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APRESENTAGAO

As doengas parasitarias representam desafios para a saude humana e
animal, principalmente nos paises em desenvolvimento. O Toxoplasma gondii é
um protozoario parasita intracelular responsavel pela toxoplasmose, uma zoonose
com importancia meédica e veterinaria em todo o mundo.

Um diagnéstico eficiente € muito importante para a prevengao e tratamento
dessas doencgas parasitarias. O desenvolvimento de biossensores para auxiliar o
diagnostico de doengas é uma ferramenta significativa devido as vantagens que
estes dispositivos apresentam, tais como: baixo custo, sensibilidade, seletividade
e possibilidade de miniaturizagao.

Sendo assim, este trabalho visou a constru¢ao de dois biossensores para a
deteccdo de Toxoplasma gondii, por meio da imobilizagdo de uma sonda
especifica de DNA (genossensor) e um peptideo mimético (imunossensor) em
eletrodos de grafite modificados com poli (3-hidroxibenzdico).

A apresentacido deste trabalho foi realizada segundo as normas da Pés-
Graduacdo em Genética e Bioquimica da Universidade Federal de Uberlandia
(Anexo 1). A tese foi dividida em: Capitulo 1 - Fundamentagao Teorica; Capitulo
2 - Development of direct assays for Toxoplasma gondii and its use in genomic
DNA sample e Capitulo 3 - Peptide-based electrochemical immunosensor for

anti- Toxoplasma gondii immunoglobulins detection



CAPITULO 1

FUNDAMENTACAO TEORICA



1. Doencgas parasitarias

O termo “doencgas parasitarias humanas” abrange uma ampla e variada gama
de infeccbes causadas por diversas espeécies de protozoarios, helmintos e
ectoparasitas que formaram uma relagédo simbiética com hospedeiros humanos e
os efeitos dessas infec¢gdes sao igualmente diversos (CARRION; HAMER;
EVANS, 2017).

Infeccbes parasitarias devido a protozoarios e helmintos s&o responsaveis por
taxas de morbidade e mortalidade consideraveis no mundo e estdo fortemente
associadas a pobreza causando impacto consideravel na saude e na economia
desses paises. No passado, muitas dessas infecgbes foram ligadas
predominantemente a areas tropicais ou subtropicais, mas, atualmente,
mudangas climaticas e ecoldgicas, um aumento significativo nas viagens
internacionais, conflitos armados e migracdo de humanos e animais tém
influenciado a transmissdo de algumas doencas parasitarias para paises
desenvolvidos (MOMCILOVIC et al., 2018).

Com excecao das mudancgas climaticas, os principais fatores determinantes
das doengas parasitarias sdo os determinantes sociais como urbanizacéao,
guerras, conflitos, instabilidade politica e anticiéncia. Estima-se que em 2050
podera haver um aumento na prevaléncia de doencgas parasitarias causadas por
helmintos e protozoarios, incluindo a toxoplasmose, principalmente em regides
pobres, devido a construcbes de baixa qualidade, falta de saneamento,
degradagdao ambiental, falta de acesso a servicos de saude e agua potavel
(HOTEZ, 2018). Sendo assim, o diagnostico preciso e rapido representa uma
arma crucial na luta contra essas infeccdes parasitarias (MOMCILOVIC et al.,
2018; SANCHEZ-OVEJERO et al., 2016) e a investigagdao de novas técnicas de
deteccao que auxiliem no diagndstico dessas infecgdes se torna uma ferramenta

importante diante desse cenario.

2. Toxoplasma gondii

Toxoplasma gondii (T. gondii) € um protozoario pertencente ao Filo
Apicomplexa, parasita intracelular obrigatério, de ampla distribuicdo geografica,

que pode ser encontrado em uma grande variedade de hospedeiros vertebrados



(CAKIR-KOC; OZDEMIR, 2018; KOCHANOWSKY; KOSHY, 2018), descoberto
por Nicolle e Manceaux, na Tunisia, e por Splendore, no Brasil, em 1908
(KOMPALIC-CRISTO, 2005).

O sucesso do T. gondii como parasita intracelular em hospedeiros
intermediarios e em cultura de tecidos depende do reconhecimento de receptores
de superficie de células hospedeiras via antigenos de superficie (SAGs) em sua
membrana celular, da secrecdo sequencial de organelas secretoras
especializadas e da mobilizagdo de elementos particulares de seu citoesqueleto
para invadir células hospedeiras e formar um vacuolo parasitario, dentro do qual
se multiplicam. O parasita possui trés organelas secretorias especiais que estéo
relacionadas com a invasao do parasita a célula hospedeira, essas organelas sao
as micronemas, as roptrias e os granulos densos (Figura 1). Os granulos densos
sdo organelas esféricas distribuidas por todo o corpo do parasita, com diametro
meédio de 200 nm e secretam proteinas, denominadas GRA (antigenos de granulo
denso), que sao moléculas imunogénicas responsaveis pela sobrevivéncia
intracelular do parasita (BLACK; BOOTHROYD, 2000; MERCIER; CESBRON-
DELAUW, 2015; NAM, 2009).

Condide
Micronemas
Roptria
Mitocondria J Apicoplasto
Microporo

Golgi

\ Reticulo
endoplasmatico

Granulos densos
membrana

interna

Figura 1. Principais organelas do T. gondii em seu estagio taquizoito. Traduzido de Black;
Boothroyd (2000).



2.1. Formas infectantes e ciclo de vida

O parasita possui trés formas de vida: taquizoitos, bradizoitos (cistos teciduais)
e esporozoitos (dentro dos oocistos). O ciclo do T. gondii (Figura 2) € heteroxeno,
com uma fase sexuada que ocorre nas células intestinais dos hospedeiros
definitivos, membros da familia Felidae, e outra fase assexuada, que pode ocorrer
nos hospedeiros definitivos e nos hospedeiros intermediarios mamiferos e aves
(BOGITSH; CARTER; OELTMANN, 2019; TENTER; HECKEROTH; WEISS,
2000).

Bradizoito infecta célula

Macrogameta

Bradizoitos
liberados

. . ne intestino
Felino come animal infectado

(ex. camundongo)
com oocisto ou
cisto tecidual

Merozoitos

Apenas no hospedeiro ™2
felino (fase entérica)

Qocisto imaturo passa
com fezes para o solo

Qocisto ingerido
diretamente

Humano infectado
por comer carne infectada

Bradizoitos em
cistos teciduais
com cistos teciduais

@ Taquizoitos trasmitidos
através da placen!a

Ingerido por uma variedade de
vertebrados nao felinos
(humanos, bovinos, ovinos,
suinos, roedores)

" Esporocisto com
quatro
esporozoitos

Esporozoitos invadem varios tecidos
(ex. figado, cérebro) e se desenvolvem
em taquizoitos e bradizoitos

Figura 2. Ciclo de vida do T. gondii. Adaptado e traduzido de Bogitsh; Carter; Oeltmann
(2019).

Nos enterdcitos do gato, o parasita sofre merogonia, formando os merozoitos,
que sao liberados apdés o rompimento da célula hospedeira. Esses merozoitos
invadem as células epiteliais adjacentes e sofrem gamogonia, formando os

5



gametdécitos. Os gametdcitos originam os gametas masculinos (microgametas) e
os femininos (macrogametas). Os microgametas, que sao formas moveis
extracelulares, fecundam os macrogametas localizados dentro dos enterdcitos,
formando o zigoto, que fica envolto por uma parede resistente, sendo chamado de
oocisto. Os felideos eliminam em suas fezes oocistos imaturos ndo esporulados,
que em condi¢cdes ambientais propicias como temperatura, umidade e oxigenagéo
ideais, se tornam maduros por esporogonia, podendo ser ingeridos por outros
animais, até mesmo pelo ser humano. Cada oocisto esporulado infectante de T.
gondii possui em seu interior dois esporocistos, cada um contendo quatro células
denominadas esporozoitos. O ciclo assexuado ocorre nos hospedeiros
intermediarios e definitivos, e tem inicio com a ingestdo de oocistos eliminados
pelas fezes dos gatos ou cistos teciduais, contendo bradizoitos, presentes na
carne crua ou mal cozida de animais infectados. Apds ingestéo, a parede externa
dos oocistos é rompida por degradagdo enzimatica e as formas infectantes,
bradizoitos ou esporozoitos, respectivamente, sao liberadas no lumen intestinal
onde rapidamente invadem as células do hospedeiro e se diferenciam em
taquizoitos, por divisdo assexuada. Os taquizoitos penetram em qualquer célula
nucleada, formando um vacuolo parasitéforo. No interior do vacuolo sofrem
rapidas e sucessivas divisdes por endodiogenia, formando novos taquizoitos, que
rompem a célula parasitada e invadem novas células. A disseminagao do parasita
no organismo ocorre através de taquizoitos livres ou intracelulares na linfa, ou no
sangue circulante, podendo provocar um quadro polissintomatico, cuja gravidade
dependera da quantidade de formas infectantes adquiridas, da cepa do parasita e
da susceptibilidade do hospedeiro (NEVES, 2005; TENTER; HECKEROTH,;
WEISS, 2000).

Em tecidos e tipos de células especificos, os taquizoitos se diferenciam em
bradizoitos, encontrados dentro do vacuolo parasitéforo de uma célula, cuja
membrana forma a capsula do cisto tecidual. Cistos contém muitos bradizoitos e
parece que evadem a resposta imune do hospedeiro, permitindo assim que T.
gondii estabeleca um infecgdo persistente durante a vida do hospedeiro. Em
humanos, o encistamento de T. gondii pode ocorrer no cérebro, coragdo e



musculo esquelético. Em roedores e humanos, o cérebro é o principal 6rgdo para
encistamento (KOCHANOWSKY; KOSHY, 2018).

2.2. Diversidade genética

O genoma do T. gondii esta disponivel em http://toxodb.org (GAJRIA et al.,
2007; HARB; ROOS, 2014). Apesar da presenga de um ciclo sexual e de uma
distribuicdo mundial, a estrutura populacional desse parasita foi inicialmente
descrita como sendo altamente clonal e exibindo uma baixa diversidade genética,
conclusao resultante de estudos genéticos de cepas isoladas da Europa e dos
Estados Unidos, que agruparam essas cepas em trés principais linhagens clonais
tipos I, Il e lll. A viruléncia dessas cepas foi determinada em camundongos,
sendo que as cepas de tipo | (exemplo: cepa RH) sao consideradas de alta
viruléncia, pois causam infeccdes letais nesses animais. As cepas de tipo Il
(exemplo: cepa ME49) sdo consideradas de moderada viruléncia e as cepas do
tipo Il (exemplo: cepa VEG) sdo ditas de baixa viruléncia, ja que a infecgéo
causada por este tipo clonal é controlada pelo sistema imunoldégico dos
camundongos e a infeccdo tende a cronificar (ROBERT-GANGNEUX;
DARDE, 2012; SIBLEY, L. DAVID; BOOTHROYD, 1992; SIBLEY, L. D. et al.,
2009; XIAO; YOLKEN, 2015). Além das cepas clonais existem as cepas
recombinantes ou atipicas, que foram relatadas na América Central, América do
Sul, Australia e Africa (CONTOPOULOS-IOANNIDIS; MONTOYA, 2018).

2.3. Transmissao, epidemiologia e sintomas

O principal meio de adquirir a infeccdo é por ingestdo de carne mal cozida
contendo cistos teciduais, alimentos e agua contaminados por oocistos
(BOGITSH; CARTER; OELTMANN, 2019; DUBEY, 2014). Além disso, em
humanos, o T. gondii pode ser transmitido da mae ao feto (infecgdo congénita) e
via transplantes de 6rgaos contaminados (KOCHANOWSKY; KOSHY, 2018). O
termo infec¢do por T. gondii € usado quando se refere a infecgado primaria ou
cronica assintomatica, e a toxoplasmose é usada quando a infeccdo primaria ou
reativacdo da infecgdo crbnica causa sinais ou sintomas (CONTOPOULOS-
IOANNIDIS; MONTOYA, 2018).



A soroprevaléncia varia amplamente entre diferentes paises e diferentes
regides do mesmo pais. Um estudo realizado em 2009 mostrou que os paises da
América Latina e Sudeste da Africa com climas quentes e Umidos apresentam
altas soroprevaléncias, nas regides Sul da Europa soroprevaléncias moderadas e
menores relatadas na América do Norte, Norte da Europa, Sudeste Asiatico,
China e Coréia (PAPPAS; ROUSSOS; FALAGAS, 2009).

Foroutan-Rad et al. (2016) avaliaram a taxa de soroprevaléncia do T. gondii
em doadores de sangue (Figura 3), e nesse estudo a prevaléncia total ponderada
de exposi¢cao ao T. gondii em doadores de sangue foi de 33% e o Brasil foi

identificado como um pais com alta soroprevaléncia (75%).
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Figura 3. Prevaléncia global de anticorpos para T. gondii em doadores de sangue de diferentes
regides geograficas (FOROUTAN-RAD et al., 2016).

Aproximadamente 30% da populagdo humana no mundo é cronicamente
infectada com T. gondii. Em geral, a infeccdo humana é assintomatica, mas o
parasita pode induzir doenga grave em fetos e pacientes imunocomprometidos
(GALAT, 2018). As manifestagdes clinicas associadas a infecgao por T. gondii
sdo muito diversas e variam de miocardite, toxoplasmose ocular (retinocoroidite,
coroidite), encefalite e hidrocefalia a doencas mentais (BLADER et al., 2015).

Quadros clinicos de toxoplasmose podem ser agrupados como toxoplasmose



adquirida, toxoplasmose congénita, toxoplasmose em pacientes imunodeficientes
e toxoplasmose ocular (CAKIR-KOC; OZDEMIR, 2018).

Sinais e sintomas resultam de infecgdo primaria ou reativagdo, em ambas as
formas, a rapida proliferagdo do taquizoito e sua resposta imune inflamatdria
correspondente € responsavel por manifestagdes clinicas. A gravidade pode ser
influenciada pela cepa genética, tamanho do indculo, forma infecciosa,
imunocompeténcia, genética do hospedeiro e a auséncia de exame pré-natal ou
tratamento no pds-natal. Em aproximadamente 10% dos pacientes, os seguintes
sintomas ou sindromes, isoladamente ou em varias combinagbes ja foram
relatados na infecgdo aguda, febre (€104 °F ou < 40 °C), linfadenopatia, cefaléia,
mialgia, artralgia, dor de garganta, rigidez no pescogo, nausea, dor abdominal,
anorexia, confusdo, sintomas oculares incluindo dor ocular, mal-estar geral e
fadiga e ocasionalmente, erupg¢des cutaneas e dor de ouvido. Em surtos
comunitarios ou em certas areas tropicais, até 82% das pessoas infectadas sao
sintomaticas e até 19% podem ter doengas oculares (CONTOPOULOS-
IOANNIDIS; MONTOYA, 2018).

A toxoplasmose congénita resulta da infec¢ao transplacentaria fetal, que pode
resultar em natimortos ou varios defeitos congénitos graves. Aproximadamente,
12% das criangas infectadas nascidas vivas morrem logo apds o nascimento, e
menos de 20% das sobreviventes sdo normais aos 4 anos de idade.
Anormalidades ocorrem no sistema nervoso central e olhos, com sintomas como
ictericia, microcefalia e hidrocefalia, aparecendo no nascimento ou logo em
seguida (BOGITSH; CARTER; OELTMANN, 2019). A toxoplasmose ocular
causada por infecgdo congénita e por infecgao adquirida, € mais comum na
América do Sul e Central, no Caribe e em partes da Africa tropical, em
comparagao com a Europa e a América do Norte, e é bastante rara na China. Na
América do Sul € mais grave que em outros continentes devido a presencga de
cepas extremamente virulentas do parasita (PETERSEN, ESKILD et al., 2017;
PETERSEN, E.; KIJLSTRA; STANFORD, 2012). Cerebrite, retinocoroidite,
pneumonia, miocardite, erupcdo cutanea, e até morte foram reportados em
individuos imunocomprometidos (UNUVAR, 2018).



Apesar da toxoplasmose clinica afetar apenas um numero limitado de
individuos, ocasionalmente algumas epidemias ocorrem (BOGITSH; CARTER,;
OELTMANN, 2019). Surtos de toxoplasmose tém sido registrados nas ultimas
décadas em todo Brasil (ALMEIDA, 2011; BONAMETTI, 1997; MIORANZA,
2008). No comeco de 2018 teve inicio um surto da doenga na cidade de Santa
Maria no estado do Rio Grande do Sul, com 771 casos confirmados conforme o
ultimo boletim divulgado em setembro pela Prefeitura de Santa Maria e o Governo
do Estado, e de acordo com a Sociedade Brasileira de Medicina Tropical os
registros contabilizados até o momento devem confirmar a cidade como o local de
maior surto da doenga no mundo (Relatério de atualizagdo de investigagado de
surto de toxoplasmose em Santa Maria/RS, 2018; Sociedade Brasileira de
Medicina Tropical, 2018).

2.3. Diagnéstico

Os sintomas da infecgdo por T. gondii ndo sao especificos e variam
dependendo dos orgaos infectados. Varios métodos devem ser usados para
apoiar os sintomas clinicos e estabelecer um diagndstico final (CAKIR-KOC;
OZDEMIR, 2018). O diagnéstico da infeccdo por T. gondii e toxoplasmose
incluem testes sorolégicos, amplificacdo de sequéncias especificas de acidos
nucléicos (reacdo em cadeia da polimerase), exames histopatologicos e
isolamento do parasita.

Métodos de diagndstico histopatolégico determinam taquizoitos em amostras
de pacientes ou detectam bradizoitos de cistos teciduais em biopsias teciduais
(CAKIR-KOC; OZDEMIR, 2018). O isolamento de T. gondii do sangue ou fluidos
corporais estabelece que a infeccdo é aguda. Tentativas de isolamento do
parasita podem ser realizadas por inoculagdo em camundongos ou inoculagdo em
culturas de tecidos celulares de praticamente qualquer tecido humano ou fluido
corporal e constitui um diagnéstico positivo (BOGITSH; CARTER; OELTMANN,
2019; MONTOYA, 2002).

A infeccdo por T. gondii ativa a resposta imune humoral e celular do
hospedeiro. A resposta humoral a infecgdo por T. gondii resulta em niveis
aumentados de imunoglobulinas circulantes especificas: IgM, 1gG, IgA, e IgE

(Figura 4). Cada isotipo aparece com um perfil cinético especifico apds a infecgao
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primaria; IgM e IgA aparecem durante a primeira semana e seus niveis atingem
um pico apés aproximadamente 1 més antes de diminuir para niveis indetectaveis
ap6s varias semanas até varios anos. Os niveis de IgE atingem o pico apds
aproximadamente 3 meses e depois diminuem rapidamente, a IgG aparece pela
primeira vez aproximadamente 2 semanas apés a IgM, atinge um patamar apés
aproximadamente 2 a 3 meses e, em seguida, diminui de forma constante para
um titulo residual de longa duragdo (DARD et al., 2016). A detecgao soroldgica de
imunoglobulinas anti-T. gondii desempenham um papel crucial no diagnostico

clinico da toxoplasmose.

Infecgao

Niveis (Imunoglobulinas)

0 ; 8 9
Tempo (meses)

Figura 4. Cinética de imunoglobulinas anti-Toxoplasma apds infecgédo primaria. Traduzido de Dard
et al. (2016).

Uma ampla gama de técnicas sorologicas esta disponivel para a detecgao de
imunoglobulinas especificas de T. gondii, as principais metodologias utilizadas
sdo o ensaio de imunoabsorgdo enzimatica (ELISA), ensaio de aglutinagcéo
imunossorvente, ensaios de hemaglutinagdo indireta, testes de anticorpos
fluorescentes indiretos, o teste de aglutinacdo modificado, Western Blotting e
avidez de 1gG. O teste de corante Sabin-Feldman, que foi reconhecido como
padrdo ouro por um longo periodo, ndo € mais usado devido as suas dificuldades
praticas, particularmente porque sdo necessarios parasitas vivos dentro de seus

componentes. Embora o ELISA vem sendo considerado um dos métodos mais
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confiaveis para a detecgao de anticorpos especificos anti-Toxoplasma no soro, &
uma técnica demorada e inclui preocupacoes especificas (DARD et al., 2016; LIU
et al., 2015; TEIMOURI et al., 2018; ZHANG, K. et al., 2016).

Avangos no conhecimento do genoma do T. gondii tornaram possivel a
utilizacdo da PCR para a deteccao do parasita. O método de PCR ¢é usado para
determinar o DNA de T. gondii em tecidos e fluidos corporais. A regido do gene
especifico de T. gondii deve ser selecionada e amplificada e diferentes pares de
iniciadores para replicagao in vitro dirigidos a diferentes alvos tém sido utilizados.
O primeiro a ser testado, amplamente usado para diagndstico molecular com
sensibilidade aceitavel é o gene B1 (GenBank:AF179871.1) que se encontra
repetido em 35 cdpias no genoma do parasita (BELAZ et al., 2015; COSTA, J.-M.
et al., 2013; FALLAHI et al., 2014; OKAY et al., 2009). Um outro alvo molecular
tem sido amplamente investigado para o diagnéstico de toxoplasmose € a regido
repetitiva (GenBank: AF146527.1), descrita por Homan et al. (2000), constituida
de um fragmento de 529 pb, repetido 200 a 300 vezes no genoma de T. gondii
(FALLAHI et al., 2014; PRATAMA, 2009; WAHAB et al., 2010).

