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Apresentacao
Os biossensores sao dispositivos analiticos que permitem a
deteccdo de interagdes moleculares e converté-las em um sinal elétrico
detectavel. Os biossensores envolvem evento de combinacdo dos
elementos biologicos, como enzima, DNA, RNA, células, oligonucleotideos

e transdutores, como eletroquimicos, opticos, piezelétrico e calorimétricos.

Os biossensores sdo dispositivos analiticos que permitem a
deteccao de interagcbes moleculares e converté-las em um sinal elétrico
detectavel. Os biossensores envolvem evento de combinagdo dos
elementos bioldgicos, com enzimas, DNA, RNA, células, oligonucleotideos
e transdutores, como: eletroquimicos, Opticos, piezelétricos e

calorimétricos.

A capacidade de converter as interagdes bioquimicas em um sinal
elétrico detectavel e quantificavel é o principal recurso dos biossensores.
Além disso, a analise eficiente de mudangas minimas que acontecem
durante o processo biolégico, como varias biomoléculas interagem, requer
atencdo. Nesse sentido, os biossensores sao desenvolvidos para
diagnodstico proficiente de doencas, qualidade dos alimentos e varias
aplicagbes ambientais. No campo da saude, os biossensores sao
desenvolvidos para a exata e precisa detecgdo de patdgenos, tumores,
toxinas e biomarcadores para identificar o inicio de varios disturbios em

um estagio.

Os biossensores ganharam relevancia devido o seu baixo custo de
fabricacdo, tempo de resposta rapido, portabilidade, capacidade de
quantificar elementos biolégicos em minusculas escalas, alta
especificidade e sensibilidade. Logo, a presente tese de doutorado teve
como objetivo o desenvolvimento de genossensores eletroquimicos para
a deteccao de fungos patogénicos, Candia auris e Trichophyton rubrum.
A tese é composta por um referencial tedrico, capitulo 2 o qual é referente
a um genosensor eletroquimico para detecgdo do DNA do fungo Candia
auris e o capitulo 3 apresenta um genossensor para a deteccao

eletroquimica especifica para o fungo Trichophyton rubrum.
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Capitulo 1: Fundamentacao teérica



1. Introdugao

O reino fungi consiste em um grupo distinto dos eucariéticos que se alimentam de
organismos vivos, mortos ou de matéria organica. Os fungos sédo encontrados na natureza,
desempenhando um papel essencial no retorno de nutrientes ao solo retirado pelas
plantas, como o glicogénio, que € a principal substéncia de reserva dos fungos
(BAZZICALUPO, A. 2022; JENKS, J. D. et al., 2020). Os fungos apresentam diferentes
formas e tamanhos, e sdo divididos em trés principais grupos: os fungos filamentosos
multicelulares (bolores), os fungos unicelulares (levedura) e os fungos com diformismo, os
quais sdo capazes de mudar seu crescimento para a forma multicelular ou unicelular,
dependendo do meio em que se encontram (CASADEVALL, A. 2022; JENKS, J. D. et al.,
2020).

Os fungos patogénicos podem se comportar como parasitas em plantas, animais e
seres humanos (JENKS, J. D. et al., 2023). Devido a isso, esses fungos apresentam uma
das principais causas de infecgbes oportunistas em animais e humanos, acometendo,
principalmente, pessoas imunocomprometidas, as quais se ndo forem diagnosticadas de
forma rapida e precisa para conduzir o tratamento adequado, podem causar graves
problemas na saude ou ir a 6bito (LOPES, J. P. et al., 2022; KIBBLER, C. et al., 2017).

No entanto, na maioria dos casos, os individuos saudaveis sdo capazes de prevenir
os ataques de fungos com suas respostas imunoldgicas. Contudo, os fungos patogénicos
tém grande impacto na vida humana uma vez que podem infectar o corpo humano e causar
diversas doencas, desde infecgdes superficiais até infeccdes invasivas e sistémicas
(CASADEVALL, A. 2022).

As infecgdes fungicas invasivas apresentam uma incidéncia menor que as infec¢des
brandas, entretanto, elas sdao mais preocupantes porque estdo associadas a alta
morbidade e mortalidade, sobretudo por patdgenos fungicos que infectam um hospedeiro
com um sistema imunoldgico enfraquecido devido alguma doenca subjacente, como por
exemplo doenga pulmonar crénica, tuberculose (TB), virus da imunodeficiéncia humana
(HIV), cancer e diabetes mellitus (Vinayagamoorthy. K., Pentapati, K. C., Prakash, H.
2022). Alem disso, os pacientes gravemente enfermos em uma unidade de terapia
intensiva (UTI), pacientes submetidos a procedimentos médicos invasivos, recebendo

antibidticos de amplo espectro e aqueles que tomam medicamentos imunossupressores
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também apresentam maiores riscos de saude em frente as infecgbes fungicas
(VINAYAGAMOORTHY. K.; PENTAPATI, K. C.; PRAKASH, H. 2022; SANYAOLU, A. et
al., 2022).

Dessa forma, na figura 1, &€ demonstrado as pernas de um paciente
imunocomprometido e infectado com o fungo Trichophyton rubrum (T. rubrum), o qual
apresenta formagao de tumores em seus membros devida a infecgédo fungica. Entre as
espécies fungicas, cerca de 100 espécies estdo associadas a infec¢dées humanas e

apenas algumas espécies causam as infecgdes invasivas mais comuns em individuos

imunocomprometidos, como a infecgéo por T. rubrum (CRUZ, WUEST, 2023).

Figura 1- Paciente imunossuprimido com infecgdo fungica de T. rubrum (imagem
modificada de XIA, J. G. Et al., 2022).

De fato, varias infecgdes causadas por fungos patogénicos estdo presentes em
pacientes com SARS-CoV-2 ou coronavirus (COVID-19) (VASEGHI et al., 2022). A
pandemia do COVID-19 foi associada a um aumento na incidéncia de infecgdes fungicas
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invasivas morbidas, consequentemente, podendo levar a morte (VINAYAGAMOORTHY et
al., 2022).

Ademais, os fungos patogénicos e as infec¢gdes causadas por eles necessitam de
uma atengao crescente da saude publica global. De tal maneira que os casos de doengas
fungicas invasivas (IFD) estdo aumentando a medida que a populagdo de
imunocomprometidos continuam a se expandir. Isso se deve a inumeros fatores, incluindo
avancos na medicina, acessibilidade a terapias e intervengdes médicas, as quais podem
enfraquecer o sistema imunolégico, como quimioterapia, imunoterapia para cancer e

transplante de érgaos solidos (WHO, 2022).

De acordo com a Organizagdo Mundial de Saude (OMS), a ameaga global
emergente de doencgas fungicas invasivas € agravada pelo rapido surgimento de
resisténcia de medicamentos antifungicos, acesso limitado a diagndsticos e tratamentos
de qualidade (WHO, 2022). A resisténcia antifungica tem grandes implicagbes para a
saude humana, resultando em uma terapia prolongada, internac¢des hospitalares e uma
maior necessidade de medicamentos antifungicos, os quais podem ser caros e muitas
vezes altamente toxicos, o que pode contribuir para o aumento da morbidade e da
mortalidade (DENNING, D. W., 2022).

1.1. Candida auris

O fungo Candida auris (C. auris) foi relatado pela primeira vez em 2009 no Japéao,
em que foi isolado da orelha externa e se revelou como um fungo multirresistente (RYBAK,
M.; CUOMO, A.; ROGERS, D. P. 2022). As cepas invasivas de C. auris tornaram-se
prevalentes em pacientes hospitalizados em todo o mundo. Na Figura 2, é destacado em

azul as regides onde foram registrados casos de C. auris (SANYAOLU, A. et al., 2022).



Ameérica do Norte Leste Asiatico

América do Sul Sul da Asia

Africa do Sul

Figura 2 - A imagem apresenta a distribuicdo mundial de C. auris em 2022. Nas regides
do leste e sul asiatico, Africa do Sul, América do Sul e na América do Norte (imagem
modificada de SANYAOLU, A. et al., 2022; DU, H. et al., 2020).

Especificamente nos Estados Unidos, o primeiro caso foi registrado em 2013 de um
paciente que foi transferido dos Emirados Arabes (FORSBERG, K. et al., 2019). Em
fevereiro de 2018, foram registrados mais de 250 casos de C. auris em Nova Jersey
(FORSBERG, K. et al., 2019). No inicio de 2022, os Centros de Controle e Prevengao de
Doengas (CDC) registraram 5071 casos de C. auris nos Estados Unidos. De maneira que,
o CDC relatou 389, 361 e 288 casos confirmados de C. auris resistente a medicamentos
nos estados da Califérnia, Flérida e Nova York, respectivamente (CENTERS FOR
DISEASE CONTROL AND PREVENTION, 2022). Além disso, o CDC relatou que os casos
clinicos de C. auris aumentaram de 38 casos entre 2013-2016 para mais de 5 mil em 2022
em todo o pais (CENTERS FOR DISEASE CONTROL AND PREVENTION, 2022).

A epidemiologia demonstra que os casos de C. auris foram diagnosticados,
sobretudo, em pacientes hospitalizados recebendo medicamentos antifungicos, de modo
que a ingestdo constante desses medicamentos resultou no surgimento de organismos
resistentes no ambiente de saude (FORSBERG, K. et al.,, 2019). Como também, as
mudangas climaticas antropogénicas foram responsaveis pelo surgimento de cepas de C.
auris associadas a tolerancia térmica (CASADEVALL, A.; KONTOYIANNIS, D. P
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ROBERT, V. 2019). De forma que a patogenicidade das espécies de Candida € devida a
resposta de algumas biomoléculas em contato com o fungo, potencializando os fatores de
viruléncia dele. Essas biomoléculas sdo, principalmente, as manosil transferases,
proteases e lipases secretadas, transportadores de ferro baseados em sideréforos,
oligopeptideos (BRAVO, R. G, LORENZ, A. 2021). A participagao dessas biomoléculas
ocorre quando ha invasao de patogenos, colonizagao e acesso aos nutrientes do corpo do
hospedeiro (HANSON, K. E. 2018). Além disso, outros fatores aumentam a viruléncia das
espécies de Candida, tais como: a formacéao de biofilme, mutagado do alvo do medicamento,
a superexpressao do alvo da droga e a limitacdo da ingestao/efluxo (ZAMITH-MIRANDA
et al., 2019).

Isto posto, os fatores de viruléncia podem influenciar a acdo dos medicamentos
antifungicos, como por exemplo a farmacodinamica do fluconazol consiste na prevengao
do crescimento celular do fungo através da inibicdo da sintese de ergosterol,
especificamente lanosterol 14-a-demetilase, o qual é codificado pelo gene ERG11 (HOU,
X. et al., 20118). No estudo de Rui-Gaitan et al., (2018) foi deduzido que as mutagdes em
alguns genes, como o ERG11, Y132F, K143R e F126L ofereceram resisténcia ao
fluconazol (RUIZ-GAITAN, A. et al., 2018).

A contaminagao por C. auris em humanos apresenta os seguintes sintomas:
infecgbes na corrente sanguinea; infec¢ao urinaria; febre; calafrios; infecgdes de feridas;
infeccdes no ouvido; infecgdes no pulmdo e na bexiga (CENTERS FOR DISEASE
CONTROL AND PREVENTION, 2022). Além disso, a infecgdo desse fungo em pessoas
que precisaram ser internadas com tubos respiratérios, tubos de alimentagao, cateteres
venosos centrais e individuos com doengas imunolégicas ou com sistema imune debilitado
como diabetes e cancer, os quais sdo os maiores grupos de risco da infeccao por C. auris
(SHANNON, K. et al., 2022). Na Figura 3, apresenta uma fotografia de uma paciente que
estava em tratamento de Lupus, o qual era necessario utilizar um cateter. Entretanto, essa
linha intravenosa foi infectada por C. auris, como consequéncia, a infecgao invadiu o
sistema circulatério da paciente, ocasionando uma infecgdo generalizada (THE NEW
YORK TIMES, 2019).



Figura 3- Fotografia de uma paciente com a familia durante um tratamento visando reduzir
os sintomas de lupus. Logo apds, a paciente foi transferida para UTI, devido a uma
infeccao de C. Auris, a qual entrou no sistema circulatério da paciente através de um
cateter. Alguns dias depois do diagndstico a paciente faleceu devido a infecgado ( THE NEW
YORK TIMES, 2019).

A C. auris surgiu no Brasil na cidade de Salvador, em dezembro de 2020, onde
foram transferidos dois pacientes, os quais estavam com COVID-19, na mesma unidade
de terapia intensiva e ambos mostraram sinais de inflamacéo e de infecgdes, logo foram
realizados ensaios clinicos e constataram infeccdo por C. auris. Portanto, foram
administrados os antifungicos: 1 pg/mL, 2 pg/mL, 0,03 ug/mL e 0,06 pg/mL para
anfotericina B, fluconazol, voriconazol e anidulafungina, respectivamente. Entretanto
apenas um paciente apos 50 dias de internagao ndao sucumbiu a infeccao (ALMEIDA et
al., 2021), de modo que as superinfecgdes por C. auris em pacientes criticos com COVID-
19 tém sido relacionadas a altas taxas de mortalidade em até 30 dias, geralmente acima
de 50%, devido a saude e ao sistema imune do paciente estarem inabeis a combater tal
infeccao (CHOWDHARY, A. et al., 2020).



