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IMPACTO POTENCIAL DESTA PESQUISA

Este estudo apresenta um avanco significativo no campo dos biossensores,
alinhando-se diretamente com os Objetivos de Desenvolvimento Sustentavel (ODS)
da Organizacao Mundial da Saude (OMS), particularmente no que diz respeito ao ODS
3, que visa assegurar uma vida saudavel e promover o bem-estar para todos, em
todas as idades. A deteccdo precoce e precisa de alteracdes epigenéticas, como a
metilacdo do DNA, tem o potencial de revolucionar o diagnostico e o monitoramento
de doencas complexas, como o cancer, contribuindo para a reducado da mortalidade
prematura por doencas nado transmissiveis (meta 3.4 dos ODS). A plataforma
desenvolvida, baseada em um nanocompdsito de polimero Tr-conjugado e
nanoparticulas metalicas, oferece uma alternativa eficiente, sensivel, seletiva, portatil
e de baixo custo para a deteccéao de biomarcadores epigenéticos. Esse método pode
ser particularmente impactante em ambientes com recursos limitados, como unidades
de atencdo primaria a saude, promovendo equidade no acesso a diagndsticos
avancados (ODS 10 - Reducéao das Desigualdades).

A utilizacdo da espectroscopia de impedancia eletroquimica, combinada
com a imobilizacdo de um anico anticorpo especifico (anti-5-metilcitosina), simplifica
0 processo de analise, reduzindo custos e tempo, enquanto mantém alta sensibilidade
e seletividade. Essa abordagem inovadora pode impulsionar o desenvolvimento de
tecnologias sustentaveis e acessiveis, alinhando-se ao ODS 9, que prevé a
construcdo de infraestruturas resilientes, promoc¢ao da industrializacdo inclusiva e
sustentavel, e o fomento a inovacao. Além disso, o uso de oxigénio como mediador
redox elimina a necessidade de reagentes adicionais, reduzindo custos e impactos
ambientais, o que contribui para o ODS 12, que trata do consumo e producao
responsaveis.

Ao possibilitar a deteccéo precoce de doencas e o monitoramento eficaz
de tratamentos, essa pesquisa também apoia o ODS 17, que enfatiza parcerias e
colaboracdes para o desenvolvimento de tecnologias inovadoras. A combinacao de
técnicas avancadas e materiais acessiveis posiciona 0 imunossensor como uma
ferramenta promissora para aplicagfes praticas em diagndsticos clinicos e pesquisas
epigenéticas, contribuindo para o avanco da saude global e o cumprimento das metas

estabelecidas pela OMS.



POTENTIAL IMPACT OF THIS RESEARCH

This study represents a significant advancement in the field of biosensors,
directly aligning with the Sustainable Development Goals (SDGs) of the World Health
Organization (WHO), particularly SDG 3, which aims to ensure healthy lives and
promote well-being for all at all ages. The early and accurate detection of epigenetic
changes, such as DNA methylation, has the potential to revolutionize the diagnosis
and monitoring of complex diseases, such as cancer, contributing to the reduction of
premature mortality from non-communicable diseases (target 3.4 of the SDGs). The
developed platform, based on a Tr-conjugated polymer nanocomposite and metallic
nanoparticles, offers an efficient, sensitive, selective, portable, and low-cost alternative
for the detection of epigenetic biomarkers. This method can be particularly impactful in
resource-limited settings, such as primary healthcare units, promoting equity in access
to advanced diagnostics (SDG 10 - Reduced Inequalities).

The use of electrochemical impedance spectroscopy, combined with the
immobilization of a specific antibody (anti-5-methylcytosine), simplifies the analysis
process, reducing costs and time while maintaining high sensitivity and selectivity. This
innovative approach can drive the development of sustainable and accessible
technologies, aligning with SDG 9, which calls for building resilient infrastructure,
promoting inclusive and sustainable industrialization, and fostering innovation.
Furthermore, the use of oxygen as a redox mediator eliminates the need for additional
reagents, reducing costs and environmental impacts, thereby contributing to SDG 12,
which focuses on responsible consumption and production.

By enabling early disease detection and effective treatment monitoring, this
research also supports SDG 17, which emphasizes partnerships and collaborations for
the development of innovative technologies. The combination of advanced techniques
and accessible materials positions the immunosensor as a promising tool for practical
applications in clinical diagnostics and epigenetic research, contributing to the
advancement of global health and the achievement of the goals established by the
WHO.
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RESUMO

O avancgo da pesquisa e desenvolvimento de relagdes entre o DNA metilado e a
progressdo de processos neoplasicos proporcionaram a elaboracdo de novas
metodologias para a deteccdo da metilagdo das bases nitrogenadas e,
consequentemente, o estudo do mecanismo epigenético da modulacéo de proteinas.
O objetivo desse trabalho foi o desenvolvimento de um dispositivo baseado em um
nanocompoésito de nanoparticulas de ouro (AuNPS) encapsulado em poli(o-
fenilenodiamina) para o sensoriamento impedimétrico do nivel global de DNA metilado
em células. A plataforma sensorial foi construida por eletropolimerizacdo de etapa
Gnica em uma solucdo contendo o mondémero 1,2-fenilenodiamina e acido cloroaurico
sobre a superficie de um eletrodo circular impresso de ouro (BVT Tecnologies),
demonstrando um possivel encapsulamento de nanoparticulas metalicas pela cadeia
polimérica, apresentando uma maior area ativa e menor tempo de relaxagao e maior
sensibilidade frente ao O». A plataforma foi construida se baseando na utilizacéo de
oxigénio como mediador redox, sem a necessidade de adi¢cdo de demais mediadores
redox. A elaboracdo do imunossensor se deu pela imobilizacdo do anticorpo 5-
metilcitosina (Ab-5-mC) na superficie do dispositivo revestido com pontos de polimero-
AuNPs. Cada etapa da constru¢do do imunossensor foi analisada a partir da técnica
de espectroscopia de impedancia eletroquimica, permitindo avaliar os fenbmenos
interfaciais da plataforma, a partir de uma investigagdo mais detalhada das
caracteristicas e propriedades eletroquimicas. O mecanismo de resposta do sensor
foi baseado nas alteracdes dos valores de impedéancia do sistema pela interacéo do
analito 5-metilcitosina (5-mC) em solucao tampéo fosfato com o anticorpo sobre rede
sensivel pi-conjugada do nanocompdésito. Por fim, verificou-se o desempenho analitico
do imunossensor de poli(o-FD)-AuNPs que apresentou um limite de deteccao para
impedancia imaginaria e absoluta de 1,73 pg mL* e 1,18 pg mL%, respectivamente. O
imunossensor apresentou um desempenho sensivel e satisfatorio para detecgéo de
DNA metilado.

Palavras—chave: nanocompasito de ouro; sensor impedimétrico; DNA metilado.



ABSTRACT

Advances in research and development of relation between methylated DNA and the
progression of neoplastic processes have led to the development of new
methodologies for the detection of methylation of nitrogenous bases and,
consequently, the study of the epigenetic mechanism of protein modulation. The
objective of this work was the development of a device based on a nanocomposite of
gold nanoparticles (AuNPS) encapsulated in poly(o-phenylenediamine) for
impedimetric sensing of the global level of methylated DNA in cells. The sensory
platform was constructed by single-step electropolymerization in a solution containing
the monomer 1,2-phenylenediamine and chloroauric acid on the surface of a circular
imprinted gold electrode (BVT Technologies), demonstrating a possible encapsulation
of metallic nanoparticles by the polymer chain, presenting a larger active area and
shorter relaxation time and greater sensitivity to O>. The platform was built based on
the use of oxygen as a redox mediator, without the need to add other redox mediators.
The immunosensor was created by immobilizing the 5-methylcytosine antibody (Ab-5-
mC) on the surface of the device coated with polymer-AuNPs dots. Each stage of the
construction of the immunosensor was analyzed using electrochemical impedance
spectroscopy technique, allowing the interfacial phenomena of the platform to be
evaluated, based on a more detailed investigation of the electrochemical
characteristics and properties. The sensor's response mechanism was based on
changes in the system's impedance values due to the interaction of the analyte 5-
methylcytosine (5-mC) in phosphate buffer solution with the antibody on the sensitive
pi-conjugated network of the nanocomposite. Finally, the analytical performance of the
poly(o-FD)-AuNPs immunosensor was verified, which presented a detection limit of
1.73 pg mLL.for imaginary impedance and 1.18 pg mL™! for absolute impedance. The
immunosensor presented a sensitive and satisfactory performance for detecting
methylated DNA.

Keywords: gold nanocomposite; impedimetric sensor; methylated DNA.
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1.1 Introducéo Geral e Objetivos da Dissertacéo

A analise e o prognoéstico de doencas com alta morbimortalidade s&o
fundamentais para o tratamento precoce e eficaz, impactando diretamente a qualidade de
vida dos pacientes e a eficiéncia dos sistemas de saude. Diante desse cenario, observa-se
um crescente interesse no desenvolvimento de técnicas avancadas no campo da
nanobiotecnologia, que permitem a investigacdo detalhada de sistemas biolégicos e a
criacdo de ferramentas diagnosticas mais precisas e acessiveis. Nesse contexto, 0s
nanocompdésitos, aliados a biomoléculas, emergem como uma abordagem promissora, pois
possibilitam explorar as relacdes e propriedades fisico-quimicas de biossistemas de
maneira inovadora. Esses materiais hibridos, que combinam propriedades Unicas de
nanomateriais com a funcionalidade de biomoléculas, tém viabilizado avancos significativos
no desenvolvimento de sistemas de diagndstico e progndstico para diversas doencas.

Entre as metodologias eletroquimicas, destaca-se o uso de polimeros TI-
conjugados em conjunto com nanoparticulas metalicas, que tém sido amplamente
empregados como plataformas sensoriais. Essa combinacgéo € particularmente vantajosa
devido a facilidade de sintese por meio de eletropolimerizacéo, além de proporcionar um
ambiente ideal para a imobilizacdo de uma ampla gama de entidades biolégicas, como
enzimas, proteinas, organelas, células, bactérias e DNA. A versatilidade desses materiais
permite a criagdo de sensores altamente sensiveis e seletivos, capazes de detectar
biomarcadores especificos com grande preciséo.

Neste estudo, propde-se o desenvolvimento de uma plataforma sensorial label-
free, baseada em um nanocompdsito composto por poli(o-fenilenodiamina) (poli(o-FD)) e
nanoparticulas de ouro (AuNPs), em conjunto com o anticorpo Ab-5-mC e o oxigénio
dissolvido como sonda redox, para a deteccao e quantificacdo global de 5-metilcitosina (5-
mC). A 5-mC é um importante biomarcador epigenético, cuja deteccéo e quantificacdo sao
essenciais para o entendimento de processos bioldgicos e patolégicos, como o cancer e
outras doencgas relacionadas a alteracdes epigenéticas. O imunossensor desenvolvido
opera com base na resposta impedimétrica do sistema, que é influenciada pelo aumento
da resisténcia a difusdo do oxigénio devido a formacdo de uma barreira fisica apds a
interacdo antigeno-anticorpo. Essa interacdo ocorre diretamente na superficie do
dispositivo, eliminando a necessidade de anticorpos secundarios ou enzimas, 0 que
simplifica o processo, reduz custos e aumenta a eficiéncia do sistema. Explorou-se o
potencial de miniaturizacao do dispositivo, investigando-se a viabilidade de sua integracéo

em sistemas portateis e de baixo custo.
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A viabilidade dessa abordagem é garantida pela resposta seletiva e sensivel do
polimero condutor a reagdo de redugéo do oxigénio dissolvido. Além disso, o método de
eletropolimerizagdo por etapa Unica se destaca por facilitar o encapsulamento de
nanoclusters de ouro pelo polimero, contribuindo para o aumento da area ativa, estabilidade
e sensibilidade da plataforma sensorial. A combinagdo desses elementos resulta em um
dispositivo com alto desempenho analitico, capaz de operar em escalas reduzidas e com
potencial para miniaturizacdo, o que o torna adequado para aplicacdes portateis e de facil

utilizacao.
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2.1. Reviséo Bibliografica

2.1.1. Cancér e DNA Metilado

O céancer € uma das principais causas de morte em todo o mundo, representando
um desafio significativo para a saude publica. De acordo com a Organizacdo Mundial da
Saude (OMS), em 2020, foram registrados aproximadamente 10 milhdes de Obitos
relacionados ao cancer, o que corresponde a quase uma em cada seis mortes globais.
Além disso, estima-se que o numero de novos casos diagnosticados anualmente ultrapasse
19 milhdes, com projecbes de aumento nas proximas décadas devido ao envelhecimento
da populagcéo, mudancas nos estilos de vida e fatores ambientais. Entre os tipos mais
comuns estdo o cancer de pulméo, mama, colorretal e préstata, que juntos respondem por
uma parcela significativa da incidéncia e mortalidade global (KWON; GUNASEKARAN;
EOM, 2019).