Dentre as proteinas do granulo denso, a proteina GRA6 (antigeno do granulo
denso 6) de 32kDa, codificada pelo gene GRAG6 (um gene de cdpia simples
altamente polimorfico, GenBank: L33814.1) é utilizada para a genotipagem
(BIRADAR et al., 2014; FAZAELI et al., 2000; LECORDIER et al., 1995;
MERCIER et al., 2002; NAM, 2009) e varios estudos reportaram o uso de
proteinas antigénicas recombinantes como GRA para o diagnédstico sorolégico da
toxoplasmose (ARAB-MAZAR et al., 2016; HOLEC-GASIOR, 2013; SONG, K. J.
et al., 2013). Um ensaio de nested-PCR usando o gene GRA7 como alvo, que
também codifica uma proteina granular densa, foi desenvolvido. O teste
apresentou sensibilidade e especificidade igual ou maior que os ensaios de PCR
padrao para deteccado de T. gondii, que amplificam a sequéncia B1 ou a regidao
repetitiva de 529 pb, e dentre os genes testados para o desenvolvimento desse
ensaio o gene GRA6 também apresentou um baixo indice de variabilidade
genética (COSTA et al., 2016).
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3. Biossensores

Os biossensores, dispositivos analiticos que convertem uma resposta bioldgica
em um sinal elétrico mensuravel (MEHROTRA, 2016), sdo constituidos por trés
componentes principais (Figura 5): o elemento de reconhecimento biolégico, que
identifica o estimulo; o transdutor, que converte este estimulo em um sinal
mensuravel e o sistema de processamento de sinal, que envolve a amplificacéo e
exibicdo dos dados em um formato apropriado (PERUMAL; HASHIM, 2014).

C Analito alvo

Transdutor

Elemento de
reconhecimento
biolégico

Figura 5. Representacdo esquematica de um biossensor. Traduzido de Rodovalho et al. (2015).

As principais vantagens dos biossensores em relagdo as técnicas analiticas
convencionais sao medi¢gbes rapidas, baixo custo, possibilidade de
miniaturizagdo, possibilidade de monitoramento continuo e, em alguns casos, a
capacidade de medir os analito em matrizes complexas com preparagdo minima
da amostra (BETTAZZI et al., 2017; MADURAIVEERAN; SASIDHARAN;
GANESAN, 2018; SANTORO; RICCIARDI, 2016).

Os biossensores tém sido amplamente pesquisados e desenvolvidos como
uma ferramenta analitica para diversas areas, como a médica (JUSTINO;
DUARTE; ROCHA-SANTOS, 2016; MURUGAIYAN et al., 2014), alimentar
(EVTUGYN, 2016), ambiental (BOSCH-OREA; FARRE; BARCELO, 2017;
WANG, X.; LU; CHEN, 2014) e forense (ARAUJO et al., 2018; YANEZ-SEDENO
etal., 2014).
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Varios parametros sado utilizados para a classificacdo dos biossensores
(Figura 6), tais como o elemento de reconhecimento bioldgico utilizado e o
método de transducdo do sinal (BOSCH-OREA; FARRE; BARCELO, 2017).

Figura 6. Diferentes categorias de biossensores. Adaptado e traduzido de Perumal; Hashim,
(2014).

3.1. Classificagao baseada no elemento de reconhecimento biolégico

Um elemento de reconhecimento bioldgico ou biorreceptor geralmente consiste
de uma biomolécula imobilizada que é capaz de detectar o analito alvo especifico.
E crucial um elemento de reconhecimento ser seletivo, sensivel e estavel para o
analito alvo especifico a fim de evitar a interferéncia de outras substancias
presentes nas amostras (PERUMAL; HASHIM, 2014; WANG, X.; LU; CHEN,
2014). Devido aos grandes avangos na biologia molecular, bioquimica, genética,
microbiologia e imunologia, uma vasta gama de biomoléculas sdo comumente
utilizadas como elemento de reconhecimento biolégico para a construgdo dos
biossensores, cada um com suas proprias vantagens na detecg¢ao do analito alvo.

Baseando-se no elemento de reconhecimento biolégico, os biossensores
podem ser classificados em: enzimaticos, celulares, miméticos, genossensores e
imunossensores (PERUMAL; HASHIM, 2014).
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3.1.1. Biossensores enzimaticos

As enzimas sao biocatalisadores muito eficientes, que possuem a
capacidade de reconhecer especificamente os seus substratos e catalisar a sua
transformacdo, estas propriedades unicas tornam as enzimas ferramentas
interessantes para o desenvolvimento de dispositivos analiticos, como os
biossensores (PERUMAL; HASHIM, 2014). Biossensores enzimaticos podem ser
definidos como um dispositivo analitico com uma enzima como biorreceptor
integrado ou intimamente associado ao transdutor fisico para produzir um sinal
digital discreto ou continuo que seja proporcional a concentragdo do analito
presente na amostra (KARUNAKARAN; MADASAMY; SETHY, 2015). Os
biossensores enzimaticos podem ser distinguidos entre aqueles que medem a
inibicdo de uma enzima devido a presenca do analito alvo, e aqueles que medem
a transformacdo catalitica do analito alvo por uma enzima especifica (FARRE;
BARCELO, 2007).

3.1.2. Biossensores celulares

Biossensores celulares sdao um tipo de biossensor que utilizam células vivas
como o elemento de reconhecimento; baseiam-se na capacidade da célula em
detectar as condicbes do microambiente intracelular ou extracelular e os
parametros fisioldgicos, e produzir uma resposta por meio da interagdo entre o
estimulo e a célula (HANSEN; UNRUH, 2017; PERUMAL; HASHIM, 2014), e sua
principal aplicacdo esta no monitoramento ambiental e seguranca alimentar (YE;
GUO; SUN, 2018). Esses dispositivos também sdo conhecidos como
biossensores microbianos (D'ORAZIO, 2011). Os microrganismos, tais como
bactérias e fungos sao geralmente utilizados como biorreceptores para a
deteccdo de moléculas especificas ou o estado geral de um ambiente
circundante, e proteinas presentes nas células, como as enzimas e podem
também ser utilizadas como biorreceptores para a deteccdo de um analito
especifico (D’SOUZA, 2001; PERUMAL; HASHIM, 2014).
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3.1.3. Biossensores miméticos

Os biossensores miméticos sdo aqueles que utilizam como elemento de
reconhecimento bioldgico biomoléculas sintéticas ou artificiais que mimetizam
uma biomolécula natural. Nesta categoria podemos incluir os biossensores
baseados na imobilizagdo de aptameros, que sao oligonucleotideos de fita
simples que se ligam a seus alvos com alta afinidade e especificidade
(GOPINATH et al., 2016; KOZITSINA et al., 2018).

3.1.4. Genossensores

Os genossensores sao baseados em processos de reconhecimento de acidos
nucléicos visando a detecgdo de alvos envolvidos em doengas genéticas,
doencas infecciosas. Permitem o monitoramento de danos e interagdes ao DNA e
deteccao de interagcbes com proteinas, compostos farmacéuticos, ions metalicos
e complexos metalicos, poluentes, radicais livres e radiagao ultravioleta
(DICULESCU; CHIORCEA-PAQUIM; OLIVEIRA-BRETT, 2016; MURUGAIYAN et
al., 2014) e nos ultimos anos, tém sido considerados promissores dispositivos de
diagndstico clinico alternativos especialmente para doencas infecciosas (RASHID;
YUSOF, 2017).

S&o desenvolvidos por meio da imobilizagdo de fita simples de DNA,
geralmente pequenos oligonucleotideos sinteticos, sobre a superficie do
transdutor, seguida pelo reconhecimento do seu alvo complementar para
formacao da dupla hélice de DNA. A detecg¢ao do alvo complementar e do evento
de hibridizagdo pode ser realizada por medida direta ou por medida indireta
utilizando um indicador de hibridizagdo (BETTAZZI et al., 2017; PERUMAL,;
HASHIM, 2014). Os acidos nucléicos oferecem vantagens para serem utilizados
como sonda, pois sdo estaveis, faciimente sintetizados, altamente especificos e
podem ser reutilizaveis (MURUGAIYAN et al., 2014; SANTORO; RICCIARDI,
2016).
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3.1.5. Imunossensores

Um imunossensor é um tipo de biossensor no qual o antigeno se liga ao
anticorpo e forma um complexo estavel, e o antigeno ou anticorpo pode ser
imobilizado na superficie de diferentes transdutores (ZHANG; ZHAO, 2019).

A determinacdo de anticorpos é uma area importante na bioanalise, pois sua
presencga fornece informacgdes sobre diversas doencgas. Infecgdes induzem uma
resposta do sistema imunologico, permitindo o diagndstico da doenga com
ensaios de deteccao de anticorpos do hospedeiro produzidos em resposta a
infeccao (HEYDUK et al., 2018).

Como a resposta imune é mediada por anticorpos, ela ocorre por meio do
reconhecimento de epitopos especificos; a redu¢ao do antigeno para sequéncias
minimas de peptideos tem sido frequentemente utilizada (HEYDUK et al., 2018;
PAVAN; BERTI, 2011).

Os aminoacidos, unidades fundamentais dos peptideos e proteinas, sao
constituidos por um atomo de carbono central, ligado a quatro grupos: um atomo
de hidrogénio, um grupo a-carboxilico, um grupo a-amino e um grupo R, que
representa as cadeias laterais exclusivas de cada aminoacido e responsaveis
pelas suas propriedades quimicas individuais. Os peptideos sdo formados por
polimeros curtos naturais ou sintéticos de aminoacidos que s&do unidos por
ligacdes peptidicas, também chamadas de ligagdes amida, formadas pela unido
do grupo a-carboxilico de um aminoacido ao grupo a-amino de outro aminoacido
(DIETZEN, 2018; KATSOYANNIS, 1961). Peptideos adotam configuragdes
especificas, dependendo de quais grupos R estdo préoximos uns dos outros em
uma cadeia peptidica (PUIU; BALA, 2018).

Os peptideos tém sido utilizados como elemento de bioreconhecimento devido
a sua estabilidade contra desnaturacao, aquisicao simples, especificidade, custo-
beneficio, protocolo sintético padrdao, acessibilidade, facil modificacao,
versatilidade quimica, combinagao quimica e selecdo em bibliotecas aleatdrias
(KARIMZADEH et al., 2018).

Um numero crescente de biossensores utilizando peptideos para deteccéo de
anticorpos tém sido relatados na literatura com uma ampla variedade de campos

de aplicacao. Peptideos especificos foram conjugados com o marcador redox azul
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de metileno e utilizados no desenvolvimento de um biossensor eletroquimico para
a detecgao de anticorpos anti- p24, uma proteina presente no nucleocapsideo do
virus da imunodeficiéncia humana tipo | (HIV-1) (GERASIMOV; LAI, 2010).
Zaitouna; Lai (2014) desenvolveram um sensor para a detecgdo de anticorpos
anti-Ara h 2, uma proteina presente no amendoim, com base também na
imobilizacdo de peptideo conjugado com azul de metileno, Valencia et al. (2016)
desenvolveram um imunossensor eletroquimico para detec¢ao de anticorpos anti-
peptideos de HPV com base na imobilizagdo de um peptideo em eletrodos de
ouro. Rodovalho et al. (2018) e Oliveira et al. (2018) utilizaram peptideos para
detecgdo de imunoglobulinas IgG especificas para artrite idiopatica juvenil e artrite

reumatoide, respectivamente.

3.2. Classificagao quanto a transducgao do sinal

Os biossensores podem ser classificados de acordo com o principio usado na
transducdo de sinal. O transdutor € um componente do biossensor que
desempenha um importante papel no processo de deteccédo do sinal, por isso o
transdutor pode ser definido como um dispositivo que converte uma vasta gama
de efeitos bioldgicos, fisicos e quimicos, em um sinal elétrico mensuravel
(PERUMAL; HASHIM, 2014). No que se refere ao tipo de transdutor fisico-
quimico, os biossensores sao classificados em piezoelétricos, calorimétricos,

opticos e eletroquimicos.

3.2.1. Biossensores piezoelétricos

Também conhecidos como sensores mecanicos, estes dispositivos detectam a
mudanga na massa devida a interagdo do alvo com o elemento de
reconhecimento, produzindo um sinal elétrico mensuravel. Eles sao baseados no
efeito piezoelétrico, onde certos materiais sélidos acumulam carga elétrica em
resposta a tensdes mecanicas. A principal vantagem da abordagem de
transducao piezoelétrica inclui a capacidade de realizar medicdes diretas sem
marcagoes do processo de ligacdo, incluindo a analise em tempo real da cinética
de ligagao (SANTORO; RICCIARDI, 2016).
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3.2.2. Biossensores calorimétricos

Esses dispositivos exploram a propriedade de absorgao ou liberagdo do
calor das reagdes bioquimicas. O principio do biossensor calorimétrico ou térmico
envolve a medi¢cao das variagdes de temperatura na reacido entre o elemento de
reconhecimento e um analito alvo; esta alteracdo de temperatura pode ser
correlacionada com a quantidade de reagentes consumidos ou produtos
formados, com a medigdo do calor liberado ou consumido (KARUNAKARAN;
RAJKUMAR; BHARGAVA, 2015; RAMANATHAN; DANIELSSON, 2001).

3.2.3. Biossensores opticos

Nos biossensores opticos, um sinal optico que € baseado na mudancga na
fase, amplitude, polarizagdo ou frequéncia da luz de entrada, em resposta aos
processos de reconhecimento. Podem ser classificados como colorimétricos,
fluorescentes, quimioluminescentes, eletroquimioluminescentes e biossensores
baseados em ressonancia plasmoénica de superficie (JU, 2017; LECHUGA,
2005).

3.2.4. Biossensores eletroquimicos

Os biossensores eletroquimicos sao baseados no consumo e/ou geragao de
especies eletroativas durante uma interagdo quimica e biologica; nesse processo
o transdutor mensura o sinal eletroquimico produzido por essa interacéo
(MEHRVAR, 2004).

As técnicas eletroquimicas possibilitam o estabelecimento de relagdes diretas
entre a concentragao do analito e algumas propriedades elétricas como corrente,
potencial, condutividade, resisténcia ou carga. Como as medidas destas
propriedades sdo facilmente acessiveis experimentalmente, sdo adequadamente
utilizadas na quantificagdo de espécies de interesse nas diferentes areas de
estudo (SOUZA, 2003). Os biossensores eletroquimicos sdo os mais comuns e
estudados para o uso em analises clinicas (SONG, S.; XU; FAN, 2006)

Estes dispositivos dependem de propriedades elétricas (resisténcia, corrente,
potencial, capacitancia, impedancia), que sado detectadas e medidas usando
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diferentes métodos, como potenciometria, condutometria, amperometria ou
voltametria (KARUNAKARAN; RAJKUMAR; BHARGAVA, 2015).
Neste trabalho, técnicas voltamétricas foram utilizadas para o desenvolvimento

dos biossensores para o diagnostico de T. gondii.

3.2.4.1. Voltametria

Esta técnica foi desenvolvida pela primeira vez por Jaroslav Heyrovsky em
1922, o que resultou no Prémio Nobel de Quimica em 1959 (HOUSSIN; SENEZ,
2014). O termo voltametria refere-se as técnicas nas quais a corrente € medida
variando-se o potencial em uma faixa definida. A resposta de corrente é
geralmente um pico ou um platd proporcional a concentragdo do analito
(BETTAZZI et al., 2017; RONKAINEN; HALSALL; HEINEMAN, 2010). O grafico
de corrente versus potencial, chamado voltamograma, fornece informagdes sobre
a reagao quimica e a posicado da corrente de pico esta relacionada a substancia
quimica especifica, e os valores de corrente de pico € proporcional a
concentragcdo da espécie correspondente (KARUNAKARAN; RAJKUMAR;
BHARGAVA, 2015).

Na voltametria, um potencial em fungdo do tempo é aplicado a um eletrodo de
trabalho, mudando o seu potencial em relagdo a um potencial fixo de um eletrodo
de referéncia. A corrente resultante, que flui entre o eletrodo de trabalho e um
eletrodo auxiliar, € medido em fungao do potencial (HOUSSIN; SENEZ, 2014).

O eletrodo de trabalho é o eletrodo onde a reacédo de interesse ocorre, € 0
desempenho das medi¢des voltamétricas é fortemente influenciado pelo material
do eletrodo de trabalho, que pode ser de varios materiais como carbono vitreo,
prata, ouro, mercurio, tintas impressas, vidro revestido com oOxido de indio-
estanho, pasta de carbono e grafite. O eletrodo de referéncia é usado para
produzir um potencial constante na célula eletroquimica; o mais comumente
usado para solug¢des aquosas € o eletrodo de prata/cloreto de prata (Ag/AgCl), e o
eletrodo auxiliar € o eletrodo utilizado para fechar o circuito na célula
eletroquimica e geralmente é feito de um material inerte como platina, ouro,
grafite e carbono vitreo (KARUNAKARAN; RAJKUMAR; BHARGAVA, 2015).
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Os meétodos voltamétricos incluem voltametria de varredura linear, voltametria
ciclica, voltametria hidrodinamica, voltametria de pulso diferencial, voltametria de
onda quadrada, polarografia e voltametria de redissolugdo (RONKAINEN;
HALSALL; HEINEMAN, 2010). A escolha da técnica voltamétrica a ser utilizada,
esta relacionada com o tipo e a qualidade de informacdo quantitativa e/ou
qualitativa que se quer obter a respeito do analito ou do processo que envolve a
interacdo entre o analito e o eletrodo de trabalho (PACHECO, 2013).

Na voltametria ciclica (Figura 7) o potencial inicial (E1) aplicado varia
linearmente em um sentido até o potencial final (E2), entdo, o sentido da varredura
€ invertido e o potencial volta ao valor inicial (E1), seu voltamograma consiste de
uma curva fechada. Na presenca de compostos eletroativos, podem ser
detectados picos de oxidacdo, em um potencial de pico anddico (Epa) € com
corrente de pico anddico (ipa) especificos; e/ou picos de redugdo, em um potencial
de pico catddico (Epc) € com corrente de pico catddico (ipc) especificos. Para as
correntes de pico, pode ser realizada a subtracdo da corrente na base do pico, o
que resulta na variagao de corrente de picos anddico e catddico (Aipa € Aipc)
(BARD, 2008).

Geralmente esta técnica ndo é usada para analise quantitativa devido a sua
baixa sensibilidade (KARUNAKARAN; RAJKUMAR; BHARGAVA, 2015).

A [P [EEAE——
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Figura 7. Representacdes graficas da voltametria ciclica. A) Grafico de potencial em funcdo do
tempo: em cada ciclo o potencial é variado de E1 a E2, em seguida retornando a E1. B)
Voltamograma ciclico, com a corrente elétrica em fungéo do potencial. Neste exemplo, & possivel
observar os picos de oxidacao e reducgédo. E: potencial elétrico; i: corrente elétrica; Epc: potencial
de pico catddico; Epa: potencial de pico anddico; ipc: corrente de pico catddico; ipa: corrente de
pico anddico. O delta (A) representa a variagdo de corrente de pico, com a subtracdo da corrente
de pico pela corrente na base do pico. Adaptado de Karunakaran; Rajkumar; Bhargava (2015).
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A voltametria de pulso diferencial (Figura 8) € uma técnica mais sensivel,
onde pulsos de amplitude fixos sobrepostos a uma rampa de potencial crescente
sao aplicados ao eletrodo de trabalho. A corrente € medida duas vezes, uma
antes da aplicagdo do pulso e outra ao final do pulso. A primeira corrente é
instrumentalmente subtraida da segunda, e a diferengca das correntes é plotada
versus o potencial aplicado. O voltamograma resultante consiste de picos de
corrente de forma gaussiana, cuja area ¢é diretamente proporcional a
concentragcdo do analito (BARD, 2008; KARUNAKARAN; RAJKUMAR;
BHARGAVA, 2015; PACHECO, 2013).

E2

Ex

t E

Figura 8. Representacdes graficas da voltametria de pulso diferencial. A) Grafico de potencial em
fungdo do tempo: s&o aplicados pulsos periddicos de potencial. Os pontos destacados
representam a amostragem de corrente para um pulso. B) Voltamograma de pulso diferencial, com
a corrente elétrica em fungdo do potencial. Neste exemplo, € possivel observar um pico de
oxidagdo. E: potencial elétrico; i: corrente elétrica; AEp: variacdo de potencial de pulso; AEs:
variacdo de potencial de amostragem; tp: periodo de pulso; Aip: variacdo de corrente de pico.
Adaptado de Karunakaran; Rajkumar; Bhargava (2015).