A resisténcia ao numero limitado de agentes antifungicos entre os fungos
patogénicos representa uma crescente ameaga a saude publica. Particularmente, o fungo
patégeno C. auris que apresenta resisténcia a classe de antifungicos triazélicos e a
anfotericina B (CHISHOLM-BURNS et al., 2016; JACOBS, E. et al., 2022). Isto posto, ha
apenas trés classes de medicamentos antifungicos os quais sao utilizados para tratamento
de infecgdes graves por Candida: os polienos (anfotericina B), os triazéis (fluconazol,
voriconazol, isavuconazol, itraconazol ou posaconazol) e as equinocandinas
(caspofungina, micafungina e anidulafungina). A anfotericina B é apenas administrada de
modo intravenoso e seu uso é limitado pela alta toxicidade (MORAES, D. 2022;
CHISHOLM-BURNS, et al., 2016). Os antifungicos triazélicos, como o fluconazol, sao
significativamente menos toxicos, baratos e estdo disponiveis para administragdo oral
como também intravenosa. Por fim, as equinocandinas, a qual é considerada como terapia
de primeira linha para candidiase invasiva, também sdo menos tdxicas, mas estao

disponiveis apenas para administragao intravenosa (CHISHOLM-BURNS, et al., 2016).

Dessa maneira, dentro dos trés agentes antifungicos, a C. auris possui resisténcia
a todas as trés classes de medicamentos citados (polienos, triazois e equinocandinas)
(MORAES, D. 2022; CHISHOLM-BURNS, et al., 2016). De modo que duas classes
antifungicas, os polienos e triazéis, foram observados que em 40% das amostras de C.
auris apresentaram resisténcia a essas drogas e, aproximadamente, 4% apresentaram
resisténcia a todas as trés classes de drogas (FASCIANA, T. et al., 2020, JACOBS, E. et
al., 2022). O estudo de Chow et al., (2018) corroboram com esses resultados, apos analisar
300 amostras isoladas de C. auris, observaram que 24% eram resistentes a pelo menos
duas classes de antifungicos, 1,0% eram resistentes a todas as trés classes,
especificamente, 7% a micafungina, 23% a anfotericina B, e 80,0% para fluconazol
(CHOW, N. A. et al., 2018; ZAMITH-MIRANDA, D. et al., 2019).

Portanto, a infeccéo por C. auris requer um diagnédstico rapido para conduzir o
tratamento a fim de retardar a proliferacdo do fungo no corpo do paciente. O C. auris
compartilha caracteristicas importantes com outras espécies de Candida menos letais,
resultando em erros de identificacdo frequentes com métodos fenotipicos e bioquimicos
tradicionais (FASCIANA, T. et al., 2020). Quando n&o reconhecido, o fungo pode persistir
em superficies ambientais por dias, possibilitando a disseminacdo entre pacientes em

unidades de saude. Sendo que, caso ocorra um surto, o controle da situagao pode se

9



tornar extremamente dificil, uma vez que os métodos convencionais ndo oferecem a
precisao diagnodstica necessaria. Dessa forma, as abordagens convencionais sdo muitas
vezes nao viaveis, como hemoculturas, cultura de microrganismos, e reagao em cadeia da
polimerase (PCR). Contudo, tais métodos sao dispendiosos, requerem técnicos
especializados e possuem metodologias que necessitam de muito tempo para concluir o
diagnodstico (FASCIANA, T. et al., 2020; RANA et al., 2023).

1.2 Trichophyton rubrum

As dermatofitoses sao infecgdes fungicas dos tecidos queratinizados, como pele,
pelos e unhas. Sendo que os fungos filamentosos utilizam a queratina desses tecidos como
fonte de nutrientes. Este grupo de fungos representa 45 espécies agrupadas em trés
géneros: Trichophyton, Microsporum e Epidermophyton. Entre os agentes, o mais comum
€ o T. rubrum (LACAZ et al., 2022). O T. rubrum € um dos principais agentes que infecta
humanos, sendo responsavel pela maioria das dermatofitoses humanas (ZHANG et al.,
2023). Os dermatdfitos se desenvolvem em temperaturas de 25-28°C e a infecgao na pele
humana os mantém em condigcdes quentes e umidas. Dessa maneira, as infecgdes
fungicas superficiais sao relativamente comuns em paises tropicais (CHOWDHARY et al.,
2022).

O T. rubrum pode promover infecgcdes em partes do corpo distintas, conforme a
area afetada havera diferentes sintomas. As regides do corpo mais comum a serem
infectadas séo: dermatofitose do corpo, dermatofitose dos pés, dermatofitose ungueal ou
onicomicose, dermatofitose do couro cabeludo, dermatofitose das dobras da virilha e nas
dobras dos pés (popularmente conhecida de pé de atleta) (NORIMATSU, YUTA,
NORIMATSU, YURIE 2022). Dessa maneira, os quadros clinicos mais recorrentes s&o nas
regides da pele sem pelos ou com poucos, sdo caracterizadas por lesdes avermelhadas,
descamativas, desenhadas ou isoladas (NORIMATSU, YUTA; NORIMATSU, YURIE,
2022; ZHANG, R. et al., 2023; FAN et al., 2023).

Nas onicomicoses, ha presenca de lesdes destrutivas e ha acumulo de queratina
debaixo da unha (ceratose subungueal). Na virilha, as lesbes sdo avermelhadas e
descamativas as quais afetam parte ou toda a area do pubis, expandindo-se para regiao

abdominal inferior e para as nadegas (MADARASINGHA, NAYANI P. et al., 2022), como
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observado na figura 4. O pé de atleta (frieira) pode afetar as dobras interdigitais e vir
associado a onicomicose, o que prejudica a performance de inumeros atletas
(TREADWELL, S. et al., 2022).

No estudo de Peixoto e colaboradores (2011) apresentaram o caso clinico de
uma paciente com HIV a qual procurou um endocrinologista por apresentar ganho ponderal
de 40 kg e amenorréia secundaria. Como laudo do exame dermatologico, foi verificado
facies de lua, estrias avermelhadas e largas nos bragos e abdome e hematomas. Além
disso, apresentou placas esbranquicadas sobre a lamina ungueal do polegar esquerdo
(figura4). Logo, apds o exame micoldgico, foi confirmada a hipétese clinica de onicomicose

branca superficial causada pelo T. rubrum (PEIXOTO et al., 2010).

Figura 4 - Em (A) observa-se placas nao pruriginosas, eritemato-acastanhadas,
descamativas, sobretudo nas bordas, nas dobras axilares e inguinais espalhadas para
tronco, abdome, coxas e joelhos. Em (B) observa-se um paciente com eritema, papula e
nodulos na area submandibular e pescog¢o, bochecha direita e esquerda e no peito.
Paciente foi curado apdés 6 meses de tratamento. Na imagem (C) apresenta placas
esbranquigadas sobre a lamina ungueal do polegar esquerdo (imagens modificadas de
PEIXOTO et al., 2010 e SU, H. et al., 2017).

Além disso, as pessoas com diabetes mellitus devem estar atentas a saude dos
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pés e evitar o intertrigo, o qual pode acarretar infecgbes bacterianas no tecido mole das
pernas e pés, causando quadros de erisipela (infec¢ao cutédnea) podendo provocar a perda
do membro (EKENG, E. WINNIE KIBONE, E. 2022; CONNIE CANETE-GIBAS,
WIEDERHOLD, P. 2023). No estudo clinico de Norimatsu, Y. e Norimatsu, Y. (2022), foi
apresentado um caso de dermatomicose profunda causada por T. rubrum. Nesse caso,
um homem de 75 anos apresentou pustulas, como demonstrado na Figura 5, em seguida,
foi realizada biopsia de pele. Como resultado, a cultura de tecidos revelou a presenca de
T. rubrum, logo o paciente foi tratado com luliconazol tépico e fosravuconazol 100 mg/dia
oral por 84 dias (NORIMATSU, Y. NORIMATSU, Y. 2022).

Figura 5 - Paciente com pustulas apés a vacinagao por SARS-CoV-2 BNT162b2
(NORIMATSU, Y. NORIMATSU, Y. 2022).

A resisténcia fungica aos medicamentos também foi descrita no caso do dermatdfito
T. rubrum (PERES et al., 2010; LOGAN, A.; WOLFE, A.; WILLIAMSON, J. C., 2022). Essa
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falha terapéutica pode aumentar a prevaléncia dessa doenga, dessa forma é necessario
mais estudo em relagéo as infec¢des fungicas em humanos (LOGAN, A.; WOLFE, A,
WILLIAMSON, J. C., 2022). Como também, a incidéncia de infecgbes dermatofiticas
aumentou devido a elevagcdo do numero de pacientes com sistema imunologico
comprometido ou pacientes que sofrem de diabetes mellitus (LOGAN, A.; WOLFE, A,
WILLIAMSON, J. C., 2022; WANG, G. et al., 2023).

No estudo de Rui Kano, Hiromitsu Noguchi e Masataro Hiruma (2022), foi realizado
a delegao do gene que codifica a esqualeno epoxidase (SQLE) em uma cepa de T. rubrum.
De modo que a proteina SQLE ¢é o alvo do medicamento Terbinafina, sendo fundamental
para a sintese da membrana celular em dermatofitos. Com esse estudo, foi descoberto
que as células dermatofitias sofrem mutagdes genéticas para evitar os efeitos dos agentes
antifungicos (RUI KANO; HIROMITSU NOGUCHI; MASATARO HIRUMA 2022). Logo, o
T. rubrum pode causar uma infeccdo cronica, devido as diferengas fenotipicas, em
comparagao com outras espécies de Trichophyton, como nos componentes da parede
celular, especialmente as galactomananas. Sendo que as galactomananas de T. rubrum
podem ter efeitos imunossupressores, inibindo as reagdes imunes normais como a
linfoproliferagdao (ZHANG, P.; LIU, W. 2023).

O principal método de diagndstico do T. rubrum é através da observacado de
caracteristicas macroscépicas e microscépicas exclusivas deste fungo como ensaios
micoldgicos e o uso de microscopios para identificar a morfologia do fungo, por exemplo:
Método de difusdo em disco e ensaio colorimétrico MTT (SAFI-SAMGHABADI, A
ATYABI, S. M.; RAZZAGHI-ABYANEH, M. 2022); como também por PCR (NAVARRO-
PEREZ et al., 2023). Entretanto, é importante salientar que os ensaios microbioldgicos,
requerem o0 uso de reagentes em grande quantidade, mao de obra qualificada,
equipamentos dispendiosos, manutencao de alto custo e sdo demorados, pontos que
podem inviabilizar a aplicacéo destes (ARIFFIN et al., 2022).

Em vista disso, o desenvolvimento de métodos rapidos, de facil compreenséo,
acessiveis, sensiveis, especificos e que proporcionam uma rapida deteccdo e
monitoramento da doenca em tempo real é crucial para o tratamento. Especialmente para
a deteccao de fungos patogénicos, como C. auris e T. rubrum, podem auxiliar o médico
para um tratamento eficiente. Logo, os biossensores t€m chamado muita a atengao devido

as suas caracteristicas como sensibilidade, rapido tempo de resposta e baixo custo. De
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modo que s&o aplicados em diversas areas, como nas industrias farmacéuticas (MA et al.,
2022), no monitoramento ambiental (WANG et al., 2023), na industria de alimentos
(ZHENG et al., 2023) e em deteccao de doengas (MOHAMMADPOUR-HARATBAR et al.,
2023).

1.3 Biossensores

De acordo com a IUPAC, os biossensores sao dispositivos que usam reacdes
bioquimicas especificas mediadas por biorreceptores, como enzimas isoladas, tecidos,
organelas ou células inteiras para detectar compostos quimicos, nhormalmente, por sinais
elétricos, térmicos ou opticos (MCNAUGHT, A., WILKINSON, A. 1997). Dessa forma,
esses dispositivos sdo constituidos por um transdutor, responsavel em converter uma
reagao bioquimica em um sinal mensuravel;, um elemento de reconhecimento biolégico,
que é responsavel pela especificidade do dispositivo, como demonstra a Figura 6 (EUN
RYUNG KIM et al., 2022; RAMESH 2023; ZHU et al., 2022).

A A Moléculas ndo especificas

A A )
= . . . Analito especifico (Alvo)
. = - — - Biomolécula de reconhecimento (Sonda)

2 @ -
O ‘ 1 ' Superficie do transdutor
k d

L Transdutor mmmsp Processamento de dados

Figura 6 - Esquema representativo de um biossensor (fonte: autoria préopria).