A prevaléncia do cancer varia de acordo com a regido e 0 nivel de
desenvolvimento socioecondmico. Paises de baixa e média renda enfrentam desafios
adicionais, como o diagnostico tardio e 0 acesso limitado a tratamentos eficazes, o que
contribui para taxas de mortalidade mais elevadas. No Brasil, por exemplo, o Instituto
Nacional de Cancer (INCA) estimou cerca de 625 mil novos casos de cancer para o triénio
2020-2022, com destaque para os canceres de pele ndo melanoma, mama e préstata.
Esses dados destacam a necessidade urgente de estratégias de prevencédo, diagnostico
precoce e tratamentos inovadores para reduzir o impacto dessa doenca na sociedade. A
busca por tecnologias avancadas, como sensores e métodos de detec¢ao precisos, tem se
tornado essencial para melhorar os resultados clinicos e a qualidade de vida dos pacientes.

Uma das caracteristicas marcantes do cancer € a metilacdo aberrante do DNA,
associada a expressao génica anormal. A metilacdo do DNA é a modificacdo epigenética
mais estudada e importante em mamiferos, regulando a expressao génica sem alterar a
sequéncia do DNA. O principal mecanismo envolve a metilagdo do carbono-5 da citosina
(5-mC), mediada por enzimas chamadas DNA metiltransferases (DNMTSs), que transferem
grupos metil para citosinas em dinucleotideos CpG. Esse processo € dinamico e
programado, garantindo a expressdo ou silenciamento de genes especificos durante o
desenvolvimento embrionario e em diferentes contextos celulares (BHOOTRA et al., 2023;
CHEN et al., 2022; PAWEL; MALGORZATA, 2022).

A metilacdo ocorre principalmente em regides repetitivas e corpos génicos,
enquanto as ilhas CpG (regides ricas em CpG) geralmente permanecem ndo metiladas. A

metilagdo anormal esta associada a doengas metabdlicas e cancer, onde se observa
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hipometilacdo global (reducdo da metilacdo em sequéncias repetitivas, levando a
instabilidade genbmica) e hipermetilacéo local (silenciamento de genes supressores de
tumor). Proteinas "leitoras", como as proteinas de ligacao a metil-CpG (MBDs), reconhecem
regides metiladas e regulam a expressao génica, enquanto as enzimas da familia TET (Ten-
Eleven Translocation) atuam como "apagadoras”, convertendo 5-mC em derivados que
interrompem a metilagao (LI et al., 2023).

Alteragdes na metilagdo do DNA sédo eventos precoces no céncer, contribuindo
para a instabilidade cromossdmica, ativacdo de elementos transponiveis e silenciamento
de genes supressores de tumor, destacando seu papel critico na carcinogénese (GOUIL;
KENIRY, 2019; JIN; LIU, 2018; KOCH et al., 2018; LOCKE et al., 2019; NISHIYAMA;
NAKANISHI, 2021; SKVORTSOVA; STIRZAKER; TABERLAY, 2019). O equilibrio entre

metilacdo e desmetilacéo é crucial para a funcdo génica normal.

2.1.2. Métodos de Deteccédo de Mutagcdes Genéticas

A 5-metilcitosina (5-mC) é reconhecida como um potencial biomarcador para o
cancer, o que tem impulsionado o desenvolvimento de diversos métodos para sua
deteccdo. Entre esses métodos, destacam-se 0 sequenciamento com bissulfito
(BHATTACHARJEE et al., 2018; FAN et al., 2020; LEITAO et al., 2018), polymerase chain
reaction (PCR), a reacdo em cadeia da polimerase (PCR), técnicas o6ticas e eletroquimicas
(OLEAN-OLIVEIRA; MONTEIRO SERAPHIM; TEIXEIRA, 2022), além do uso de
equipamentos como a cromatografia liquida de alta eficiéncia (FRISO et al., 2002).

Essas abordagens visam possibilitar um diagnostico precoce da doenca A
conversao por bissulfito € um método amplamente utilizado para distinguir entre citosinas
metiladas e ndo metiladas, transformando citosinas ndo metiladas em uracila. No entanto,
a conversdao completa € essencial para evitar resultados falsos, e fatores como
desnaturacdo do DNA, qualidade da amostra e condicbes reacionais devem ser
cuidadosamente controlados. Métodos como PCR especifica para metilacdo (MSP),
sequenciamento de bissulfito, PCR digital em goticulas (ddPCR) e pirosequenciamento sao
descritos na literatura, cada um com suas vantagens e limitacdes. O MSP, por exemplo,
usa primers especificos para DNA metilado e ndo metilado, enquanto o pirosequenciamento
permite a quantificacdo precisa da metilacdo em multiplos sitios CpG. Além disso,
abordagens baseadas em enzimas de restricdo sensiveis a metilagdo (MSRE) e
enriguecimento por afinidade (como MeDIP e MAP) s&o apresentadas para isolar e analisar

DNA metilado. Essas técnicas séo Uteis para estudos epigenéticos, mas exigem cuidados
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com desenho de primers, qualidade do DNA e controle de reacfes para garantir resultados
confiaveis (BHATTACHARJEE et al., 2018; FAN et al., 2020; LEITAO et al., 2018).

Apesar da eficiéncia do método de bissulfito, a conversdo incompleta de citosina
para uracila, devido a desnaturacdo completa ou parcial do DNA, sdo problemas
recorrentes (BHATTACHARJEE et al., 2018). Consequentemente, outras variagdes de
sequenciamento de bissulfito foram implementadas ao longo dos anos para a andlise de
DNA metilado (HOSSAIN et al., 2017). Além das abordagens baseadas na reagcdo com
bissulfito, sdo propostos na literatura outros métodos analiticos convencionais, tais como a
cromatografia liquida de alto desempenho (HPLC) (FRISO et al., 2002), a eletroforese
capilar de alto desempenho (HPCE) (FRISO et al., 2002). Apesar de serem altamente
precisas, possuem limitacdes devido a necessidade de alta quantidade de amostras para
analise, além de serem equipamentos extremamente caros e relativamente lentos para
analise (HOSSAIN et al., 2017).

O ensaio ELISA (Enzyme-Linked Immunosorbent Assay) é uma técnica versatil
e amplamente utilizada para detectar e quantificar o DNA metilado, com diferentes
variacOes adaptadas a necessidades especificas (Figura 1). No ELISA direto, o antigeno é
imobilizado na superficie da placa, seguido pela adi¢do de um anticorpo primario conjugado
a uma enzima, que, apos a incorporagado do substrato, gera um sinal detectavel, embora
seja um método simples e rapido, sua sensibilidade é limitada. A variacéo indireta consiste
na adicdo de um anticorpo primario ndo marcado, seguido por um anticorpo secundario
conjugado a uma enzima, o que confere maior sensibilidade ao ensaio devido a
amplificacdo do sinal. A variacdo mais utilizada é conhecida como sanduiche, por sua vez,
€ especialmente indicado para a detec¢cédo de antigenos com multiplos epitopos, utilizando
dois anticorpos que "encapsulam" o antigeno, garantindo elevada especificidade e
sensibilidade, sendo amplamente empregado na quantificagdo de biomarcadores. Por fim
0 ELISA competitivo € utilizado para a detec¢do de moléculas de pequenas dimensdes ou
com epitopos Unicos, nas quais o antigeno presente na amostra compete com um antigeno
marcado pela ligagdo a um anticorpo imobilizado, resultando em um sinal inversamente
proporcional a concentragdo do antigeno (DE LA RICA; STEVENS, 2012; LOPES;
SANTOS; BUENO, 2022).
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Figura 1: Representacédo esquematica das principais variagcdes do método ELISA.
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Fonte: Adaptado de (LOPES; SANTOS; BUENO, 2022).

Embora seja uma técnica sensivel e amplamente utilizada, ela pode sofrer com
baixa especificidade devido a possibilidade de reacdes cruzadas com DNA ndo metilado ou
outras moléculas. Além disso, controles rigorosos e padronizacao para evitar variagcdes nos
resultados, o que pode aumentar a complexidade e o custo do processo. Outra limitacédo é
a dependéncia de anticorpos de alta qualidade, aumentando o custo. Por fim, o método
pode néo ser ideal para amostras com baixa concentracdo de DNA metilado, limitando sua
aplicacdo em certos contextos clinicos ou de pesquisa (BHOOTRA et al., 2023; PAJARES
et al., 2021).

Os sensores eletroquimicos ganharam forgca nas Uultimas décadas por
apresentarem 6timos limites de deteccao (LOD), custo-beneficio, potencial miniaturizacéo
além de néo necessitarem de mao de obra especializada para realizar a quantificacdo. Os
biossensores eletroquimicos que se baseiam em elementos de facil reconhecimento, como
anticorpos, enzimas ou sondas de oligonucleotideos, sdo capazes de interagir de forma
seletiva com a sequéncia metilada, ocorrendo a transducao para um sinal eletroquimico
(BHATTACHARJEE et al., 2018). Ao longo das ultimas trés décadas, o desenvolvimento de
imunossensores eletroquimicos apresentaram uma grande melhoria (HE et al., 2020;
LEVA-BUENO; PEYMAN; MILLNER, 2020; SHARMA et al., 2019).

Os métodos eletroquimicos de analise, como voltametria, amperometria,
potenciometria, impedancia eletroquimica, condutometria e capacitancia eletroquimica, sao
ferramentas essenciais para a deteccdo e quantificacdo de espécies quimicas e
biomarcadores. A voltametria, incluindo técnicas como voltametria ciclica (CV) e voltametria

de pulso diferencial (DPV), mede a corrente elétrica em resposta a uma varredura de
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potencial, sendo altamente sensivel e seletiva. A amperometria, por sua vez, monitora a
corrente resultante de reagOes de oxidagdo ou reducdo em um potencial constante, sendo
amplamente utilizada em biossensores enzimaticos, como 0s sensores de glicose. A
potenciometria mede a diferenca de potencial entre eletrodos, sendo ideal para deteccéo
de ions especificos. A espectroscopia de impedancia eletroquimica, tanto faradaica quanto
nao faradaica, analisa a resposta do sistema a sinais de tensdo alternada, permitindo a
deteccédo de biomarcadores sem a necessidade de marcadores adicionais. A condutometria
avalia a condutividade de solucdes, enquanto a capacitancia eletroquimica mede
mudancas na capacitancia da interface eletrodo-solugéo, sendo util para métodos "label-
free". Esses métodos destacam-se por sua sensibilidade, versatilidade e potencial de
miniaturizagdo, tornando-os fundamentais para o desenvolvimento de biossensores
portateis e aplicacbes de diagnostico Point-of-Care (PoC) (LOPES; SANTOS; BUENO,
2022).

A utilizacdo de impedancia eletroquimica como técnica de transdugdo no
desenvolvimento de sensores para mutacdes genéticas ganhou grande destaque,
principalmente pela sensibilidade alcancada, chegando a limites de deteccédo na faixa de
picomol por litro (A; M, 2010; E; G; A, 2015). O principio de funcionamento dos sensores
impedimétricos para mutacdes no DNA se assemelham aos sensores eletroquimicos
descritos anteriormente, onde muitas vezes € limitado a sinais de perturbacéo provindos de
sinalizadores redox (HE et al., 2020). Entretanto, a técnica impedimétrica demonstra ser
uma grande ferramenta de transducéo de sinais, devido sua alta sensibilidade a mudancas
interfaciais que ocorrem no material sensivel do dispositivo sensor (PEJCIC; MARCO;
PARKINSON, 2006). A técnica possibilita transducéo dos sensores baseados na variacao
de impedancia total do sistema, impedancia real, impedancia imaginaria e capacitancia
redox (CROUCH et al., 2001; DINCER et al., 2019; JANRAO et al., 2014; LAZANAS;
PRODROMIDIS, 2022; OLEAN-OLIVEIRA et al., 2019b; PEJCIC; MARCO; PARKINSON,
2006; TREVIZAN et al., 2021).