3.24.2. Mecanismos de detecgao eletroquimica

Os ensaios eletroquimicos podem ser diretos ou indiretos. Nos métodos
diretos, a ligacdo do analito ao elemento de reconhecimento é detectado
diretamente, sem a necessidade de sondas redox ou indicadores eletroativos.
Componentes de acidos nucléicos, como nucleosideos e nucleotideos, sao
espécies eletroativas que podem ser monitoradas diretamente. O comportamento
eletroquimico do DNA e os efeitos de sua adsor¢gdo em diversos tipos de

eletrodos tém sido amplamente investigados (DRUMMOND; HILL; BARTON,
22



2003; MUTI; KURALAY; ERDEM, 2012; PALECEK; BARTOSIK, 2012; RASHID;
YUSOF, 2017). Oliveira-Brett et al. (2004) investigaram a oxidacédo voltamétrica
de todos os nucleotideos do acido desoxirribonucleico em eletrodos de carbono
vitreo (Figura 9), onde observaram que as purinas, guanina (G) e adenina (A) séo
oxidadas em potenciais positivos muito menores (+ 0,70 e + 0,96 V vs. Ag/AgCl)
quando comparadas as pirimidinas, timina (T) e citosina (C) cujos potenciais de
oxidagao (+1,16 e +1,31 V vs. Ag/AgCl) estdo proximos do potencial de evolugéo
do oxigénio. Além disso, na mesma concentragcéo, as correntes de oxidagao das
bases pirimidicas sdo muito inferiores as das bases puricas (ZHANG et al., 2016).
Como as bases nitrogenadas redox G e A sdo mais ativas e mais facilmente
detectadas, o monitoramento do sinal de oxidacdo dessas bases tem sido
utilizado para monitorar eventos de hibridizagdo entre sonda e alvo (ERDEM et
al., 2004; ERDEM et al., 2006; GOKCE et al., 2016).

L] v 1

— — .
0.4 0.6 0.8 1.0 1.2 1.4
E/V vs Ag/AgCl
Figura 9. Voltametria de pulso diferencial obtido com um eletrodo de carbono vitreo didmetro 3
mm para a mistura de 2x10-5 M guanina (G), adenina (A) e 2x10* M timina (T) e citosina (C) em

eletrolito suporte tampéao fosfato 0,1M pH 7,4 (...) voltamograma registrado; (-) voltamograma
corrigido a linha de base (OLIVEIRA-BRETT et al., 2004).
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Nos meétodos indiretos, ha a utilizagdo de biomoléculas conjugadas com
elementos cataliticos (enzimas peroxidase e fosfatase alcalina, por exemplo),
indicadores da interagdo ou moléculas fluorescentes (GRIFFIN, 2009;
THEVENOT et al., 2001). As mudancas que ocorrem na superficie do eletrodo,
como a interacdo sonda e alvo, podem ser observadas por alteracbes na
transferéncia de elétrons de um sistema redox conhecido. Um indicador de
interacdo muito utilizado é a sonda redox externa ferrocianeto de potassio
K4[Fe(CN)s]. O objetivo de usar esta molécula é investigar a area da superficie do
eletrodo disponivel para sua oxidacdo: [Fe(CN)* € [Fe(CN)*~ + e-
(HENNESSEY et al., 2009).

RESENDE et al. (2017) descreveram um imunossensor para deteccdo de
proteina C reativa utilizando ferrocianeto como indicador. Rodovalho et al. (2018)
e Oliveira et al. (2018) também utilizaram essa sonda redox para detecgdo de
imunoglobulinas 1gG especificas para artrite idiopatica juvenil e artrite reumatoide,

respectivamente.

3.3. Estratégias de imobilizagao de biomoléculas

A imobilizacdo do elemento de reconhecimento na superficie do eletrodo de
trabalho para reconhecer seu alvo € o passo crucial na construcido de sensor
eletroquimico. Para a escolha do método de imobilizagcéo, alguns fatores devem
ser levados em consideragdo, como o tipo de elemento de transducgdo, as
propriedades fisicas do analito e a natureza do biocomponente a ser imobilizado.
O elemento de reconhecimento pode ser imobilizado por adsorgéo fisica, ligagéo
covalente ou oclusdo (SANTORO; RICCIARDI, 2016).

A adsorcdo fisica de biomoléculas depende de interagcbes nao covalentes,
principalmente forca eletrostatica, ligacao idnica, ligacdo de hidrogénio e interagcao
hidrofébica, sendo um método simples que gera pouco efeito na bioatividade e
com ampla aplicabilidade (JU, 2017; SANTORO; RICCIARDI, 2016).

A imobilizagdo de sondas de DNA na superficie do eletrodo de trabalho para
reconhecer seu alvo complementar via hibridizagdo é a etapa crucial na
construcdo dos genossensores. Adsor¢do € a técnica mais simples para a
imobilizacdo de sondas de DNA na superficie do eletrodo de trabalho, pois néo

requer uso de reagentes quimicos e modificagdo das sondas, e o uso de filmes
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poliméricos tem sido utilizado para auxiliar nessa adsor¢do (RASHID; YUSOF,
2017).

3.4. Polimeros condutores

Os polimeros condutores sao polimeros organicos que conduzem eletricidade
devido a deslocalizagao de elétrons 1. Tais compostos podem ter condutividade
metalica ou ser semicondutores e podem ser sintetizados por varias técnicas,
incluindo a polimerizagao eletroquimica (AWUZIE, 2017; RAHMAN et al., 2015),
utilizada neste trabalho.

Polimeros condutores tém sido amplamente utilizados no desenvolvimento de
biossensores eletroquimicos, devido a varias vantagens, como a presencga de
grupos funcionais que facilitam a imobilizagdo de biomoléculas (GERARD, 2002;
RAHMAN et al., 2015). Além disso, a combinagcdo de materiais poliméricos com
biossensores promove um aumento no desempenho analitico do biossensor,
aumentando a sensibilidade, seletividade, estabilidade e reprodutibilidade da
resposta do eletrodo na detecgdo de uma variedade de analitos alvo (ATES,
2013).

Polimeros derivados do acido hidroxibenzéico (HBA) sao utilizados no
desenvolvimento de filmes poliméricos para a modificagdo de eletrodos devido a
presenca de grupos funcionais (acido carboxilico e acido hidroxilico), que podem
sofrer eletropolimerizacao e interagir com biomoléculas (FERREIRA, et al., 2014;
FERREIRA, et al., 2011) Trabalhos anteriores mostraram que o polimero derivado
do (3-HBA) é uma matriz eficiente tanto para a imobilizagdo de oligonucleotideos
(FERREIRA, et al., 2014) quanto peptideos (OLIVEIRA et al., 2018).

4. Biossensores para detecgcao de Toxoplasma gondii

Biossensores aplicados a detecgdo de Toxoplasma gondii tém sido descritos
na literatura. A maioria dos biossensores para T. gondii reportados baseia-se em
imunoensaios para a detecgdo de anticorpos anti-T. gondii. Um imunoensaio
piezelétrico baseado na aglutinagdo foi desenvolvido para detectar diretamente
imunoglobulinas anti- T. gondii em soro e sangue de coelhos infectados. A técnica
proposta é baseada na aglutinagdo especifica de nanoparticulas de ouro
revestidas com antigeno (didmetro de 10 nm). Na presenga do anticorpo
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correspondente, que provoca uma mudanca de frequéncia monitorada por um
dispositivo piezoelétrico (WANG, H. et al, 2004). Ding et al. (2005),
desenvolveram um biossensor eletroquimico baseado em uma amplificagédo
catalisada por enzimas. Antigenos de T. gondii foram imobilizados na superficie
de um eletrodo de ouro, a fim de ligarem-se a IgG anti-toxoplasma, e isso foi
seguido pela adigao de anti-IgG conjugado com peroxidase, as técnicas utilizadas
para a deteccao foram microbalangca de cristal de quartzo, espectroscopia de
impedancia eletroquimica e voltametria ciclica.

Um imunossensor eletroquimico foi construido utilizando folhas de
grafeno/nafion, nanoparticulas de ouro e tionina para produzir uma membrana
hibrida depositada em eletrodos de vidro. A detecgédo de IgM anti-toxoplasma foi
realizada através de anti-lgG conjugada com peroxidase e acopladas com
nanoparticulas magnéticas de 6xido de ferro (JIANG et al., 2013). Medawar-
Aguilar et al. (2018) descreveram um imunossensor fluorescente para
determinacao de IgG anti-toxoplasma utilizando nanoparticulas de éxido de zinco
cobertas com quitosana e funcionalizadas com antigenos de T. gondii, e a
detecgdo foi realizada utilizando anticorpos anti-lgG marcados com fosfatase
alcalina.

Luo et al. (2013) usaram dois aptameros com alta afinidade para IgG anti-
toxoplasma como sondas de deteccdo para o desenvolvimento de um
aptassensor conjugado com quantum dots. Na presenca de IgG anti-toxoplasma,
um complexo sanduiche de aptamero-proteina-aptamero é formado e capturado
em microplacas de multiplos pocgos, cuja fluorescéncia pode ser lida usando
quantum dots como marcador. Também baseado na deteccédo fluorimétrica, He et
al. (2015) descreveu o uso de nanoparticulas fluorescentes magnéticas no
desenvolvimento de genossensor para a detecgao de oligonucleotideos de DNA
de T. gondii. Outro genossensor foi desenvolvido a partir da imobilizagdo de
oligonucleotideos modificados com inosina sobre eletrodos de grafite de lapis, e a
deteccao eletroquimica da formagao do duplex em amostras de DNA amplificadas
por PCR foi realizada monitorando o sinal da oxidagdo da guanina utilizando
voltametria de pulso diferencial (GOKCE et al., 2016).
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Apesar desses varios estudos reportando biossensores para detecgao de T.
gondii, a maioria apresenta metodologias complicadas e plataformas intrincadas e
com custo relativamente elevado. O presente trabalho objetivou o
desenvolvimento de plataformas mais simples, utilizando eletrodos de grafite
como transdutores, sendo os mesmos modificados com um polimero derivado do

acido 3-hidroxibenzdico, facilmente obtido por eletropolimerizagéo.

Referéncias

ALMEIDA, M. J. D. O., LUZIA HELENA HERRMANN DE; FREIRE, ROBERTA
LEMOS AND NAVARRO, ITALMAR TEODORICO. Aspectos sociopoliticos da
epidemia de toxoplasmose em Santa Isabel do Ivai (PR). Cien Saude Colet., v.
16, n. 1, p. 1363-1373, 2011. https://doi.org/10.1590/S1413-81232011000700071

ARAB-MAZAR, Z.; FALLAHI, S.; KOOCHAKI, A.; HAGHIGHI, A.; SEYYED
TABAEI, S. J. Immunodiagnosis and molecular validation of Toxoplasma gondii-
recombinant dense granular (GRA) 7 protein for the detection of toxoplasmosis in
patients with cancer. Microbiol Res, v. 183, p. 53-9, 2016.
https://doi.org/10.1016/j.micres.2015.11.006

ARAUJO, W. R.; CARDOSO, T. M. G.; DA ROCHA, R. G.; SANTANA, M. H. P,
MUNOZ, R. A. A;; RICHTER, E. M.; PAIXAO, T. R. L. C.; COLTRO, W. K. T.
Portable analytical platforms for forensic chemistry: A review. Anal Chim Acta, v.
1034, p. 1-21, 2018. https://doi.org/10.1016/j.aca.2018.06.014

ATES, M. A review study of (bio)sensor systems based on conducting polymers.
Mater. Sci. Eng. C., v. 33, n. 4, p. 1853-1859, 2013.
https://doi.org/10.1016/j.msec.2013.01.035

AWUZIE, C. I. Conducting Polymers. Mater Today-Proc, v. 4, n. 4, p. 5721-5726,
2017. https://doi.org/10.1016/j.matpr.2017.06.036

BARD, A. J. I., GYORGY ;SCHOLZ, FRITZ Electrochemical Dictionary: Springer
2008. https://doi.org/10.1007/978-3-540-74598-3

BELAZ, S.; GANGNEUX, J. P.; DUPRETZ, P.; GUIGUEN, C.; ROBERT-
GANGNEUX, F. A 10-year retrospective comparison of two target sequences,
REP-529 and B1, for Toxoplasma gondii detection by quantitative PCR. J Clin
Microbiol, v. 53, n. 4, p. 1294-300, 2015. https://doi.org/10.1128/JCM.02900-14

BETTAZZI, F.; MARRAZZA, G.; MINUNNI, M.; PALCHETTI, I.; SCARANO, S.
Chapter One - Biosensors and Related Bioanalytical Tools. In: PALCHETTI,
[.;HANSEN, P.-D., et al (Ed.). Comprehensive Analytical Chemistry: Elsevier,
v.77,2017. p.1-33. ISBN 0166-526X.

27


https://doi.org/10.1590/S1413-81232011000700071
https://doi.org/10.1016/j.micres.2015.11.006
https://doi.org/10.1016/j.aca.2018.06.014
https://doi.org/10.1016/j.msec.2013.01.035
https://doi.org/10.1016/j.matpr.2017.06.036
https://doi.org/10.1007/978-3-540-74598-3
https://doi.org/10.1128/JCM.02900-14

BIRADAR, S. S.; SARAVANAN, B. C.; TEWARI, A. K.; SREEKUMAR, C;
SANKAR, M.; SUDHAKAR, N. R. Genetic characterization of Toxoplasma gondii
isolates from chickens in India by GRAG6 gene sequence analysis. Acta Parasitol,
v. 59, n. 4, p. 666-74, 2014. https://doi.org/10.2478/s11686-014-0288-1

BLACK, M. W.; BOOTHROYD, J. C. Lytic cycle of Toxoplasma gondii. Microbiol
Mol Biol Rev, V. 64, n. 3, p. 607-623, 2000.
https://doi.org/10.1128/MMBR.64.3.607-623.2000

BLADER, I. J.; COLEMAN, B. I.; CHEN, C. T.; GUBBELS, M. J. Lytic Cycle of
Toxoplasma gondii: 15 Years Later. Annu Rev Microbiol, v. 69, p. 463-85, 2015.
https://doi.org/10.1146/annurev-micro-091014-104100

BOGITSH, B. J.; CARTER, C. E.; OELTMANN, T. N. Blood and Tissue Protistans
[ll. In: BURTON J. BOGITSH, C. E. C., THOMAS N. OELTMANN (Ed.). Human
Parasitology. Fifth Edition: Academic Press, 2019. p.135-148. ISBN
9780128137123. https://doi.org/10.1016/B978-0-12-813712-3.00008-4

BONAMETTI, A. M. P., JOSELINA DO NASCIMENTO; SILVA, EDINA MARIKO
KOGA DA AND BORTOLIERO, ANDRE LUIZ. Surto de toxoplasmose aguda
transmitida através da ingestado de carne crua de gado ovino. Rev Soc Bras Med
Trop, v. 30, n. 1, p. 21-25 1997. https://doi.org/10.1590/S0037-
86821997000100005

BOSCH-OREA, C.; FARRE, M.; BARCELO, D. Chapter Ten - Biosensors and
Bioassays for Environmental Monitoring. In: PALCHETTI, I.;HANSEN, P.-D., et al
(Ed.). Comprehensive Analytical Chemistry: Elsevier, v.77, 2017. p.337-383.
ISBN 0166-526X.

CAKIR-KOC, R.; OZDEMIR, B. Chapter 15 - A Global Problem of Toxoplasmosis.
In: KON, K. e RAI, M. (Ed.). The Microbiology of Central Nervous System
Infections: Academic Press, v.3, 2018. p.305-317. ISBN 24519006.

CARRION, M. N.; HAMER, D. H.; EVANS, D. Parasitic Diseases, an Overview. In:
QUAH, S. R. (Ed.). International Encyclopedia of Public Health (Second
Edition). Oxford: Academic Press, 2017. p.399-408. ISBN 978-0-12-803708-9.
https://doi.org/10.1016/B978-0-12-803678-5.00241-1

CONTOPOULOS-IOANNIDIS, D.; MONTOYA, J. G. 273 - Toxoplasma gondii
(Toxoplasmosis). In: LONG, S. S.;PROBER, C. G,, et al (Ed.). Principles and
Practice of Pediatric Infectious Diseases (Fifth Edition): Elsevier, 2018.
p.1352-1364.e2. ISBN 978-0-323-40181-4. https://doi.org/10.1016/B978-0-323-
40181-4.00273-5

28


https://doi.org/10.2478/s11686-014-0288-1
https://doi.org/10.1128/MMBR.64.3.607-623.2000
https://doi.org/10.1146/annurev-micro-091014-104100
https://doi.org/10.1016/B978-0-12-813712-3.00008-4
https://doi.org/10.1590/S0037-86821997000100005
https://doi.org/10.1590/S0037-86821997000100005
https://doi.org/10.1016/B978-0-12-803678-5.00241-1
https://doi.org/10.1016/B978-0-323-40181-4.00273-5
https://doi.org/10.1016/B978-0-323-40181-4.00273-5

COSTA, J.-M.; ALANIO, A.; MOUKOURY, S.; CLAIRET, V.; DEBRUYNE, M,;
POVEDA, J.-D.; BRETAGNE, S. Direct genotyping of Toxoplasma gondii from
amniotic fluids based on B1 gene polymorphism using minisequencing analysis.
BMC Infect Dis, v. 13, p. 552-552, 2013. https://doi.org/10.1186/1471-2334-13-
552

COSTA, M. E.; OLIVEIRA, C. B.; ANDRADE, J. M.; MEDEIROS, T. A.; NETO, V.
F.; LANZA, D. C. An alternative nested-PCR assay for the detection of
Toxoplasma gondii strains based on GRA7 gene sequences. Acta Trop, v. 159, p.
120-4, 2016. https://doi.org/10.1016/j.actatropica.2016.03.035

D'ORAZIO, P. Biosensors in clinical chemistry - 2011 update. Clin Chim Acta, v.
412, n. 19-20, p. 1749-61, 2011. https://doi.org/10.1016/j.cca.2011.06.025

D’SOUZA, S. F. Microbial biosensors. Biosens Bioelectron, v. 16, p. 337-353,
2001. https://doi.org/10.1016/S0956-5663(01)00125-7

DARD, C.; FRICKER-HIDALGO, H.; BRENIER-PINCHART, M.-P.; PELLOUX, H.
Relevance of and new developments in serology for toxoplasmosis. Trends
Parasitol, v. 32, n. 6, p. 492-506, 2016. https://doi.org/10.1016/j.pt.2016.04.001

DICULESCU, V. C.; CHIORCEA-PAQUIM, A.-M.; OLIVEIRA-BRETT, A. M.
Applications of a DNA-electrochemical biosensor. Trends Analyt Chem, v. 79, p.
23-36, 2016. https://doi.org/10.1016/j.trac.2016.01.019

DIETZEN, D. J. 13 - Amino acids, peptides, and proteins. In: RIFAI, N.;HORVATH,
A. R, et al (Ed.). Principles and Applications of Molecular Diagnostics:
Elsevier, 2018. p.345-380. ISBN 978-0-12-816061-9.
https://doi.org/10.1016/B978-0-12-816061-9.00013-8

DING, Y.; WANG, H.; SHEN, G.; YU, R. Enzyme-catalyzed amplified
immunoassay for the detection of Toxoplasma gondii-specific IgG using Faradaic
impedance spectroscopy, CV and QCM. Anal Bioanal Chem, v. 382, n. 7, p.
1491-1499, 2005. https://doi.org/10.1007/s00216-005-3350-x

DRUMMOND, T. G.; HILL, M. G.; BARTON, J. K. Electrochemical DNA sensors.
Nat Biotechnol, v. 21, n. 10, p. 1192-9, 2003. https://doi.org/10.1038/nbt873

DUBEY, J. P. The History and Life Cycle of Toxoplasma gondii. In: WEISS, L. M.
(Ed.). Toxoplasma Gondii: The Model Apicomplexan - Perspectives and
Methods: Second Edition. 2: Academic Press, 2014. p.1-17.
https://doi.org/10.1016/B978-0-12-396481-6.00001-5

ERDEM, A.; PIVIDORI, M. |.; DEL VALLE, M.; ALEGRET, S. Rigid carbon
composites: a new transducing material for label-free electrochemical
genosensing. J Electroanal Chem, v. 567, n. 1, p. 29-37, 2004.
https://doi.org/10.1016/].jelechem.2003.10.049

29


https://doi.org/10.1186/1471-2334-13-552
https://doi.org/10.1186/1471-2334-13-552
https://doi.org/10.1016/j.actatropica.2016.03.035
https://doi.org/10.1016/j.cca.2011.06.025
https://doi.org/10.1016/S0956-5663(01)00125-7
https://doi.org/10.1016/j.pt.2016.04.001
https://doi.org/10.1016/j.trac.2016.01.019
https://doi.org/10.1016/B978-0-12-816061-9.00013-8
https://doi.org/10.1007/s00216-005-3350-x
https://doi.org/10.1038/nbt873
https://doi.org/10.1016/B978-0-12-396481-6.00001-5
https://doi.org/10.1016/j.jelechem.2003.10.049

ERDEM, A.; PIVIDORI, M. I.; LERMO, A.; BONANNI, A.; VALLE, M. D,
ALEGRET, S. Genomagnetic assay based on label-free electrochemical detection
using magneto-composite electrodes. Sens Actuators B Chem, v. 114, n. 2, p.
591-598, 2006. https://doi.org/10.1016/j.snb.2005.05.031

EVTUGYN, G. A. Biosensor to Ensure Food Security and Environmental Control.
Compr Anal Chem, V. 74, p. 121-152, 2016.
https://doi.org/10.1016/bs.coac.2016.03.017