O conceito de biossensor foi primeiramente aplicado por Leyland C. Clark em 1962,
quando propés a incorporacdo de enzimas a eletrodos existentes para a construgcao de

novos equipamentos bioanaliticos (CLARK; LYONS, 1962). Precisamente, a enzima
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glicose oxidase foi imobilizada a um eletrodo de platina para a detecgcado de glicose,
estabelecendo uma das classes de biossensores, os enzimaticos (EUN RYUNG KIM et al.,
2022).

Desse modo, houve um aumento do numero e diversidade de aplicagdes,
abrangendo areas como o monitoramento e controle de qualidade de alimentos e
processos industriais (OH et al., 2022), aplicacbes clinicas e farmacéuticas (LV et al.,
2022), monitoramento agricola e ambiental (CHAUDHARY, 2022) e aplicagcdes militares
(POHANKA, 2022), entre outros. As vantagens como especificidade, sensibilidade,
rapidez, precisdo, miniaturizagao, potencial para portabilidade, simplicidade e baixo custo
fazem dos biossensores alternativas promissoras as metodologias analiticas
convencionais (RAMESH, 2023). Especialmente em regides com recursos limitados, como
areas rurais ou de dificil acesso, periferias de paises em desenvolvimento, a
disponibilidade de testes rapidos e de facil uso pode tornar o diagndstico de doengas mais
rapido e preciso, influenciando diretamente a estratégia de tratamento e a sobrevivéncia
dos pacientes (CASTRO, A. C. H. et al., 2022).

Os biossensores podem ser classificados de diferentes maneiras de acordo com
parametros especificos, como observado na Figura 7, tais como o elemento de

reconhecimento bioldgico utilizado e o método de transdugao do sinal (SINGH et al., 2021).

Portanto, em vista da supressdo de métodos de diagndsticos rapidos, precisos e
simples para fungos patogénicos, neste trabalho, foram aplicadas técnicas eletroquimicas
para o desenvolvimento de biossensores para a detec¢gdao do DNA dos fungos C. auris e

T. rubrum.
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Biossensores

Elementos de
Reconhecimento Transdutores
Biologicos

Enzimaticos Eletroquimicos

Genossensores Calorimétricos

Imunossensores

Celulares Piezoelétricos

Miméticos

Figura 7 - Diagrama de diferentes categorias de biossensores, de acordo com o elemento
de reconhecimento bioldgico e de transdutores (fonte: autoria prépria).

1.4 Classificagado de biossensores quanto aos transdutores

Os biossensores podem ser classificados de acordo com a técnica utilizada na
transdugéao de sinal. O transdutor € um componente do biossensor que desempenha um
importante papel no processo de deteccdo do sinal, logo, o transdutor pode ser
determinado como um dispositivo que detecta e transforma reagdes bioquimicas em um
sinal mensuravel (LIU-NA WEI et al., 2023). No que se refere ao tipo de transdutor, os

biossensores sao classificados em piezoelétricos, calorimétricos, dpticos e eletroquimicos.

1.4.1 Biossensores piezoelétricos, calorimétricos e épticos

Os biossensores piezoelétricos detectam a mudanca na massa devida a interagao

do alvo com o elemento de reconhecimento, produzindo um sinal elétrico mensuravel.
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Assim, eles sdo baseados no efeito piezoelétrico, de maneira que os materiais sélidos
acumulam carga elétrica em resposta a tensdes mecanicas. A principal vantagem desta
técnica inclui a possibilidade de realizar medigdes diretas sem marcacgdes do processo de

ligacdo, englobando a analise em tempo real da cinética de ligagéo (JAIN et al., 2023).

Em relacdo aos biossensores calorimétricos, esses dispositivos exploram a
propriedade de absorcao ou liberacdo do calor das reag¢des bioquimicas. O conceito do
biossensor calorimétrico envolve a medigao das variagdes de temperatura na reagao entre
o elemento de reconhecimento e um analito alvo; essa alteragao de temperatura pode ser
correlacionada com a quantidade de reagentes consumidos ou produtos formados, com a

medic¢ao do calor liberado ou consumido (KAUR et al., 2023).

Os biossensores 6pticos baseiam-se em um sinal 6ptico o qual apresenta mudancga
na fase, amplitude, polarizacdo ou frequéncia da luz de entrada, em resposta aos
processos de reconhecimento. Nos sensores 6pticos, a luz é responsavel em determinar
a medida da reagao bioquimica que acontece na superficie do eletrodo. Desse modo,
pode-se analisar a luz que é absorvida ou emitida, ou sua refracdo devida a reacao
bioldgica entre a sonda e o analito alvo (EKSIN, E.; ERDEM, A. 2023).

1.4.2 Biossensores eletroquimicos

Os biossensores eletroquimicos baseiam-se no consumo e/ou geragao de espécies
eletroativas durante uma interacdo quimica e bioldgica. Nesse processo o transdutor
detecta e mensura o sinal eletroquimico produzido por essa interagdo (LIU-NA WEI et al.,
2023). Com as técnicas eletroquimicas, € possivel analisar relagdes diretas entre a
concentracido do analito e propriedades elétricas como corrente, potencial, condutividade,
resisténcia ou carga. Logo, essas técnicas sao aplicadas na quantificagao de espécies de
interesse em distintas areas de estudo (ZHANG, X. et al., 2023). Os biossensores
eletroquimicos sao dispositivos que dependem de propriedades elétricas (resisténcia,
corrente, potencial, capacitancia, impedancia), que sao detectadas e medidas com os
métodos de potenciometria, condutometria, amperometria ou voltametria (LIU-NA WEI et
al., 2023).

A técnica de voltametria foi desenvolvida pela primeira vez por Jaroslav Heyrovsky
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em 1922, o que resultou no Prémio Nobel de Quimica em 1959 (NOBEL PRIZE, 2023). O
conceito de voltametria refere-se as técnicas nas quais a corrente € medida variando-se o
potencial em uma faixa definida. A resposta de corrente € observada como um pico ou um
platdé proporcional a concentracdo do analito (LIU-NA WEI et al., 2023). O grafico de
corrente versus potencial, voltamograma, apresenta informag¢des sobre a reagdo quimica
€ a posicao da corrente de pico esta vinculada a substancia quimica especifica, de modo
que os valores de corrente de pico sdo proporcionais a concentracdo da espécie
correspondente (LIU-NA WEI et al., 2023).

Logo, na voltametria, um potencial em funcéo do tempo € aplicado a um eletrodo
de trabalho, alterando o seu potencial em relagdo a um potencial fixo de um eletrodo de
referéncia. A corrente resultante flui entre o eletrodo de trabalho e um eletrodo auxiliar a
qual é medida em fungao do potencial (CHENG, T., ZHANG, W., YANG. 2022). Como
apresentado na Figura 8, o eletrodo de trabalho é onde ocorre a reacédo de interesse
(redugao ou oxidagao), de modo que os principais tipos de eletrodos de trabalho s&o: ouro,
carbono vitreo, pasta de carbono, grafite, platina, prata, etc. O eletrodo de referéncia tem
um potencial conhecido e € usado para estabelecer o potencial constante em uma célula
eletroquimica, ou seja, o potencial de prata/cloreto de prata mais comumente usado em
solugdes aquosas. Finalmente, o eletrodo auxiliar (ou contra eletrodo) é utilizado para
completar o circuito elétrico na célula eletroquimica e é composto por materiais inertes

como platina, ouro, grafite ou carbono vitreo (WHITTINGHAM et al., 2021).

eletrodo de

trabalho eletrodo de

eletrodo . P
2 referéncia

auxiliar i
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Figura 8 - Demonstragédo de uma célula eletroquimica de trés compartimentos, com os
eletrodos posicionados. S&o destacadas as regides de entrada e saida de gas nitrogénio,
bem como o capilar de Luggin, que tem a fungédo de aproximar os eletrodos de trabalho e
referéncia. E a entrada e saida de nitrogénio (N2) (Fonte: autoria prépria). Os métodos
voltamétricos incluem voltametria de varredura linear, voltametria ciclica, voltametria de
pulso diferencial, voltametria de onda quadrada, polarografia, voltametria hidrodinamica e
voltametria de redissolugao (LIU et al., 2022). A selegao do método voltamétrico a ser
aplicado esta condicionado com o tipo e a qualidade de informacao quantitativa e/ou
qualitativa que deseja obter sobre o analito ou do processo que envolve a interagao entre
o analito e o eletrodo de trabalho (ZHU et al., 2022).

Neste estudo, foi utilizado as técnicas de voltametria ciclica e voltametria de pulso

diferencial como mostrada na Figura 9.

A 1 B Fi |

Figura 9 - Representacdes graficas da voltametria ciclica. Em (A) Grafico de potencial em

funcdo do tempo: em cada ciclo o potencial é variado de E1 a E2, em seguida retornando
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a E1. Em (B) Voltamograma ciclico, com a corrente elétrica em fungédo do potencial. De
modo que € possivel observar os picos de oxidagao e redugdo. E: potencial elétrico; i:
corrente elétrica; Epc: potencial de pico catédico; Epa: potencial de pico anddico; ipc:
corrente de pico catddico; ipa: corrente de pico anddico. O delta (A) representa a variagéo
de corrente de pico, com a subtragdo da corrente de pico pela corrente na base do pico.
Nos graficos C e D sao representagdes graficas da voltametria de pulso diferencial. Em
(C) Grafico de potencial em fungéo do tempo: sdo aplicados pulsos periddicos de potencial.
Os pontos destacados representam a amostragem de corrente para um pulso. Em (D)
Voltamograma de pulso diferencial, com a corrente elétrica em fungao do potencial. Neste
exemplo, é possivel observar um pico de oxidacgao. E: potencial elétrico; i: corrente elétrica;
AEp: variagao de potencial de pulso; AEs: variagdo de potencial de amostragem; tp: periodo

de pulso; Aip: variagao de corrente de pico (Adaptado de LIU et al., 2022).

Na Figura 9A, o potencial inicial (E1) aplicado varia linearmente em um sentido até
o potencial final (E2), logo, o sentido da varredura € invertido e o potencial volta ao valor
inicial (E1), e seu voltamograma consiste em uma curva fechada. De modo que na
presenca de compostos eletroativos, podem ser detectados picos de oxidagdo, em um
potencial de pico anddico (Epa) € com corrente de pico anddico (ipa) especificos; e/ou picos
de reducdo, em um potencial de pico catédico (Epc) € com corrente de pico catodico (ipc)
especificos De acordo com a Figura 9B. Em relagdo as correntes de pico, pode ser
realizada a subtracédo da corrente na base do pico, o que resulta na variacdo de corrente

de picos anddico e catddico (Aipa € Aipc) (LIU et al., 2022).

A voltametria de pulso diferencial (Figura 9C) é um método no qual pulsos de
amplitude fixos sobrepostos a uma rampa de potencial crescente sao aplicados ao eletrodo
de trabalho. Assim a corrente € medida duas vezes, uma antes da aplicagao do pulso e
outra ao final do pulso. A primeira corrente é instrumentalmente subtraida da segunda, e
a diferenca das correntes é plotada versus o potencial aplicado. De maneira que o
voltamograma resultante consiste em picos de corrente de forma gaussiana, logo a area €
diretamente proporcional a concentragao do analito (LIU et al., 2022; MANRING et al.,
2022).
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2. Espectroscopia de Impedancia Eletroquimica

A espectroscopia de impedancia eletroquimica (EIE) € um método que mede a
impedancia de um sistema eletroquimico, como func¢ao da frequéncia de uma perturbacao
senoidal de baixa amplitude (MANRING et al., 2022). Entre as formas comuns de
representacido, salienta-se o diagrama de Nyquist, em que dados relativos a diversas
frequéncias sao representados em um plano complexo de impedancia. Assim como €&
utilizado o diagrama de Bode, em que sado representados os valores absolutos de
impedancia e deslocamento de fase em funcao da frequéncia (MANRING et al., 2022). Os
dados obtidos por esta técnica sdo analisados mediante um modelo tedrico de circuito
elétrico, que pode possuir elementos que representam a resisténcia da solucao, resisténcia
ao transporte de carga, capacitancia entre o eletrodo e os ions carregados na solugao e
impedancia devido a taxa de difusdo do composto redox até o eletrodo (BRETT, C. M. A.
2022). A Figura 10 ilustra a representagao dos dados impedemétricos pelo diagrama de
Nyquist e um modelo de circuito equivalente.

A | B

I altas baixas

frequéncias frequéncias CDL

-Z“‘

Figura 10 - Espectroscopia de impedancia eletroquimica. (A) Diagrama de Nyquist,
destacando as regides de altas e baixas frequéncias, além dos calculos de componentes
da impedancia. (B) Circuito equivalente que serve de modelo para explicar os dados
experimentais. Rs: resisténcia da solugao; Rcrt: resisténcia a transferéncia de carga; W:
impedancia de Warburg; CpL: capacitancia (Adaptado de BRETT, C. M. A., 2022).