Recentemente, no grupo de pesquisa, foi desenvolvido um sensor impedimétrico
para metilagdo de DNA com mecanismo de detecgao direta utilizando oxigénio dissolvido
como uma sonda redox (OLEAN-OLIVEIRA; MONTEIRO SERAPHIM; TEIXEIRA, 2022). O
imunossensor foi elaborado simplesmente pela imobilizacdo do anticorpo 5-metilcitosina
(Ab-5-mC), com alta afinidade a 5-mC, na superficie de um dispositivo revestido com pontos
de azo-polimero-AuNPs. Os resultados foram promissores por possibilitar a eliminacdo do
uso de enzima e de um segundo anticorpo na preparacdo do dispositivo sensorial como

comumente aplicado no imunossensores.
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A miniaturizacdo de biossensores tem revolucionado o campo da analise
biomolecular, oferecendo vantagens significativas, mas também apresentando desafios.
Entre os pontos positivos, destacam-se a portabilidade, que permite o uso em ambientes
destinados a point-of-care, além, de reduzir o consumo de amostras, reagentes e custos,
tornando os dispositivos mais viaveis para quantificacdo. A miniaturizacdo também facilita
a integracdo com sistemas microeletrénicos, possibilitando andlises rpidas e em tempo
real, essenciais para diagnosticos precoces e monitoramento continuo. No entanto, a
reducdo de escala pode comprometer a sensibilidade e a seletividade dos biossensores,
especialmente quando a concentracdo do analito é extremamente baixa. A fabricacéo de
dispositivos miniaturizados também exige técnicas de nanofabricacdo avancadas e caras,
0 que pode limitar sua producdo em larga escala. Além disso, a integracdo de multiplas
funcionalidades em um dispositivo compacto pode aumentar a complexidade do sistema,
exigindo solugdes inovadoras para garantir confiabilidade e reprodutibilidade (LIU et al.,
2020; LOPES; SANTOS; BUENO, 2022; SOLEYMANI; LI, 2017).

Os polimeros condutores tém surgido como alternativas promissoras para a
miniaturizacdo de biossensores eletroquimicos, devido as suas propriedades Unicas e
versatilidade. A eletropolimerizacéo, por exemplo, permite a deposi¢ao controlada de filmes
finos e homogéneos, essenciais para a miniaturizagcdo de biossensores, representando
uma alternativa viavel para a miniaturizacdo de biossensores eletroquimicos (LOPES;
SANTOS; BUENO, 2022).

2.1.3. Nanocompositos de Polimeros pi-Conjugados e Ouro

Os polimeros pi-conjugados possuem propriedades elétricas e Opticas
singulares que se assemelham com os semicondutores inorganicos. Essas propriedades
existem devido as cadeias conjugadas de carbono constituidas de ligacdes simples (c) e
duplas (1) alternantes ao longo da cadeia macromolecular (K; ROUT, 2021; NEZAKATI et
al., 2018a; YUK et al., 2020). Atualmente, os polimeros pi-conjugados sédo aplicados em
diferentes estudos da ciéncia, que podem ser na protecao de corrosdo em metais, baterias
recarregaveis, células solares, sensores quimicos e biossensores. Existem na literatura
(TAJIK et al., 2020; UMOREN; SOLOMON, 2019) uma grande variedade de estruturas
poliméricas, como poliacetileno, polipirrol, polifenileno, polianilina, poli(fenilenodiaminas),
entre outros.

A utilizacdo de polimeros condutores em plataformas label-free tem ganhado

destaque no desenvolvimento de biossensores devido a sua versatilidade, sensibilidade e



22

facilidade de funcionalizacdo, permitindo a deteccdo direta de alvos biol6gicos sem a
necessidade de marcadores ou sondas adicionais. Em plataformas label-free, ou seja, nao
requer marcadores ou sondas adicionais, os polimeros condutores atuam como
transdutores, convertendo eventos de reconhecimento molecular (como a ligacédo antigeno-
anticorpo) em sinais elétricos mensuraveis. Essa abordagem elimina etapas complexas de
rotulagem, reduz custos e simplifica o processo de deteccdo, tornando-a ideal para
aplicagbes de diagnostico rapido e Point-of-Care (NEZAKATI et al., 2018b). Assim, os
polimeros condutores representam uma solucdo promissora para o0 avanco de
biossensores label-free, contribuindo para o desenvolvimento de tecnologias de diagndstico
mais acessiveis e eficientes.

O oxigénio dissolvido tem sido amplamente utilizado como sonda redox em
plataformas sensoriais devido a sua presenca natural em sistemas biolégicos e sua
capacidade de participar de reagles eletroquimicas. Com isso, 0 oxigénio dissolvido tem
sido empregado em plataformas sensoriais baseadas em polimeros condutores. Nesse
contexto, os polimeros condutores atuam como matrizes eficientes para a imobilizacédo de
bioreceptores (como enzimas ou anticorpos) e facilitam a transferéncia de elétrons durante
as reacoes redox envolvendo o oxigénio. Essa abordagem label-free elimina a necessidade
de marcadores adicionais, simplificando o design do sensor e reduzindo custos (OLEAN-
OLIVEIRA et al., 2019a, 2019b, 2021, 2025; OLEAN-OLIVEIRA; MONTEIRO SERAPHIM;
TEIXEIRA, 2022; OLEAN-OLIVEIRA; TEIXEIRA, 2018; TREVIZAN et al., 2021).

Nessa pesquisa, o poli(o-fenilenodiamina) foi utilizado como polimero condutor,
pois apresenta uma boa estabilidade térmica, solubilidade, processabilidade e facil
obtencao (JADOUN et al., 2021; ZHANG et al., 2022). A sintese de polimeros derivados de
diaminas aromaticas por meio da polimerizacao via oxidacédo do grupo amino pode resultar
em duas estruturas principais: uma com anel aberto e substituicdo de grupo funcional
(Figura 1A) ou outra com oxidacdo de ambos os grupos amino di-substituidos (Figura 1B).
Esses processos de oxidagcao permitem a formacéo de cadeias poliméricas com diferentes
arranjos estruturais, influenciando diretamente as propriedades fisico-quimicas e
eletrbnicas dos materiais obtidos. Essa versatilidade na sintese abre caminho para a
criacdo de polimeros condutores com caracteristicas ajustaveis, adequados para diversas
aplicacbes em sensoriamento, eletrbnica e armazenamento de energia.(JADOUN et al.,
2021; ZHANG et al., 2022).
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Figura 2: Representacéo da estrutura de poli(o-fenilenodiamina): (A) estrutura em anel aberto com grupos —
NH: livres e -NH-. (B) estrutura com anel fechado (pirazina) com grupos —N= e —NH-.
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polimeros condutores, permitindo o controle preciso da espessura, morfologia e
propriedades eletroquimicas dos filmes poliméricos (MARTIN; OLEAN-OLIVEIRA;
TEIXEIRA, 2020; OLEAN-OLIVEIRA et al., 2019a, 2019b, 2021, 2025; OLEAN-OLIVEIRA;
MONTEIRO SERAPHIM; TEIXEIRA, 2022; OLEAN-OLIVEIRA; TEIXEIRA, 2018;
TREVIZAN et al.,, 2021). Essa abordagem oferece a vantagem de possibilitar o
encapsulamento de nanoparticulas metalicas durante o processo de polimerizacgéo,
resultando em nanocompadsitos com propriedades Unicas (OLEAN-OLIVEIRA; MONTEIRO
SERAPHIM; TEIXEIRA, 2022). Essa sinergia entre polimeros condutores e nanoparticulas
metdlicas abre novas perspectivas para o desenvolvimento de materiais avangados, com
aplicacdes em sensores, dispositivos eletronicos e sistemas de armazenamento de energia

Dessa forma, as nanoparticulas tém despertado grande interesse na area
académica devido a sua facilidade de sintese, ao controle das propriedades fisico-quimicas
e a afinidade com grupos funcionais, como aminas, dissulfetos e tiols, além de possuirem
propriedades eletronicas unicas (ELAHI; KAMALI; BAGHERSAD, 2018; JAMKHANDE et
al., 2019; KHAN; SAEED; KHAN, 2019; SHNOUDEH et al., 2019). No campo de sensores,
as nanoparticulas desempenham um papel crucial ao melhorar a estabilidade quimica, a
condutividade elétrica e as propriedades calorimétricas dos compdsitos. Além disso, elas
contribuem para a amplificacdo do sinal, sendo amplamente utilizadas na fabricacao de
sensores eletroquimicos mais sensiveis, seletivos e estaveis (GUO; WANG, 2007; KIZLING
et al.,, 2018; LU et al.,, 2018; XIAO et al., 2020). Essas caracteristicas tornam as
nanoparticulas essenciais para o desenvolvimento de estratégias avancadas de detecc¢éo,

ampliando as possibilidades de aplicacdo em diversas areas tecnolégicas
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3.1. Artigo Cientifico
Journal: ACS Applied Electronic Materials

Impedimetric Immunosensor for 5-Methylcytosine Detection Based on a Poly(o-
phenylenediamine)-Encapsulated Gold Nanoparticle Platform

Pedro C. M. Pizzol', Miquéias L. Portugal', Heitor F. Trevizan?', Patricia Monteiro Seraphim?,
Marcos F. S. Teixeira

ABSTRACT: A novel label-free impedimetric immunosensor for the detection of 5-
methylcytosine (5-mC), a key epigenetic marker, was developed based on a one-step
electropolymerized nanocomposite of poly(o-phenylenediamine) (poly(o-PD)) and gold
nanoparticles (AuNPs). The nanocomposite film was electropolymerized onto a screen-
printed electrode (SPE) with a gold working electrode area of 0.0078 cm?. The system was
characterized by cyclic voltammetry and electrochemical impedance spectroscopy (EIS).
The EIS measurements, including Nyquist, Bode, and complex capacitance plots, confirmed
the successful formation of the nanocomposite and its stepwise modification with
glutaraldehyde, anti-5-methylcytosine antibody (Ab-5mC), and bovine serum albumin
(BSA). The immunosensor utilized the inherent redox activity of the poly(o-PD) towards
dissolved oxygen as a transduction mechanism, eliminating the need for external redox
mediators. The binding of 5-mC to the immobilized Ab-5mC hindered the access of
dissolved oxygen to the redox-active phenazine-like units within the poly(o-PD) matrix,
resulting in a measurable increase in the charge transfer resistance. The immunosensor
exhibited a linear response to the logarithm of 5-mC concentration in the range of 2.5 to 160
pg mL1, with a low limit of detection (LOD) of 1.73 pg mL* and 1.18 pg mL* when using the
imaginary and absolute impedance, respectively. The incorporation of AUNPs significantly
enhanced the electrochemically active surface area and improved the electron transfer
kinetics, contributing to the high sensitivity of the immunosensor. This work demonstrates
the potential of a one-step electropolymerized poly(o-PD)-AuNP nanocomposite for the
development of simple, label-free, and sensitive impedimetric immunosensors for epigenetic

biomarker detection.

KEYWORDS: Gold nanocomposite; Impedimetric Sensor; One-step Electropolymerization;

Dissolved oxygen; Methylated DNA.
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1. INTRODUCTION
The convergence of materials science, nanotechnology, and electronics is driving

rapid advancements in biosensing technologies, particularly for applications in early disease
diagnostics. Within this interdisciplinary landscape, the development of electrochemical
immunosensors for detecting epigenetic modifications, such as DNA methylation, holds
significant promise.

