.

We emphasize that in the "first bar" we represent the electrochemical platform constituted by a
surface modified with biomolecules, such as BSA (bovine serum albumin) and DTL-4, in this case the BSA
acts as a blocking layer, while the antigen serves as a recognition site for the analyte. In the following pairs
of bars we represent the analyte, in this case, the serum (Leishmaniasis, Chagas disease and negative
control), which binds to the antigen on the surface of the electrochemical platform, triggering a measurable
electrochemical response, this response is used to detect and quantify the presence of the antibody in the
tested sample. The error bars represent the mean and standard deviation (SD) of the triplicate

measurements for each experimental condition. In cyclic voltammetry, the voltammogram is represented
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to the deposition of DTL-4 and BSA 0.1% (a), deposition of serum from the negative control (b), deposition

of chagasic serum (c), and deposition of positive serum for visceral leishmaniasis (d).

After the results obtained with the graphite electrode, we modified the electrodes with gold
nanoparticles (Figure 3). We can observe that even after the modification, all the sera showed a significant
drop in the current, again positive for the samples used. In addition, Chagas still has a greater range of
detection. This explains that the modification of the electrode is not the solution to improve the specificity
of the results, but the base material used to compose the electrode. Thus, we can infer that graphite interacts
with all the biomolecules analyzed. It even causes cross-reaction as shown in figure 3A in column graphs
and 3B in voltamograms. We can observe a cut in the reduction peak (a) due to an increase in conductivity.

In any case, the peak analyzed was in oxidation.
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Figure 3: Bar graphs representing data referring to the detection graph (A) and cyclic voltammograms (B)
for de redox probe in gold-modified graphite electrodes.

We emphasize that in the "first bar" we represent the electrochemical platform constituted by a
surface modified with biomolecules, such as BSA (bovine serum albumin) and DTL-4, in this case the BSA
acts as a blocking layer, while the antigen serves as a recognition site for the analyte. In the following pairs
of bars we represent the analyte, in this case, the serum (Leishmaniasis, Chagas disease and negative
control), which binds to the antigen on the surface of the electrochemical platform, triggering a measurable
electrochemical response, this response is used to detect and quantify the presence of the antibody in the
tested sample. The error bars represent the mean and standard deviation (SD) of the triplicate

measurements for each experimental condition. In cyclic voltammetry, the voltammogram is represented



41

to the deposition of DTL-4 and BSA 0.1% (a), deposition of positive serum for visceral leishmaniasis (b),

deposition of serum from the negative control (c), and deposition of chagasic serum (d).

Thus, according to the previous tests, we decided to use graphene as a base to compose the
electrode (Figure 4). The tests performed with graphene electrodes showed better specificity when
compared to the graphite electrode. By analyzing the bar graph (Figure 4A), we can identify the drop in
current in the electrodes to which anti-leishmania antibodies were coupled, making the patient positive.
We can also observe that the other sera (Chagas disease and negative) did not suffer a drop in the current,
and these tests were then without cross-reaction and considered negative. Another factor that we can
observe is that the tests carried out with chagasic serum and negative tests had an increase in peak current.
This shows that in addition to not coupling to the antigen, there was dissociation from the probes already

adsorbed on the platform.

The better performance presented by graphene in relation to graphite can be justified by the fact
thatits surface area is hundreds of times larger. The surface area of graphene is 2600m? /g, while the surface

area of graphite is 10m?/g [24].
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Figure 4: Bar graphs representing data referring to the detection graph (A) and cyclic voltammograms (B)
for de redox probe in graphene electrodes.

We emphasize that in the "first bar" we represent the electrochemical platform constituted by a
surface modified with biomolecules, such as BSA (bovine serum albumin) and DTL-4, in this case the BSA
acts as a blocking layer, while the antigen serves as a recognition site for the analyte. In the following pairs
of bars we represent the analyte, in this case, the serum (Leishmaniasis, Chagas disease and negative

control), which binds to the antigen on the surface of the electrochemical platform, triggering a measurable



42

electrochemical response, this response is used to detect and quantify the presence of the antibody in the
tested sample. The error bars represent the mean and standard deviation (SD) of the triplicate
measurements for each experimental condition. In cyclic voltammetry, the voltammogram is represented
to the deposition of serum from the negative control (a), deposition of chagasic serum (b), DTL-4 and BSA

0.1% (c), and deposition of positive serum for visceral leishmaniasis (d).

Modification was also carried out with gold nanoparticles on the graphene electrode (results not
shown), where we can observe that none of the samples suffered a significant drop in the peak, either in

oxidation or reduction. That is, all tests were negative, where Chagas Disease was the one with the lowest

detection.
3.3 Calibration Curve

The results obtained from the tests performed for the calibration curve are shown in Figure 6.
Graphene electrode without modifications, following the methodology and results shown in figure 4,
different concentrations of the sera were analyzed (1:100, 1:500, 1:5000, 1:10,000 and 1:100,000) and show

inversely proportional results, because the less diluted the samples, the better the detections.
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Figure 5: 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 1:100, 1:500, 1:5000, 1:10000, 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 0.999 (for the equation: i(%) = -7.397 x [serum dilution ratio] + 50.677), an estimated limit
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of detection of 0.0442 ng mL-1, and limit of quantification of 0.442 ng mL-1. 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, it was possible to observe
that there was reactivity and absence of specification. The choice of graphene 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 capable of promoting
reactivity. Given the results, the screen-printed graphene 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 [20].