3. Classificagao de biossensores quanto aos elementos de reconhecimento

Na classificacdo baseada no elemento de reconhecimento biolégico consiste em
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uma biomolécula imobilizada (sonda) a qual é capaz de detectar o analito alvo especifico.
E importante que a sonda seja especifica, sensivel e estavel para detectar o analito alvo
em uma amostra complexa (CASTRO, A. C. H. et al., 2022). Devido aos avangos na
biologia molecular, bioquimica, genética, microbiologia e imunologia, muitas biomoléculas
sao aplicadas como elemento de reconhecimento bioldégico para a construgdo dos
biossensores. Em relacdo ao tipo de biocomponente, sdo classificados em biossensores
enzimaticos (enzimas), imunossensores (anticorpos), genossensores (acidos nucleicos),
aptassensores (aptameros) e microbianos (microrganismos) (SHALANNANDA et al.,
2023). Em demais sistemas de classificacdo substituem a categoria de biossensores
microbianos por biossensores celulares, incluindo células de organismos multicelulares e
culturas de células (MEHRANNIA et al., 2023). Além dessas categorias, existem os
biossensores miméticos, cuja sonda € um material que mimetiza determinadas estruturas
biolégicas (DONG et al., 2022). De forma que os biossensores contendo aptameros e
peptideos como biocomponentes podem ser incluidos na classificagdo de biossensores
miméticos (KUCUK et al., 2023).

O DNA ou acido desoxirribonucleico € um polimero organico constituido por varias
unidades de nucleotideos cuja fungado é o armazenamento e a transmissao de informacéao
biolégica. Com isso, dentre os biossensores, 0s genossensores sdo fundamentados em
processos de reconhecimento de acidos nucléicos objetivando a detecgdo de alvos
envolvidos, sobretudo, em doengas genéticas e doencas infecciosas (microrganismos)
(CASTRO, A. C. H. et al., 2022). Através dos genossensores € possivel o monitoramento
de mudancas € interagdes do DNA, como por exemplo a metilagcdo (COLWELL et al., 2023;
LI et al., 2023), dessa forma sao considerados promissores dispositivos de diagndstico
clinico alternativos, especialmente, para doencas infecciosas (GUEDES, P. H.G. et al,,
2021).

Os genossensores sao desenvolvidos por meio da imobilizagao de fita simples de
um acido nucleico na superficie do eletrodo de trabalho, seguida pelo reconhecimento do
seu alvo complementar para formagao da dupla hélice de DNA (hua, E. 2022). Assim, os
genossensores sao considerados meétodos analiticos rapidos, sensiveis, simples e
conseguem detectar uma sequéncia de DNA especifico em baixissimo volume de
amostras. Logo, os genossensores mostram-se candidatos com grande potencial para

aplicagcbes em diagnostico de doengas genéticas, infecciosas e detecgdo de
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microrganismos patogénicos (FUKU et al., 2022). Os &cidos nucléicos apresentam
vantagens para serem aplicados como sonda, pois sao facilmente sintetizados, altamente
especificos e podem ser reutilizaveis (HUA, YU et al., 2022; CASTRO, A. C. H. et al., 2022;
GUEDES, P. H. G. et al., 2021).

Isto posto, os genossensores sao promissores para analise de acidos nucléicos,
devido a sua rapidez de resposta, alta sensibilidade e baixo custo. Salientando-se que a
deteccao pode ocorrer de forma direta, convertendo diretamente a hibridizacdo em sinal
elétrico ou de maneira indireta, com o uso de compostos eletroativos que interagem com
o material genético, possibilitando a detecgao da sequéncia especifica ou monitoramento
da integridade da biomolécula (HAO, J. et al., 2023; GARCIA-MELO et al., 2023).

4. Ninidrina e 4-aminofenol

Como dito anteriormente, a detecgdo de acidos nucleicos nos genossensores
podem ocorrer de dois modos, de modo direto e indireto. A forma de deteccao
eletroquimica direta ocorre quando sdo analisados os picos de oxidacido ou reducao das
bases nitrogenadas. A detecgao indireta, utiliza compostos eletroativos que interagem com
o DNA (Garcia-Melo et al., 2023), como por exemplo: brometo de etidio (CASTRO, A. C.
H. et al., 2022), SYBR green (LI PENG et al., 2022) e pounceau S (CORREIA, B. P. et al.,
2022). Como também a ninidrina e o 4-aminofenol, os quais foram comprovados neste

estudo suas atividades eletroativas e as suas interagdes com o DNA.

A ninidrina (1,2,3-Triketohydrindene monohydrate, NHN), apresentada na Figura
11, € uma molécula muito conhecida e comumente utilizada para analise de aminoacidos
devido a sua interagdo com grupos amino em proteinas e peptideos (JEONG, S. et al.,
2023). Além disso, foi descrito que a ninidrina reage com acidos nucleicos (CARLIN, M. et
al., 2023) e modifica 0 RNA em sistemas CRISPR (WANG, S. et al., 2020). Contudo, a
aplicagao da ninidrina como um indicador de hibridizagao eletroativo aplicado a elaboragao
de um genossensor ainda € pouco estudado (GUEDES, P. H. G. et al., 2021).

Desse modo, as reagdes quimicas da ninidrina tém grande impacto em trabalhos
biologicos, analises bioanaliticas e em exames forenses. De maneira que € possivel

identificar grupos aminos de forma rapida e sensivel, como por exemplo a ninidrina é
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utilizada para identificar impressdes digitais latentes em investigacbes forenses
(MADISON, C. et al., 2023). De acordo com Ajaya et al., (2022), a reagao da ninidrina com
0 aminoacido emitird a cor roxa de Ruhemann (purpura) (AJAYA et al., 2022). Em
contrapartida, os estudos envolvendo a ninidrina s&o complexos, pois dependem de varios
componentes de reagdo, como meio de reagdo, temperatura e reagentes. Em tais
trabalhos académicos, a sensibilidade e a estabilidade da ninidrina foram aumentadas, de
tal modo que afetou os estudos atuais, ampliando o potencial de aplicagao dessa molécula
(AJAYA et al., 2022).

O OH

OH
OH

O NH»

Ninidrina 4-aminofenol

Figura 11 - Representagdo dos compostos utilizados como indicadores de hibridizagéo de

acidos nucleicos, a ninidrina e o 4-aminofenol.

Os aminofendis sdo compostos quimicos promissores em estudos eletroquimicos,
uma vez que eles apresentam dois grupos substituintes diferentes no anel aromatico, os
quais sao eletroquimicamente ativos como observado na figura 11, esses grupos
consistem em grupamento amino e hidroxila (-NH2 e -OH), portanto, apresentam
comportamento eletroquimico semelhante aos de polimeros condutores, por exemplo a
anilina (CASTRO, A. C. H. et al.,, 2022). Especificamente o 4-aminofenol (4-AMF),
comumente é utilizado como mondmero ou como polimero na superficie do eletrodo

modificando-a de forma que esse composto melhora a resposta eletroquimica de um
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biossensor (CASTRO, A. C. H. et al., 2022). Entretanto, o 4-AMF ainda n&o foi aplicado
como indicador de hibridizagdo de DNA para o desenvolvimento de um genossensor
eletroquimico para detecgdo de fungos patogénicos, cujo presente estudo propde.
Ademais, o 4-AMF é um intermediario quimico organico amplamente utilizado, tem sido
difusamente aplicado em corantes, remédios, reveladores, antioxidante e aditivo de
petroleo, além disso, apresenta-se como material importante da sintese do paracetamol
(KARIMI-MALEH et al., 2023). A aplicagao do 4-AMF na ciéncia esta presente em espectro
UV (ZHANG, Y. et al., 2022), cromatografia liquida (MOUSAZADEH, H.; SEYYED, A.
2020), cromatografia gasosa (ZHANG et al., 2022) e método eletroquimico (CASTRO, A.
C. H. et al., 2022).

Portanto, nesse estudo foi desenvolvido dois genossensores eletroquimicos para a
deteccdo dos acidos nucleicos dos fungos patogénicos C. auris e T. rubrum por meio da
imobilizacdo dos oligonucleotideos em eletrodos de ouro, utilizando a detecgao indireta
com novos indicadores de hibridizagdo de DNA como a ninidrina e 4-AMF. A Figura 12
representa esquematicamente os genossensores desenvolvidos. De modo que tanto a
ninidrina quanto o 4-AMF apresentam em sua estrutura grupamento aminos, os quais
possuem alta afinidade pelo DNA (GUEDES, P. H. G. et al., 2021).

Indicador de
hibridizagdo

;Sonda
tiolada
5~

Eletrodo de ouro

Figura 12 - Esquema do genossensor construido neste estudo. Foi usado eletrodo de ouro

como superficie de imobilizacado, onde foi imobilizado sonda de DNA com grupo tiol (sonda
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tiolada). Em seguida é adicionado o alvo complementar (o sistema foi transferido para uma
estufa seca a 55° C por 10 min). Por fim, o indicador de hibridizag&o (ninidrina ou 4-AMF)

foi adicionado no sistema (fonte: autoria prépria).
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Resumo

Este trabalho relata uma estratégia simples para deteccdo de DNA gendmico
(gDNA) de Candida auris (C. auris), um fungo multirresistente associado a surtos
nosocomiais em ambientes de saude, apresentando altas taxas de mortalidade e
morbidade. A plataforma foi desenvolvida usando eletrodo de ouro sensibilizado
com sonda especifica de DNA e ninidrina como um novo indicador de hibridizagao
de DNA. O genossensor foi capaz de detectar C. auris em amostra de urina por
voltamerita de pulso diferencial e espectroscopia de impedancia eletroquimica. O
desempenho analitico do biossensor foi analisado, detectando até 4,5 pg yL~ "' de
gDNA de C. auris na urina (1:10, V/V). Além disso, o genossensor foi reutilizado
oito vezes sem perda na resposta do sinal de corrente. O genossensor apresentou
seletividade e estabilidade, mantendo 100% de sua resposta até 80 dias de
armazenamento. Para analisar interacbes de DNA de fita simples e dupla com
ninidrina, SEM, AFM e estudos de dindmica molecular seguidos de simulagdes
computacionais foram realizadas. Calculos tedricos mostraram interagdes de
ninidrina mais favoravelmente com dsDNA em sulcos ricos em A-T do que em
ssDNA. Assim, o sistema proposto € um dispositivo de detecgao eletroquimica
promissor para uma deteccdo mais precisa de C. auris gDNA em amostras

bioldgicas.

Palavras-chave: Candida auris, fungos patogénicos, diagnéstico point-of-care,

genosensor eletroquimico, ninidrina.
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ARTICLE INFO ABSTRACT
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This work reports a simple strategy for Candida auris genomic DNA (gDNA) detection, a multi-resistant fungus
associated with nosocomial outbreaks in healthcare settings, presenting high mortality and morbidity rates. The
platform was developed using gold electrode sensitized with specific DNA capture probe and ninhydrin as a novel
DNA hybridization indicator. The genosensor was able to detect C. auris in urine sample by differential pulse
voltammetry and electrochemical impedance spectroscopy. The biosensor’s analytical performance was evalu-
ated by differential pulse voltammetry, detecting up to 4.5 pg uL™! of C. auris gDNA in urine (1:10, V/V).
Moreover, the genosensor was reused eight times with no loss in the current signal response. The genosensor
showed selectivity and stability, maintaining 100% of its response up to 80 days of storage. In order to analyze
interactions of single and double-stranded DNA with ninhydrin, SEM, AFM and molecular dynamics studies
followed by docking simulations were performed. Theoretical calculations showed ninhydrin interactions more
favorably with dsDNA in an A-T rich binding pocket rather than with the ssDNA. Therefore, the proposed system
is a promising electrochemical detection device towards a more accurate detection of C. auris gDNA in biological
samples.

1. Introduction The C. auris accurate identification by phenotypic methods may be

challenging [8] and this fungus cannot be identified using commonly

Fungal pathogens are estimated to be a major cause for human
morbidity and mortality, infecting billions and killing over 1.6 million
people worldwide per year [1,2]. The emergence of drug-resistant
pathogens is a medical concern issue since these microorganisms may
cause severe human diseases [3].

Candida auris is a multi-resistant fungus, associated with nosocomial
outbreaks in healthcare settings. It is a rising threat to public health,
presenting high mortality and morbidity rates [4]. C. auris outbreaks
have already been notified in COVID-19 hospitals [5] and patients with
COVID-19 infected with this fungus have been reported [6]. Therefore,
every health care facility should be severely monitored in order to
contain this imminent threat since SARS-CoV-2 and C. auris combination
might be deadly [7].

* Corresponding author.
E-mail address: agbrito@ufu.br (A.G. Brito-Madurro).
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commercial systems, and thus a suitable treatment is delayed [9].
Moreover, conventional laboratory techniques can lead to misidentifi-
cation and improper handling, making it difficult to control the spread of
C. auris in healthcare environments [10].