Aberrant DNA methylation patterns, characterized by either hypermethylation or
hypomethylation at the carbon-5 position of cytosine (5mC), represent a hallmark of cancer
and are influenced by factors including diet, environmental exposure, and lifestyle.' These
epigenetic alterations affect gene expression by modifying chromosomal proteins, thereby
altering the three-dimensional conformation of the genome and influencing protein-DNA
interactions.? 4 The clinical relevance of DNA methylation is underscored by the alarming
global cancer burden, with an estimated 19.3 million new cases and 10 million deaths in
2020, as reported by the International Agency for Research on Cancer (IARC).> This
emphasizes the urgent need for sensitive and reliable methods for early cancer detection.
Bisulfite sequencing is currently the standard method and most widely used technique for
5mC detection. This method relies on the chemical conversion of unmethylated cytosine to
uracil, while methylated cytosine remains unchanged. Subsequent PCR amplification and
sequencing allow for the identification of methylated sites.® 7 Despite its widespread use,
bisulfite sequencing suffers from limitations, including DNA degradation due to the harsh
chemical treatment, incomplete conversion of unmethylated cytosines leading to false
positives, and the requirement for specialized equipment and expertise, making it relatively
time-consuming and expensive.®8

Electrochemical biosensors are emerging as powerful tools for biomarker
detection due to their high sensitivity, potential for miniaturization, and ability to provide rapid
and quantitative results. Among various electrochemical techniques, electrochemical
impedance spectroscopy (EIS) offers significant advantages for immunosensor
development.® Unlike techniques like cyclic voltammetry, which typically focus on a single
potential, or amperometry, which measures current at a fixed potential, EIS probes the
system's response to a small-amplitude AC potential over a wide range of frequencies. This
allows for the separation and quantification of different processes occurring at the
electrode/electrolyte interface, such as charge transfer, diffusion, and double-layer charging,
each characterized by a distinct time constant. This detailed information is particularly
valuable for impedimetric immunosensors, where the binding of the target analyte to the

immobilized antibody causes a change in the interfacial impedance. EIS is highly sensitive
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to these subtle interfacial changes, enabling the detection of even very low analyte
concentrations, often reaching picomolar detection limits.1® These advantages, combined
with the possibility of miniaturization using screen-printed electrodes, make EIS a highly
attractive transduction method for point-of-care diagnostics. However, many traditional
impedimetric immunosensors rely on the addition of exogenous redox mediators, such as
hexacyanoferrate anion, to the sample solution. While these mediators can enhance the
signal, their presence can also lead to complications, including increased background signal,
potential interference with the biological recognition event, and the need for additional
reagents.’® In our recent work,'! we demonstrated the use of dissolved oxygen as an
intrinsic, label-free redox probe for impedimetric 5mC detection, eliminating the need for
external mediators and simplifying the sensor design. This current work builds upon that
foundation, exploring the use of advanced nanomaterials to further enhance sensor
performance.

The choice of materials for electrode modification plays a critical role in
determining the sensitivity, selectivity, and stability of electrochemical sensors, particularly
in the context of miniaturization for point-of-care (POC) diagnostics. Conjugated polymers,
such as poly(o-phenylenediamine) (poly(o-PD)), and metallic nanoparticles, especially gold
nanoparticles (AuNPs), have garnered significant attention in the field of biosensing due to
their unique electrical, optical, and catalytic properties. Poly(o-phenylenediamine), with its
excellent thermal stability, solubility, processability, and ease of synthesis,’? offers a
promising matrix for stabilizing and integrating nanoparticles within electrochemical devices.
Its aromatic diamine structure, capable of being oxidized to form ring structures with various
functional group substitutions, provides a particularly suitable environment for the formation
and stabilization of AUNPs,! enhancing the overall performance of the sensor. This synergy
between poly(o-phenylenediamine) and AuNPs is particularly advantageous when
combined with impedimetric sensing, which, due to its inherent sensitivity and potential for
miniaturization, offers a promising route for developing highly specific, sensitive, and rapid
POC diagnostic platforms capable of rapid and decentralized testing.3

In this work, we demonstrate the development of an impedimetric immunosensor
for DNA methylation detection that capitalizes on the synergistic properties of poly(o-
phenylenediamine)-encapsulated AUNPs and the high sensitivity of EIS. The streamlined,
single-step electropolymerization fabrication process, combined with the inherent
advantages of these advanced materials, facilitates the development of miniaturized,
efficient, and cost-effective POC diagnostic tools for early cancer detection. This approach,

leveraging the robust and sensitive platform created by the synergistic combination of
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poly(o-phenylenediamine) and AuNPs, pushes the boundaries of electrochemical
biosensors for clinical applications, particularly in the realm of rapid, decentralized

diagnostics.

2. RESULTS AND DISCUSSION

Cyclic voltammetry was used to study the formation and electrochemical
properties of a nanocomposite film, prepared by the one-step electropolymerizationt: 15-17
of o-phenylenediamine (0-PD) and gold nanoparticles (AuNPs), resulting in AuNPs
encapsulated within a poly(o-phenylenediamine) matrix (Figure 1A). The
electropolymerization of neat poly(o-phenylenediamine) (Figure 1B) was also investigated

for comparison.
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Figure 1. Cyclic voltammograms of the electrochemical processes. (A) One-step electropolymerization of
poly(o-phenylenediamine)-AuNP  nanocomposite film; (B) Electropolymerization of neat poly(o-
phenylenediamine) film; The red dashed lines correspond to the first cycle, and the blue solid lines correspond
to the 20th cycle, while the thin gray lines represent the intermediate cycles. Electrolyte: H2SO4 0.1 mol L.

Scan rate = 15 mV s,

Analyzing the voltammograms for the electropolymerization of the poly(o-
phenylenediamine)-AuNPs nanocomposite (Fig. 1A) and neat poly(o-phenylenediamine)
(Fig. 1B), a distinct anodic peak (peak 'a’ in Fig. 1A) is observed during the first cycle at
approximately +1.0 V (vs. SCE). This peak is attributed to the oxidation of the amine groups

of the o-phenylenediamine monomer, initiating the polymerization process via carbon-
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nitrogen bond formation.'® This reaction generates radical cations and, depending on the
pH and applied potential, possibly radical dications. Subsequent oligomerization proceeds
through a head-to-tail mechanism involving a nucleophilic attack by the amino group on the
C4 position of another radical cation, leading to the formation of either open or closed chain
structures (Scheme 1A).1°?1 Successive scans reveal two distinct redox couples (peaks
'b'/'c' and 'd'/'e") in the voltammogram of the nanocomposite. These redox processes are
only faintly visible in the voltammogram of the neat polymer. The incorporation of AUNPs
during the electropolymerization process appears to significantly alter the reaction pathway
and the resulting polymer structure. In the case of the poly(o-phenylenediamine)-AuNPs
nanocomposite, the two redox couples (Scheme 1B) suggest a more complex and
heterogeneous structure compared to the neat polymer. This observation strongly indicates
the presence of a mixture of both phenazine-like units (closed-ring) and linear chain
segments (open-ring) within the nanocomposite film. The pH of the electrolyte is known to
play a crucial role in determining the structure of electropolymerized poly(o-
phenylenediamine).t® 2122 At low pH, as employed in this study, the formation of phenazine-
like units (closed-ring structures) is generally favored due to the protonation of amine
groups, which influences the reactivity of the radical cation intermediates and promotes
cyclization. Conversely, at higher pH values (typically above 3), a mixture of phenazine units
and linear chain segments, such as N-(2-aminophenyl)aniline (open-ring), is more likely to
occur. A crucial aspect of the poly(o-PD)-AuNP nanocomposite formation is the likely
complexation between Au* ions (from HAuCl.) and the o-phenylenediamine monomer prior
to the formation of AuNPs. The observed color change upon addition of the gold salt to the
monomer solution, combined with the 8:1 monomer-to-gold salt ratio, strongly suggests the
formation of an Au3*-monomer complex. This complexation likely plays a more dominant
role than the in-situ formed AuNPs in dictating the polymer structure. The complexation can
significantly alter the reactivity of the monomer.23 24 Au3* acting as a Lewis acid, can interact
with the electron-rich amino groups of the o-phenylenediamine, effectively withdrawing
electron density and modifying the nucleophilicity of the monomer. To further investigate this
proposed complexation, UV-Vis absorption spectroscopy was performed (see Figure S1 in
the Supplementary Material). The spectrum of the mixture of 0o-PD and HAuCl4 in 0.1 mol L
1 H,SOs showed a marked decrease in the absorbance at 380 nm, characteristic of
tetrachloroaurate anion, and the emergence of a new, broad absorption band centered
around 500 nm. These spectral changes strongly support the formation of an Au(lll)-(o-PD)
complex. This altered reactivity can hinder the intramolecular cyclization that leads to

phenazine formation, thus favoring the formation of linear chain segments such as
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diaminophenylene and N-(2-aminophenyl)aniline structures,?® even under the acidic
conditions that typically favor phenazine formation.
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Scheme 1. Proposed mechanism for the electropolymerization of o-phenylenediamine. (A) Initial
electrooxidation of the monomer (peak 'a’) leads to a radical cation, followed by coupling with another monomer
via C-N bond formation. Subsequent oxidations and coupling reactions result in the formation of open-chain
(N-(2-aminophenyl)aniline units) and closed-chain (phenazine) structures. (B) Simplified representation of the
redox processes associated with open-chain (peaks 'b'/'c’) and phenazine (peaks 'd'/'e’) units within the poly(o-
PD) film.

Consequently, the resulting poly(o-phenylenediamine)-AuNPs nanocomposite
exhibits a mixed structure comprising both closed-ring and open-ring units, as evidenced by
the two distinct redox couples observed in the cyclic voltammogram (Fig. 1A). While the in-
situ formed AuNPs contribute to the enhanced electrochemical performance of the
nanocomposite, their influence on the polymer structure is likely secondary to the initial Au3*-
phenylenediamine complexation. This complexation event, occurring in the solution phase
prior to any significant AUNP formation, appears to be the primary driver directing the
polymerization pathway towards a mixed open and closed chain structure. The presence of
open-chain units within this mixed structure, such as N-(2-aminophenyl)aniline segments,
provides accessible primary amine groups that serve as ideal reactive sites for covalent
coupling via glutaraldehyde. Glutaraldehyde is a crosslinking agent commonly used to
immobilize antibodies onto sensor surfaces.?> 26 This contrasts with closed-ring phenazine
units, where the nitrogen atoms are incorporated into the ring structure, rendering them less

accessible for conjugation. Therefore, the AuNP-induced (or, more accurately, the Au®*-
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complexation-induced) formation of a mixed polymer structure, with a significant proportion
of open-chain units, is advantageous for the development of highly sensitive
Immunosensors.

The morphology of the poly(o-PD)-AuNPs nanocomposite film was characterized
using SEM after the electropolymerization process (Fig. 2A and 2B). These images reveal
the presence of structures with an irregular morphology, distributed across the substrate
surface, corresponding to gold nanoclusters encapsulated within a thin layer of poly(o-
phenylenediamine). Figure 2B, a higher-magnification SEM image, highlights these brighter
features, which are attributed to the gold nanoclusters, embedded within a less electron-
dense matrix consistent with the poly(o-PD). Importantly, the AuNCs are not simply
dispersed on a flat surface, but appear to be coated by the polymer, with the polymer
conforming to the shape of the nanoclusters. This morphology is strongly suggestive of
encapsulation of the AuNCs within the poly(o-PD) matrix, a result of the one-step
electropolymerization process. For comparison, a SEM image of the neat poly(o-PD) film,
electropolymerized under identical conditions but in the absence of gold salt, is presented
in Figure S2 (Supplementary Material). The neat polymer film exhibits a relatively smooth
and uniform morphology, distinctly different from the nanocomposite. Notably, the poly(o-
PD) film lacks the brighter, irregularly shaped features attributed to the gold nanoclusters,
confirming that these features in the nanocomposite (Fig. 2B) are indeed due to the
incorporated gold. This comparison further supports the successful formation of the poly(o-
PD)-AuNP nanocomposite via the single-step electropolymerization process. Further
analysis of the SEM images, particularly at lower magnification (Fig. 2A), allowed for the
construction of a particle size distribution histogram (Fig. 2C). The histogram reveals a
broad distribution of AUNC sizes, ranging from approximately 50 to 450 nm, with an average
size of around 200 nm. This wide size range, corroborated by a substantial standard
deviation of approximately 93 nm, indicates that while the single-step electropolymerization
method effectively produces AuNCs within the poly(o-PD) matrix, it offers limited control
over the uniformity of their size and shape. This observation suggests a mechanism where
the initial complexation of Au®* ions by the monomer o-phenylenediamine, and possibly by
the growing polymer chains, plays a crucial role. While prior studies often assume
sequential reduction of Au®* followed by nucleation, growth, and agglomeration of Au®, our
results suggest that the reduction of Au®* to Au® may also occur within the polymer matrix
itself, with the gold ions remaining complexed to the polymer chains during the initial stages
of electropolymerization. This internal reduction, possibly facilitated by the redox activity of

the polymer itself, would lead to the formation of AUNCs already embedded within the poly(o-
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PD) matrix. The complexation between o-phenylenediamine and Au3* ions, prior to the
complete reduction to Au®, can significantly affect the polymerization pathway even in a low
pH medium, favoring the formation of open-chain structures in detriment of the phenazine
ring closure. The simultaneous nature of Au3* reduction, AUNC formation, and poly(o-PD)
polymerization in this single-step method presents challenges for controlling these
processes independently, ultimately contributing to the observed broad size distribution and

morphological heterogeneity.