FALLAHI, S.; KAZEMI, B.; SEYYED TABAEI, S. J.; BANDEHPOUR, M,
LASJERDI, Z.; TAGHIPOUR, N.; ZEBARDAST, N.; NIKMANESH, B.; OMRANI, V.
F.; EBRAHIMZADEH, F. Comparison of the RE and B1 gene for detection of
Toxoplasma gondii infection in children with cancer. Parasitol Int, v. 63, n. 1, p.
37-41, 2014. https://doi.org/10.1016/j.parint.2013.08.005

FARRE, M.; BARCELO, D. Sensor , biosensors and MIP based sensors. In: PICO,
Y. (Ed.). Food Toxicants Analysis: Elsevier, 2007. p.599-636.
https://doi.org/10.1016/B978-044452843-8/50017-1

FAZAELI, A.; CARTER, P. E.; DARDE, M. L.; PENNINGTON, T. H. Molecular
typing of Toxoplasma gondii strains by GRA6 gene sequence analysis. Int J
Parasitol, v. 30, n. 5, p. 637-642, 2000. https://doi.org/10.1016/S0020-
7519(00)00036-9

FERREIRA, D. C.; RODRIGUES, L. P.; MADURRO, J. M.; MADURRO, A. G. B;;
LIVEIRA, R. T. S.; ABRAHAO, O. Graphite electrodes modified with poly(3-
hydroxybenzoic acid) for oligonucleotides sensors. Int J Electrochem Sci, v. 9, p.
6246-6257, 2014. https://doi.org/10.1016/[.matchemphys.2011.03.053

FERREIRA, L. F.; SOUZA, L. M.; FRANCO, D. L.; CASTRO, A. C. H.; OLIVEIRA,
A. A.; BOODTS, J. F. C.; BRITO-MADURRO, A. G.; MADURRO, J. M. Formation
of novel polymeric films derived from 4-hydroxybenzoic acid. Mater. Chem. Phys,
v. 129, n. 1-2, p. 46-52, 2011. https://doi.org/10.1016/j.tmrv.2016.03.002

FOROUTAN-RAD, M.; MAJIDIANI, H.; DALVAND, S.; DARYANI, A.; KOOTI, W,;
SAKI, J.; HEDAYATI-RAD, F.; AHMADPOUR, E. Toxoplasmosis in blood donors:
a systematic review and meta-analysis. Transfus Med Rev, v. 30, n. 3, p. 116-
122, 2016. https://doi.org/10.1016/j.tmrv.2016.03.002

GAJRIA, B.; BAHL, A.; BRESTELLI, J.; DOMMER, J.; FISCHER, S.; GAO, X,
HEIGES, M.; IODICE, J.; KISSINGER, J. C.; MACKEY, A. J.; PINNEY, D. F;
ROQOS, D. S.; STOECKERT, C. J.; WANG, H.; BRUNK, B. P. ToxoDB: an
integrated Toxoplasma gondii database resource. Nucleic Acids Res, v. 36, n.
Database, p. D553-D556, 2007. http://doi.org/10.1093/nar/gkm981

30


https://doi.org/10.1016/j.snb.2005.05.031
https://doi.org/10.1016/bs.coac.2016.03.017
https://doi.org/10.1016/j.parint.2013.08.005
https://doi.org/10.1016/B978-044452843-8/50017-1
https://doi.org/10.1016/S0020-7519(00)00036-9
https://doi.org/10.1016/S0020-7519(00)00036-9
https://doi.org/10.1016/j.matchemphys.2011.03.053
https://doi.org/10.1016/j.tmrv.2016.03.002
https://doi.org/10.1016/j.tmrv.2016.03.002
https://dx.doi.org/10.1093%2Fnar%2Fgkm981

GALAT, M. S., N.; GALAT, V. Toxoplasmosis: Prevalence and New Detection
Methods. In: HOLBAN, A. M., ; GRUMEZESCU, A.M. (Ed.). Foodborne
Diseases: Handbook of Food Bioengineering: Academic Press, v.15, 2018.
cap. Chapter 4, ISBN 978-0-12-811444-5.

GERARD, M. C., A.; MALHOTRA, B.D. Application of conducting polymers to
biosensors. Biosens Bioelectron, V. 12, p. 345-359, 2002.
https://doi.org/10.1016/S0956-5663(01)00312-8

GERASIMOV, J. Y.; LAI, R. Y. An electrochemical peptide-based biosensing
platform for HIV detection. Chem Commun (Camb), v. 46, n. 3, p. 395-7, 2010.
https://doi.org/10.1039/B919070H

GOKCE, G.; ERDEM, A.; CEYLAN, C.; AKGOZ, M. Voltammetric detection of
sequence-selective DNA hybridization related to Toxoplasma gondii in PCR
amplicons. Talanta, V. 149, p. 244-249, 2016.
https://doi.org/10.1016/j.talanta.2015.11.071

GOPINATH, S. C.; LAKSHMIPRIYA, T.; CHEN, Y.; PHANG, W. M.; HASHIM, U.
Aptamer-based 'point-of-care testing'. Biotechnol Adv, v. 34, n. 3, p. 198-208,
2016. https://doi.org/10.1016/j.biotechadv.2016.02.003

GOVERNO DO ESTADO DO RIO GRANDE DO SUL. Relatério de atualizagao
de investigagao de surto de toxoplasmose em Santa Maria/RS, 2018.

GRIFFIN, G. S.-C., D. Biosensors. In: SCHAECHTER, M. (Ed.). Encyclopedia of
Microbiology. Third Edition: Academic Press, 2009. p.88-103.
https://doi.org/10.1016/B978-012373944-5.00168-1

HANSEN, P.-D.; UNRUH, E. Whole-Cell Biosensors and Bioassays. Compr Anal
Chem, v. 77, p. 35-53, 2017. https://doi.org/10.1016/bs.coac.2017.05.004

HARB, O. S.; ROOS, D. S. An integrated functional genomic resource for
Toxoplasma and other Sarcocystidae. In: WEISS, L. M. (Ed.). Toxoplasma
Gondii: The Model Apicomplexan - Perspectives and Methods. 2: Academic
Press, 2014. p.647-662. https://doi.org/10.1016/B978-0-12-396481-6.00019-2

HE, L.; NI, L.; ZHANG, X.; ZHANG, C.; LI, R.; XU, S. Fluorescent detection of
specific DNA sequences related to Toxoplasma gondii based on magnetic
fluorescent nanoparticles Fe304/CdTe biosensor. Int J Biochem Res Reyv, v. 6,
n. 3, p. 130-139, 2015. https://doi.org/10.9734/IJBCRR/2015/15254

HENNESSEY, H.; AFARA, N.; OMANOVIC, S.; PADJEN, A. L. Electrochemical
investigations of the interaction of C-reactive protein (CRP) with a CRP antibody
chemically immobilized on a gold surface. Anal Chim Acta, v. 643, n. 1-2, p. 45-
53, 2009. https://doi.org/10.1016/j.aca.2009.04.009

31


https://doi.org/10.1016/S0956-5663(01)00312-8
https://doi.org/10.1039/B919070H
https://doi.org/10.1016/j.talanta.2015.11.071
https://doi.org/10.1016/j.biotechadv.2016.02.003
https://doi.org/10.1016/B978-012373944-5.00168-1
https://doi.org/10.1016/bs.coac.2017.05.004
https://doi.org/10.1016/B978-0-12-396481-6.00019-2
https://doi.org/10.9734/IJBCRR/2015/15254
https://doi.org/10.1016/j.aca.2009.04.009

HEYDUK, E.; HICKEY, R.; POZZI, N.; HEYDUK, T. Peptide ligand-based ELISA
reagents for antibody detection. Anal Biochem, v. 559, p. 55-61, 2018.
https://doi.org/10.1016/j.ab.2018.08.012

HOLEC-GASIOR, L. Toxoplasma gondii recombinant antigens as tools for
serodiagnosis of human toxoplasmosis: current status of studies. Clin Vaccine
Immunol, v. 20, n. 9, p. 1343-51, 2013. https://doi.org/10.1128/CVI.00117-13

HOMAN, W. L.; VERCAMMEN, M.; DE BRAEKELEER, J.; VERSCHUEREN, H.
Identification of a 200- to 300-fold repetitive 529 bp DNA fragment in Toxoplasma
gondii, and its use for diagnostic and quantitative PCR1. Int J Parasitol, v. 30, n.
1, p. 69-75, 2000. https://doi.org/10.1016/S0020-7519(99)00170-8

HOTEZ, P. J. Chapter Two - Human Parasitology and Parasitic Diseases: Heading
Towards 2050. In: ROLLINSON, D. e STOTHARD, J. R. (Ed.). Advances in
Parasitology: Academic Press, v.100, 2018. p.29-38. ISBN 0065-308X.

HOUSSIN, T.; SENEZ, V. Chapter Six - Electrochemical Detection. In: BRIDLE, H.
(Ed.). Waterborne Pathogens. Amsterdam: Academic Press, 2014. p.147-188.
ISBN 978-0-444-59543-0. https://doi.org/10.1016/B978-0-444-59543-0.00006-2

JIANG, S.; HUA, E.; LIANG, M.; LIU, B.; XIE, G. A novel immunosensor for
detecting Toxoplasma gondii-specific IgM based on goldmag nanoparticles and
graphene sheets. Colloids Surf B Biointerfaces, v. 101, p. 481-486, 2013.
https://doi.org/10.1016/j.colsurfb.2012.07.021

JU, H. L., GUOSONG; YAN,FENG. Immunosensing for Detection of Protein
Biomarkers Elsevier, 2017. ISBN 9780081019993.

JUSTINO, C. I. L.; DUARTE, A. C.; ROCHA-SANTOS, T. A. P. Immunosensors in
Clinical Laboratory Diagnostics. Adv Clin Chem. v. 73, p. 65-108, 2016.
https://doi.org/10.1016/bs.acc.2015.10.004

KARIMZADEH, A.; HASANZADEH, M.; SHADJOU, N.; GUARDIA, M. D. L.
Peptide based biosensors. Trends Analyt Chem, v. 107, p. 1-20, 2018.
https://doi.org/10.1016/j.trac.2018.07.018

KARUNAKARAN, C.; MADASAMY, T.; SETHY, N. K. Chapter 3 - Enzymatic
Biosensors. In: KARUNAKARAN, C.;BHARGAVA, K., et al (Ed.). Biosensors and
Bioelectronics: Elsevier, 2015. p.133-204. ISBN 978-0-12-803100-1.
https://doi.org/10.1016/B978-0-12-803100-1.00003-7

KARUNAKARAN, C.; RAJKUMAR, R.; BHARGAVA, K. Chapter 1 - Introduction to
Biosensors. In: KARUNAKARAN, C.;BHARGAVA, K., et al (Ed.). Biosensors and
Bioelectronics: Elsevier, 2015. p.1-68. ISBN 978-0-12-803100-1.
https://doi.org/10.1016/B978-0-12-803100-1.00001-3

32


https://doi.org/10.1016/j.ab.2018.08.012
https://doi.org/10.1128/CVI.00117-13
https://doi.org/10.1016/S0020-7519(99)00170-8
https://doi.org/10.1016/B978-0-444-59543-0.00006-2
https://doi.org/10.1016/j.colsurfb.2012.07.021
https://doi.org/10.1016/bs.acc.2015.10.004
https://doi.org/10.1016/j.trac.2018.07.018
https://doi.org/10.1016/B978-0-12-803100-1.00003-7
https://doi.org/10.1016/B978-0-12-803100-1.00001-3

KATSOYANNIS, P. G. Peptide synthesis and protein structure. J Polym Sci, v.
49, n. 151, p. 51-74, 1961. https://doi.org/10.1002/pol.1961.1204915104

KOCHANOWSKY, J. A.; KOSHY, A. A. Toxoplasma gondii. Curr Biol, v. 28, n.
14, p. R770-R771, 2018. https://doi.org/10.1016/j.cub.2018.05.035

KOMPALIC-CRISTO, A. B.,, CONSTANCA AND FERNANDES, OCTAVIO. .
Diagnostico molecular da toxoplasmose: revisdo. . J Bras Patol Med Lab, v. 41,
n. 4, p. 229-235, 2005. https://doi.org/10.1590/S1676-24442005000400003

KOZITSINA, A. N.; SVALOVA, T. S.; MALYSHEVA, N. N.; OKHOKHONIN, A. V,;
VIDREVICH, M. B.; BRAININA, K. Z. Sensors based on bio and biomimetic
receptors in medical diagnostic, Environment, and Food Analysis. Biosensors
(Basel), v. 8, n. 2, 2018. https://doi.org/10.3390/bios8020035

LECHUGA, L. M. Optical biosensors. In: GORTON, L. (Ed.). Biosensors and
Modern Biospecific Analytical Techniques: Elsevier, v.44, 2005. cap. 5, p.209-
250. ISBN 978-0-444-50715-0.

LECORDIER, L.; MOLEON-BORODOWSKY, |I.; DUBREMETZ, J.-F;
TOURVIEILLE, B.; MERCIER, C.; DESLEE, D.; CAPRON, A.; CESBRON-
DELAUW, M.-F. Characterization of a dense granule antigen of Toxoplasma
gondii (GRAG) associated to the network of the parasitophorous vacuole. Mol
Biochem Parasitol, v. 70, n. 1, p. 85-94, 1995. https://doi.org/10.1016/0166-
6851(95)00010-X

LIU, Q.; WANG, Z.-D.; HUANG, S.-Y.; ZHU, X.-Q. Diagnosis of toxoplasmosis and
typing of Toxoplasma gondii. Parasit Vectors, v. 8, n. 1, 2015.
https://doi.org/10.1186/s13071-015-0902-6

LUO, Y.; LIU, X.; JIANG, T.; LIAO, P.; FU, W. Dual-Aptamer-Based Biosensing of
Toxoplasma Antibody. Anal Chem, v. 85, n. 17, p. 8354-8360, 2013.
https://doi.org/10.1021/ac401755s

MADURAIVEERAN, G.; SASIDHARAN, M.; GANESAN, V. Electrochemical
sensor and biosensor platforms based on advanced nanomaterials for biological
and biomedical applications. Biosens Bioelectron, v. 103, p. 113-129, 2018.
https://doi.org/10.1016/j.bios.2017.12.031

MEDAWAR-AGUILAR, V.; JOFRE, C. F.; FERNANDEZ-BALDO, M. A.; ALONSO,
A.; ANGEL, S.; RABA, J.; PEREIRA, S. V.; MESSINA, G. A. Serological diagnosis
of toxoplasmosis disease using a fluorescent immunosensor with chitosan-ZnO-
nanoparticles. Anal. Biochem., 2018. https://doi.org/10.1016/j.ab.2018.10.025

MEHROTRA, P. Biosensors and their applications - A review. J Oral Biol
Craniofac Res, V. 6, n. 2, p. 153-9, 2016.
https://doi.org/10.1016/j.jobcr.2015.12.002

33


https://doi.org/10.1002/pol.1961.1204915104
https://doi.org/10.1016/j.cub.2018.05.035
https://doi.org/10.1590/S1676-24442005000400003
https://doi.org/10.3390/bios8020035
https://doi.org/10.1016/0166-6851(95)00010-X
https://doi.org/10.1016/0166-6851(95)00010-X
https://doi.org/10.1186/s13071-015-0902-6
https://doi.org/10.1021/ac401755s
https://doi.org/10.1016/j.bios.2017.12.031
https://doi.org/10.1016/j.ab.2018.10.025
https://doi.org/10.1016/j.jobcr.2015.12.002

MEHRVAR, M. A., M. Recent developments, characteristics, and potential
applications of electrochemical biosensors. Anal Sci, v. 20, n. 8, p. 1113-1126,
2004. https://doi.org/10.2116/analsci.20.1113

MERCIER, C.; CESBRON-DELAUW, M. F. Toxoplasma secretory granules: one
population or more? Trends Parasitol, v. 31, n. 2, p. 60-71, 2015.
https://doi.org/10.1016/.pt.2014.12.002

MERCIER, C.; DUBREMETZ, J. F.; RAUSCHER, B.; LECORDIER, L.; SIBLEY, L.
D.; CESBRON-DELAUW, M. F. Biogenesis of nanotubular network in Toxoplasma
parasitophorous vacuole induced by parasite proteins. Mol Biol Cell, v. 13, n. 7, p.
2397-409, 2002. https://doi.org/10.1091/mbc.e02-01-0021

MIORANZA, S. D. L. M., LUCIANA REGINA; MIORANZA, EDUARDO LUIS AND
ANDRADE JUNIOR, HEITOR FRANCO DE. Evidéncia sorolégica da infecgao
aguda pelo Toxoplasma gondii em gestantes de Cascavel, Parana. Rev Soc Bras
Med Trop, v. 41, n. 6, p. 628-634, 2008. https://doi.org/10.1590/S0037-
86822008000600014

MOMCILOVIC, S.; CANTACESSI, C.; ARSIC-ARSENIJEVIC, V.; OTRANTO, D.;
TASIC-OTASEVIC, S. Rapid diagnosis of parasitic diseases: current scenario and
future needs. Clin Microbiol Infect, 2018.
https://doi.org/10.1016/j.cmi.2018.04.028

MONTOYA, J. G. Laboratory Diagnosis of Toxoplasma gondii Infection and
Toxoplasmosis. J Infect Dis, V. 185, p. S73-82, 2002.
https://doi.org/10.1086/338827

MURUGAIYAN, S. B.; RAMASAMY, R.; GOPAL, N.; KUZHANDAIVELU, V.
Biosensors in clinical chemistry: An overview. Adv Biomed Res, v. 3, p. 67, 2014.
https://doi.org/10.4103/2277-9175.125848.

MUTI, M.; KURALAY, F.; ERDEM, A. Single-walled carbon nanotubes-polymer
modified graphite electrodes for DNA hybridization. Colloids Surf B
Biointerfaces, V. 91, p. 77-83, 2012.
https://doi.org/10.1016/j.colsurfb.2011.10.042

NAM, H. W. GRA proteins of Toxoplasma gondii: maintenance of host-parasite
interactions across the parasitophorous vacuolar membrane. Korean J Parasitol,
v. 47 Suppl, p. S29-37, 2009. https://doi.org/10.3347/kjp.2009.47.S.S29

NEVES, D. P. Parasitologia Humana. 11. Sdo Paulo: Atheneu, 2005.

OKAY, T. S.; YAMAMOTO, L.; OLIVEIRA, L. C.; MANULI, E. R.; ANDRADE
JUNIOR, H. F. D.; DEL NEGRO, G. M. B. Significant performance variation among
PCR systems in diagnosing congenital toxoplasmosis in Sao Paulo, Brazil:
analysis of 467 amniotic fluid samples. Clinics, v. 64, n. 3, 2009.
https://doi.org/10.1590/S1807-59322009000300004

34


https://doi.org/10.2116/analsci.20.1113
https://doi.org/10.1016/j.pt.2014.12.002
https://doi.org/10.1091/mbc.e02-01-0021
https://doi.org/10.1590/S0037-86822008000600014
https://doi.org/10.1590/S0037-86822008000600014
https://doi.org/10.1016/j.cmi.2018.04.028
https://doi.org/10.1086/338827
https://doi.org/10.4103/2277-9175.125848
https://doi.org/10.1016/j.colsurfb.2011.10.042
https://doi.org/10.3347/kjp.2009.47.S.S29
https://doi.org/10.1590/S1807-59322009000300004

OLIVEIRA-BRETT, A. M.; PIEDADE, J. A.; SILVA, L. A.; DICULESCU, V. C.
Voltammetric determination of all DNA nucleotides. Anal Biochem, v. 332, n. 2, p.
321-9, 2004. https://doi.org/10.1016/j.ab.2004.06.021

OLIVEIRA, D. A.; REZENDE RODOVALHO, V.; FLAUZINO, J. M. R.; DA SILVA,
H. S.; ARAUJO, G. R;; VAZ, E. R,; VIEIRA, C. U.; MADURRO, J. M.; MADURRO,
A. G. B. Serological electrodetection of rheumatoid arthritis using mimetic peptide.
Protein Pept Lett, V. 25, 2018.
https://doi.org/10.2174/0929866525666180917161931

PACHECO, W. F. S, F.S.;: ALMEIDA, V.G.K.;: RITA, A.G.S.L.; AUCELIO, R.Q.
Voltametrias : Uma Breve Revisdo Sobre os Conceitos. Rev Virtual Quim, v. 5, n.
4, p. 516-537, 2013. https://doi.org/10.5935/1984-6835.20130040

PALECEK, E.; BARTOSIK, M. Electrochemistry of nucleic acids. Chem Rev, v.
112, n. 6, p. 3427-81, 2012. https://doi.org/10.1021/cr200303p

PAPPAS, G.; ROUSSOS, N.; FALAGAS, M. E. Toxoplasmosis snapshots: global
status of Toxoplasma gondii seroprevalence and implications for pregnancy and
congenital toxoplasmosis. Int J Parasitol, v. 39, n. 12, p. 1385-94, 2009.
https://doi.org/10.1016/}.ijpara.2009.04.003

PAVAN, S.; BERTI, F. Short peptides as biosensor transducers. Anal Bioanal
Chem, v. 402, n. 10, p. 3055-3070, 2011. https://doi.org/10.1007/s00216-011-
5589-8

PERUMAL, V.; HASHIM, U. Advances in biosensors: Principle, architecture and
applications. J Appl Biomed, v. 12, n. 1, p. 115  2014.
https://doi.org/10.1016/j.jab.2013.02.001

PETERSEN, E.; AJZENBERG, D.; MANDELBROT, L.; GOMEZ-MARIN, J. E.
Protozoan Diseases: Toxoplasmosis. In: QUAH, S. R. (Ed.). International
Encyclopedia of Public Health (Second Edition). Oxford: Academic Press,
2017. p.114-132. ISBN 978-0-12-803708-9. https://doi.org/10.1016/B978-0-12-
803678-5.00361-1

PETERSEN, E.; KIJLSTRA, A.; STANFORD, M. Epidemiology of ocular
toxoplasmosis. Ocul Immunol Inflamm, v. 20, n. 2, p. 68-75, 2012.
https://doi.org/10.3109/09273948.2012.661115

PRATAMA, D. A. O. A, SUMARTONO, S., ARTAMA, W. T. . Analysis of
Toxoplasma gondii Repeat Region 529 bp (NCBI Acc. No.AF146527) as a Probe
Candidate for Molecular Diagnosis of Toxoplasmosis. Indones J Biotechnol, v.
14, n. 1, p. 1124-1131, 2009.