3.4 Comparison with ELISA

To validate the samples that would be tested in the immunosensor developed in this study, the
indirect ELISA test was performed. As reported in another study, the use of this recombinant protein does
not cross-react with other trypanosomatids (such as Chagas disease) [14]. The results for indirect ELISA
indicate high specificity when DTL-4 antigen is used. Figure 7 shows the EI values and the percentage
current obtained by the proposed immunosensor obtained for the same serum samples (Leishmaniasis,
Chagas disease and negative control). We found that the proposed biosensor also does not present cross-
reaction. In the detection of leishmaniasis, there is a strong interaction between the purified antigen of
visceral leishmaniasis and the anti-Leishmania infantum antibody, a result that converges with what is
expected in theory. Both techniques were able to differentiate the Leishmaniasis serum from the others,
demonstrating high specificity. In any case, the ELISA test has numerous disadvantages related to cost, it is
an expensive technique that requires equipped laboratories, qualified professionals and cannot be
performed in the field, making diagnosis difficult in endemic areas and in populations with difficult access

to health care.
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Figure 6: Correlation graph between results from electrochemical sensors (x-axis) and ELISA results (y-
axis), where we can observe visceral leishmaniasis, Chagas disease and negative.

ELISA index (EI) values obtained by indirect ELISA with a line in EI > 1.2 to guide the reader, for
serum samples from Leishmaniasis, Chagas disease and negative control patients. Values below the black
dotted line are considered negative sera, while values above the black dotted line indicate positive tests for
the ELISA test. And the red line delimits the range of electrochemical detection where we observe better
detection at peak oxidation for the tests, and the reduction even with lower sensitivity also does not allow

cross-reaction.

According to Martins et al (2024) [22], modifications with graphene increase the sensitivity of the
electrochemical detection system. However, when working with crude antigens, the researchers needed to
add modifications with gold nanoparticles to ensure immobilization. In this study, additional modification
was not necessary because the purified antigen correctly adsorbed on the graphene sheets and left the
recognition epitope free for specific coupling.

According to Alves-Balvedi (2014 - 2015) [25, 26] the graphite electrode has many irregularities
and may need modifications such as polymeric films, which may be one of the reasons for the limitation for

the construction of the sensor with DTL-4.

4. Conclusion

According to the results, we conclude that the immunosensor using graphene electrodes was efficient in
immobilizing the DTL-4 antigen, generating better results when compared to graphite, graphite with gold

and graphene electrodes with gold. The presence of the DTL-4 antigen in this platform allowed the specific
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recognition of antibodies present in the serum of patients with visceral leishmaniasis. We also emphasize
that the absence of gold modification in the proposed immunosensor is of great importance to make the

sensor more advantageous in relation to its cost.

Leishhamniosis is a disease with the potential to cause death in more than 90% of cases when left
untreated. Thus, a standardized, low-cost, and accessible diagnostic method is necessary, because the
sooner the disease is diagnosed, early treatment can be started and thus, the prognosis becomes more
favorable, enabling a cure. In countries where the disease is prevalent and with a large number of cases in
rural areas, tools for rapid and accurate diagnosis of the disease are necessary for field use.

The objective of this work is to improve the tests and develop a diagnostic method that can be
used in public health, improving the obstacles to early diagnosis of visceral leishmaniasis. Being more
specific in relation to other methods, more practical and financially advantageous in relation to the ELISA
test. Future studies will be conducted to evaluate the period of platform stability and its reproducibility in
other patients. Thus, the proposed immunosensor shows promise in a future commercial use.
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APENDICE C - DADOS SUPLEMENTARES

O processo de ativacdo e reducdo realizado na superficie dos eletrodos de grafeno
tiveram o intuito de aumentar a area superficial desse material e dessa forma favorecer o
processo de adsorcdo do antigeno. O que se 1€ no artigo estd como reduzir a superficie, mas o

que se quer dizer € realizar o processo de ativacdo e reducéo.

Nos resultados obtidos em eletrodo de grafeno, pode-se verificar dissociacdo das
moléculas em deteccdo do paciente controle negativo e paciente com doenca de Chagas. Isso
se deve a auséncia de afinidade das biomoléculas com a superficie do eletrodo, fazendo com
que o processo de ligacdo ndo ocorra. Quando o antigeno é adsorvido e posteriormente ocorre
a deposicdo do anticorpo, 0 mesmo pode se ligar ou ndo. Nos processos de lavagens que
ocorrem, se 0 anticorpo se ligar ao antigeno, eles ndo dissociam, porém se a ligacdo ndo
acontece, essas moléculas podem ser lavadas. Desse modo, observa-se 0 aumento no pico de
corrente, ja que na dissociacdo, a resisténcia diminui e a superficie do eletrodo torna-se livre

para a passagem da corrente.

A curva de calibracdo foi realizada com eletrodo de grafeno sem modificacdo das
nanoparticulas de ouro, jA que os eletrodos em questdo tiveram melhor desempenho na
construcdo do imunossensor. As incubagdes seguem as mesmas condic¢des dos demais testes.
O antigeno DTL-4 foi utilizado na concentracdo de 10 ng/mL e o soro dos pacientes (amostra
utilizada para o analito anticorpo) nas concentragdes apresentadas na figura 5 do artigo.
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