34

(C)

S
\

/

Frequency (%)

100 200 300 400
Particle size (nm)

Figure 2. Morphological characterization of the poly(o-PD)-AuNP nanocomposite. (A) SEM image at lower
magnification (Mag: 25.00 KX, HV: 3.0 kV, scale bar = 1 um) showing the distribution of AUNCs across the
substrate; (B) SEM image at higher magnification (Mag: 100.00 KX, HV: 5.0 kV, scale bar = 100 nm) showing
the detailed morphology of encapsulated AUNCs; (C) Particle size distribution histogram of AUNCs, revealing
an average size of around 200 nm with a standard deviation of approximately 93 nm.
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2.1. Impedimetric Evaluation of the Interaction between Sensing Platform and
Dissolved Oxygen

This work focuses on the development of a novel impedimetric immunosensor
that utilizes the inherent redox activity of poly(o-phenylenediamine) towards dissolved
oxygen as the transduction mechanism. This approach eliminates the need for exogenous
redox mediators, such as hexacyanoferrate, commonly employed in traditional impedimetric
sensors. By exploiting the interaction between the phenazine-like units of poly(o-PD) and
dissolved oxygen, present in the sample matrix, we aim to achieve a simpler, label-free, and
potentially more sensitive detection platform for methylated DNA. To evaluate the feasibility
of this approach, we investigated the electrochemical behavior of both poly(o-PD) and
poly(o-PD)-AuNP films using electrochemical impedance spectroscopy (EIS) in a 0.01 mol
Lt PBS solution saturated with Oz. Figure 3A presents the Nyquist plots for the poly(o-PD)
and poly(o-PD)-AuNP films recorded at an applied potential of —0.4 V vs. pseudo-Ag/AgCl.
This potential was chosen based on the cyclic voltammetry data (Fig. 3E), which indicates
that significant oxygen reduction occurs in this potential range.

Both the neat polymer and the nanocomposite exhibit a similar profile in the
Nyquist diagram, characterized by two overlapping, compressed capacitive arcs. While the
two arcs are not clearly distinguishable by visual inspection, mathematical fitting of the
impedance data using an appropriate equivalent circuit model allowed for their identification
(see Fig. 3B). The compressed nature of the arcs and their overlap are indicative that the
time constants of the processes occurring at the film/substrate and film/solution interfaces
are relatively close.?” The determined impedimetric parameters, derived from fitting the data
to the proposed equivalent circuit model (Fig. 3B), are summarized in Table 1.

Table 1: Impedimetric parameters obtained from fitting the experimental data of the neat poly(o-PD) and
poly(o-PD)-AuNP electrodes to the equivalent circuit model shown in Figure 3B. Measurements were
performed in an Oz atmosphere 0.01 mol L* PBS solution at -0.4 V vs. pseudo-Ag/AgCl. The fitting errors
were below 5% for all parameters. Solution resistance (Rq) was found to be approximately 50 Q cm? for
both electrodes.

Electrode Rct Riilm CPEu CPEjiim A Ofilm

kQ cm? UF cm
poly(o-PD) 0.73 0.73 20.73 85.30 0.97 072
poly(o-PD)-AuNP 0.58 0.70 21.84 95.62 0.97 0.86

Significantly, the Nyquist diagram for the poly(o-PD)-AuNP nanocomposite (Fig. 3A)
displays a smaller capacitive arc compared to that of the poly(o-PD). This difference is

indicative of a lower charge transfer resistance (Rct) and, consequently, enhanced electron
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transfer kinetics at the nanocomposite/electrolyte interface. This improvement can be
attributed to the incorporation of AUNPs, which substantially increases the electrochemically

active surface area.
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Figure 3. Electrochemical characterization of poly(o-PD) and poly(o-PD)-AuNP nanocomposite films in 0.01
mol Lt PBS solution (pH 7.4). (A) Nyquist plots obtained at —0.4 V vs. pseudo-Ag/AgCl in O2 solution; (B)
Equivalent circuit model used for fitting the impedance data. Ra: solution resistance; Rim and CPEfim:
resistance and constant phase element related to the film/substrate interface; Rct and CPEq: charge transfer
resistance and double-layer capacitance related to the film/solution interface and redox processes. (C)
Complex capacitance plots in Oz solution; (D) Real capacitance vs Real impedance plots in Oz solution; (E)
Cyclic voltammograms of the poly(o-PD)-AuNP film under N2 and O2 saturation at a scan rate of 25 mV s1. (F)
Nyquist plot for the poly(o-PD)-AuNP film at an applied potential of —0.4 V (vs. pseudo-Ag/AgCl) under N2 and
O: saturation. Blue circles: poly(o-PD); Red circles: poly(o-PD)-AuNP nanocomposite.

The electrochemically active surface area was determined from the redox
capacitance (Credox) Values obtained from the complex capacitance spectra (Fig. 3C). The
Credox Values were extracted from the high-to-medium frequency region of the spectra, where
the contribution of the redox process is dominant. The active area (I'), expressed as the

density of redox sites (mol cm?), was then calculated using the following equation:

_ Credox RT
T n2F2a 1)

where R is the ideal gas constant, T is the absolute temperature, n is the number
of electrons involved in the redox reaction (assumed to be 2 for phenazine-like units), F is
the Faraday constant and A is the geometric area of the electrode. This method, adapted
from Bueno et al,?® yielded active area values of 4.39 pmol cm for the neat polymer and
6.78 pmol cm for the nanocomposite. The 54% increase in active area for the poly(o-PD)-
AuNP, corroborates the hypothesis that AUNPs significantly enhance the electrochemically
active surface area, even when encapsulated within the polymer matrix. This is further
supported by the complex capacitance data (Fig. 3C), which reveals a higher redox
capacitance for the nanocomposite, suggesting a greater number of electrochemically active
sites, specifically the redox-active phenazine-like units, available for the oxygen reduction
reaction. To evaluate the electrochemical performance of the poly(o-PD) and poly(o-PD)-
AuUNP films towards oxygen reduction, the apparent heterogeneous electron transfer rate

constant (ko) was determined using a modified version of the Butler-Volmer equation:?°

k

RT
app — n2F2 4 Rct COZ (2)

where R is the redox charge-transfer resistance obtained from the Nyquist plots
(Fig. 3A), and Co2 is the concentration of molecular oxygen in the bulk solution (1.38 mmol
L1). The calculated ko values were 6.60 x 10> cm st for the poly(o-PD) film and 8.31 x 10
cm st for the poly(o-PD)-AuNP nanocomposite. This indicates a slightly faster electron
transfer rate for the oxygen reduction reaction at the nanocomposite electrode, likely due to
the increased electrochemically active surface area provided by the AuNPs.

In more detail, analysis of the real capacitance (C') vs. real impedance (Z') plot
(Fig. 3D) elucidates the differences in oxygen response between the two materials. In the

high-frequency region, both films exhibit a pronounced increase in the real component of
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capacitance (C') with minimal variation in the real component of impedance (Z'). This
behavior is characteristic of a capacitive response, typically attributed to the charging of the
electrical double layer at the electrode/electrolyte interface.'® 3° However, the
nanocomposite displays a distinct behavior in the medium-to-low frequency range.
Specifically, the nanocomposite shows a significantly lower Z' and a higher C' value
compared to the neat poly(o-PD) film. This indicates a lower resistance to oxygen diffusion
and a greater ability to store charge related to the oxygen redox reaction within the
nanocomposite film, likely due to the increased surface area and porosity afforded by the
encapsulated AuNPs. In the medium frequency range, both materials exhibit an increase in
Z' and a plateau in C', characteristic of a diffusion-limited process, in this case, associated
with oxygen diffusion within the film. The lower Z' plateau and higher C' plateau observed
for the nanocomposite suggest enhanced oxygen diffusion and a greater density of
accessible redox-active phenazine-like sites compared to the neat polymer. This enhanced
response to dissolved oxygen is crucial for the sensitivity of the proposed impedimetric
immunosensor.

To investigate the sensitivity of the poly(o-PD)-AuNP nanocomposite to dissolved
oxygen, electrochemical impedance spectroscopy measurements were performed under
both oxygen-saturated and nitrogen-saturated conditions (Fig. 3F). The Nyquist plots
obtained at an applied potential of —0.4 V (vs. pseudo-Ag/AgCl) clearly demonstrate a
significant difference in the impedance response of the nanocomposite under these two
conditions. Specifically, the diameter of the capacitive arc in the medium-to-low frequency
region, associated with the redox processes at the film/solution interface, is markedly
smaller in the presence of oxygen compared to the nitrogen atmosphere. This observation
confirms that the poly(o-PD)-AuNP nanocomposite exhibits a pronounced response to
dissolved oxygen, which is attributed to the interaction between oxygen and the redox-active
phenazine-like units within the poly(o-PD) matrix, as previously discussed. The smaller arc
radius in the oxygen-saturated solution indicates a lower charge transfer resistance for the
oxygen reduction reaction, consistent with the enhanced electron transfer kinetics facilitated
by the AuNPs and the increased active surface area. These findings are crucial for the
proposed application of the poly(o-PD)-AuNP nanocomposite as an impedimetric
immunosensor. The sensor response will be based on changes in the impedance signal,
specifically the variation in the capacitive arc, caused by changes in the local oxygen
concentration at the sensor surface. Upon a poly(o-PD)-AuNP film is expected to be
hindered. This restricted access will lead to an increase in the Rg, resulting in a larger

capacitive arc in the Nyquist plot. Therefore, the sensitivity of the immunosensor will be
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directly related to the magnitude of this change in the impedance response upon exposure
to the target analyte. As illustrated in Figure 3F, the Nyquist plots for the poly(o-PD)-AuNP
nanocomposite exhibit a significant difference between oxygen-saturated and nitrogen-
saturated conditions. Specifically, the diameter of the capacitive arc, associated with the
film/solution interface, is markedly smaller in the presence of oxygen (Rct = 0.79 kQ cm?)
compared to that observed under a nitrogen atmosphere (R¢ = 2.42 kQ cm?). This
represents a substantial decrease of approximately 26% in the charge transfer resistance,
highlighting the sensitivity of the nanocomposite to dissolved oxygen. In this context, Rt
refers specifically to the resistance associated with the oxygen reduction reaction at the
film/solution interface. Such a pronounced change in R¢ upon exposure to oxygen
underscores the potential of the poly(o-PD)-AuNP nanocomposite for sensitive and selective
impedimetric detection, based on the modulation of oxygen reduction at the electrode

surface.