35


https://doi.org/10.1016/j.ab.2004.06.021
https://doi.org/10.1021/cr200303p
https://doi.org/10.1021/cr200303p
https://doi.org/10.1021/cr200303p
https://doi.org/10.1021/cr200303p
https://doi.org/10.1016/j.ijpara.2009.04.003
https://doi.org/10.1007/s00216-011-5589-8
https://doi.org/10.1007/s00216-011-5589-8
https://doi.org/10.1016/j.jab.2013.02.001
https://doi.org/10.1016/B978-0-12-803678-5.00361-1
https://doi.org/10.1016/B978-0-12-803678-5.00361-1
https://doi.org/10.3109/09273948.2012.661115

PUIU, M.; BALA, C. Peptide-based biosensors: From self-assembled interfaces to
molecular probes in electrochemical assays. Bioelectrochemistry, v. 120, p. 66-
75, 2018. https://doi.org/10.1016/j.bioelechem.2017.11.009

RAHMAN, M. M; LI, X. B.; LOPA, N. S.; AHN, S. J.; LEE, J. J. Electrochemical
DNA hybridization sensors based on conducting polymers. Sensors (Basel), v.
15, n. 2, p. 3801-29, 2015. https://doi.org/10.3390/s150203801

RAMANATHAN, K.; DANIELSSON, B. Principles and applications of thermal
biosensors. Biosens Bioelectron, V. 16, p. 417-423, 2001.
https://doi.org/10.1016/S0956-5663(01)00124-5

RASHID, J. I. A.; YUSOF, N. A. The strategies of DNA immobilization and
hybridization detection mechanism in the construction of electrochemical DNA
sensor: A review. Sens Biosensing Res, v. 16, p. 19-31, 2017.
https://doi.org/10.1016/j.sbsr.2017.09.001

RESENDE, L. O.; DE CASTRO, A. C. H.; ANDRADE, A. O.; MADURRO, J. M;
BRITO-MADURRO, A. G. Immunosensor for electrodetection of the C-reactive
protein in serum. J Solid State Electrochem, v. 22, n. 5, p. 1365-1372, 2017.
https://doi.org/10.1007/s10008-017-3820-z

ROBERT-GANGNEUX, F.; DARDE, M. L. Epidemiology of and diagnostic
strategies for toxoplasmosis. Clin Microbiol Rev, v. 25, n. 2, p. 264-96, 2012.
https://doi.org/10.1128/CMR.05013-11

RODOVALHO, V. R.; ALVES, L. M.; CASTRO, A. C. H,; MADURRO, J. M;
BRITO-MADURRO, A. G.; SANTOS, A. R. Biosensors Applied to Diagnosis of
Infectious Diseases — An Update. Austin J Biosens & Bioelectron., v. 1, n. 3, p.
1-12, 2015.

RODOVALHO, V. R.; ARAUJO, G. R.; VAZ, E. R.; UEIRA-VIEIRA, C.; GOULART,
L. R.; MADURRO, J. M.; BRITO-MADURRO, A. G. Peptide-based electrochemical
biosensor for juvenile idiopathic arthritis detection. Biosens Bioelectron, v. 100,
p. 577-582, 2018. https://doi.org/10.1016/|.bios.2017.10.012

RONKAINEN, N. J.; HALSALL, H. B.; HEINEMAN, W. R. Electrochemical
biosensors. Chem Soc Rev, v. 39, n. 5 p. 1747-63, 2010.
https://doi.org/10.1039/b714449k

SANCHEZ-OVEJERO, C.; BENITO-LOPEZ, F.; DIEZ, P.; CASULLI, A.; SILES-
LUCAS, M.; FUENTES, M.; MANZANO-ROMAN, R. Sensing parasites: Proteomic
and advanced bio-detection alternatives. J Proteomics, v. 136, p. 145-56, 2016.
https://doi.org/10.1016/j.jprot.2015.12.030

36


https://doi.org/10.1016/j.bioelechem.2017.11.009
https://doi.org/10.3390/s150203801
https://doi.org/10.1016/S0956-5663(01)00124-5
https://doi.org/10.1016/j.sbsr.2017.09.001
https://doi.org/10.1007/s10008-017-3820-z
https://doi.org/10.1128/CMR.05013-11
https://doi.org/10.1016/j.bios.2017.10.012
https://doi.org/10.1039/b714449k
https://doi.org/10.1016/j.jprot.2015.12.030

SANTORO, K.; RICCIARDI, C. Biosensors. In: CABALLERO, B.;FINGLAS, P. M,,
et al (Ed.). Encyclopedia of Food and Health. Oxford: Academic Press, 2016.
p.430-436. ISBN 978-0-12-384953-3. https://doi.org/10.1016/B978-0-12-384947-
2.00072-6

SIBLEY, L. D.; BOOTHROYD, J. C. Virulent strains of Toxoplasma gondii
comprise a single clonal lineage. Nature, v. 359, p. 82, 1992.
https://doi.org/10.1038/359082a0

SIBLEY, L. D.; KHAN, A.; AJIOKA, J. W.; ROSENTHAL, B. M. Genetic diversity of
Toxoplasma gondii in animals and humans. Philos Trans R Soc Lond B Biol Sci,
v. 364, n. 1530, p. 2749-61, 2009. https://doi.org/10.1098/rstb.2009.0087

SOCIEDADE BRASILEIRA DE MEDICINA TROPICAL. Toxoplasmose: Surto em
Santa Maria (RS) deve ser confirmado maior do mundo. 2018. Disponivel em: <
http://www.sbmt.org.br/portal/toxoplasmosis-outbreak-in-santa-maria-should-be-
confirmed-as-the-worlds-largest/ >.

SONG, K. J.; YANG, Z.; CHONG, C. K;; KIM, J. S.; LEE, K. C.; KIM, T. S.; NAM,
H. W. A rapid diagnostic test for toxoplasmosis using recombinant antigenic N-
terminal half of SAG1 linked with intrinsically unstructured domain of gra2 protein.
Korean J Parasitol, V. 51, n. 5, p. 503-10, 2013.
https://doi.org/10.3347/kjp.2013.51.5.503

SONG, S.; XU, H.; FAN, C. Potential diagnostic applications of biosensors: current
and future directions. Int J Nanomedicine, v. 4, p. 433—440, 2006.
https://doi.org/10.2147/nano.2006.1.4.433

SOUZA, D. M., S.A.S.; AVACA, L.A. Voltametria de onda quadrada. Primeira
parte: aspectos tedricos. Quim Nova , v. 26, n. 1, p. 81-89, 2003.
https://doi.org/10.1590/S0100-40422003000100015

TEIMOURI, A.; MODARRESSI, M. H.; SHOJAEE, S.; MOHEBALI, M.; ZOUEI, N.;
REZAIAN, M.; KESHAVARZ, H. Detection of toxoplasma-specific immunoglobulin
G in human sera: performance comparison of in house Dot-ELISA with ECLIA and
ELISA. Eur J Clin Microbiol Infect Dis, v. 37, n. 8, p. 1421-1429, 2018.
https://doi.org/10.1007/s10096-018-3266-y

TENTER, A. M.; HECKEROTH, A. R.; WEISS, L. M. Toxoplasma gondii: from
animals to humans. Int J Parasitol, v. 30, n. 12, p. 1217-1258, 2000.
https://doi.org/10.1016/S0020-7519(00)00124-7

THEVENOT, D. R.; TOTH, K.; DURST, R. A.; WILSON, G. S. Electrochemical
biosensors: recommended definitions and classification. Biosens Bioelectron, v.
16, n. 1-2, p. 121-131, 2001. https://doi.org/10.1016/S0956-5663(01)00115-4

UNUVAR, S. Microbial Foodborne Diseases. In: ALINA MARIA HOLBAN, A. M. G.
(Ed.). Foodborne Diseases- Handbook of Food Bioengineering: Academic

37


https://doi.org/10.1016/B978-0-12-384947-2.00072-6
https://doi.org/10.1016/B978-0-12-384947-2.00072-6
https://doi.org/10.1038/359082a0
https://doi.org/10.1098/rstb.2009.0087
http://www.sbmt.org.br/portal/toxoplasmosis-outbreak-in-santa-maria-should-be-confirmed-as-the-worlds-largest/
http://www.sbmt.org.br/portal/toxoplasmosis-outbreak-in-santa-maria-should-be-confirmed-as-the-worlds-largest/
https://doi.org/10.3347/kjp.2013.51.5.503
https://doi.org/10.2147/nano.2006.1.4.433
https://doi.org/10.1590/S0100-40422003000100015
https://doi.org/10.1007/s10096-018-3266-y
https://doi.org/10.1016/S0020-7519(00)00124-7
https://doi.org/10.1016/S0956-5663(01)00115-4

Press, v.Fifteen, 2018. cap. 1, p.1-31.https://doi.org/10.1016/B978-0-12-811444-
5.00001-4

VALENCIA, D. P.; DANTAS, L. M. F.; LARA, A.; GARCIA, J.; RIVERA, Z;
ROSAS, J.; BERTOTTI, M. Development of a bio-electrochemical immunosensor
based on the immobilization of SPINNTKPHEAR peptide derived from HPV-L1
protein on a gold electrode surface. J Electroanal Chem, v. 770, p. 50-55, 2016.
https://doi.org/10.1016/j.jelechem.2016.03.040

WAHAB, T.; EDVINSSON, B.; PALM, D.; LINDH, J. Comparison of the AF146527
and B1 repeated elements, two real-time PCR targets used for detection of
Toxoplasma gondii. J Clin Microbiol, v. 48, n. 2, p. 591-2, 2010.
https://doi.org/10.1128/JCM.01113-09

WANG, H.; LEI, C.; LI, J.; WU, Z.; SHEN, G.; YU, R. A piezoelectric
immunoagglutination assay for Toxoplasma gondii antibodies using gold
nanoparticles. Biosens Bioelectron, v. 19, n. 7, p. 701-709, 2004.
https://doi.org/10.1016/S0956-5663(03)00265-3

WANG, X.; LU, X.; CHEN, J. Development of biosensor technologies for analysis
of environmental contaminants. TrEAC, v. 2, p. 25-32, 2014.
https://doi.org/10.1016/j.teac.2014.04.001

XIAO, J.; YOLKEN, R. H. Strain hypothesis of Toxoplasma gondii infection on the
outcome of human diseases. Acta Physiol (Oxf), v. 213, n. 4, p. 828-45, 2015.
https://doi.org/10.1111/apha.12458

YANEZ-SEDENO, P.; AGUI, L.; VILLALONGA, R.; PINGARRON, J. M.
Biosensors in forensic analysis. A review. Anal Chim Acta, v. 823, p. 1-19, 2014.
https://doi.org/10.1016/j.aca.2014.03.011

YE, Y.; GUO, H.; SUN, X. Recent progress on cell-based biosensors for analysis
of food safety and quality control. Biosens Bioelectron, v. 126, p. 389-404, 2019.
https://doi.org/10.1016/j.bios.2018.10.039

ZAITOUNA, A. J.; LAIL, R. Y. An electrochemical peptide-based Ara h 2 antibody
sensor fabricated on a nickel(ll)-nitriloacetic acid self-assembled monolayer using
a His-tagged peptide. Anal Chim Acta, v. 828, p. 8591, 2014.
https://doi.org/10.1016/j.aca.2014.04.033

ZHANG, F.-T.; CAI, L.-Y.; ZHOU, Y.-L.; ZHANG, X.-X. Immobilization-free DNA-
based homogeneous electrochemical biosensors. Trends Analyt Chem, v. 85, p.
17-32, 2016. https://doi.org/10.1016/j.trac.2016.08.012

ZHANG, J.; ZHAO, J. Chapter 5 - Immuno-Biosensor. In: LI, G. (Ed.). Nano-
Inspired Biosensors for Protein Assay with Clinical Applications: Elsevier,
2019. p.115-137. ISBN 978-0-12-815053-5.

38


https://doi.org/10.1016/B978-0-12-811444-5.00001-4
https://doi.org/10.1016/B978-0-12-811444-5.00001-4
https://doi.org/10.1016/j.jelechem.2016.03.040
https://doi.org/10.1128/JCM.01113-09
https://doi.org/10.1016/S0956-5663(03)00265-3
https://doi.org/10.1016/j.teac.2014.04.001
https://doi.org/10.1111/apha.12458
https://doi.org/10.1016/j.aca.2014.03.011
https://doi.org/10.1016/j.bios.2018.10.039
https://doi.org/10.1016/j.aca.2014.04.033
https://doi.org/10.1016/j.trac.2016.08.012

ZHANG, K.; LIN, G.; HAN, Y.; LI, J. Serological diagnosis of toxoplasmosis and
standardization.  Clin Chim  Acta, v. 461, p. 83-89, 2016.
https://doi.org/10.1016/j.cca.2016.07.018

39


https://doi.org/10.1016/j.cca.2016.07.018

CAPITULO 2

DEVELOPMENT OF DIRECT ASSAYS FOR
TOXOPLASMA GONDII AND ITS USE IN
GENOMIC DNA SAMPLE

O capitulo 2 foi publicado na revista Journal of Pharmaceutical and Biomedical
Analysis (Anexo 2)

(http://dx.doi.org/10.1016/j.jpba.2017.07.050)

40


http://dx.doi.org/10.1016/j.jpba.2017.07.050

Development of direct assays for Toxoplasma gondii and its use in genomic
DNA sample

Livia M. Alves?, Vinicius R. Rodovalho?, Ana C. H. Castro® Marcia A. R, Freitas?,
Caroline M. MotaP, Tiago W. P. Mineo®, José R. Mineo®, Jodo M. Madurro®, Ana
G.Brito-Madurro?

a |nstitute of Genetics and Biochemistry, Federal University of Uberlandia,
Uberlandia, Brazil

b Institute of Biomedical Sciences, Federal University of Uberlandia, Uberlandia,
Brazil

¢ Institute of Chemistry, Federal University of Uberlandia, Uberlandia, Brazil

*Author to whom correspondence should be addressed. Tel. +55 34 32182203;
Fax:

+55 3432182203; E-mail: agbrito@ufu.br
41


mailto:agbrito@ufu.br

GRAPHICAL ABSTRACT
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HIGHLIGHTS

A new biosensor to toxoplasmosis was developed based on modified electrode;
The biosensor was able of detect until 100 ng.mL-1 of the T. gondii genomic DNA;
The genosensor showed high selectivity, discriminating non-specific targets;

Optical assays showed significant change in the absorbance peak in presence of
Toxoplasma gondii genomic DNA.
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Abstract

This work describes an approach for the selection and detection of specific DNA
probes related to Toxoplasma gondii, a protozoan parasite responsible for
toxoplasmosis. The detection system was developed on graphite carbon electrode
modified with poly (3-hydroxybenzoic acid) sensitized with ToxG1 probe. The
hybridization of the specific genomic DNA related to T. gondii showed good
response by direct detection of guanine residue oxidation using differential pulse
voltammetry (DPV). The biosensor was able to distinguish both the
complementary and non- complementary targets and detect up to 100 ng.uL" of
the T. gondii genomic DNA. The hybridization (ToxG1: T. gondii genomic DNA)
was confirmed by optical measurement. Optical assays using gold
nanoparticles:ToxG1 probe showed a significant change in the absorbance peak
in the presence of the T. gondii genomic DNA according to the electrochemical
results. This novel biosensor shows potential as electrochemical transducer and
was successfully applied in the biological sample.

Keywords: Toxoplasma gondii; DNA; GRAG6 gene; biosensor; gold nanoparticles

Resumo

Este trabalho descreve uma abordagem para selegdo de sondas de detecgao de
DNA especificas para o Toxoplasma gondii, um protozoario parasita responsavel
pela toxoplasmose. O sistema de deteccdo foi desenvolvido em eletrodos de
grafite modificados com poli (3-acido hidroxibenzdéico) e sensibilizados com a
sonda ToxG1. A hibridizacdo do DNA genémico especifico para T. gondii mostrou
uma boa resposta por detecgédo direta da oxidagdo dos residuos de guanina
usando voltametria de pulso diferencial (VPD). O biossensor foi capaz de
distinguir entre os alvos complementares e ndo complementares e detectou até
100 ng.uL' de DNA gendmico de T. gondii. A hibridizagao (ToxG1: DNA gendmico
de T. gondii) foi confirmada por medi¢cdo Optica. Ensaios Opticos usando
nanoparticulas de ouro:ToxG1 mostrou uma mudancga significante no pico de
absor¢do na presenga do DNA genbmico de T. gondii, de acordo com os
resultados eletroquimicos. Este novo biossensor apresenta potencial como
transdutor eletroquimico e foi aplicado com sucesso em amostras biologicas.

Palavras- chave: Toxoplasma gondii; DNA; gene GRA6; biossensor;
nanoparticulas de ouro
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1. Introduction
Toxoplasma gondii is the intracellular protozoan parasite responsible for

toxoplasmosis, a zoonosis with medical and veterinary importance worldwide [1].
Most infections are asymptomatic in healthy adults, but severe disease may
develop with congenital infections or immunodepression [2]. Estimates show that
more than a third of the world’s population has been infected with this parasite [3].
Diagnosis and genetic characterization of T. gondii infection are crucial for
monitoring, prevention and control of toxoplasmosis. Traditional approaches for
toxoplasmosis detection rely on immunological diagnosis and imaging techniques
[4]. These methods have limitations; as for instance, the identification based on
imaging techniques is less sensitive and uncertain. In addition, these methods
demand a long time for sample preparation, expensive equipment and the need
for skilled personnel.

There is a significant need for improved diagnosis. Biosensors stand out as a
promising alternative to the traditional methodologies. Biosensors are analytical
devices that combine the specificity of biomolecules with sensible transduction
platforms, presenting portability, rapidity and good cost-effectiveness relation. In
the literature, sensors developed for the detection of T. gondii are generally based
on the immobilization of antibodies [5-7], aptamers [8] and DNA probes [9, 10] The
detection of specific DNA sequences plays a major role in many fields, especially
in clinical diagnostics. Direct monitoring of changes in its electrochemical
properties, such as oxidation of guanine and adenine residues, enables the
detection of hybridization on the electrode surface [11].

The combination of polymeric materials with biosensors promotes an increase
in the analytical performance of the biosensor. Polymers derived from
hydroxybenzoic acid are used in the development of polymeric films for the
modification of electrodes due to the presence of functional groups (carboxylic
acid and hydroxyl acid), which are liable to undergo electropolymerization and to
interact with biomolecules [12].

Nucleic acid components, such as nucleosides and nucleotides, are
electroactive species that can be monitored. The electrochemical behavior of DNA

and the effects of its adsorption onto several types of electrodes have been widely
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investigated [13-15]. Oliveira-Brett and collaborators [11] investigated the
voltammetric oxidation of all nucleotides of deoxyribonucleic acid on glassy carbon
electrodes. Silva et al. [16] successfully described the immobilization of purine and
pyrimidine bases on graphite electrodes modified with  poly(4-
methoxyphenethylamine).

The focus of the current work was the development of a method for the
selection of specific DNA probes related to T. gondii and a system for the
detection of a specific target sequence for the diagnosis of toxoplasmosis based
on graphite electrodes modified with poly(3-hydroxybenzoic acid) and sensitized
with DNA-oligonucleotide probe (Fig. 1). In this work, it was possible to detect
double-strand DNA related to T. gondii onto the modified surface. To the best of
our knowledge, this is the first genosensor that uses specific genomic DNA as a

target for the diagnosis of T. gondii infection or toxoplasmosis.

Direct detection

ToxG1 ToxG1/ToxG2

Figure 1. Schematic representation for the immobilization of the ToxG1 probe on modified
electrode and its hybridization.

2. Experimental

21. Chemicals
All reagents used were of analytical grade without previous purification. Ultra

high purity water (Master System, Gehaka, Brazil) was used for the preparation of

all solutions. The monomer employed for the polymerization reaction was 3-
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hydroxybenzoic acid (3-HBA) 99%, purchased from Sigma-—Aldrich (USA). The
detections were performed in 0.1 mol.L-1 phosphate buffer (NazHPO4 0.061 mol.L"
1, NaH2PO4 0.039 mol.L", pH = 7.4). All solutions were deoxygenated by ultra-
pure nitrogen bubbling for at least 45 minutes before use. Experiments were
conducted at room temperature (25 £ 1°C).