One of the most recent methods to detect pathogens is the develop-
ment of biosensors [11]. Among biosensors, electrochemical geno-
sensors stand out as devices with sequence-specific DNA detection,
allowing them to precisely identify pathogens [12]. They present su-
perior advantages due to their low cost, rapid results, selectivity, mini-
aturization capacity, instrumental and operational simplicity compared
to most analytical techniques, and therefore offering the possibility for
point-of-care (POC) diagnosis [13].

Electrochemical genosensors often utilize indirect or label-based
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detection methods, monitoring DNA hybridization by distinct electro-
chemical responses of a redox indicator which interact specifically with
either single stranded (ss) or double stranded (ds) DNA [14,15].

Ninhydrin (1,2,3-Triketohydrindene monohydrate, NHN) is a well-
known molecule commonly used for amino acid analysis due to its
interaction with amino groups in protein and peptides [16]. In addition,
ninhydrin has been reported to interact with heterocyclic nucleobases
[17] and modify guide RNA in CRISPR systems [18].

However, ninhydrin potential as an electroactive hybridization in-
dicator as well as the bioinformatics on its interaction with ssDNA and
dsDNA applied to a genosensor technology has not been examined yet.

Therefore, the present paper reports a novel and reusable electro-
chemical genosensor capable of sensitive and selective detection of
C. auris gDNA by differential pulse voltammetry and electrochemical
impedance spectroscopy. The DNA biosensor presented a remarkable
regeneration ability and 100% of its signal response was maintained up
to 80 days of storage. This straightforward approach is the first elec-
trochemical genosensor for C. auris gDNA detection using ninhydrin as a
novel hybridization indicator.

2. Material and methods
2.1. Chemicals and biomolecules

All chemicals were used without prior purification and presented
analytical grade. High purity water (18.2 MQ cm, Master System,
Gehaka, Brazil) was used to prepare solutions which were deoxygenated
by bubbling ultra-pure nitrogen before electrochemical measurements.
Potassium chloride (99%, KCl) was purchased from Neon. Sulfuric acid
(98%, HoSO4), K4[Fe(CN)g] and K3[Fe(CN)g] were obtained from Sigma-
Aldrich Chemical, USA (ACS purity). Dibasic sodium phosphate (99%,
NayHPO4) and monobasic sodium phosphate (99%, NaH,PO4) were
acquired from Synth. Ninhydrin (ACS reagent) was purchased from
Sigma Aldrich.

The DNA probe (CAU1S) sequence was carefully designed using the
National Center for Biotechnology Information (NCBI) data bank. The
sequence can be identified by its RID (4TCMJD2901R). CAU1S (5°-(HS)
AACAAAACGAAAAAAAAAGCGTAGA-3') was purchased from Alpha
DNA (Canada) and a stock solution (1 mmol L_l) was prepared using
deionized water. C. auris gDNA was extracted using the in-house method
[19]. The purity and quality of the samples were evaluated by spectro-
photometry. To obtain a positive sample, human urine free of C. auris
was diluted using deionized water (1:10, V/V) and enriched with gDNA
of the fungus. For selectivity tests, nucleic acids from different organ-
isms such as Zika virus, Escherichia coli and Neisseria meningitidis were
used.

2.2. Instrumentation

Electrochemical measurements were performed using Differential
Pulse Voltammetry (DPV) in a potentiostat CHI 760C (CH Instruments,
USA). Autolab potentiostat/galvanostat PGSTAT302 N (Eco Chemie,
Utrecht) with FRA module were used to perform Electrochemical
Impedance Spectroscopy (EIS), using Nova 2.1.3 software. All electro-
chemical experiments were conducted using a three-electrode electro-
chemical cell, 2 mm diameter gold working electrodes, platinum wire as
counter electrode and Ag/AgCl/Cl™ (3.0 mol L1 KCl) as reference
electrode. The surface morphology of the electrodes was assessed by
scanning probe microscopy (Model 5100 N, Hitachi), performed in the
dynamic force microscope (DFM) mode, and by scanning electron mi-
croscopy (SEM) on an EVO MA10 Zeiss microscope.

2.3. Molecular modeling and computational protocol

The initial ssDNA and dsDNA structures were generated by proto-
Nucleic-Acid Builder (pNAB) [20] and submitted to CHARMM-GUI
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[21] in order to generate the input files for the molecular dynamic
simulations. Equilibration, 10-ns production runs and analyses were
conducted with GROMACS 5.1.4 [22] with similar protocol as previ-
ously published [23,24]. Ligand-binding hot spots were characterized
with FTMap [25]. Molecular docking was performed with the GOLD
(Genetic Optimization for Ligand Docking) 2020 [26] with the same
protocol as previous study [27]. A more complete protocol is presented
in the Supplementary Information section.

2.4. Fabrication of genosensor and Candida auris gDNA detection

Gold electrodes (Au) were submitted to mechanical and electro-
chemical conditioning. For mechanical preconditioning, Au were
immersed in an ethanol solution (70%) and ultrasonicated for 10 min.
Mechanical polishing was carried out using alumina slurry (0.3 pm),
after being immersed in deionized water and sonicated for 2 min.
Electrochemical preconditioning was performed using cyclic voltam-
metry in HySO4 (0.5 mol L™1), 6 cycles with potential ranging from 0.0 V
to +1.4 V, 50 mV s~

Probe immobilization was carried out by dripping 3.0 pL of CAU1S
(20 pmol L’l, pH 7.4) and after 30 min, Au/CAU1S was immersed in
phosphate buffer saline (PBS) solution (0.1 mol L’l, pH 7.4), for 7 s so
that non-adsorbed capture probes are washed out.

CAUI1S concentration used in the electrochemical detection was
optimized by direct detection, monitoring the oxidation of guanosine
and adenosine. DPV in PBS solution (0.1 mol L’l, pH 7.4) was conducted
with potential ranging from 0.6 V to +1.4 V, modulation amplitude 60
mV, interval time 0.2 s, scan rate 30 mV s~ %; interval time 0.2 s.

Hybridization procedure was performed by dripping 5 pL of urine
(1:10, V/V) enriched with C. auris gDNA onto Au/CAU1S surface and
conditioned in 55 °C for 20 min. Subsequently, Au/CAU1S:gDNA were
immersed in PBS solution (0.1 mol L_l, pH 7.4) for 7 s to wash unbound
DNA from the Au/CAU1S surface.

Indirect detection was carried out by adding 5 pL of ninhydrin so-
lution (100 pmol L) onto Au/CAU1S:gDNA surface. After 10 min at
room temperature, the unbounding ninhydrin was removed using
deionized water by immersion of Au/CAU1S:gDNA/NHN for 7 s. DPV
was recorded with potential ranging from —0.7 V to +0.2 V, modulation
amplitude 60 mV, interval time 0.2 s, scan rate 30 mV s1; interval time
0.2 s using an electrolyte PBS solution (0.1 mol L™, pH 7.4). As proof of
concept for DPV results, EIS studies using anionic probe K4[Fe(CN)gl/
K3[Fe(CN)g] (5 mmol L) in KCI solution (0.1 mol L’l) were carried out
immediately after DNA hybridization with an open circuit, a frequency
ranging from 10 kHz to 0.1 Hz and amplitude of 10 mV.

The calibration curve was constructed by varying C. auris gDNA
concentration in urine diluted using deionized water (1:10, V/V)
ranging from 4.5 pg pL~! to 45 ng pL~!. Differential pulse voltammo-
grams were recorded as the analytical signal by indirect detection using
ninhydrin as indicator in PBS solution (0.1 mol L_l, pH 7.4).

2.5. Selectivity, regeneration and stability assays

In order to evaluate the selectivity of the genosensor, human urine
sample (1:10, V/V) was enriched with nucleic acids from Zika virus,
Neisseria meningitidis and Escherichia coli at the same concentration of the
positive sample, C. auris gDNA (0.45 ng pL™!) and added onto Au/
CAUIS. For regeneration studies, Au/CAU1S:gDNA of C. auris was
washed in PBS solution, pH 7.4, by immersion for 30 s. Subsequently, in
order to de-hybridize C. auris gDNA from Au/CAU1S, the surface was
immersed in water at 90 °C for 5 min. This procedure was repeated 8
times. After, DPV analysis were conducted using ninhydrin as an indi-
cator. The stability of the genosensor was evaluated by maintaining Au/
CAUL1S bioelectrodes at 8 °C for 80 days. Then, electrochemical response
was evaluated up to 80 days of storage. For selectivity, regeneration and
stability assays, DPV was performed in PBS solution (0.1 mol L™}, pH
7.4) and the oxidation peak of ninhydrin was monitored.
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2.6. Statistics and data presentation

Arithmetic mean value + standard deviation is represented for
numeric numbers, performed in triplicate measurements. Histogram
graphs were plotted using Prism Graph 6.0 and voltammograms using
Origin 7 after baseline subtraction.

3. Results and discussion
3.1. Optimization of probe DNA immobilization on gold electrode

Efficient DNA probe immobilization onto an electrode surface plays
an important role in the overall performance of genosensors [28].
Therefore, suitable probe orientation and its optimal concentration are
relevant parameters to achieve a high-quality biosensor [29]. Three
different concentrations of CAU1S DNA probe were evaluated by direct
detection, monitoring guanosine and adenosine oxidation as shown in
Fig. 1.

According to literature, DNA can be oxidized onto gold electrodes
[30,311]. Fig. 1A shows two oxidation peaks at E, = +0.9 Vand +1.3 V
corresponding to guanosine and adenosine oxidation peaks, respec-
tively, at 20 pmol L1 of CAU1S. In addition, guanosine presented ip =
9.70 + 0.3 pA and adenosine i, = 2.1 & 0.1 pA, according to Fig. 1B. No
oxidation peak was detected for the other tested concentrations (10
pmol L' and 5 pmol L™1). Therefore, CAU1S at 20 pmol L™ was used in
all assays as the optimal DNA probe concentration.

AFM imaging allows the investigation of biomolecules attached to
the solid substrate. CAU1S immobilization was also evaluated by scan-
ning probe microscopy. Bare gold electrode showed a typical rough
surface with small valleys presenting quadratic roughness coefficient

—— 20 pmol L™
— — 10 ymol L™
- - - 5yumolL”’

Current / pA

T T
1.1 12

Potential / V vs Ag/AgCI

B s
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(Rq) of 8.8 + 1 nm, according to Fig. 1C. After the addition of CAU1S, a
decrease in the Rq value (4.3 + 0.3 nm) was observed (Fig. 1D). The
decrease in the roughness value may be due the thiolated DNA probe
which occupies the small valleys of the electrode surface, tending to
form a smoother surface [32]. Also, studies on ssDNA physical proper-
ties indicate high conformational flexibility in solution [33] or onto solid
surfaces, fitting more easily into the grooves of these surfaces [34].

3.2. Performance evaluation of genosensor

3.2.1. Calibration curve and sensibility

Candida auris is often detected in urine samples from contaminated
people [35,36]. In this study, human urine sample (1:10, V/V) was
enriched with different concentrations of C. auris gDNA and a calibra-
tion curve was constructed in order to evaluate the sensitivity of the
genosensor. Indirect detection was carried out by DPV, monitoring
ninhydrin oxidation peak as presented in Fig. 2.

The ninhydrin indicator used to monitor the duplex formation
(CAU1S:gDNA) presented an increase in the oxidation peak E, = —0,25
V (vs. Ag/AgCl/Cl™ (KCI 3.0 mol L™}) as the concentration of C. auris
gDNA increases in urine sample, according to Fig. 2A. It appears to
present a higher affinity towards dsDNA. This behavior is also observed
in other hybridization indicators, such as ethidium bromide [37] and Ru
(NH3)6]Cl3 [38] which present high costs and potential toxicity [39]. As
an alternative, ninhydrin offers great advantages as an electrochemical
DNA hybridization indicator, such as low oxidation potential required
(—0.25 V) and it is an economical and environment friendly molecule
[40]. The biosensor detected up to 4.5 pg pL.~! with linear range from 45
ng pL7! to 4.5 pg pL ! of gDNA in real sample, with equation ip MA) =
1756-147.92 (nA/g uL™Y) * (-log[gDNA]) (g pL~!) and R? = 0.99953

Hl Guanosine
[ Adenosine
i 104
k=
2
=
O 51
0- T
CAU1S (20 umol L)
50 nm 50 nm
0nm \ Onm

Fig. 1. Optimization of CAU1S DNA probe concentration onto gold electrodes. A) Differential pulse voltammograms for guanosine and adenosine oxidation at
concentrations 5 pmol L1(), 10 pmol L' () and 20 pmol L' () in PBS solution (0.1 mol L2, pH 7.4). Potential scan from 0.6 V to +1.4 V; scan rate 30 mV s
modulation amplitude 60 mV; interval time 0.2 s. B) Histogram for current values to the guanosine and adenosine oxidations at concentrations 20 pmol L™}, AFM
images of the bare gold electrode (C) and Au/CAU1S (D). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)
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Fig. 2. Electrochemical response for indirect detection of C. auris gDNA added in urine (1:10, V/V) at different concentrations monitoring ninhydrin oxidation peak
and the calibration curve. A) Differential pulse voltammograms recorded in PBS solution (0.1 mol L™?, pH 7.4), in absence or presence of target analyte, varying its

concentration (45 x 1072 gL ™1, 45 x 1072 g L1, 45 x 107 g uL ™!, 45 x 1071° g uL. ! and 45 x 10~° g pL™1). Conditions: potential scan from —0.7 V to +-0.2 V;
scan rate 30 mV s~!; modulation amplitude 60 mV; interval time 0.2 s. B) Calibration plots for the amperometric response.