2.2. Immunosensor Assembly and Characterization

Figure 4A presents the Nyquist plots obtained at different stages of the
immunosensor construction on the poly(o-PD)-AuNP nanocomposite platform. Each plot
reflects the impedance response of the modified electrode in an oxygen-saturated PBS
solution at an applied potential of -0.4 V vs. pseudo-Ag/AgCl. After the initial
electropolymerization of the poly(o-PD)-AuNP nanocomposite (Fig. 4A, red circles), the
subsequent modification with glutaraldehyde (GA) resulted in a significant increase in the
diameter of the capacitive arc (Fig. 4A, orange circles). This is consistent with the formation
of a GA layer on the electrode surface, which increases the charge transfer resistance (Rct)
associated with the oxygen reduction reaction. The larger arc indicates that the GA layer
hinders the diffusion of dissolved oxygen to the redox-active phenazine-like units within the
poly(o-PD) and/or modifies the properties of the double layer at the film/solution interface.
Following GA immobilization, the next step involved the incubation with the 5-methylcytosine
antibody (Ab-5mC). Intriguingly, after antibody immobilization, a slight decrease in the
capacitive arc diameter was observed (Fig. 4A, blue circles). This corresponds to a
decrease in Rt compared to the GA-modified electrode. While one might expect an increase
in Ret due to the addition of a large biomolecule, the observed decrease suggests a more
complex interplay of factors. This initial decrease in impedance is consistent with the time-
dependent impedance changes observed during the optimization of the antibody incubation
time (see Figure S3B in the Supplementary Material). One possible explanation is that the

initial interaction of antibodies with the surface was not solely restricted to covalent bonding
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with the GA aldehyde groups. Some antibodies might have adsorbed non-specifically or
weakly onto the GA-Poly(o-PD)-AuNP surface, potentially causing conformational changes
in the film, altering the local environment, or creating new pathways for electron transfer.
Another factor that can induce such change is a possible residual interaction between the
remaining free amine groups of poly(o-PD) and the antibody, even though such interaction
Is much less probable than the covalent bonding with GA. To address the potential for non-
specific adsorption and to block any remaining reactive aldehyde groups of GA, a final
blocking step was performed using bovine serum albumin (BSA). After the BSA incubation,
the Nyquist plot (Fig. 4A, green circles) exhibited a significant change, with the capacitive
arc returning to a size and shape similar to that observed after the GA modification step.
This increase in Rt after BSA addition strongly suggests that the initial decrease observed
upon antibody addition was likely due to non-specific or weak interactions rather than solely
to specific antibody binding to the GA linker. The BSA effectively blocked these non-specific
sites and potentially displaced loosely bound antibodies, thus restoring the barrier to oxygen
diffusion and leading to an Rct value comparable to that of the GA-modified surface. This
result highlights the importance of the BSA blocking step in minimizing non-specific binding

and improving the selectivity of the immunosensor.
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Figure 4. Stepwise electrochemical characterization of the immunosensor assembly using IS in 0.01 mol L+
PBS solution saturated with Oz2. (A) Nyquist plot and (B) Diagram of real capacitance as a function of real
impedance, comparing the impedance response at each modification step: (i) electropolymerized poly(o-PD)-
AuNP nanocomposite (red); (i) glutaraldehyde (GA) immobilization (orange); (iii) antibody (Ab-5mC)
immobilization (blue); and (iv) blocking with bovine serum albumin (BSA) (green). The Nyquist plot reveal
changes in the charge transfer resistance (diameter of the semicircle), while the C' vs Z' plot highlight the
changes in the real capacitance, reflecting alterations in the interfacial properties of the electrode.
Measurements were performed at an applied potential of —-0.4 V vs. pseudo-Ag/AgCI.

Table 2 summarizes the key impedimetric parameters obtained from fitting the

experimental data to the equivalent circuit model (Fig. 3B) for each step of the
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Immunosensor assembly, as represented schematically in Scheme 2. The parameters,
including Ret, Rem, CPEa, and CPEr#im, reflect the changes in the interfacial properties of the
electrode upon modification with GA (Step ii), Ab-5mC (Step iii), and BSA (Step iv).

Table 2. Impedimetric parameters obtained from fitting the Nyquist plots (Fig. 4A) to the equivalent circuit
model (Fig. 3B) for each step of the immunosensor assembly on the poly(o-PD)-AuNP nanocomposite.
Data are presented for the following steps: (i) bare poly(o-PD)-AuNP nanocomposite; (ii) GA immobilization;
(iif) Ab-5mC immobilization; and (iv) BSA blocking. All measurements were performed in an Oz-saturated
PBS solution at —0.4 V vs. pseudo-Ag/AgCl.
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Scheme 2. Schematic illustration of the sequential steps involved in the immunosensor assembly on the
poly(o-PD)-AuNP modified electrode: (i) Initial state of the electropolymerized poly(o-PD)-AuNP
nanocomposite film; (i) Covalent immobilization of glutaraldehyde (GA) via reaction with amine groups of the
poly(o-PD); (iii) Antibody (Ab-5mC) immobilization through covalent bonding to the GA linker; (iv) Blocking of
remaining active sites with bovine serum albumin (BSA).

Notably, the significant increase in R after GA immobilization (Step ii)
corroborates the formation of a barrier layer, as seen in the larger capacitive arc in the
corresponding Nyquist plot (Fig. 4A, orange circles). The subsequent decrease in Rt
following Ab-5mC immobilization (Step iii, Fig. 4A, blue circles), although reversed after BSA
blocking (Step iv, Fig. 4A, green circles), suggests an initial alteration in the film structure
or interfacial properties, potentially due to non-specific adsorption. These variations in Ret
and specifically the changes in CPEq and CPEsm values, which reflect changes in the
dielectric properties and the thickness of the interfacial layers, provide quantitative insights
into the stepwise modification of the electrode surface. This scheme should visually
represent the stepwise modification of the electrode surface, illustrating the immobilization
of GA, followed by Ab-5mC, and finally the blocking with BSA on the poly(o-PD)-AuNP.
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Figure 4B displays the plots of real capacitance (C') versus real impedance (Z')
for the poly(o-PD)-AuNP nanocomposite at each stage of the immunosensor assembly.!!
By monitoring the changes in C' and Z', particularly in the medium-to-low frequency range,
these plots provide additional insight into how the stepwise immobilization of GA, Ab-5mC,
and BSA affects the diffusion of dissolved oxygen to the redox-active phenazine-like units
and the resulting charge transfer processes at the electrode/electrolyte interface. After GA
immobilization (orange circles), a noticeable increase in Z' is observed compared to the
initial poly(o-PD)-AuNP nanocomposite (red circles). This behavior is consistent with the
Nyquist plot analysis (Fig. 4A), confirming the formation of a GA layer that increases the
resistance to charge transfer. Upon subsequent Ab-5mC immobilization (blue circles), a
slight decrease in Z' is observed in the C' vs. Z' plot, mirroring the trend observed in the
Nyquist plot (Fig. 4A). As discussed previously, this decrease in impedance, although
seemingly counterintuitive, can be attributed to several factors, including non-specific or
weak adsorption of the antibody, or conformational changes in the film structure that might
facilitate oxygen diffusion to some extent. The final BSA blocking step (green circles) results
in a significant increase in Z' across the medium-to-low frequency range, reaching values
comparable to those observed after GA immobilization. This behavior corroborates the
Nyquist plot analysis (Fig. 4A) and confirms that BSA effectively blocks the remaining active
sites on the GA layer, further hindering the charge transfer process, and likely displacing
any weakly or non-specifically bound antibodies. This step is crucial for minimizing non-
specific interactions and improving the selectivity of the immunosensor. The C' values at the
plateau in the medium frequency range follow the order: Poly(o-PD)-AuNP > Ab-5mC-GA-
Poly(o-PD)-AuNP > BSA-Ab-5mC-GA-Poly(o-PD)-AuNP > GA-Poly(o-PD)-AuNP. The
higher C' value for the Poly(o-PD)-AuNP nanocomposite reflects its larger electrochemically
active surface area due to the incorporated AuNPs. The subsequent decrease in C' after
antibody immobilization, despite the unexpected decrease in Z', might be attributed to the
large size of the antibody molecule, which can reduce the overall capacitance by increasing
the distance between the conductive electrode surface and the electrolyte. The further
increase in C' after BSA blocking can be attributed to a combination of factors, including the
non-specific adsorption of BSA, the displacement of loosely bound antibodies, and the
overall modification of the interfacial dielectric properties. In conclusion, the C' vs. Z' analysis
(Fig. 4B) complements the Nyquist plot data (Fig. 4A) and provides further evidence for the
successful stepwise modification of the electrode surface. The observed changes in C' and

Z' at each stage are consistent with the expected behavior of the system and highlight the
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importance of each modification step in the development of a sensitive and selective
impedimetric immunosensor based on dissolved oxygen detection.

To further investigate the impact of each modification step on the redox-active
sites (phenazine-like units) of the poly(o-PD)-AuNP nanocomposite, the complex
capacitance behavior was analyzed in the high-to-medium frequency region. Figure 5
presents the complex capacitance plots (C" vs. C') for the nanocomposite at each stage of
immunosensor assembly. This analysis allows us to probe changes in the redox
capacitance, which is directly related to the density of accessible phenazine-like units within
the poly(o-PD) film, as previously discussed. As observed, the initial poly(o-PD)-AuNP film
(red circles) exhibits a distinct capacitive arc in the medium-to-high frequency region
(highlighted by the red semi-arc, for clarity), which is attributed to the Cyedox arising from the

redox-active phenazine-like units within the poly(o-PD) film.
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Figure 5. Complex capacitance plots (C" vs. C') showing the evolution of the immunosensor capacitive
response during each assembly step. Data for the poly(o-PD)-AuNP (red), GA-poly(o-PD)-AuNP (orange), Ab-
5mC-GA-poly(o-PD)-AuNP (blue), and BSA-Ab-5mC-GA-poly(o-PD)-AuNP (green) are presented. The plots
highlight changes in the redox capacitance (Credox) In the medium-to-high frequency region, reflecting
alterations in the accessibility and density of redox-active phenazine-like units within the poly(o-PD) film.
Applied potential at —0.4 V vs. pseudo-Ag/AgCl. Frequency range: 50 kHz — 13.7 Hz.

Upon immobilization of GA (orange circles), a slight increase in the magnitude of
the capacitive arc is observed in the medium-to-high frequency region. The observed
increase can be attributed to two primary effects. Firstly, the binding of GA to the primary
amine groups of the poly(o-PD) may induce conformational changes in the polymer chains.

These conformational changes could potentially alter the packing density and arrangement
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of the polymer chains, leading to a slight increase in the measured redox capacitance.3!
Secondly, although GA is not typically considered a redox-active molecule, its presence at
the electrode interface and the cross-linking reactions it undergoes might create a local
chemical environment that slightly modifies the electronic structure of the phenazine-like
units. For example, the formation of imine bonds between GA and the polymer could
influence the electron density and, consequently, the redox potential of the phenazine-like
units, leading to a slightly higher apparent redox capacitance. While further investigation is
needed to fully elucidate the exact mechanism, these conformational changes and localized
chemical effects offer plausible explanations for the observed subtle increase in Credox after
GA immobilization. Following antibody immobilization (blue circles) and BSA blocking (green
circles), the magnitude of the capacitive arc remains relatively unchanged compared to the
GA-modified electrode. This observation suggests that while these steps are crucial for the
immunosensor's functionality, they do not significantly alter the number of redox-active
phenazine-like units that were made available after the GA modification. The stable Credox
values at these stages indicate that the oxygen reduction process, which is central to the
sensor's operating principle, is maintained throughout the immunosensor assembly. This
also confirm the successful immobilization of both the antibody and BSA, showing that there
was no significant desorption of the previous layer.

2.3. Impedimetric Detection of 5-methylcytosine using the Immunosensor

To evaluate the performance of the developed immunosensor, its response to
different concentrations of 5-methylcytosine (5-mC) was assessed using standard solutions
ranging from 1.25 pg mL* to 160 pg mL! in phosphate buffer solution. 5-mC, the primary
epigenetic marker of DNA methylation in eukaryotes, was chosen as the target analyte due
to its critical role in gene regulation and its involvement in various biological processes,
including the development of cancer. Furthermore, the use of 5-mC as a standard aligns
with established protocols for DNA methylation analysis and allows for a reliable evaluation
of the sensor performance.

As shown in the Nyquist plot (Fig. 6A), increasing the 5-mC concentration in the
solution led to a corresponding increase in the diameter of the capacitive arc. This is
attributed to the specific binding of 5-mC to the immobilized antibodies (Ab-5mC), creating
a physical barrier on the electrode surface that hinders the diffusion of oxygen to the redox-
active sites and consequently increases the charge transfer resistance (Rct). The analytical
curve was constructed by plotting the imaginary impedance values (-Z"), corresponding to
the last point of each spectrum, against the 5-mC concentration. The -Z" vs. 5-mC
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concentration plot exhibited a Michaelis-Menten-like behavior, characteristic of the
saturation profile of the antibody binding sites. To achieve a linear relationship, a logarithmic
transformation was applied to the 5-mC concentration, as shown in Figure 6B. The resulting
plot (Fig. 6B) exhibited linearity over the concentration range of 10.0 to 160 pg mL, as
described by Eq. 3.