Oligonucleotides were synthesized by Invitrogen Life Technologies and their
sequences are: ToxG1 (probe): 5-CTGGGAACGGTGGGAATGAA-3’, ToxG1S
(probe) 5-CTGGGAACGGTGGGAATGAA-SH-3, ToxG2 (target): 5'-
TTCATTCCCACCGTTCCCAG-3’, Non-complementary target: 5'-
CCACTCTTCAATTCTCTCCGCC-3'.

The oligonucleotide stock solutions and dilutions were prepared in SSC buffer
(pH 7.0, sodium chloride 0.3 mol.L™" and sodium citrate 0.03 mol.L™!, Sigma—
Aldrich, USA) and stored at —12°C.

2.2. Apparatus
The electrochemical studies were performed in a potentiostat from CH

Instruments, model 620C, USA. A graphite disk (6.15 mm diameter, 99.9995%
purity) from Alfa Aesar was used as working electrode. A platinum plate and
silver/silver chloride (3.0 mol L") were used as auxiliary and reference electrodes,
respectively. Film morphology in the absence or presence of biomolecules was
assessed by atomic force microscopy (SPM 9600, Shimadzu). The assays using
Gold nanoparticles (AuNPs) were carried out using a spectrophotometer (UV-
1650PC, Shimadzu).

2.3. In silico probe selection
Nucleotide sequences of GRA6 gene (GenBank: L33814.1), B1 gene

(GenBank: AF179871.1) and a repetitive region (GenBank: AF146527.1) from T.
gondii genome were obtained from the National Center for Biotechnology
Information (NCBI) database. DNA probes were selected in silico using a pipeline
that integrated Primer3 software [17] with algorithms for multi-fast handling and
parameter setting, as well as scoring, sorting and formatting of the results.

The developed pipeline took fasta files as input, along with parameters

specified in the main script, such as probe size, GC content, scoring scheme, DNA
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and salt concentrations, constraints of melting temperature for desirable probes
and undesirable secondary structures. Afterwards, Primer3 parameter setting and
execution were sequentially conducted. The results obtained were scored with a
user-defined scheme that accounted for occurrence of pairs, triplets and quartets
of specific base residues, since some of them are preferred for electrochemical
direct monitoring in modified carbon electrodes (G and A) [11]. Next, the results
were ordered according to the score and formatted for the generation of detailed
output files. Finally, the probes obtained were submitted to BLAST alignment with

the nucleotide database in order to select the most species-specific probes.

2.4. Parasite preparation and genomic DNA extraction

Strains of Neospora caninum (NcLivAHPT) and T. gondii tachyzoites (RH)
were maintained by serial passages in HelLa cell line (CCL-2, ATCC, Manassas,
VA, USA), cultured in RPMI 1640 medium supplemented with 2 mmol.L"
glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin, at 37°C in 5% CO:2
atmosphere. Parasite suspensions were obtained as previously described [18].
Briefly, tachyzoites were harvested by scraping off the cell monolayer after 2-3
days of infection, passed through a 26-gauge needle and centrifuged at low speed
(45 x g) for 1 min, for debris removal. The supernatant containing parasite
suspension was collected, washed in phosphate buffered saline (PBS, pH 7.2) and
centrifuged at 1,000 x g for 10 min. After the centrifugation, the pellet was kept at -
20 °C for DNA extraction.

The genomic DNA was extracted from NcLivAHPT N. caninum and RH T.
gondii tachyzoites. The parasites were lysed and digested with 200 L lysis buffer
(400 mmol.L-* NaCl, 10 mmol.L-" Tris-HCI, 2 mmol.L-" and EDTA, pH 8.2), 6 uL
10% SDS, 3 ul proteinase K (20 mg.mL-"), and incubated at 55°C overnight. After
incubation, NaCl (150 yL, 6 mmol.L-') was added into the solution. The mixture
was centrifuged at 12,000 x g at 4 °C for 10 min. The supernatant was transferred
to the 1.5- mL tube, ethanol (800 uL, 100%) was added and centrifuged (12,000 x
g for 10 min). The precipitated DNA was washed with ethanol (1 mL, 75%) and
solubilized in 20 L of Milli-Q water.

The human and mouse genomic DNA was extracted from peripheral blood

according to Al-Shuhaib [19].
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The concentration and quality of DNA extracted from each sample were
analyzed using a NanoDrop 1000 spectrophotometer (Thermo Scientific, USA).

After that, the DNA samples were stored at =20 °C until use.

2.5. Preparation of graphite electrode modified with poly (3-HBA)

The bare graphite electrodes were polished mechanically with alumina slurry
(0.3 pm), sonicated, washed with deionized water and dried in air. The
preconditioning was performed in 0.5 mol.L-" HCIO4 solution through cyclic
voltammetry between + 0.0 and +1.2V, 4 cycles, 50 mV.s™'. The electrodes were
modified with polymer derived from 3- hydroxybenzoic acid according to Ferreira
and collaborators [12] with modifications. The electropolymerization was
conducted on graphite electrodes (10 scans, 0.0 and +1.2 V vs. Ag/AgCl, 50 mV.s-
1) from a 3-HBA solution (2.5 mmol.L-") prepared in HCIO4 (0.5 mol.L™") at room
temperature (25 £ 1°C).

2.6. Effect of probe concentration in the immobilization and hybridization
Optimization studies of the probe concentration were performed by adding 10

uL of different concentrations of ToxG1 (5 pmol.L", 15 ymol.L-!, 20 ymol.L", 25 u
mol.L", 35 ymol.L-" and 50 umol.L") in the modified electrode surface at 37°C and
incubated for 30 minutes. The blocking of non-specific binding was performed with
BSA 1% (w/v) at 37°C for 1 h. After immobilization of the oligonucleotide probes by
physical adsorption, 10 uL of different concentrations of ToxG2 target (10 umol.L-",
30 ymol.L", 40 ymol.L", 50 ymol.L-*, 70 ymol.L-* and 100 umol.L") were added
onto the modified electrode surfaces.

For the tests using the genomic DNA, the samples were maintained at 98 °C
for 5 minutes, in order to de-hybridize the strands; they were then added onto the
modified electrodes surfaces and incubated for 15 minutes at 52°C.

After each modification, the electrodes were washed three times with 50 uL of
phosphate buffer. Differential pulse voltammetry measurements were performed
using phosphate buffer as electrolyte.
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2.7. Assay using AuNPs
The AuNPs were produced using the modified Turkevich-Frens method. In this

method, gold salt is reduced, occurring the nucleation and growth of gold
nanoparticles of 15 to 20 nm, stabilized by citrate ions [20]. After synthesis, the
AuNPs were stored at 4°C until the use. The AuNPs sensibilizated with DNA probe
were preparated using 200 pL of AuNPs solution added to probe solution, ToxG1S
(2 uL, 200 ymol.L-") and maintained at room temperature for 1 hour. Prior to the
hybridization process, the genetic material was digested using the EcoRI
restriction enzyme (2 U/L) diluted in the specific buffer (50 mmol.L-' NaCl, 10
mmol.L-" Tris-HCI, 10 mmol.L-" MgCl2, 1 mmol.L-" DTT), pH 7.6. After that,
genomic DNA from N. caninum (negative sample, 2 uL, 200 ng.uL™") or T. gondii
(positive sample, 2 uL, 200 ng.uL™') were added and maintained at 52°C for the

duplex formation during 30 min.
3. Results and discussion

3.1. Isolation of DNA probe
The repetitive region described by Homan et al. [21] is a fragment of 529 bp,

which is repeated 200 to 300 times in the genome of T. gondii. This fragment has
been widely investigated as a molecular target for the diagnosis of toxoplasmosis
[22-24].

The B1 gene is repeated 35 times in the parasite genome and has been
commonly used for molecular diagnosis with acceptable sensitivity [24-27].

The dense granule antigens (GRA) are parasitic molecules secreted to the
parasitophorous vacuole, being immunogenic and responsible for the parasite
intracellular survival. GRA6 (dense granule antigens 6) protein is coded by GRAG6
gene (a highly polymorphic single-copy gene) and used for genotyping [28-31].
Several studies have showed the use of recombinant antigenic proteins as GRA
for serological diagnosis of toxoplasmosis [32-34].

In the probe selection process, Primer3 considered 5,397 possible probes for
GRAG6 gene, excluding 3,392 for undesirable secondary structure or long base
repeats. The remaining 2,005 probes were sorted and the top scoring was
submitted to BLAST alignment. For the repetitive region, from the 1,370 probes
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considered, 1,025 were excluded, resulting in 345 probes. For B1 gene, 6,429
probes were considered and 3,025 were excluded, resulting in 3,404 for scoring,
sorting and alignment. Finally, the best result for each gene/genomic region was

chosen. Table 1 shows the sequences and highlights some of their features.

Table 1. Selected probes and their features.

Primer3 Blast best hit features
features

, SELF- | SELF- Query . E-

ID Genomictarget | LEN | GC% | T™ ANY END HAIRPIN cover Identity value
GRA®6 gene

ToxG1 (L33814.1) 21 57,14 | 69,3 0 0 0 100% | 100% | 0.051
Repetitive

ToxR1 region 22 | 54,55 | 68,83 0 0 0 100% | 100% | 0.019
(AF146527.1)
B1 gene

ToxB1 21 | 42.62 | 66.62 | 0.81 0 0 100% | 100% | 0.051
(AF179871.1)

* LEN: oligonucleotide length, GC%: GC content, TM: melting temperature, self-any:
tendency of any self-complementarity, self-end: tendency of ends self-complementarity, hairpin:

tendency of hairpin formation, ToxG1 oligonucleotide sequence: 5'-
CTGGGAACGGTGGGAATGAAG-3, ToxR1 oligonucleotide sequence: 5'-
GGCGGAGAGAATTGAAGAGTGG-3, ToxB1 oligonucleotide sequence: 5'-

AAATGCCAGAAGAAGGGTACG-3’

Among the probes selected, ToxG1 was chosen for immobilization on the
modified graphite electrodes due to the higher percentage of guanine (G)-
cytosine(C) content in relation to ToxR1 and ToxB1. A probe of higher GC content
creates a strong bonder with complementary DNA.

Most tests used for the diagnosis of toxoplasmosis are based on the detection
of different antibody classes or antigens. Other DNA-based technologies also use
and rely on amplification procedures, based on Polymerase Chain Reaction (PCR)
prior to detection. In this method, several multicopy and single-copy genes are
used as targets [4]. Costa and collaborators [35] developed a nested-PCR assay
using the GRA7 gene as target for prime design, which also encodes a dense
granule protein. The test was sensitive and specific compared to other assays, as
the methodology presented in this work.
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3.2. Immobilization of the DNA probe
Conductive polymers have been widely used in the development of biosensors,

due to various advantages, such as the presence of functional groups that
facilitate the immobilization of biomolecules [36, 37]. A previous work carried out
by our group shows that poly (3-HBA) is an efficient matrix for the oligonucleotide
immobilization [12].

Graphite electrodes were modified with polymeric film derived from 3-HBA. A
current peak was observed at +1 V, what is attributed to the monomer oxidation,
which decreased after the potential scans. After the first cycle, a gradual increase
in the current between +0.3 V and +0.9 V can be observed due to the coverage of
the electrode with an electroactive material. This modification was confirmed by
cyclic voltammetry, in which there is an increase in the current response after the
electrode modification with poly (3-HBA).

After the production of the graphite electrode modified with poly(3-HBA), the
sensitization with ToxG1 probe was carried out.

Surface density of probe is an important factor that determines the extent to
which the immobilized probes are able to capture targets in solution [38-40]. The
effect of probe concentration for immobilization (Fig. 2) was investigated, by the

direct method, using the guanine residue oxidation signal.
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Figure 2. Differential pulse voltammograms (A) and histograms of the peak current response (B) of
guanine residue oxidation in graphite electrodes modified with poly (3- HBA) after immobilization of
different concentrations of probe (ToxG1): 5 umol.L-* (a) 15 pmol.L-* (b) 20 pmol.L-* (c) 25 pmol.L-’
(d) 35 ymol.L"" (e) and 50 pmol.L-* (f). Modulation amplitude: 25 mV, pulse interval: 0.2 s, scan
rate: 20 mV.s™.

Figure 2A shows that the oxidation peak for guanine residue occurs at +0.96V
vs. Ag/AgCl. With the increase in the guanine concentration, the current value of
the oxidation peak for guanine increases until 25 umol.L-!, according to Figure 2B.
This concentration was used in the hybridization experiments with the
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complementary target. These results show that ToxG1 probe was efficiently

incorporated to the graphite electrode modified with poly(3-HBA).

3.3. Surface analysis using AFM
The probe immobilization (ToxG1) onto electrode surface was also confirmed

using 3D AFM analysis (Fig. 3).

Figure 3. AFM topographical images of graphite electrode (A); graphite/poly (3-HBA) (B);
graphite/poly (3-HBA)/probe (C).

Images of graphite electrode, graphite/poly(3-HBA) and graphite/poly(3-
HBA)/ToxG1 probe present roughness values of 49.1 £ 2.0 nm, 27.4 + 1.4 nm and
80.3 £ 3.6 nm, respectively. The surface of the electrode modified with polymer is
smoother in comparison to the graphite electrode. Such figures indicate a greater
uniformity of the modified electrode surface due to the fact that the polymer fills the
valleys contained in the graphite electrode. After probe immobilization, both an
increase in roughness and the appearance of clusters between 0.6 and 1.2 nm
were observed according to the literature [41-42].

The effect of the probe concentration in the duplex formation is shown in

Figure 4.
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Figure 4. Histogram obtained from current peak response of guanine oxidation in graphite
electrodes modified with poly (3-HBA) after immobilization of different concentrations of probe
(ToxG1): 5 ymol.L" (a) 15 ymol.L-" (b) 20 ymol.L-* (¢) 25 ymol.L-' (d) 35 ymol.L-* (e), 50 umol.L-!
(f) and after 15 min of incubation with different concentrations of complementary target (ToxG2): 10
pmol.L-* (a) 30 umol.L-* (b) 40 pmol.L-* (c) 50 ymol.L" (d) 70 ymol.L" (e) and 100 pmol.L-" (f).

A decrease in guanine oxidation peak current can be observed after
hybridization with probe concentrations of 20 ymol.L-' and 25 ymol.L-". However,
as the difference between the probe (ToxG1) and the probe:target (ToxG1:ToxG2)
was higher for 25 ymol.L™", this probe concentration was used in the experiments.
In higher concentrations, it was observed to increase in the current response,
probably due to the saturation of the surface by the probe, causing steric
hindrance and making it difficult to interact with the complementary target.

The hybridization was monitored by the oxidation of guanine, which is the most
redox active nitrogenous base in DNA strands. When hybridization occurs, there is
a decrease in electrochemical signals due to the interaction of free guanines of the
probe with complementary cytosine bases present in the target sequence [43].
Like the bioelectrode produced in this work, several label-free oligonucleotide
biosensors have been described in literature [43-46], which are considered as the
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simplest method, once it does not require any special reagents or nucleic acid

modifications.

3.4. Specificity studies

Specificity studies were conducted using non-complementary oligonucleotide
and genomic DNA from N. caninum, human and Mus musculus as non-specific

targets. ToxG2 or T. gondii were used as positive control (Fig. 5).
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Figure 5. Bar chart obtained from differential pulse voltammograms of guanine residue onto
graphite electrode modified with poly (3-HBA) containing ToxG1 probe, before hybridization (a) and
after hybridization with: non-complementary oligonucleotide (b), complementary target
oligonucleotide (ToxG2) (c), Neospora caninum genomic DNA (d), human genomic DNA (e), Mus
musculus genomic DNA (f) and Toxoplasma gondii genomic DNA (g). Electrolyte: phosphate buffer
(0.10 mol.L"), pH 7.4, modulation amplitude: 25 mV. Pulse interval: 0.2 s; Scan rate: 20 mV.s™.

When the non-specific targets (oligonucleotide or genomic DNA from N.
caninum, human and Mus musculus) were added, the current values observed
were similar to the probe. A decrease of about 20% in the guanine signal was
observed due to the extent of hybridization between the ToxG1 probe in the
presence of ToxG2 or T. gondii RH strain genomic DNA. This decrease is due to

the formation of hydrogen bonds between the probe and the complementary target
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during the hybridization, which hampers the oxidation of nitrogenous bases [11,
16, 41- 43].

Figure 6 shows a decrease in current peak response with the increase in
genomic DNA concentration and a linear relationship of the current peak with the
genomic DNA concentration given by I/yA =-0.01817X + 19.81 (r = 0.9826), in the
range of 100 ng.uL™" to 400 ng.uL™". It was possible to detect up to 100 ng.uL-" of
the genomic DNA of Toxoplasma gondii.
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Figure 6. Calibration curve for the oxidation signal of guanine residue obtained from the differential
pulse voltammograms onto graphite electrode modified with poly(3- HBA), containing ssDNA
(TOXG1) before and after hybridization with different concentrations of Toxoplasma gondii RH
strain genomic DNA (100 ng. pL™" to 400 ng. uL-"). Electrolyte: phosphate buffer (0.10 mol.L"), pH
7.4. Modulation amplitude: 25 mV. Pulse interval: 0.2s; 20mVs-1.

3.5. Analysis using AuNPs

Gold nanoparticles are a scaffold for DNA binding. The functionalization of
AuNPs with oligonucleotides was used for the electrochemical analysis of the
hybridization between ToxG1 probe: T. gondii DNA (positive sample) and ToxG1
probe: N. caninum DNA (negative sample) (Fig. 7).
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Figure 7. Absorption spectrum in the UV-vis of: AuNPs (a), AuNPs/TOXG1/NaCl (saturated) (b),
AuNPs/ToxG1/ Neospora caninum/NaCl (saturated) (c) AuNPs/ToxG1/ Toxoplasma gondiil NaCl
(satured) (d) and AuNPs/NaCl (saturated) (e).

Figure 7a shows the absorption spectrum of the AuNPs. The peak of maximum
absorbance at 520 nm is in accordance with Verissimo and collaborators [47].

When the ToxG1-S probe was incubated with the negative control (N. caninum
DNA), both the absorbance peak and the displacement are similar to the probe
(Fig. 7b), but with a lower intensity of ToxG1-S (Fig. 7c). However, when the
ToxG1-S probe was incubated with the positive control (T. gondii DNA) (Fig. 7d),
a significant change in the absorbance peak was observed, as well as widening
and bathochromic shift, assuming a peak absorbance near 540 nm. The spectra in
Figure 7d (shoulder in 580 nm) and Figure 7e (peak in 680 nm) suggest that the
particles are close to each other, indicating an agglomeration process. These
results indicate that the process of target recognition (genomic DNA) occurs by

means of the biosensor, corroborating with the electrochemical results.
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4. Conclusions
An approach for the selection of DNA probes related to T. gondii was shown in

this study. Poly(3-hydroxybenzoic acid) was effective for the immobilization and
detection of DNA fragments of T. gondii.

The immobilization of the ToxG1 and the hybridization of the oligonucleotide
(ToxG2) and genomic DNA showed good responses by direct detection of guanine
residue oxidation. A decrease of about 20% in the guanine signal was observed
due to the hybridization between the ToxG1 probe in the presence of ToxG2 or T.
gondii genomic DNA. In the presence of non-specific targets (N. caninum, human
and Mus musculus), the current values observed were similar to the probe.

Hybridization was also confirmed by optical assays using AuNPs. When the
ToxG1S probe is incubated with the T. gondii genomic DNA, there is a significant
change in the absorbance peak, widening and shifting to a longer wavelength in
accordance with the electrochemical results.

The results obtained contribute to the further development of the rapid

diagnosis of T. gondii infection or toxoplasmosis.
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Abstract

Toxoplasma gondii is the intracellular protozoan parasite responsible for
toxoplasmosis. The serologic detection of anti-T. gondii immunoglobulins plays a
crucial role in the clinical diagnosis of toxoplasmosis. In this work, a novel
electrochemical immunosensor for detecting anti-T. gondii immunoglobulins in
infected mouse serum was developed based on the immobilization of an in silico
predicted peptide (PepB3), obtained from a membrane protein of T. gondii, as
recognition biological element, on the surface of graphite electrode modified with
poly(3-HBA) and verified by atomic force microscopy (AFM) and electrochemical
techniques. The infection and the binding specificity of peptide PepB3 were
confirmed by indirect ELISA. The produced biosensor was able to discriminate
different periods of infection using infected mouse serum samples by differential
pulse voltammetry, presenting limit of detection in diluted samples of 1:100 (v/v).
The biosensor showed selectivity, discriminating infected and uninfected mouse
and high stability provided about 75% of its initial response after 30 days of
storage.

Keywords: Toxoplasma gondii; mimetic peptide; poly (3-HBA); biosensor

Resumo

Toxoplasma gondii é o protozoario parasita intracelular responsavel pela
toxoplasmose. A deteccdo sorolégica de imunoglobulinas anti- 7. gondii
desempenham um papel crucial no diagnostico clinico da toxoplasmose. Neste
trabalho, um novo imunossensor eletroquimico para detecgdo de imunoglobulina
anti- T. gondii em soro de camundongo infectado foi desenvolvido com base na
imobilizacdo de um peptideo predito in silico (PepB3), obtido de uma proteina de
membrana de T. gondii, como elemento de reconhecimento biolégico, na
superficie do eletrodos de grafite modificado com poli (3-HBA) e verificado por
microscopia de forca atdmica (AFM) e técnicas eletroquimicas. A infeccdo e a
especificidade de ligagdo do peptideo PepB3 foram confirmadas por ELISA
indireto. O biossensor produzido foi capaz de discriminar diferentes periodos de
infeccdo utilizando amostras de soro de camundongo infectado por voltametria de
pulso diferencial, apresentando limite de detecgdo em amostras diluidas de 1: 100
(v/v). O biossensor mostrou seletividade, discriminando camundongos infectados
e nao infectados e alta estabilidade mantendo cerca de 75% de sua resposta
inicial apos 30 dias de armazenamento.