(Fig. 2B). pathogens which are also found in urine such as Candida albicans [41],

Zika virus gRNA [42], Neisseria meningitidis [43] and Escherichia coli
gDNAs [44] at the same concentration of C. auris gDNA (0.45 ng pL™1).
The genosensor was able to distinguish all non-specific pathogens DNA
and presented a similar current value when compared to the probe
current response, according to Fig. 3A. C. albicans gDNA with i, = 70 &
2.6 nA, Zika virus gRNA with i, = 57.7 + 1.5 nA, N. meningitidis gDNA

3.2.2. Selectivity, reusability and stability

Parameters such as selectivity, regeneration and stability were
evaluated by indirect detection, monitoring the current response of
ninhydrin oxidation (Fig. 3).

Au/CAU1S genosensor was sensitized with gDNA from non-target
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Fig. 3. A) Differential pulse voltammograms and B) histogram of current value for the detection of C. auris gDNA and non-specific biomolecules: C. albicans, Zika
virus gRNA, N. meningitidis and E. coli. C) Relation between i, and regeneration rounds. D) Relation between i, and storage time of the genosensor. DPV was recorded
in PBS solution (0.1 mol L™}, pH 7.4); potential scan from —0.7 V to +0.2 V; scan rate 30 mV st

; modulation amplitude 60 mV; interval time 0.2 s. Ninhydrin
oxidation peak was monitored in all experiments.
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with i, = 56.3 = 1.5 nA and E. coli gDNA with i, = 55.7 + 0.6 nA,
presented 5.3-fold, 6.5-fold, 6.6-fold and 6.7-fold decrease in peak
current variation, respectively, comparing to the positive control (i, =
373 + 9.9 nA), as observed in Fig. 3B. In addition, a misidentification of
C. auris as N. meningitidis and C. albicans has been reported [45,46].
Nevertheless, the present genosensor showed superior selectivity since it
was able to accurately discriminate C. auris from N. meningitidis and
C. albicans.

In order to obtain a cost-effective point-of-care diagnosis, regenera-
tion assay is an important feature to accelerate biosensor commerciali-
zation [47], since it evaluates the ability of DNA hybridization reaction
to re-occur between gDNA and CAU1S. As result of an effective chemi-
sorption between 5’ thiol labeled DNA probe and the gold surface [48],
the genosensor presented high reusability, maintaining 100% of its
current response signal over 8 regeneration cycles, according to Fig. 3C.
The genosensor’s stability was examined by keeping the bioelectrodes at
4 °C over 80 days. Fig. 3D shows the DNA biosensor being able to
maintain 100% of its signal response up to 80 days of storage.

C auris is mostly detected by quantitative real-time PCR (qPCR) [49,
50]. However, qPCR is a laborious operational procedure which presents
some challenges towards a point-of-care diagnosis, including high cost
and unstable results [51]. To the best of our knowledge, no electro-
chemical genosensor for the detection of C. auris gDNA in urine samples
using ninhydrin as DNA hybridization indicator has been reported.
Therefore, Table 1 presents recently reported methodologies able to
identify C. auris.

In this work, the developed genosensor showed superior features
such as linear range, rapid response and small amount of sample
required. In addition, all previously reported detection methods (see
Table 1) lack important studies such as stability and regeneration.

3.3. Evaluation of the genosensor by bioinformatics, EIE and
morphological analysis

3.3.1. Computational analysis of ninhydrin in complex with DNA

Ninhydrin interactions with DNA were evaluated by theoretical ap-
proaches in order to obtain some insights for the DNA-ninhydrin binding
mechanism (Fig. 4).

Initially, molecular dynamics simulations were performed with the
modeled ssDNA and dsDNA biomolecules with the results presented in
Fig. 4A and B, respectively. Fig. 4A and B shows the radius of gyration
(Rg) and the total energy of the molecules simulated during a total time
of 10 ns? Both structures were reasonably stable during the simulations
which reflected the constant Ry and energy along the 10 ns-runs. How-
ever, ssDNA was more extended than dsDNA which could be seen by the
higher R, for ssDNA (R, ~ 3.0 nm in A) than for dsDNA (R, ~ 2.5 nm in
B), despite of both molecules having the same initial length. R, is a
measure that considers the average atomic position of a molecule in a
specific time, thus, ssDNA samples more extended conformations than
dsDNA.

Table 1
Comparison of proposed genosensor for C.auris gDNA detection with other
methodologies.

Methodology Sample Time of Stability =~ Regeneration  Reference
volume detection
Fluorescence 100 pL 60 min n.a n.a [56]
Spectroscopy 50 pl 100 min n.a n.a [57]
BCID-FP
(GenMark
Dx ePlex)
Multiplex PCR 4 pl ~79 min n.a n.a [58]
and qPCR
CHROMagar 1l 36h n.a n.a [59]
LAMP 2l 90 min n.a n.a [60]
DPV indirect 5pl 32 min 100 8 times This
detection days study
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Molecular dynamic simulations create conformations by stochastic
or diffusive motions on a roughed energy landscape profile [57]. Sim-
ulations of Fig. 4A and B resulted in equilibrated and
constant-temperature runs. The final conformations are located in local
energy minima in which they might be good representatives of the
conformation ensemble for the docking analysis with ninhydrin.

The next step would be to perform molecular docking simulations of
ninhydrin against the final DNA structures. Although, before that, the
initial and final conformations of ssDNA (structures in Fig. 4A) and
dsDNA (structures in Fig. 4B) were submitted to the FTMap [25] web
server in order to characterize possible binding cavities. In Figure S1
(see Supplementary Information), FTMap predicted the initial confor-
mations of ssDNA (Fig. S1A, left panel) and dsDNA (Fig. S1C, left panel)
having a broad distribution of binding sites that were represented by the
small molecule decoys bound to the DNAs surfaces. Also, the nonbonded
contact rate of the decoys along the nucleic acid sequence of both
molecules were broadly distributed with two slightly higher peaks
around nucleotides DG9 and DG21, numbering from its 5'- to 3'-end (left
panels of Figs. S1B and S1D). However, the equilibrated conformations
represented by the final structures resulted in different conformations
for both biopolymers. The end-point of the ssDNA simulation resulted in
a more extended conformation than its initial structure and the decoys
were found more pronounced around nucleotides DA13 and DA18 (right
panels of Fig. S1A and S1B). The final dsDNA structure resulted in a
slightly smaller conformation than its initial perfect double helix, pro-
ducing one pronounced binding site around nucleotide DG19. There-
after, this nucleotide position was chosen to be the major binding cavity
as it appears in both nucleic acid structures.

The last snapshot of the molecular dynamic runs of both structures in
Fig. 4A and B were submitted to docking simulations with the hybridi-
zation indicator ninhydrin. Although the binding site for the docking
runs were centered at nucleotide DG19, the binding cavity was suffi-
ciently big (10 A) to cover some more nucleotides. Generated by the
docking simulations, the top-ranked configurations of ninhydrin in
complex with ssDNA and dsDNA were chosen for analysis and they are
presented in Fig. 4C and D, respectively. Ninhydrin was captured by the
two nucleotides (DG19 and DC20) on the ssDNA surface and by an A-T
rich region around DA17 of dsDNA that is a more confined binding
pocket (surface representation on the right panels in Fig. 4C and D).
Hydrogen bonds were the main stabilizing interaction of the hybridi-
zation indicator in both DNAs, with an extra hydrogen bond occurring in
dsDNA. Also, the dsDNA-ninhydrin complex exhibited an exclusive hy-
drophobic interaction, represented by the surface of DA15 nucleotide in
Fig. 4D. Similar mode of interaction of a compound bound in a A-T rich
region of a double strand DNA was also reported in a recent publication
[58].

The theoretical calculations suggest that the hybridization indicator
ninhydrin has a more favourable interaction with the double helix
dsDNA than with the single strand ssDNA. This is in accordance with the
experimental results which showed an increased sensitivity of the
dsDNA genosensor when compared with ssDNA, revealing ninhydrin as
a novel DNA hybridization indicator.

3.3.2. Electrochemical impedance spectroscopy and morphological analysis

The characterization of the Au/CAU1S and Au/CAU1S:C. auris gDNA
was performed by EIS, SEM and AFM images (Fig. 5).

Au/CAU1S was sensitized with urine samples (1:10, V/V) with or
without the enrichment of C. auris gDNA (4.5 ng uL.™1). In the presence
of gDNA, a 4.8-Fold increase in the resistance to charge transfer (Rc)
value (25.7 + 1.4 kQ) was observed compared to Au/CAU1S/Urine
which presented Rer = 5.3 + 0.5 kQ, according to Fig. 5B. These findings
corroborate with DPV results, after the duplex formation (Au/CAU1S:
gDNA), an increase in the amount of DNA on the Au surface is observed,
leading to an increase in the Rt value for the positive sample [59].

It was possible to observe different morphologies in the SEM images,
with the addition of the positive target (Fig. 5D) causing a change in the
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Fig. 4. Theoretical molecular modeling of the inter-
action between ninhydrin and DNA. Radius of gyra-
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tion (Rg, blue) and total energy (red) of the molecular
dynamics simulations performed with A) ssDNA and
B) dsDNA. Initial structures and the final stable con-
figurations of the simulated biomolecules are also
presented in A) and B). Molecular docking of ninhy-
drin (yellow stick) bound with the simulated final
structures of C) ssDNA and D) dsDNA. C) and D) also
show a close-up of the docked poses on the middle
panels and a surface representation on the right
panels. Ninhydrin is mainly stabilized via hydrogen

Final
structure

Energy (10° kJ/mol)

bonds (cyan sticks) in both biomolecules, however,

Initial
structure

Radius of gyration (hnm)

only on dsDNA, ninhydrin appears to be stabilized by
hydrophobic interactions (surface representation in
D). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web
version of this article.)

Final
structure

Energy (10° kJ/mol)

Simulation time (ns)

Molecular Docking
C

surface of the working electrode, making it more heterogeneous with
structures in filamentous form or network-like structures when
compared with the negative sample (healthy urine) (Fig. 5C). This may
be due to the formation of the DNA duplex after adding the positive
target, since double stranded nucleic acids tend to be less flexible than
single stranded nucleic acids [60], that can be observed with the for-
mation of different structures on the electrode surface [61]. In both SEM
and AFM images it was possible to observe structures approximately
100 nm in size, a common feature in urine samples as a result of drying
on solid surfaces [62] and adsorption of solid components present in the
sample.

Scanning probe microscopy is also a valuable technique to evaluate
DNA hybridization in solid surfaces [63]. The addition of the negative
sample resulted in images with lower coefficients of roughness (Rq =
2.9 + 0.2 nm, Fig. 5E), presenting a predominantly smooth surface with
sparse elevation points. In contrast, the electrodes in which the positive
samples (urine enriched with gDNA of C. auris) were applied showed

bigger coefficients of roughness (Rq = 17 + 1.3 nm, Fig. 5F) and a wavy
surface, corroborating with the SEM images. The hybridization of the
DNA oligonucleotide probe on the electrode surface with the comple-
mentary DNA in the sample creates more prominent clusters and
structures on the electrode surface [64].