Z"(kQ cm?) = 0.160 (£ 0.015) + 0.157 (£ 0.011) log([5mC](pg mL™%) (7 = 0.9929) (3)

Another way to analyze the sensor performance was to monitor the absolute
impedance (|Z]), which is the magnitude of the complex impedance vector (calculated as
the square root of the sum of the squares of the real and imaginary impedance components).
Figure 6C shows the influence of the 5-mC concentration on the absolute impedance as a
function of frequency. At low frequencies (100 Hz to 0.1 Hz), a clear increase in |Z| is
observed with increasing 5-mC concentration. This behavior confirms that the binding of 5-
mC to the immobilized antibodies hinders the electron transfer process, leading to an
increase in the overall impedance. To further quantify this relationship, the absolute
impedance values at a fixed frequency of 0.10 Hz were extracted from the Bode plots (Fig.
6C) and plotted against the logarithm of the 5-mC concentration (Fig. 6D). This plot,
analogous to the calibration curve derived from the imaginary impedance data (Fig. 6B),
exhibits a linear response within the concentration range of 2.50 to 160 pg
mL. The linear equation for this relationship is presented in Eq. 4, with a corresponding R-
squared value of 0.9990, indicating a good linear fit. The linear relationship between |Z| and
the logarithm of the 5-mC concentration further validates the immunosensor ability to

quantitatively detect 5-mC within the tested range.

|Z](kQ cm?) = 1.13 (£ 0.01) + 0.28 (£ 0.01) log([5mC](pg mL™Y)  (r = 0.9990) (4)
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Figure 6. Electrochemical evaluation of the immunosensor response to 5-methylcytosine (5-mC). (A) Nyquist
plots for increasing concentrations of 5-mC. (B) Calibration curve derived from the imaginary impedance (Z")
values at 0.10 Hz plotted against the logarithm of 5-mC concentration. (C) Bode plots of absolute impedance
(1Z]) as a function of the logarithm of frequency for different 5-mC concentrations. (D) Calibration curve derived
from the absolute impedance (|Z]) values at 0.10 Hz plotted against the logarithm of 5-mC concentration. All
measurements were performed in 0.01 mol L PBS (pH 7.4) under O2. Error bars represent the standard

deviation (n=3).

The limits of detection (LODs) were determined by fitting the non-linear response
of the immunosensor to a four-parameter logistic (4PL) equation, a model commonly
employed to describe sigmoidal curves in immunoassays.3% 33 The 4PL equation was
employed in this work due to its versatility and applicability to various immunoassay formats,
as it can effectively capture the non-linear relationship between analyte concentration and

the measured signal. The 4PL equation can be described as:
y =4+ [(A1 —A4) /(1 + (x/x0)P)] )

where y is the measured response (impedance signal), x is the analyte
concentration (5-mC), A1 and Az are the minimum and maximum asymptotes of the curve,
respectively, p is the Hill slope (which reflects the steepness of the curve), and Xo is the
inflection point (also known as the EC50). The parameters were estimated using non-linear
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regression analysis performed with OriginPro software. The LOD was then calculated as the
analyte concentration corresponding to a signal three standard deviations above the mean
blank signal. This approach, using the fitted 4PL equation, provides a more accurate
estimation of the LOD compared to methods relying on linearized data, as it accounts for
the inherent non-linear nature of the immunosensor response. The 4PL parameters obtained
from the fitting procedure, along with the mean blank signal and the calculated LOD, are

presented in Table 3.

Table 3. Summary of the LODs obtained from the analysis of imaginary impedance (Z") and
absolute impedance (JZ|) data, along with the 4PL fitting parameters.

Parameter Z" Data |Z] Data
Lower Asymptote (A1) kQ cm? 0.277 (+ 0.003) 1.18 (+ 0.01)
Upper Asymptote (Az) kQ cm? 0.572 (+ 0.022) 1.84 (+ 0.10)
Inflection Point (Xo) pg mL™* 46.1 (+ 8.61) 27.1 (+1.09)
Hill Slope (p) 1.03 (£ 0.10) 0.943 (£ 0.146)
r? 0.9980 0.9941
LOD pg mL* 1.73 1.18

The limits of detection (LODs) for 5-mC were determined to be 1.73 pg mL* and
1.18 pg mL?! based on the analysis of the imaginary impedance (Z") and absolute
impedance (|Z|) data, respectively. These values compare favorably with those reported for
other 5-mC sensors,* 34 35 which typically range from 0.64 to 13760 pg mL™, indicating the
good sensitivity of the developed immunosensor. The slightly lower LOD obtained from the
|Z| data may be attributed to the fact that the absolute impedance incorporates information
from both the real (resistive) and imaginary (capacitive) components of the impedance,
potentially capturing subtle changes in both resistive and capacitive properties of the
interface at very low 5-mC concentrations. In contrast, the imaginary impedance (Z")
primarily reflects changes in the capacitive behavior. While both parameters provide
valuable and complementary information about the sensor response, the choice of which to
use for quantification may depend on the specific application and the desired emphasis. The
ability to analyze both Z" and |Z| provides flexibility in data interpretation and potentially
allows for a more comprehensive understanding of the interfacial processes occurring upon
5-mC binding. Importantly, these LODs are well below the clinically relevant concentration
range for 5-mC in biological samples,*®: 37 demonstrating the potential of this immunosensor
for practical applications. To further contextualize the performance of our immunosensor, a
detailed comparison with previously reported electrochemical 5-mC sensors34 35 3841 jg

provided in Table S1 (Supplementary Material).
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2.4. Selectivity Studies

To evaluate the selectivity of the developed poly(o-PD)-AuNP immunosensor in
the context of DNA methylation analysis, its response to 5-mC was assessed in the
presence of equimolar concentrations (20 pg mL™!) of cytosine, guanine, adenine, and uracil.
These nucleobases, inherent components of DNA and structurally similar to 5-mC, represent
potential interferents. Figure 7 presents the results of these selectivity studies, with relative
responses calculated using both imaginary impedance (Z", Fig. 7A) and absolute impedance
(IZ], Fig. 7B) values at 0.10 Hz. In both cases, the response to 5-mC alone was used as the
reference (0% relative response). The error bars represent the standard deviation of
triplicate measurements (n=3). As can be seen from Figure 7, the presence of the interfering
bases resulted in only minor changes in both the Z" and |Z| signals compared to the
response of 5-mC alone. The relative responses for all interferents were below +5%.
Notably, cytosine and uracil caused a slight decrease in the impedance signal (negative
relative response), while guanine and adenine led to a small increase. These small
variations are within the range of experimental error, and indicate that the immunosensor
exhibits good selectivity for 5-mC over the tested interferents. One possible explanation for
the slight decrease in impedance observed with cytosine and uracil is a weak, non-specific
binding of these nucleobases, both pyrimidines like 5-mC itself, to the anti-5-mC antibody.
Although with significantly lower affinity than 5-mC, this interaction may displace a small
amount of pre-bound 5-mC. Consequently, the slight displacement of 5-mC by these
molecules could lead to a slightly increased oxygen access to the redox-active phenazine-
like units of the poly(o-PD) film, resulting in a lower charge transfer resistance and,
consequently, a decreased impedance signal. Although this interaction is much weaker than
the specific 5-mC/antibody interaction, it may contribute slightly to the observed behavior. It
Is important to emphasize that, even with these minor negative responses, the overall
selectivity of the immunosensor for 5-mC remains high, since the impedance changes
induced by the interferents are substantially smaller than the response to 5-mC itself. In
summary, this high selectivity can be mainly attributed to the specificity of the antigen-
antibody interaction between 5-mC and the immobilized Ab-5mC. The results demonstrate
that the immunosensor is able to selectively detect 5-mC even in the presence of structurally

similar molecules.
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Figure 7. Selectivity of the poly(o-PD)-AuNP immunosensor. (A) Relative response (%) of the immunosensor
to 5-mC (20 pg mL* alone and in the presence of equimolar concentrations of cytosine, guanine, adenine, and
uracil, calculated from the imaginary impedance (Z") at 0.10 Hz. (B) Relative response (%) calculated from the
absolute impedance (|Z|) at 0.10 Hz. The response to 5mC alone is used as the reference (0%). Error bars
represent the standard deviation of triplicate measurements (n = 3).
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3. CONCLUSION

A label-free impedimetric immunosensor for 5-methylcytosine (5-mC) detection
was successfully developed using a one-step electropolymerized poly(o-
phenylenediamine)-gold nanoparticle nanocomposite. The optimized immunosensor
exhibited a low limit of detection (1.73 pg mL™* for imaginary impedance and 1.18 pg mL"!
for absolute impedance) and good sensitivity. The inter-electrode reproducibility was
evaluated, with a relative standard deviation (RSD) of 0.69% for the imaginary impedance
at 0.10 Hz (Supplementary Material, Fig. S4). The enhanced performance is attributed to
the increased electrochemically active surface area provided by AuNPs and their influence
on poly(o-PD) film formation, favoring a mixed structure with accessible redox-active
phenazine-like units. Importantly, this platform utilizes dissolved oxygen as the redox probe,
simplifying the system. Using dissolved oxygen as the redox probe simplifies the system.
The impedance changes upon antibody-antigen binding demonstrate the potential of this
nanocomposite for sensitive detection of DNA methylation. The developed platform holds
promise for a simple and cost-effective tool for 5-mC detection in clinical diagnostics. While
this work has demonstrated the promising performance of the poly(o-PD)-AuNP
immunosensor in standard solutions, future studies will focus on validating its performance
in complex biological matrices, such as serum or saliva. These matrices contain a variety
of potentially interfering substances that could affect the sensor response. Strategies to
mitigate matrix effects, such as sample pre-treatment, optimization of the BSA blocking step,
and the use of highly selective antibodies, will be explored to ensure the reliable and
accurate detection of 5mC in real-world samples.

4. EXPERIMENTAL SECTION

All electrochemical measurements were performed using a PalmSens4
potentiostat controlled by the PSTrace 5.10 software. The sensor platform was a screen-
printed electrode (SPE) from BVT Technologies (model BVT-AC1.WS.R1.DW1), comprising
a three-electrode configuration: a mixed Ag/AgCl (65%/35%) pseudo-reference electrode
(RE), a platinum alloy counter electrode (CE), and a gold working electrode (WE) with a
geometric area of 0.0078 cm?.

The electropolymerization parameters for film formation, including scan rate,
potential window, number of cycles, monomer concentration, and gold salt concentration,
were based on previous studies conducted by the research group.' The nanocomposite
(poly(o-PD)-AuNP) and the neat polymer (poly(o-PD)) films were synthesized via a single-
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step cyclic voltammetry technique.! 1517 The potential was cycled between -0.7 V and +1.6
V vs. pseudo-Ag/AgCl for 20 cycles at a scan rate of 15 mV s1. The electropolymerization
was carried out in a nitrogen-saturated aqueous solution containing 0.80 mmol L' o-
phenylenediamine (Sigma-Aldrich), 0.10 mmol L*' HAuCls (Sigma-Aldrich) for the
nanocomposite, and only 0.80 mmol L of o-phenylenediamine for the neat polymer. Both
solutions contained 0.10 mol L? HSOs as the supporting electrolyte. After
electropolymerization, the modified SPEs were rinsed with distilled water and stored in a
plastic container until further use.

Immunosensor assembly was performed in three distinct steps. First, 2.0 uL of a
1% (m/v) glutaraldehyde (GA) solution (Sigma-Aldrich) was drop-casted onto the surface of
the nanocomposite-modified WE. The electrode was then rinsed with 0.01 mol L*
phosphate-buffered saline (PBS) solution (pH 7.40) to remove the excess GA. Next, 2.0 uL
of a 1.0 ug mL* solution of 5-methylcytosine monoclonal antibody (Ab-5mC, GT4111 —
Thermo Fisher) was pipetted onto the GA-modified surface, allowing for covalent
immobilization via imine bond formation. The optimal reaction time for both GA with the
poly(o-PD)-AuNP nanocomposite, and for the Ab-5mC immobilization, were determined by
monitoring the changes in the Nyquist plots over time using electrochemical impedance
spectroscopy (EIS). The optimized reaction times that resulted in stable impedance
responses, indicating saturation of the available binding sites, were 5 minutes for GA and
10 minutes for Ab-5mC, respectively (see Figure S3 in the Supplementary Material).