Palavras- chave: Toxoplasma gondii; peptideo mimético; poli (3-HBA);
biossensor
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1. Introduction

Toxoplasmosis is a common parasitic disease which affects animals and
humans caused by the intracellular protozoan parasite Toxoplasma gondii (T.
gondii) [1, 2]. The principal means of acquiring the infection is either by ingestion
of inadequately cooked meat containing tissue cysts or food or water
contaminated by oocysts, and congenital or transplacental [3, 4]. Approximately
30% of the human population worldwide is chronically infected with T. gondii. In
general, human infection is asymptomatic, but the parasite may induce severe
disease in fetuses and immunocompromised patients [5].

The humoral response to T. gondii infection results in increased levels of
specific circulating immunoglobulins, as IgM, 1gG, IgA, and IgE, but each isotype is
induced with a specific kinetic profile after primary infection [1] and the serologic
detection of anti-T. gondii immunoglobulins plays a crucial role in the clinical
diagnosis of toxoplasmosis.

The detection of antibodies is an important area in bioanalysis because their
presence provides information about several pathologies. A wide range of
serological techniques is available for the detection of specific T. gondii
immunoglobulins, being the main methodologies used the enzyme-linked
immunosorbent assays (ELISA), immunosorbent agglutination assay, indirect
hemagglutination assays, indirect fluorescent antibody tests, the modified
agglutination test, Western blotting and IgG avidity. The Sabin-Feldman dye test,
which was recognized as gold standard assay for a long time, it is now no longer
used due to its practical difficulties, particularly because it is required live parasites
within its components. Even though ELISA has been considered one of the most
reliable methods for the detection of specific anti-Toxoplasma antibodies in sera, it
is time consuming and includes specificity concerns [1, 6-8].

It has been described recently that antibodies can be also detected and
quantified using immunosensors [9]. An immunosensor is a type of biosensor in
which the antigen binds to the antibody, forming a stable complex, and the antigen
or antibody can be immobilized on the surface of different transducers.

Electrochemical immunosensors have been explored in several analyses since
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they are specific, simple, rapid, portable, and generally disposable and can carry
out in situ or automated detection [10-12].

As antibody-mediated immune response occurs via the recognition of specific
epitopes, reduction of the antigen to minimal sequences of peptides has often
been addressed [13, 14]. Peptides have been utilized as biorecognition elements
due to their stability against denaturation, simple acquisition, specificity, cost
effectiveness, standard synthetic protocol, accessibility, easy modification,
chemical versatility, chemical combination and selection in random libraries [15].
Several studies reported the application of peptides in detection of
immunoglobulins [16-18]. Biosensors applied to toxoplasmosis diagnosis have
been described in the literature [19-26], however, they do not use peptides as
biorecognition probe.

In this work, a novel electrochemical immunosensor was constructed using an
in silico predicted peptide for detecting anti-T. gondii immunoglobulins in infected

mouse serum.

2. Experimental

2.1. Chemicals

All reagents used were of analytical grade, without previous purification.
Solutions were prepared with deionized water (Gehaka, 18 MQ cm) and bubbled
with ultrapure N2 prior to electrochemical measurements. The monomer employed
for the polymerization reaction was 3-hydroxybenzoicacid (3-HBA) 99%,
purchased from Sigma-Aldrich (USA). Buffer solutions were saline phosphate
buffer (PBS, 0.01 mol L™', pH 7.4, containing 10 mmol L~' NaCl) and phosphate
buffer (0.1 mol L™', pH 7.4). The detections were performed in 5.00 mmol.L"’
K4Fe(CN)s containing 0.10 mol.L"" KCI solution. Experiments were conducted at
room temperature (25 £ 1°C).

The PepB3 (APTGDPSQNSDGNRG) prediction and selection (data not shown)
was performed using resources available online. Briefly described ahead, the
sequence of SAG related sequence 52 A (SRS52A), a membrane protein of T.
gondii, was obtained from ToxoDB (www.toxodb.org/toxo) [27, 28]. The whole

protein was analyzed using B cell epitope prediction score resources, available at
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Immune Epitope Database and Analysis Resource (IEDB — www.iedb.org) [29],
searching for sequences of 15 aminoacids with high B cell prediction score.
Prediction of linear epitopes was performed by Bepipred linear prediction method
using the minimum score of 1.5 [30]. Several peptides were selected and
chemically synthetized as described elsewhere [31] and tested against infected
mice serum and the PepB3 had the best results. PepB3 isoelectric point (pl) was
predicted by PepCalc.com tool [32], its three-dimensional structure was predicted
by I-Tasser suite [33]. For electrochemical assays PepB3 was diluted in PBS
buffer (10 uyg mL™"). Blocking solution was prepared with glycine (10 mM, Merck,
99%) in phosphate buffer.

2.2. Apparatus

The electrochemical measurements were performed with a CHI 760C
potentiostat (CH Instruments, USA). A graphite disk (6.15 mm diameter, purity
99.9995 %) from Alfa Aesar was used as working electrode. A platinum plate and
silver/silver chloride (3.0 mol L™') were used as auxiliary and reference electrodes,
respectively. Surface morphology in the absence or presence of biomolecules was
assessed by atomic force microscopy (AFM 5100N, Hitachi), using silicon
cantilevers with constant force 3.1-37.6 N m~' and resonant frequency of 140-390

kHz, measurements were performed in intermittent mode.

2.3. STAg production

Soluble Toxoplasma gondii antigen (STAg) was produced using tachyzoites
obtained in vitro [34]. Tachyzoites of RH strain were maintained by serial
passages in HelLa cell line (CCL-2, ATCC, Manassas, VA, USA), which were
cultured using RPMI 1640 medium supplemented with glutamine (2 mmol L),
penicillin  (100U/mL) and streptomycin (100 pg/mL), at 37°C in 5% CO2
atmosphere. Briefly, the parasite suspensions were submitted to freeze-thawing
and sonication cycles in the presence of protease inhibitors, centrifuged, the
supernatant collected and the protein content was determined by Bradford method
[35].
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2.4. Infected mouse serum

Female Swiss mice were infected with 10 cysts of ME49 strain,
intraperitoneally, and blood samples were collected on the day of infection and
after 15, 30, 45, 60, 75 and 100 days, and centrifuged at 67 x g for 10 min at room
temperature. Animals were maintained under standard conditions in the Bioterism
Center and Animal Experimentation, Federal University of Uberlandia, Brazil. All
procedures were conducted according to institutional guidelines for animal ethics
and the study received approval of the Ethics Committee for Animal
Experimentation of the Institution (CEUA-UFU) under the protocol 109/2016.

The infection and the binding specificity of peptide PepB3 were confirmed by
indirect ELISA protocols described elsewhere [34]. Briefly, high-binding microtiter
plates (Corning Laboratories 3590, New York, USA) were coated with a solution of
STAg or PepB3 in carbonate buffer (10 ug/mL, pH 9.6), 50 pL/well, followed by
overnight incubation at 4°C. Next, the plates were washed with 200 uL/well of
PBS-Tween 0.05% (PBST) three times. The remaining binding sites in wells were
blocked with 100 pL of PBST supplemented with 5% skim fat milk (PBSTD) for or
with a solution of PBST plus 0,5% BSA for 1 hour at room temperature. The plate
was washed and mice serum samples were diluted in PBSTD or PBS+BSA in the
dilution of 1:50, and each well received 50 uL of sera. After the plates had been
incubated for 1 hour at 37°C, they were washed and dilutions of antibody against
mouse Fc-specific IgG labeled with peroxidase (Sigma—Aldrich, USA)) were
applied to the wells (50 uL/well of 1:2000 conjugated antibody), followed by 1 hour
of incubation at 37°C. The plate was washed and the reaction revealed using 50
pL/well of commercial developing solution ABTS (0.03% H202 and 0.01 M of
chromogen 2,2°-azin-biz-3-ethil-benzothiazoline sulfonic acid; Sigma—Aldrich,
USA). The optical density (OD) was determined at 405 nm in a plate reader
(Tecan Spectra Classic, Grodig, Austria).

2.5. Preparation of graphite electrode modified with poly (3-HBA)

The bare graphite electrodes were polished mechanically with alumina slurry
(0.3 um), sonicated, washed with deionized water and dried in air. The

preconditioning was performed in 0.5 mol L™' HCIO4 solution through cyclic
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voltammetry between +0.0 and+1.2 V, 4 cycles, 50 mV s™'. The electrodes were
modified with polymer derived from 3-hydroxybenzoic acid according to Ferreira
and collaborators [36], with modifications. The electropolymerization was
conducted on graphite electrodes (10 scans, 0.0 and +1.2 V vs. Ag/AgCl, 50 mV
s™") from a 3-HBA solution (2.5 mmol L") prepared in HCIO4 (0.5 mol L™).

2.6. Preparation of the peptide-modified electrode

After the production of the graphite electrode modified with poly (3-HBA), the
sensitization with PepB3 probe was carried out. The solution containing 10 ug
mL~" of peptide probe was dropped onto the electrode surface at 37 °C and
incubated for 30 min. The blocking of non-specific binding was performed with
glycine (10 mM) at 37°C for 1 h. After immobilization of the peptide probes by
physical adsorption and surface blocking, 10 pyL of infected mouse serum (0, 15,
30 and 60 days after T. gondii infection) diluted (1:25) in phosphate buffer (0.1 mol
L™, pH 7.4) were added and incubated for 30 min. After each modification, the
electrodes were washed three times with 50 yL of phosphate buffer. Differential
pulse voltammetry measurements were performed using potassium ferrocyanide
solution as electrolyte. The biosensor performance was evaluated with varying
dilutions of infected mouse serum (30 days of infection) in phosphate buffer
(1:100, 1:75, 1:50, 1:25, 1:10). Finally, the biosensor performance was also
evaluated after storage at 10 °C for 0, 5, 10, 20 and 30 days.

2.7. Statistics and data presentation

All experiments were performed in triplicate and numeric results are presented
as arithmetic means + standard deviation. For each measurement, a new
electrode was used. Voltammograms were plotted with Origin 8 and peaks were
corrected and analyzed with Peak Analyzer tool in program. Graphs and simple
linear regression analysis were performed with GraphPad Prism 6. The numerical
data (days of infection and stability) were analysed statically and compared using
the one-way-ANOVA followed by Dunnett’s test, using freeware R [37]. Values of

P < 0.05 were considered statistically significant.
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3. Results
3.1. PepB3 probe immobilization

Conducting polymers have been widely used in the areas of bioanalytical
science, due to various advantages, as increase of stability, speed, sensitivity and
facilitate the immobilization of biomolecules due the presence of functional groups
[38-41]. Previous works shows that poly (3-HBA) is an efficient matrix for the
oligonucleotide [25, 36] and peptide [18] immobilization.

Graphite electrodes were modified with polymeric film derived from 3-HBA and
the PepB3 peptide immobilization was evaluated through differential pulse
voltammetry and atomic force microscopy (Fig. 1).

The interactions that occur on the electrode surface can be observed by
alterations in the electron transfer of a known redox system. The peptide
immobilization was monitored using the external redox molecule [Fe(CN)e]*". Fig.
1A shows the differential pulse voltammograms of [Fe(CN)s]*-oxidation in graphite
electrodes modified with poly (3-HBA) in the absence and presence of the pepB3.
We observed oxidation peaks at Ep = +0.27 V, with Aip = 224.77+5.80 A for
graphite electrodes modified with poly (3-HBA) and Ep = +0.21 V, with Aip =
148.13+0.81 pA after the immobilization of pepB3. The oxidation peak was
detected at the same potential reported in other works for graphite electrodes
modified with poly (3-HBA) [18, 36].

A decrease of about 1.5 times (Fig. 1B) was observed in the current values in
presence of the peptide, indicating that the biomolecule was immobilized, possibly
due to interactions between the immobilized negatively-charged peptide (predicted
isoelectric point of 4.12) and the anionic redox molecule in solution making it
difficult and reducing the electron transfer of the redox couple to the electrode.

AFM images for the graphite electrodes modified with poly (3-HBA) (Fig. 1C)
and modified with PepB3 (Fig. 1D) present roughness values of 35.56 + 0.88 and
154.8 + 3.67 nm, respectively. After immobilization of the peptide there was an
increase in the roughness values, indicate that the surface was modified with the

probe and corroborating with the analysis by differential pulse voltammetry.
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Figure 1. Differential pulse voltammograms (A) and histogram (B) obtained from current peak
response of [Fe(CN)es]*-oxidation in graphite electrodes modified with poly (3-HBA) before (a) and
after (b) immobilization of pepB3. Electrolyte: potassium ferrocyanide solution. Modulation
amplitude: 25 mV. Pulse interval: 0.2 s; Scan rate: 20 mV s~'. AFM topographical images of
graphite/poly (3-HBA) (C); graphite/poly (3-HBA)/PepB3 (D).

3.2. Infected mouse serum tested by ELISA

The samples of infected animals were tested by ELISA against STAg and
PepB3. The samples tested against pepB3 showed crescent absorbance values
until the 30th day of the infection, and against STAg until the 45th day of infection
and after remaining constant (Fig. 2). Both groups showed low rates of false

positive and false negative (<5%; data not shown).
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Figure 2. Indirect ELISA results of experimentally infected samples. The dotted lines represent the
cut-off value of STAg and PepB3 assays.

3.3. Detection of specific immunoglobulins in infected mouse serum

Mouse serum samples after T. gondii infection were applied to the biosensor to
evaluate its selectivity. Detection was carried in potassium ferrocyanide solution by

differential pulse voltammetry as shown in Fig. 3.
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Figure 3. Schematic representation of the immunosensor. Highlighted: predicted structure of
PepB3 peptide (APTGDPSQNSDGNRG); Glycine (red) and immunoglobulin (blue).
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As showed in Fig. 4 an increase in current intensity for 15, 30 and 60 days was
observed when compared to 0 day (negative control), that increase suggests an
interaction between the PepB3 peptide and anti- T. gondii immunoglobulins
present in the sample.

For the positive sample, the increase of the current values observed after the
interaction of the peptide with antibodies occurred, possibly, due to alteration in
the three-dimensional structure of the immunoglobulin, causing an exposure of
some basic amino acid residues (lysine, arginine and histidine), favoring the
electronic transfer for the redox pair. Similar effect it was observed in the literature
[42, 43].
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Figure 4. Histogram obtained from current peak response of [Fe(CN)s]*~ oxidation in graphite
electrodes modified with pepB3 and after 30 min of incubation with mouse serum samples from 0
to 60 days after T. gondii infection. Electrolyte: potassium ferrocyanide solution. Modulation
amplitude: 25 mV. Pulse interval: 0.2 s; Scan rate: 20 mV s™'. (*) Significant differences between
the negative control (0 day) and 15, 30 and 60 days (P < 0.05; ANOVA).

3.4. Calibration curve and stability of the biossensor

The biosensor response to different dilutions of mouse serum from 30 days
after T. gondii infection (1:10, 1:25, 1:50 and 1:100) was evaluated and an
increase in current peak response with the decrease in dilution was observed.
From these data a linear relation of the current values in function of the inverse of
the dilution factor given by I/pA = 335.3 (1/Dilution factor) + 43.23, r = 0.9967) was
found (Fig. 5). It was possible to detect up to 1: 100 dilution of mouse serum

sample.
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Figure 5. Relation between current and the inverse of dilution factor (1:10, 1:25, 1:50 and 1:100) of

infected mouse serum (30 days of infection). Electrolyte: potassium ferrocyanide solution.
Modulation amplitude: 25 mV. Pulse interval: 0.2 s; Scan rate: 20 mV s™.

The response after 30 days of storage indicates that the biosensor maintained
about 75% of its initial response under the conditions tested (dry, at 10 °C) (Fig.
6). The use of peptides as a recognition probe contributes to the stability of the
immunosensor, since peptides with short chains of amino acids generally have
better chemical and conformational stability than proteins [44] peptide-based
biosensors exhibit excellent properties, and offer opportunity for the production in
scale large [15]. In addition, the use of platforms based on polymer films contribute
to increase the stability of biosensors [39].
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Figure 6. Storage stability profile of immunosensor at 10°C during 30 days. Electrolyte: potassium
ferrocyanide solution. Modulation amplitude: 25 mV. Pulse interval: 0.2 s; Scan rate: 20 mV s, (¥)
Significant differences compared to the 0 day of storage (P < 0.05; ANOVA).
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4. Conclusion

A novel electrochemical immunosensor using an in silico predicted peptide, as
recognition biological element was proposed, where poly (3-hydroxybenzoic acid)
showed effective for the immobilization of PepB3 probe. The immunosensor
developed enabled the discrimination of infected and uninfected mouse using the
ferrocyanide as indicator. The biossensor for anti-T. gondii immunoglobulins was
reproducible, specific and detected until 1:100 (v/v). The obtained results
contribute to the further development of the diagnosis for point of care of T. gondii

infection and toxoplasmosis.
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This work describes an approach for the selecticn and detecticn of specific DM probes related to Toxe-
plozme gondif, a protozoan parasite responsible for toxcplasmesis. The detection system was developed
on graphite carbon electrede modified with poly 3-hyd roee pbenzoic acid } sensitized with ToeC1 probe.
The hybridization ofthe specific genomic DMA related to T. gordil showed good response by direct detec-
tion of quanine cesidue oxidaticn using differential pulse valtammetoy {DPY). The bicsenscr was able to
K = distinguish both the complementacy and non-complementary tacgets and detect up to 100ng pl * of
EFWN the T. pondif genemic DNA The hybodization (ToxG): T, gondii gencmic DMA) was confrmed by cptical
Tonoploema gondd N 5 3 5
OMA mexsurement. Optical assays vsing gold nancpadicles:Tox Gl probe showed 3 significant change in the
GRAG gent abk=orbance peak in the presence of the T. gondii genomic DNA according bo the electrochemical results.
Bigsensor This noare] biosensor shows potential as electrochemical transducer and waes successfully applied in the

5old nanopanticles biological sample.

£ 2017 Elsevier B.Y. All rights 1eserved.

1. Introd uction

Teaoptasma gandiiisthe intracellular protezoan parasite respon-
sible for toxoplasmiosis, 2 zoonosis with medical and veterinary
importance worldwide [1]. Most infections are asymptomatic in
healthy adults, bul severe disease may develop with conzenital
infections or immunedepression | 2] Estimates show that more
than a third of the world's population has been infected with this
parasite [3]. Dagnosis and genetic characterization of T. gandii
infection are arucial for monitoring, prevention and contorol ol toxo-
plasmosis. Traditional approaches for toxoplasmosis detection rely
on immunological diagnosis and imaging techniques |4]. These
methods have limilations: as for instance. the identification based
on imaging techniques is less sensitive and uncertain. In addition,
these methoils demand a long time for sample preparation, expen-
sive equipment and the need for skilled persannel.

There is a significant need for improved diagnosis. Biosensors
stand out as a promising alternative to the traditicnal met osdolo-

* Camrespandmg authar.
E-maif address: aghritoduu br (A6 BTit-Badurmn.

hrpz/ids doiorg 101016 jpba20 17 .07 050
0731-TOES /@ 2317 Elcevier BY. All rights recerved.

ples. Biosensors are analytical devices that combine the specificity
of biomalacules with sensible transduction platforms, presenting
portability, rapidity and good cost-eflectiveness relation. In the
literature, sensors developed for the detection of T. gondi are zen-
arally basad on the immaobilization of antibodies [5-7]. aptamers
[E] and DMA probes |2,10] The detection of specific DNA sequences
plays a major role in many fOelds, especially in dinical diagnostics.
Direct monitaring of changes in its electrochemical properties. such
as oxidation of guanine and adenine residues, enables the detection
of hybridization on the electrode surface [11].

The combination of pelymerc materials with bicsensors pro-
moles an increase in the analytical performance of the biosensor.
Polymers derived from hydroxybenzoic acid are used in the devel-
apment of palymeric Alms for the modification of electrades due
Lo the presence of functional groups (carboxylic acid and bydroxyl
acid), which are liable to undergo electropolymerization and o
interact with biomolecules |12].

Mucleic acid compenents, such as nocleosides and nucleckides,
are glectrogactive species that can be monitored. The electro-
chemical behavior of DMA and the effects of its adsorption onto
several types of electrodes have been widely investigated [ 12-15].
Dliveira-Brert and collaborators | 11] investigated the voltamimet-
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ric cxidation of all nuclectides of deoxyribonuclaic acid on glassy
carbon electrodes. Silva et al. [16] successiully described the immio-
bilization of purine and pyrimidine bases on graphite elecirodes
modified with poly) 3&-methaxyphenethylamine].