4. Conclusion

In summary, a facile and straightforward approach to detect C. auris
gDNA in real samples was described based on the electrochemical
detection using ninhydrin as a novel DNA hybridization indicator. The
analytical features of biosensor were evaluated and presented a linear
response from 4.5 pg pL’l to 45 ng uL’1 of gDNA in urine (1:10, V/V)
capable of detecting up to 4.5 pg pL 1. Moreover, the genosensor was
reused eight times with no loss in the current signal response. The
genosensor showed selectivity and stability, maintaining 100% of its
response up to 80 days of storage, which indicates shelf-life potential, an
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30

Probe C. auris gDNA

SEM HV: 10.0 kV

WD: 6.27 mm L

Det: SE 2 um

VEGA3 TESCAN

View field: 13.8 ym
SEM MAG: 15.0 kx  Date(m/dly): 12/21/20 UFU

Fig. 5. Electrochemical impedance spectroscopy and morphological analysis. A) Nyquist plots for C. auris gDNA detection by EIS. Inset: equivalent circuit, where, Rg,
W, Rcr and CPE represent the solution resistance, the Warburg diffusion resistance, the charge-transfer resistance and the constant-phase element, respectively. EIS
conducted with K4[Fe(CN)g]/K3[Fe(CN)g] (5 mmol L™1) in KCl solution (0.1 mol L’l), open circuit, frequency ranging from 10 kHz to 0.1 Hz and amplitude of 10
mV. B) Histogram of RCT from the EIS detection of urine (1:10, V/V) without and with C. auris gDNA enrichment. SEM and AFM images of Au/CA1US/urine sample

without (E) or with (F) C. auris gDNA enrichment.

important feature for commercialization. Theoretical calculations sup-
port the electrochemical results which reinforce ninhydrin presenting a
more favourable interaction with dsDNA than with ssDNA. Therefore,
the developed genosensor is a promising electrochemical detection to-
wards the demand for a more accurate identification of C. auris gDNA in
biological samples.
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Highlights:

e Novel electrochemical genosensor detects Trichophyton rubrum in
dermatophytosis using 4-AP indicator.

e Electrochemical biosensor for real-time monitoring of T. rubrum in fungal
infections.

e Sensitive and specific DNA biosensor distinguishes T. rubrum from other
pathogens

e Reusable genosensor with 1 pg/puL LOD offers fast, accessible dermatophytosis
detection.

e Electrochemical biosensor for point-of-care diagnosis of T. rubrum in human

dermatophytosis.
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Resumo

Dermatofitose € uma infecgdo fungica de tecidos queratinizados, como pele,
cabelos e unhas. Trichophyton rubrum (T. rubrum) é um dos principais agentes
responsaveis pela maioria das dermatofitoses humanas. Os métodos atuais de
diagnodstico do T. rubrum exigem a utilizacdo de reagentes em grandes
quantidades, mao de obra qualificada, equipamentos caros, alto custo, manutencao
lenta, apresentando pontos que podem inviabilizar sua aplicagdo. Portanto, o
desenvolvimento de métodos rapidos, faceis de entender, acessiveis, sensiveis,
seletivos e especificos que proporcionem rapida deteccdo e monitoramento da
doenca em tempo real € crucial para a detecgéo e tratamento. Os genossensores
eletroquimicos destacam-se como dispositivos com deteccdo de DNA por
sequéncia especifica, permitindo identificar com precisao patégenos. Neste estudo,
um genosensor eletroquimico novo e reutilizavel foi desenvolvido para detectar
DNA gendmico do fungo patogénico T. rubrum por voltametria de pulso diferencial,
usando deteccao indireta monitorando o pico de oxidagao de 4-aminofenol (4-AP)
como um novo indicador de hibridizagdo de DNA. O genosensor apresentou uma
resposta linear a diferentes concentragdes de gDNA de T. rubrum variando de 10-°
g uL="a 103 uL~" e o limite de detecgao foi de 1 pg uL='. O genosensor distinguiu
o gDNA de patdgenos fungicos inespecificos do gDNA de T. rubrum. As analises
morfolégicas foram realizadas por microscopia eletrbnica de varredura e
microscopia de forca atdbmica, que evidenciaram estruturas filamentosas mais
heterogéneas na superficie de Au/TR1S:T. gDNA de rubrum comparado ao controle
negativo (Au/TR1S).

Palavras chaves: Biossensor eletroquimico, biosensor de DNA, infec¢ao fungica,

T. rubrum.

Abstract

Dermatophytosis is a fungal infection of keratinized tissues, such as skin, hair, and
nails. Trichophyton rubrum (T. rubrum) is one of the main agents responsible for
most human dermatophytosis. The current methods of diagnosing T. rubrum require

the use of reagents in large quantities, skilled labor, expensive equipment, high-
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cost, slow maintenance, presenting points that may make their application
unfeasible. Therefore, the development of fast, easy-to-understand, accessible,
sensitive, selective, specific methods that provide rapid detection and monitoring of
the disease in real-time is crucial for the detection and treatment. Electrochemical
genosensors stand out as devices with sequence-specific DNA detection, allowing
them to precisely identify pathogens. In this study, a novel and reusable
electrochemical genosensor was developed to detect genomic DNA of the
pathogenic fungus T. rubrum by differential pulse voltammetry, using indirect
detection by monitoring 4-aminophenol (4-AP) oxidation peak as a novel DNA
hybridization indicator. The genosensor presented a linear response to different T.
rubrum gDNA concentrations ranging from 10~° g uL="to 10-'3 yL-" and the limit of
detection was 1 pg uL™'. The genosensor distinguished non-specific fungi
pathogens gDNA from T. rubrum gDNA. Morphological analyses were performed by
scanning electron microscopy and atomic force microscopy, which showed more
heterogeneous filamentous structures on the surface of Au/TR1S:T. rubrum gDNA

compared to negative control (Au/TR1S).

Keywords: electrochemical biosensor; DNA biosensor; fungal infection, T. rubrum.

1. Introduction

Dermatophytosis are fungal infections of keratinized tissues, such as skin,
hair and nails. Filamentous fungi use keratin of these tissues as a source of nutrients
[1]. This group of fungi represents 45 species grouped into three genera:
Trichophyton, Microsporum and Epidermophyton. Among the agents, the most
common is Trichophyton rubrum (T. rubrum). T. rubrum is one of the main agents
that infect humans, being responsible for most human dermatophytosis [2].
Dermatophytes thrive in temperatures of 25-28°C and human skin infection keeps
them in warm, humid conditions. Thus, superficial fungal infections are relatively
common in tropical countries [3].

The most recurrent affected regions consist of the skin without or with few

hairs, characterized by reddish, scaly, lacy or drawn lesions, isolated or confluent
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[2,4,5]. In addition, people with diabetes mellitus should pay attention to the health
of their feet and avoid intertrigo, which can lead to bacterial infections in the soft
tissue of the legs and feet, causing erysipelas (skin infection) that can cause the
loss of the limb [6,7].

The main method of diagnosing T. rubrum is performing biological assays
such as Polymerase Chain Reaction (PCR) [4] observation of macroscopic and
microscopic characteristics which are unique to this fungus, such as mycological
assays and the use of microscopes to identify the morphology of the fungus, for
example: Disk diffusion method, dilution method in microbroth and colorimetric MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium  bromide) assay [8].
However, microbiological tests require the use of reagents in large quantities, skilled
labor, expensive equipment, high-cost, slow maintenance, presenting points that
may make their application unfeasible [9]. The development of fast, easy-to-
understand, accessible, sensitive, selective, specific methods that provide rapid
detection and monitoring of the disease in real time is crucial for the detection and
treatment. Especially for detecting pathogenic fungi such as T. rubrum.

One of the most recent techniques to detect pathogens is the development
of biosensors [10]. Among biosensors, electrochemical genosensors stand out as
devices with sequence-specific DNA detection, allowing them to precisely identify
pathogens [11]. Biosensors have advantages such as specificity, sensitivity, speed,
precision, miniaturization and potential for portability, simplicity and low cost,
demonstrating that biosensors are promising alternatives to conventional analytical
methodologies [12]. Electrochemical genosensors can perform complementary
target detection and hybridization using direct or indirect technique [13]. Direct
detection, the hybridization process is directly converted into an electrical signal or
indirectly, using electroactive compounds that interact with the genetic material,
enabling the detection of the specific sequence or monitoring of the integrity of the
biomolecule [14,15].

Aminophenols are promising chemical compounds in electrochemical
studies, since they have two different substituent groups on the aromatic ring, which

are both chemically and electrochemically active [13]. 4-Aminophenol (4-AP) is
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commonly used as a monomer or as a polymer [16] on the surface of the electrode,
modifying it so that this compound improves the electrochemical response of a
biosensor [17]. However, 4-AP has not been applied yet as a DNA hybridization
indicator for the identification of pathogenic fungi, such as T. Rubrum.

Therefore, in this study, it is reported a novel and reusable electrochemical
genosensor developed in order to detect genomic DNA of the pathogenic fungus T.
rubrum by differential pulse voltammetry, using indirect detection by monitoring 4-

AP oxidation peak as a novel DNA hybridization indicator.

2. MATERIAL AND METHODS

2.1 Reagents and instrumentations

All chemical reagents used in this work presented analytical grade with no
prior purification. To prepare all solutions, high purity water (18.2 MQ cm, Master
System, Gehaka, Brazil) was used and deoxygenated by using ultra-pure nitrogen
bubbling before electrochemical measurements. Sulfuric acid (98%, H2SO4) was
acquired from Sigma-Aldrich and potassium chloride (99%, KCI) from Neon. Dibasic
sodium phosphate (99%, Na2HPO4), monobasic sodium phosphate (99%,
NaH2PO4) were purchased from Synth and 4-Aminophenol from Sigma-Aldrich.

DNA probe TR1S (Thiol-CTGCCCATTCGCCTAGGAAGCCGG) was
designed specifically for T. rubrum genomic DNA detection using the National
Center for Biotechnology Information (NCBI) data bank and purchased from
Exxtend. A TR1S stock solution was prepared using deionized water (1 mmol L™).

In order to simulate a real positive sample, a healthy human nail scraping
was collected from a researcher from the research group and diluted in PBS solution
(0.1 mol L', pH 7.4) and enriched with T. rubrum genomic DNA. Candida albicans
and Candida auris genomic DNA were used as negative control samples to perform

selectivity tests.

2.2 Fabrication of genosensor for T. rubrum gDNA detection
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Prior to use, gold electrodes (Au) were immersed in an ethanol solution
(70%), followed by 10 minutes ultrasonication. Mechanical polishing was performed
using alumina slurry (0.3 um). In order to eliminate any alumina slurry onto the
electrodes surface, Au were immersed in deionized water and sonicated for 2
minutes. Electrochemically preconditioning was carried out using cyclic voltammetry
in H2SO4 (0.5 mol L -1), 6 cycles with potential ranging from 0.0 V to +1.4 V, 50 mV
s1.

TR1S DNA probe immobilization was performed by dripping 3.0 pL of TR1S
(20 umol L), followed by 30 min incubation. After this step, Au/TR1S was immersed
in PBS solution (0.1 mol L', pH 7.4) in order to wash out non-adsorbed TR1S DNA
probe.

Hybridization process was carried out by dripping 5 pL of target solution
containing nail scraping enriched with T. rubrum genomic DNA onto the Au/TR1S
surface. Then, Au/TR1S:T. rubrum genomic DNA were maintained at 55 -C for 20
minutes, followed by a washed out procedure in order to remove the non-unbound
T. rubrum genomic DNA solution. Indirect detection was carried out by dripping 5
uL of 4-AP (100 mmol L") solution onto Au/TR1S:T. rubrum gDNA surface for 10
minutes at room temperature. Au/TR1S:T. rubrum gDNA/4-AP was washed out
before electrochemical detection.

Electrochemical measurements were carried out by using differential
potential voltammetry (DPV) in a potentiostat CHI 760C (CH Instruments, USA) with
the following parameters: scan rate 30 mV s~'; modulation amplitude 60 mV; interval
time 0.2 s using as electrolyte PBS solution (0.1 mol L~!, pH 7.4) and potential scan
from -0.2 V to +0.55 V and the oxidation peak of 4-AP (100 mmol L-') was monitored.
Each step for the genosensor fabrication is presented in Scheme 1.
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Scheme 1. The stages of development of the genosensor

2.3 Computational protocol

The nucleotide sequence of the DNA probe (TR1S) was submitted to the
3DNA (w3DNA) web server [18] that created the double-helixes initial conformation
of the probe-target biomolecule. This initial structure of the TR1S:T. rubrum gDNA
was used as the starting point to create the molecular dynamic files on the Solution
Builder module of CHARMM-GUI web server [19]. It was applied default parameters
to read the initial conformaion, to solvate the simulation box and to set up the
periodic boundary conditions. KCL was added at the concentration of 0.1 molar that
also neutralized net DNA charges. This aqueous environment was simulated on the
GROMACS package version 2023.1 for GPUs [20]. The molecular dynamics step
consisted in minimization to remove bad contacts, equilibration in constant volume
and temperature and a 10-ns production run. The final dsDNA conformation was
conducted to docking studies with 4-Aminophenol in the Genetic Optimization for
Ligand Docking (GOLD) suit version 2023 [21]. PyMOL (https://pymol.org)
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visualized the system and ProteinsPlus web server identified the interactions
between the dsDNA and the hybridization indicator. This computational protocol was

based in previous studies [22,23, 24].

2.4 Calibration curve and Interference assay

The genosensor analytical performance was evaluated by constructing a
calibration curve varying the T. rubrum gDNA concentration (102 g uL™', 1019 g uL-
1,10 g uL=", 1072 g uL=", 10-"3 g uL="). The limit of detection (LOD) was obtained
by the lowest concentration detected by indirect detection using DPV in PBS
solution (0.1 mol L', pH 7.4), monitoring 4-AP oxidation peak.