Electrochemical impedance spectroscopy (EIS) measurements were carried out
in 0.01 mol L'* PBS (pH 7.40) under an O saturated atmosphere. A sinusoidal potential
perturbation with an amplitude of 10 mV was applied at a DC potential of —0.40 V vs. pseudo-
Ag/AgCI. The frequency was scanned from 50 kHz to 0.10 Hz. All impedance spectra were
modeled using the EIS Spectrum Analyzer software, and a constant phase element (CPE)
was used instead of an ideal capacitor to account for the non-ideal behavior of the system.
The errors presented for the mathematical adjustments were less than 5%. The CPE
iImpedance is defined by Eq. 6:

ZcPE = ﬁ (6)

where Q (S s9) is a frequency-dependent parameter, j is the imaginary unit (V-1),
w is the angular frequency (w = 2mf, where f is the frequency in Hz), and a is the CPE
exponent (a dimensionless value between 0 and 1). The exponent a represents the phase

angle of the CPE and reflects the non-ideality of the capacitive behavior. When a = 1, the
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CPE behaves as an ideal capacitor; when a = 0, it behaves as an ideal resistor. The real

(C") and imaginary (C") components of the capacitance were calculated using Egs 7 and 8:

' -Z

¢ == ©)

w|Zz|?

n__Zz
T wlzf? (8)
where |Z| represents the absolute impedance, which can be calculated using
Eqg. 9:

1zl = [[22 + 2" (9)

The concentration of dissolved oxygen in the 0.01 mol L* PBS solution (pH 7.40)
was determined using a calibrated, commercially available dissolved oxygen meter (Hanna,
HI9146-04). The solution was saturated with O2 gas prior to the measurements, and the
concentration was measured at room temperature (25 °C) to be 1.38 mmol L.

To evaluate the selectivity of the fabricated immunosensor, its response to 5-mC
was investigated in the presence of potential interferents. The following nucleobases were
selected as interferents: cytosine, guanine, adenine, and uracil (all from Sigma-Aldrich). For
the interference studies, solutions containing a fixed concentration of 5-mC (20 pg mL1) and
an equimolar concentration (20 pg mL™) of each interferent were prepared in 0.01 mol L
PBS (pH 7.4). Electrochemical impedance spectroscopy (EIS) measurements were
performed using the same parameters as described above. The relative response (%) was
calculated for both the imaginary impedance (Z") and absolute impedance (|Z|) at a
frequency of 0.10 Hz, using the response to 5-mC alone as the reference (0%). All

measurements were performed in triplicate (n=3).
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3.2. Material Suplementar

UV-Vis Spectroscopic Evidence for Au(lll)-(o-PD) Complex Formation
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Figure S1. UV-Vis absorption spectra of: (a) 0.1 mol L** H2SOa4 (black solid line); (b) 20 umol L* HAUCI4 in
0.1 mol L't H2SO4 (blue dashed line); (c) 160 umol L o-phenylenediamine (0-PD) in 0.1 mol L* H.SO4 (orange
solid line); and (d) a mixture of 0-PD (160 pumol L*) and HAuCls (20 umol L) (red dashed line).

The spectrum of the mixture of o-PD and H AuCls in 0.1 mol Lt H,SO4 (red
dashed line) exhibited significant differences compared to the spectra of the individual

components. The characteristic absorption band of [AuCl4]~ at approximately 380 nm (blue



59

dashed line) is significantly diminished in the mixture, while a new, broad, and intense
absorption band appears with a maximum around 500 nm. This new band is not present in
the spectrum of 0-PD alone (orange solid line). These spectral changes strongly indicate a
strong interaction between Au(lll) and o-PD, consistent with the formation of an Au(lll)-(o-

PD) complex.

Morphological Characterization of the Poly(o-phenylenediamine) Film

1 um

=

Figure S2. Scanning electron microscopy (SEM) image of the neat poly(o-phenylenediamine)
electropolymerized under the same conditions as the nanocomposite film. SEM image at lower magnification
(Mag: 25.00 KX, HV: 3.0 kV, scale bar = 1 um).

The image shows a relatively smooth surface, lacking the distinct, brighter features
associated with gold nanoclusters observed in the nanocomposite (Fig. 2B).

Optimization of Glutaraldehyde Reaction and Antibody Incubation Times
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Figure S3. Optimization of reaction/incubation times. (A) Nyquist plots obtained for the poly(o-PD)-AuNP
electrode after reaction with 1% (m/v) GA for different time intervals: (a) 0 min (black), (b) 5 mim (blue), (c) 10
min (red), (d) 15 min (green). (B) Nyquist plots obtained for the GA-modified electrode after incubation with
1.0 ug mLt Ab-5mC for different time intervals: (a) 0 min (black), (b) 5 mim (blue), (c) 10 min (red), (d) 15 min
(green), (e) 20 min (cyan), (f) 30 mim (royal), (g) 40 min (gray). Measurements were performed in 0.01 mol L-
1 PBS (pH 7.4) at an applied potential of -0.4 V vs. pseudo-Ag/AgCl. Frequency range: 50 kHz — 0.10 Hz.

Reproducibility of the Immunosensor Fabrication
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Figure S4. Assessment of the inter-electrode reproducibility of the poly(o-PD)-AuNP immunosensor. Nyquist
plots obtained from three different immunosensors (labeled as Immunosensor 1, Immunosensor 2, and
Immunosensor 3), fabricated independently following the same procedure. All immunosensors were exposed
to a 20 pg mL* 5mC solution in 0.01 mol L** PBS (pH 7.4). The close overlap of the Nyquist plots, particularly
the similar size and shape of the capacitive arcs, indicates good reproducibility in the fabrication process and
consistent electrochemical response across different electrodes. Measurement conditions: Applied potential:
-0.4 V vs. pseudo-Ag/AgCl; frequency range: 50 kHz — 0.10 Hz.

To assess the reproducibility of the immunosensor fabrication process, three independent
poly(o-PD)-AuNP nanocomposite electrodes were prepared following the procedure
described in the Experimental Section. The impedance response of each electrode to 20 pg
mL? 5mC was measured using EIS under the same conditions as those used for the
calibration curve. Figure S3 shows the Nyquist plots for the three independently fabricated
immunosensors. The relative standard deviation (RSD) of the imaginary impedance (Z") at
0.10 Hz was found to be 0.69%, indicating excellent reproducibility for the proposed

fabrication method.
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Table S1. Comparison of analytical parameters for various 5mC detection methods. The table summarizes the detection method, electrode material, linear range, limit of
detection (LOD), advantages, disadvantages, and corresponding literature references. Reference numbers correspond to the numbering in the main text.

Detection Linear Range LOD
Method Sensor Material (pg mLY) (pg mLY) Advantages Disadvantages Reference
Voltammetry GCE 0.37 x 105 - 1.87 x 10° 1.38 x 10* Simplicity Low sensitivity 34
ECL AuNPs 1.26 - 6.30 0.43 High Sensity Small response range 35
SERS Graphen-Ag array 5000 - 5.0 x 10°® 500 High sensitivity High limit of quantification 38
Amperometry 4-ABA/AuNPs 1.0x106-25x 108 7.3 Bisulfite-free High limit of quantification 39
Prussian Blue-doped
Amperometry carbon Not reported Not reported Bisulfite-free Low sensitivity 40
Detecting methylation levels in
Fluorescence  Carbon quantum dots 63 x 10% — 126 x 10° 9.4 x 106 urine High limit of quantification 41
EIS No external redox probe or
Impedance @ Poly(azo-BBY)-AuNPs 5-120 pg mL* 0.64 secondary antibodies Low limit detection 11
EIS
Impedance Poly(o-PD)-AuNP 10 - 80 1.18 High sensitivity Limited antibody stability = This work
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Concluséao e Desafios Futuros
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4.1. Conclusao

Este trabalho apresentou o desenvolvimento de uma plataforma sensorial
fundamentada em um filme nanocompadsito composto por poli(o-FD) e nanoparticulas
de ouro (AuNPs) encapsuladas. A sintese do material foi realizada por meio de
eletropolimerizacdo em etapa Unica, empregando dois substratos distintos com perfil
voltamétrico estavel e reprodutivel. A espectroscopia de impedancia eletroquimica foi
utilizada para caracterizar os fenbmenos interfaciais e comparar o desempenho
eletroquimico dos filmes de poli(o-FD) e poli(o-FD)-AuNPs. A incorporacdo das
nanoparticulas de ouro promoveu um aumento significativo na sensibilidade,
confirmado pelo calculo da area ativa do eletrodo. A caracterizacdo morfolégica do
nanocompdsito, realizada por microscopia eletrénica de varredura (MEV), que revelou
a formacéo de nanoclusters de ouro encapsulados pela matriz polimérica condutora.

A construcéo do filme nanocompdsito foi bem-sucedida, e a caracterizacéo
por espectroscopia de impedancia eletroquimica permitiu monitorar de forma eficiente
as interacOes e respostas em cada etapa do processo, incluindo a imobilizagéo de
glutaraldeido, anticorpos e BSA. Essa técnica também possibilitou a construgao de
uma curva de calibracéo e o céalculo dos limites de deteccdo do sensor com base em
multiplos parametros em uma Unica medicdo, destacando a versatilidade e a robustez
da metodologia.

A plataforma sensorial impedimétrica desenvolvida demonstrou
desempenho excepcional, com limites de deteccéo bastante reduzidos, o que a torna
altamente sensivel para aplicacdes analiticas. O imunosensor foi construido em um
eletrodo impresso com area de trabalho de aproximadamente 0,008 cmz
evidenciando sua capacidade de operacdo em escalas miniaturizadas. Essa
caracteristica, aliada a sua alta sensibilidade e custo-beneficio, reforca seu potencial
para integracdo em dispositivos portateis e de facil utilizacdo, adequados para
diagnosticos rapidos e analises in situ. A metodologia adotada dispensa o uso de
anticorpos secundarios ou enzimas, além de exigir baixas concentracdes de
reagentes e amostras, 0 que a torna uma alternativa economicamente viavel e
altamente promissora para aplicacbes em diagndstico, monitoramento e andlise em
diversas areas. A combinacéo de sensibilidade, praticidade e viabilidade econdmica
posiciona essa plataforma como uma ferramenta analitica de grande potencial para o

futuro.
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Por fim, o estudo de interferentes, utilizando as bases nitrogenadas,
demonstrou a alta seletividade do imunosensor, evidenciando sua capacidade de
reconhecer e se ligar especificamente ao antigeno-alvo, mesmo na presenca de
moléculas estruturalmente semelhantes. Essa seletividade foi comprovada pela baixa
variacdo da resposta da plataforma (abaixo de 5%) o que reforca a eficacia e a

confiabilidade do anticorpo em aplicacdes analiticas e diagndsticas.

4.2. Desafios Futuros

Apesar dos avangos significativos alcangados com o desenvolvimento da
plataforma sensorial baseada no filme nanocompdsito de poli(o-FD) e nanoparticulas
de ouro (AuNPSs), diversos desafios persistem e devem ser abordados para maximizar
o potencial do método quantitativo. Um dos principais desafios é a otimizacdo da
estabilidade e da durabilidade do nanocompoésito em condigcdes operacionais
variadas, especialmente em ambientes complexos, como fluidos biolégicos, onde a
interferéncia de outras moléculas pode afetar o desempenho do sensor.

Outro desafio importante é a integracdo da plataforma em dispositivos
portateis, que possam ser utilizados em ambientes fora do laboratério, como em
pontos de atendimento ou em locais remotos. A validagéo clinica da plataforma em
amostras reais e diversificadas é outro passo crucial para sua ado¢do em diagndsticos
médicos. Estudos adicionais sdo necessarios para avaliar o desempenho do sensor
em diferentes matrizes bioldgicas, como sangue e tecidos, e para comparar sua
eficacia com métodos diagndsticos ja estabelecidos. Além disso, a exploracdo de
novos biomarcadores e a adaptacdo da plataforma para a deteccdo de outras
moléculas de interesse clinico podem ampliar sua aplicabilidade.

Por fim, questdes relacionadas a escalabilidade da producéo e ao custo-
beneficio do dispositivo precisam ser abordadas para garantir sua viabilidade
comercial. A reducdo dos custos de fabricacdo, o uso de materiais sustentaveis e a
otimizagdo dos processos de sintese e funcionalizagdo do nanocompoésito sao
aspectos essenciais para a transicdo da tecnologia do laboratorio para o mercado.
Superar esses desafios permitirhA que a plataforma sensorial desenvolvida se
consolide como uma ferramenta analitica inovadora, contribuindo para o avanco do
diagnaostico precoce, do monitoramento de doencas e da analise em diversas areas

da saude e da pesquisa biomédica.
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