The focus of the curment work was the development of a
method Tor the selection of specific DM4 probes related to T
pondii and a system for the detection of a specific Larget sequence
far the diagnosis of toxoplasmosis based on graphite elecirodes
modified with poly 3-hydroxybenzoic acid) and sensitized with
DNA-oligonuclentide probe [(Fiz. 1)1 [n this work, it was possible
to detect double-strand DNA related to . pongii onto the moedifed
surface. To the best of our knowledge, this is the Arst genosensor
that uses specific genomic DMA as a target for the diagnosis of T.
gondii infection or toxoplasmosis.

1. Experimencal
21, Chemicals

All reagents used were of analytical grade without previous
purification. Ultra high purity water (Master System, Cehaka,
Brazil} was used for the preparation of all solutions. The monomer
employed lor the polymerization reaction was 3-hydroxybenzoic
acid [3-HBA) 83%, purchased from Sigma- Aldrich (USA) The detec-
ticms were performed in 0.1 molL-' phosphate bulfer { MazHPOy
0067 miel L-! MaH;: POy 0039 mel L1, pH = 747 All solutions were
decxygenated by ultra-pure nitrogen bubbling for at least 45 min
before use. Experiments were conducted at room temperature
(25 +1=C).

Oligonuclectides  were

symthesized by Invitrogen

Life  Techmologies and  their  sequences  are: ToxGl
{probe): 5-CTGGCAACCCTCCGAATCAA-Z,  TowG1S  (probe)
FCTCCCAACCLTCGOAATOAA-BH-3,  TomG2  {targeth  5'-
TTCATTCCCACOGTTCOCAG-3", Mon-complementary target:

S CCACTCTTCAATTCTCTOCCCC-3'

The oligonucleotide skock solutions and dilutions were prepared
in 55C buffer {pH 7.0, sodium chloride 0.3 mol L' and sodium cit-
rate 0.03 mol L-1, Sigma-Aldrich, UISA) and stored at —12=C

22 Apmaromus

The electrochemical studies were performed in a potentiostat
from CH Instruments, model 8200, USA A graphite disk (6. 15mm
diamerer, 99.9995% purity) from Alfa Aesar was used as working
electrode. A platinom plate and silverfsilver chloride (3.0 mol L-1)]
wiere used as auxiliary and reference electrodes, respecrively.
Film morphology in the absence or presence of biomolecules was
assessed by atomic force microscopy (SPM 9600, Shimadzu). The
assays using Gold nanoparticles (Au MPs) were carried cut using a
spectrophotometer (V-1650PC, Shimadzu).

23, [ silico probe selectisn

Nucleotide sequences of CRAG gene (GenBank: [33814.13, Bl
eene (GenBank: AF179571.1) and a repetitive region (GenBank:
AF146527.1) from T, gondii genome were obtained from the
Mational Center for Biotechnology [nformation {MCBRI) database.
DMA probes were selected in sifice using a pipeline that integrated
Primer3 software [17] with algonthms for multi-fast handling and
parameter seting, as well as scoring, sorting and formatting of the
resulls.

The developed pipeline took fasta fles as input, along with
parameters specified in the main script, such as probe size, GC
content, scoring scheme, DMA and salt concentrations, conskraints
of melting temperature for desirable probes and undesirable sec-
ondary structures. Afterwards, Primer3 parameter setting and

execution were sequentially condwcted. The resules obtained were
scored with a user-defined scheme that accounted for occurrence
alpairs, triplets and quartets of specific base residues, since some of
thern are preferred lor electrochemical direct moemienng in modi-
fied carbon electrodes (G and A 11]. Next, the results were ordered
accordine to the score and formatted for the generation of detailed
output files. Finally, the probes obtained were submitted to BLAST
alignment with the nucleotide database in order to select the most
species-spedific probes.

24. Parasite preparatien and geromic DMA exrocion

Strains of Neospora coninem (McLivAHPT) and T, gendii tachy-
zoites [RH! were maintained by serial passages in Hela cell line
(002, ATCC, Manassas, VA USA) culiured in RPMI 1640 mediom
supplemented with 2 mmolL-! glutamine, 1AU/mL penicillin and
100 wg!mL strepromycin, at 37 =C in 3% CO; atmosphers. Parasite
suspensions were obtained as previcusly described [15]. Briefly,
tachyzoites were harvested by scraping off the cell monolayer after
2-3days of infection, passed through a 26-gauge needle and cen-
trifuged at low speed (45 = g) for 1 min, for debris removal. The
supernatant containing parasite suspension was collected, washed
in phosphate buffered saline (FR5, pH 72) and centrifuged at
1000 5 g Tor 10min. After the centrifugation, the pellet was kept
ar — 20=C for DNA extraction.

The penomic DNA was extracted from NeUvAHPT M. caminem
and RH T. gendii tachyzaoites, The parasites were [ysed and digested
with 200 pL lysis buffer (400 mmaol L ' NaCl, 10mmel L' Tris-HO,
2mmol L' and EOTA, pH 8.2}, 6l 10% SDS, 3l proteinase K
[20mgmL-"), and incubared ar 55=C overnight After incubation,
MaCl{ 150 L. & mmol =" ywas added into the solution. The mixture
was centrifuged at 12,000 « g at 4=C for 10min The supernatant
was transfemed to the 1.5-ml tube, ethanol (300 pL, 100 was
added and centrifuged {12} - p for 10min). The precipitated
[MMA was washed with ethanol {1 mL 75%) and solubilized in 20l
ol BMilli-0 waker.

The human and mouse genomic DNA was extracted from
peripheral blood according o Al-Shohaib [15]

The concenrration and quality of DMA extracted [rom each sam-
ple were analyzed using 2 ManoDrop 1K) spectrophatometer
(Therma 5cientific, USA) After that, the DMA samples were stored
at —20-C until use.

2.5 Preparatien of graphite electorade mogdificd wieh poly (3-HEA)

The bare graphite electrodes were palished mechanically with
alumina slurry (0.3 wm), senicated, washed with deionized water
and dried in air. The preconditioning was performed in 0.5 mol [
HCI0y solution through Cyclic voltammerry between +0.0 and
+1.2V, dcycles, 50mY s | The electrodes were modi fed with poly-
meer derived from 3-hydroxybenzcic acid according o Ferreira and
collaborators [12] with modifications. The electropolymerization
was conducted on praphite electrodes (10 scans, 0.0 and +1.2V vs
AgiAgCl. 50mY s ' jiroma 3-HBAsclution {25 mmolL-' ) prepared
in HCIO4 (0.5 mol L 1) at reom temperature (25 +1°C0).

246 Effect of probe concentratisr in e immebilizatfon and
Rybridizetian

Optimization studies of the probe concentration were per-
formed by adding 10wl of different concentraticons of ToxCl
(Spmel L-1 15 pmoelL-1, 20 umal L-1, 25 p molL-1, 35 pwmel -1
and S0pmol L") in the modified elactrode surface at 37=C and
incubated lor 30 min. The blocking of non -specific binding was per-
formed with B5A 1% (wiv) at 37=C for 1 b After immaobilizaticn
ol the oligonuclectide probes by physical adsorption, 10wl of dil-
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Tox(l

Fig 1. Schematic representation for the imimobilizatson of the Toks 1 probe on modified electrade and its hybridization.

ferent concentrations of TooC2? karget (10 wmol L7, 30 wmoel LY,
A0 pmol -1, S0 pwmelL-7, 0 pmolL-! and 100 pmol L-1) were
added onta the modified electrode surfaces.

For the tests using the genomic DMA the samples were main-
tajned at 58 =C for 5 min, in order to de-hybridize the strands; they
were then added onto the modified electrodes surfaces amd incu-
bated for 15 min at 52=C.

After each modification, the electrodes were washed three times
with S0 pL of phosphate buffer, Diferential pulse yoltammerry
measurements were performed using phosphate buffer as elec-
trolyre.

27 Assay using AuMEs

The AuMPs were produced vsing the modified Turkeyich-Frens
methed. Inthis method, pold salt is reduced, eccurming the nocle-
ation and growth of gold nanoparticles of 15-20nm, stabilized
by citrate ions [20]. After synthesis, the AuMPs were stored at
4=C until the use. The AuMPs sensibilizated with DMNA probe were
preparatad using 200 L of AuMPs salution added toprobe solution,
ToxC15§2 oL, 200 wmel L' and maintained at room temperature
for 1h. Prior 1o the hybridization process, the genetic matenal
was digested using the EcoRl restriction enzyme (2UIL) diluted
in the specific buffer (S0mmalL-" Mall, 10mmaol L' Tris-HO,
10mmolL ! Mgy, 1mmol L1 DTT}, pH 7.6. Alter that, genomic
DMA from M. coainum {negative sample, 2ul 200ng ol " or T
gondii {positive sample, 2ul, 200ng pl-') were added and main-
tained at 52>C for the duplex formation during 30 min.

3. Resulis and discussion
3.1, lsalotion of OMA probe

The repetitive region described by Homan et al. [21] 15 a [rag-
ment of 529 bp, which is repeated 200- 200 times in the genome of
¥. goncii. This fragment has been widely imvestigated as a molecular
target for the diagnosis of toxoplasmosis [22-24],

The B1 pene is repeated 35 times in the parasite penome and
has been commaonly vsed lor molecolar diagnosis with acceplable
sensitiviny [24-27 |

The depse pranule antigens [GHRA} are parasifc molecules
secreted 1o the parasitophorous vacuole, being immuncgenic and
responsible for the parasite intracellular sunvival. CRAE (dense
granule antigens &) protein s coded by GRAS gene (a highly
polymorphic single-copy gene) and used for genotyping [2B-31].
Several studies have showed the use of recombinant antigenic pro-
teins as CRA for serological diagnosis of toxoplasmaosis [22- 24

ToxE1/ToxG2

Direct detection

[n the probe selection process. Primer3 considered 5397 pos-
sible probes for GRAG pene, excluding 3352 for undesirable
secondary struckure of long base repeats. The remaining 2005
probes were sorted and the top scoring was submitted to BLAST
alignment. For the repetitive region, Irem the 1270 probes consid-
ered, 1025 were excluded, resulting in 345 probes. For B1 gene,
6420 probes were considered and 3025 were excluded. result-
ing in 3404 for scorng, sorting and alignment. Fipally, the best
result for each gene'genomic region was chosen. Table 1 shows
the sequences and highlights some of their features.

Among the probes selected, ToxG1 was chosen lor immabi-
lization on the modified graphite electrodes due to the higher
percentage of guanine [ C)-cytosine) C) content in relation to ToxR1
and ToxB1. A probe of higher GC content creates a strong bonder
with complementary DMA.

Most tests used for the diagnosis of toxoplasmosis are based on
the detection of different antibedy classes or antigens. Other DMA-
based technologies also use and rely on amplification procedures,
based on Polymerase Chain Reaction (PCR) prior to detection. In
this method, several multicopy and single-copy genes are used as
targets |4]. Costa amd collaborators |35] developed a nested-PCR
assay using the CRAY gene as target for prime design. which alsa
encodes a dense granule protein. The test was sensitive and specific
compared o other assays, as the methodology presented in this
wiTh

32, Immobitizatien of the WA probe

Conduoctive polymers have been widely used in the development
of biosensaors, due 1o various advantages, such as the presence of
functional groups that facilitate the immobilization ofbiomolecules
[3E6.37]. A previous work carnied oot by our proup shows that poly
{3-HBA) is an efficient matrix for the aligonuclectide immobiliza-
tien [12]

Graphite electrodes were modified with polymeric Alm derived
fram 2-HEA_A current peak was observed at +1 ¥, what is attributed
to the monomer oxidarion. which decreased after the potential
scans. After the Arst oycle, a gradual increase in the current bebween
+03% and #0858V fan be observed due to the cowverage of the
elecirade with an electroactive material. This modification was
confirmed by cyclic wollammetry, in which there is an increase
in the current response after the electrode modification with poly
{3-HBA).

After the production of the graphite electrode modified with
pelyl 2-HBA], the sensitization with ToxG1 probe was camied ool

Surface density of probe is an important factor that determines
the extent to which the immaobilized probes are able to capture
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Table 1
Sebected probes and ther features.

Primer3 features

Blast beet hif features

[IH GEnamic trget LEM GCE ™ SELF-AMY SELF-END HAIRFIN [UETy cover Idenitity E-walue
Taxol GRAE gene (1322 14.1) I 57,14 {2 X o a L] 100% 100X Dasi
Toxk | Eepetitive region | AF| 45527.11 Iz 3455 FEES L] a 1] 100% 100X 0ais
Taxb| B gene (AFITI8T1.1] zl 4262 BELZ k-] a 1] 100% 100% sl

LEM: aliponoclestide benpthe GO GC comtent, TW: melting emperature, self-any: tendency of any sslfcomplementarity, celi-emd: tendency of ende zelf-

complementarity, hairpin: endency aof hairpin famation Toeol oligonucleatide sequeme: 5-CTGOGAACGCOTLOCARTCAAG-F, TaxRl dliganuclentide sequence:
5 -GOCGGAGACAATTOAALACTGG-3, TaxBl alizenuclectide sequence: 5-AAATOCCAS AMGAALOOTACG-3'.

25

A

Current/uA

Current/pA

5

a

a b c d [ f

Fig 2. Odfferental polse voftammagrames [A) and histopyrams of the peak corment
respanse (B af guanine residoe axidation in graphite electomdes madified with
paly (3-HBA) after immotalzatsmn of different concentrations of prabe (ToxG1):
SumedL-1 [a) 15 wmal L' (b)) 20 pmed L-! (e) 25 wmal L7 4d) 35 pmad L' i)
and 53 |.I.,IITK1||.'! {FL Madulation amplitude: 25 mv. pulse interval: 0.7 scam rate:
20mis-'

fargers in solution [28-44] The effect of probe concentration for
immabilization {Fip. 2} was investigated, by the direct method,
using the guanine residue oxidation siznal.

Fig.2A shows that the oxidation peak for guanine residue occurs
al +.36 Y vs. Ag/AgCl With the increase in the guanine concentra-
tion, the current value of the oxidation peak for guanine increases
until 25 wmal L-1, according to Fiz, 2B. This concentration was used
in the hybridizaticn experiments with the complementany target.
These rezults show that ToxG1 probe was efficiently incorporated
to the graphite elecirede modified with poly[3-HBA}

3.3 Surfoce eralysis using AR

The probe immabilization (TexG1) onto electrode surface was
also confirmed using 20 AFM analysis (Fig. 3],

Images of graphite electrode, graphite/poly3-HBA) and
praphitef poly 3-HBA) Tox(1 probe present roughness values of
401+ 20nm, 274+ 1 4nm and 803 £ 3.6 nm, respectively. The

surface of the electrode modified with polymer is smoother in
companisan to the graphite electrode. Such Agures indicate a
greater uniformily of the modified electrode surface due to the
fact that the polymer fills the valleys contained in the graphite
elecirode. After probe jmmobilization, both an increase in rough-
ness and the appearance of clusters benween 0.6 and 1.2 nm were
observed according to the literature [41.42].

The elfect ol the probe concentration in the duplex formation is
shown in Fig. 4.

A decrease in guanine oxidation peak current can be ohseryved
after hybridization with probe concentrations of 20pmolL-1
and 25 pmaolL-1. However, as the difference berwesn the probe
(ToxG1) and the probectarget (ToxG1:ToxG2) was higher for
25 pmol L1, this probe concentration was used in the xperiments.
In higher concentrations, it was observed to increase inkthe current
Tespmse, probably due to the saturation of the surface by the probe,
causing steric hindrance and making it difficult to interact with the
complementary target.

The hybridization was monitored by the oxidation of guanine,
which is the most redox active nitrogenous base in DNA skrands.
When hybridization occurs, there is a decrease in elecrochem-
ical signals due ko the interaction of Iree gouanines of the probe
with complementary cytosine bases present inthe targel sequence
|43]. Like the bicelectrode produced in this work, several label-
free oligonucleatide Biosensors have been described in literature
|43 -446], which are considered as the simplest method, once itdoes
not require any special reagents or nucleic acid moedifications.

34. Specificity studies

specificity studies were conducted using non-comple mentary
cligonucleotide and genomic DMA from M. coninum, human and
Mus musculus as non-specific targets. ToxC2 or T, gondd were used
as positive control (Fig S

When the non-specific targets [oligonuclestide or genomic DMA
from N. caninum, human and Mes musculus) were added. the cur-
rent values observed were similar to the probe. A decrease of
about 20% in the guanine signal was observed due to the extent of
hybridization berween the ToxG] probein the presence of ToxG2 or
T. gendii RH strain genomic DNA This decrease is due to the [orma-
tion of hydrogen bonds between the probe and the comple mentary
target during the hybridizarion, which hampers the oxidation of
nitrogenous bases [171,16,41-43]

Fig. G shows a decrease in current peak response with the
IniTease in genomic DNA concentration and a linear relaticnship
ol the current peak with the genomic DMA conceniration given by
VA= —001817%+ 19.81 {r="0.9826), in the range of 100ngpl-"
to 400 ne pL- 1. [t was possible to detect up to 100ng pL-! of the
genomic DNA of Taxoplasma gondiE.

3.5 Anatysis usirg AxNPs

Gaold nanopartides are a scaffold for DMA binding. The func-
tionalization of AuMPs with cligonuclectides was used for the
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Fiz 4 Histogram shtained from cument peak response of guanine axidation in
graphite ebertmades modified with poly (3-HEA] after immobdlization of different
concentrations of probe (Taxs1): Swmal L (a) 15 umalL? (bl 20umal L (o)
25pmol! (d) 35pmolr! (el sopmol 1! of) and after 15min of incubation
with different concentrations of complermentary erget (ToxG2T 10 umal L= (a)
3o pmolL' (b 40 pmal -7 ic) Sopmel ' (d) 70 pmel L7 fe) and 100 pmed L-!
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Fim 5. Barchart obitained from differential pulse voltammagrames af puanine residus
omo graphite electrode medified with poly {3 -HBA] containing Texd 1 probe, before
hybridization | a) aned after hybridization with: man-complementary oligonudeatide
[b). complermentary target dligonuclectide (ToxSZ2]1{C), Keospom cminum genome
OnA (d) human genomic CHA (a], Mus Tosmes genmse D8 (7 and Tazxopdemo
gondi geramic OMa (g) Ebectralyte: phasphate buffer (000 mol L713 pH 7.4, mead-
ulation amplitude: 25 my Pulse interval: 02 5 Scan rate: Hemve-

electrochemical analysis of the hybridization bebween ToxGl
probe: T gandii DMA [ positive sample} and ToxG1 probe: N camrirum
DMA (negative sample] (Fig. 71

Fig. 7a shows the absorption spectrum of the AuMPs. The peak of
maximum absorbance at 520 nm is in accordance with Verissimo
amd collaborators [471.

When the ToxG1-5 probe was incubated with the negative
control (N caninum DMA), both the absorbance peak and the dis-
placement are similar to the probe (Fiz. 7B}, bul with a lower
imensity of ToxG1-5{Fgz 7c). However, when the ToxG1-5 probe
wds incubated with the positive control {T. pondii DNA) [Fig. 7d),
a significant change in the absorbance peak was observed, as well
as widening and bathochromic shift, assuming a peak absorbance

b 100 200 200 400
Igenomic DNA ng pL-t

Fig 6. Calibration corve for the oadation semal af puamine Tesidue chtained
from the differentiz] pulse valtammograms anto graphite edectmade modified with
eyl 3-HBAL, containing ssDBA (TOKES 1) belare and after hybridizatson with dif-
ferent concentratssns of Texopdasma pondid RH strain genomic GHA (100 ng pL-!
to 400ngpul~' L Electrobyte: phasphate buffer (010 med L) pH 7.4, Modulation
amplitude: 25my. Fulse interval: 0325 20mys 1.

Absorbance

"a00 500 800 00 800
Wavelength (nm)

Fig. 7. absarpsan spectrum in the Wv-vis af: ALNEs (al, AuNPs TOXG 1/Rac]
(eaturated] (b AuMPsToxGliNospora  conmer'NaCl  dsaturated)  (c)
AUMPEToNG | (Toxcpiasma gondl(Macl (satured ! (di and auMrsigacl (satrated:
led

near S40nm. The spectra in Fig. 7d (shoulder in 580 nm) and Fig 7e
{peak in 650 nm’ suggest that the partides are close to each other,
indicating an agglomeration process. These results indicate that the
process ol target recognition {genomic DNA) ooours by means of the
bicsensor, corroborating with the electrochemical results.

4. Conclesions

An approach for the selection of DNA probes related 1o T. gendii
was shown inthis study. Poly(3-hydroxybenzoic acid) was effective
for the immobilization and detection of DNA fragments of T. gondit.
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The immaobilization of the Tex(1 and the hybridization of the
oligonuclectide{ ToxG2) and genomic DMA showed good responses
by direct detection of puanine residue oxidation. A decrease of
about 206 in the guanine signal was abserved due o the hybridiza-
tion bebween the Toxt1 probe in the presence of Tox{2 or 7. gondie
genomic DNA [n the presence of non-specific targets (N, canfrum.
human and Mus musculus), the curment values ohserved were sim-
ilar to the probe.

Hybridization was alsoconfirmed by optical assays using AuMPs.
When the ToxG15 probe is incubated with the T. pondii genomic
DMA, there is a significant change in the absorbance peak, widen-
ing and shifting to a longer wavelength in accordance with the
electrochemical results.

The results obtained contribute to the further development of
the rapid diagnosis of . gendii infecticn or toxoplasmosis.
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