Purified T. rubrum gDNA (10 pg L") and healthy human nail scraping diluted
in PBS solution (0.1 mol L', pH 7.4) enriched with T. rubrum gDNA sample (En)
were tested using indirect detection by DPV in PBS solution (0.1 mol L=, pH 7.4).
The electrochemical response was observed and compared in order to confirm no

nail scraping interference in the biosensor performance.

2.5 Specificity, regeneration and stability of the genosensor

The genosensor specificity was assessed by using the same nail scraping
solution enriched with other gDNA from different fungi (C. albicans and C. auris) at
the same concentration of T. rubrum gDNA sample (1 ng uL='). DPV measurements
were carried out and 4-AP oxidation peak was monitored.

Regeneration assay was carried out immediately after the first detection
round. Au/TR1S:T. rubrum gDNA/4AP were submitted to a washing procedure in
PBS solution (0.1 mol L', pH 7.4) during 30 seconds of immersion under agitation.
Then, the electrodes were immersed in water and submitted to a thermal treatment
at 90 °C for 5 min in order to de-hybridize the target (T. rubrum gDNA).
Subsequently, 4-AP oxidation peak was monitored by DPV measurements recorded
before and after Au/TR1S hybridization process with the same concentration of T.
rubrum gDNA. This procedure was repeated 7 times.

To evaluate the stability, the genosensor (Au/TR1S) was conditioned at 8-C

57



in airtight containers. DPV measurements were recorded after hybridization of T.

rubrum gDNA, monitoring 4-AP oxidation peak up to about 70 days.

2.6 Morphological analysis

Morphological analyses were performed using scanning probe microscopy
(Model 5100 N, Hitachi) using the dynamic force microscope (DFM) mode. In
addition, scanning electron microscopy (SEM) on an EVO MA10 Zeiss microscope

analyses from the electrodes surface were obtained.

2.7 Statistics and data presentation
Numeric results are addressed as the arithmetic mean value + standard
deviation for triplicate measurements. Histogram graphs and voltammograms were

plotted using Origin 7 after baseline subtraction.

3. RESULTS AND DISCUSSION
3.1 Computational analysis of aminophenol as DNA hybridization indicator

In order to analyze interactions of single and double-stranded DNA with 4-
AP, molecular dynamics studies followed by docking simulations were performed as

shown in Figure 1.
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Fig. 1. Computational analysis of the interactions between the hybridization indicator
4-Aminophenol and the double stranded-DNA (TR1S:gDNA). A) The potential
energy of the simulated system (top) and the radius of gyration (bottom) as a
function of the molecular dynamic time. B) The final simulated conformation of the
dsDNA docked with 4-AP (cyan). In B), it is shown the best ranked conformation
bound on each the two identified binding cavities. C) and D) show the projections of
the DNA-ligand interactions in a two-dimensional view. Hydrophobic contacts are in

green, hydrogen bonds in blue and 11- 1 interactions in cyan.
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It was performed modelling of the double strands comprising the probe DNA
(TR1S) and the target T. rubrum gDNA and its hybridization was indicated by
interactions with 4-Aminophenol. Figure 1A shows the molecular dynamic simulation
of the dsDNA by following the 10-ns time-series along energy and radios of gyration.
Both curves displayed a stable conformational ensemble for the modeled double
strands that relaxed its initial conformation to a slightly shorter structure with the
energy converged to an average around -1.53 kd/mol. These quantities presented
in Figure 1A are consistent with previous reports of similar dsDNA genosensor [24].

The final conformation of the trajectory in Figure 1A was used for the
interaction studies of the probe-target dsDNA with the hybridization indicator. Figure
1B shows the molecular docking predictions of the binding mode of 4-AP with
TR1S:gDNA. It was found two main sites on the DNA for binding of the 4-AP ligand
that are pictured in the DNA structure of Figure 1B. One binding site was predicted
to be in a major groove C-G rich region (C in Figure 1B) and the other in a minor
groove A-T region (D in Figure 1B). Figure 1C and D projects in a two-dimensional
plot the main interactions between the best racked solutions of each binding cluster
in Figure 1B. Both binding cavities stabilized the compound by hydrogen bonds and
hydrophobic contact interactions, with the binding site in Figure 1C also displaying
extra p- p interactions. It was estimated the free energy of binding by the ChemScore
function of GOLD [21] resulting in energies between -8 and -15 kcal/mol, which is in

consonant with predicted binding energies from other reports [25,26].

3.2 Calibration curve

T. rubrum can promote infections in different parts of the body, including nail
dermatophytosis [4]. Therefore, healthy human nail scraping was diluted in PBS
solution (0.1 mol L=, pH 7.4), then enriched with different concentrations of T.
rubrum gDNA in order to evaluate the genosensor’s sensibility.

A calibration curve was constructed for the Au/TR1S genosensor using
indirect detection, monitoring 4-AP oxidation peak by DPV. Figure 2 shows
voltammograms for indirect detection of T. rubrum gDNA, varying its gDNA
concentration (10° g uL=', 1019 g L', 10" g uL', 102 g uL=", 10-"3 g yL).
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Fig. 2. Electrochemical response for indirect detection of T. rubrum gDNA enriched
with nail scraping added in PBS solution (0.1 mol L', pH 7.4) varying gDNA
concentration (10° g yL=', 10-"°g uL=", 10" g yL-', 10-2 g yL-*, 10-"3 g uL-") and
the calibration curve. A) Differential pulse voltammograms performed in PBS
solution (0.1 mol L', pH 7.4); potential scan from -0.2V to +0.55 V; scan rate 30 mV
s~'; modulation amplitude 60 mV; interval time 0.2 s. B) Calibration plots for the

electrochemical response.

4-AP was used as a novel DNA hybridization indicator for T. rubrum gDNA
detection. It was observed that 4-AP oxidation peak Ep, = + 0,2 V (vs. Ag/AgCI (KCI
3.0 mol L") increases as well as the T. rubrum gDNA concentration increases,
suggesting that 4-AP presented a more favourable interaction with the double
stranded-DNA (Au/TR1S:gDNA) than single-stranded DNA by monitoring its
oxidation peak, according to Fig. 2A, corroborating with the theoretical results
obtained by the modeling previously indicated in item 3.1.

This DNA hybridization behaviour can also be observed when monitoring
ethidium bromide oxidation peak Ep = +0.64 V (vs. Ag / AgCl / CI- (KCI 3.0 mol L")
[27]. It is well known in the literature that plane aromatic cations intercalate between

the paired nitrogenous bases of the DNA duplex by wan der Waals interactions in
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hydrophobic pockets [28], so their concentration is proportional to the amount of
double-stranded DNA, which corresponds to the target DNA hybridized with the
probe DNA. According to the results, 4-aminophenol has a similar behavior,
probably due to its aromatic nature and being a flat molecule.

4-AP presents a low required oxidation potential Ep = +0.2 V (vs. Ag / AgClI /
CI- (KCI 3.0 mol L-") which is an attractive alternative for an electrochemical DNA
hybridization indicator. Fig 2B shows that the genosensor presented a linear
response to different T. rubrum gDNA concentrations ranging from 10 g uL=" to
10~'3 uL=". The calibration curve presented the equation ip (JA) = 16.93 - 1.05x (uA/
g uL)*(—log[gDNA]) (g uL=") with R? = 0.99848 and the limit of detection was 1 pg
uL".

3.3 Interference assay

Dealing with nail scraping samples to identify T. rubrum gDNA is challenging
due to nail's hardness characteristic [1]. For this reason, an interference assay was
performed in order to evaluate the electrochemical response by monitoring 4-AP
oxidation of the samples containing only purified T. rubrum gDNA and with nail

scraping enrichment (En). The results are presented in Fig.3.
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Fig.3. A) Differential pulse voltammograms of T. rubrum gDNA indirect detection,
monitoring 4-AP oxidation. Fig. 3B presents histogram of ip for T. rubrum indirect

detection of purified B) or nail scraping enrichment. Parameters: potential scan from
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-0.2 V to +0.55 V; scan rate 30 mV s~'; modulation amplitude 60 mV; interval time

0.2 s. Oxidation peak of 4-AP was monitored.

Electrochemical measurements showed that Au/TR1S/4-AP presented a
current response of 1.9 £ 0.095 and after the enrichment (Au/TR1S/En/4-AP) was
ip=1.9£0.003 pA. In addition, Au/TR1S:gDNA/4-AP presented ip =4.3 £ 0.215 pA
while after the enrichment (Au/TR1S:gDNA+En/4-AP) was ip = 4.3 £ 0.172 YA as
observed in

Fig. 3B. Therefore, samples containing nail scraping enrichment presented
no significant difference in electrochemical response compared to the purified T.

rubrum gDNA sample detection.

3.4 Selectivity, regeneration and stability assays
Selectivity, regeneration and stability assays are crucial towards developing
a point of care genosensor. These parameters were evaluated by monitoring current

response of 4-AP oxidation as shown in Fig. 4.
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Fig. 4. A) Differential pulse voltammograms and B) histogram of ip value for the
detection of T. rubrum, C. albicans and C. auris gDNA by monitoring 4-AP oxidation.
C) Relation between in ip value and 7 regeneration rounds. D) Relation between ip
and storage time. Parameters: potential scan from -0.2 V to +0.55 V; scan rate 30
mV s~'; modulation amplitude 60 mV; interval time 0.2 s. Oxidation peak of 4-AP

was monitored.

The selectivity of the bioelectrode (Au/TR1S) was evaluated by comparing
the current response of 4-AP oxidation after Au/TR1S was sensitized with T. rubrum,
C. albicans and C. auris gDNA at the same concentration (1 ng uL™") since they can
also be found in scraping nails samples (1 ng uL="). The current responses for T.
rubrum, C. auris, C. albicans gDNA are, respectively, ip =7.7 £ 0.1 yA;ip=2.3+£0.1
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MA and ip = 2.0 £ 0.1 pA. A decrease in current response was observed for C.
albicans (3.3-fold) and C. auris (3.8-fold) of gDNA detection compared to T. rubrum
(ip = 7.7 £ 0.1) YA current response. The genosensor distinguished non-specific

fungi pathogens gDNA from T. rubrum gDNA, according to Fig.4 A) and B).

3.5 Morphological assays
Morphological analyses were performed by scanning electron microscopy

and atomic force microscopy. The results are presented in Fig. 5.

SEM HV: 5.0 kV WD: 6.57 mm SEM HV: 5.0 KV WD: 6.86 mm NEILCNET VEGA3 TESCAN
View field: 20.8 pm Det: SE View fiald: 20.8 pm Det: SE 5pm
SEM MAG: 10.0 kx  Date{m/dly): 05/08/23 SEM MAG: 10.0 kx  Date(midly): D5/08/23 uFy

Fig. 5 shows different morphologies between bioelectrodes surface before
(Au/TR1S) and after adding the target (Au/TR1S:T. rubrum gDNA) captured by MEV
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(A, B) and AFM (C, D) analyses.

Scanning electron microscopy images show more heterogeneous
filamentous structures on the surface of Au/TR1S:T. rubrum gDNA compared to
negative control (Au/TR1S), according to Fig 5A and B. These results can be
explained by the fact that after biosensor exposed to T. rubrum gDNA target, a more
static ds-DNA was formed [24] promoting a more heterogeneous structure formation
on the electrodes surface. Considering that atomic force microscopy is as a valuable
technique for assessing DNA hybridization on solid surfaces [29], AFM analyses
showed coefficients of roughness Rq = 12.2 + 0.03 nm and Rq = 200 £ 0.11nm for
Au/TR1S and Au/TR1S:T. rubrum gDNA, respectively, according to Fig 5C and D.
Au/TR1S:T. rubrum gDNA presented a 16-fold increase in the coefficient of
roughness value compared to negative control Fig. In addition, more smoothed and
sparse point structures were observed in Au/TR1S (Fig. 5C) while Au/TR1S:T.
rubrum gDNA presented more prominent wavy-like structures on the electrode
surface due to the DNA hybridization formation (Fig. 5D). These results corroborate

with SEM images and this pattern was also observed in other genosensors [30,31].

4. CONCLUSIONS

This study developed a novel and reusable electrochemical genosensor to
detect genomic DNA of the pathogenic fungus T. rubrum using 4-AP oxidation peak
as a novel DNA hybridization indicator. The genosensor presented a linear response
to different T. rubrum gDNA concentrations ranging from 10=° g uL=' to 10-"3 yL-,
with a limit of detection of 1 pg uL~'. The genosensor distinguished non-specific
fungi pathogens gDNA from T. rubrum gDNA. Morphological analyses were
performed by scanning electron microscopy and atomic force microscopy, which
showed more heterogeneous filamentous structures on the surface of Au/TR1S:T.
rubrum gDNA compared to negative control (Au/TR1S). The study provides a
promising alternative to conventional analytical methodologies for the detection and

treatment of dermatophytosis caused by T. rubrum.
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