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Abstract 

The recent advances in biomedicine and technology have risen the popularization of molecular 

diagnosis which refers to the use of molecular techniques, such as polymerase chain reaction 

(PCR) or enzyme-linked immunosorbent assay (ELISA), to analyze biological markers (e.g., 

proteins, DNA or RNA). Both PCR and ELISA have been improved over the years with a broad 

range of applications. Nonetheless, both techniques have limitations that complicate their 

access in developing countries or their application in the field, since both need costly and high-

size equipment with a stable source of power, costly reagents, and additional steps, which turn 

them into time-consuming assays, and high-qualified personnel to run the assays. REASSURED 

Point-of-care (POC or bedside testing) molecular diagnosis devices appear to overcome those 

limitations due to the facility to use handheld devices to medically examine a patient during a 

consultation where doctors and patients are no longer required to wait for lab results to make 

an appropriate diagnosis. Therefore, POC devices have the potential to become the primary care 

tool to diagnosis diseases in which the detection time is crucial to initiate the treatment, as is 

the case in non-communicable diseases (NCDs), and to avoid the spread of infection agents, as 

it is the case in infectious diseases, reducing the probability of outbreak and multiple deceases. 

POC molecular diagnosis devices are popularly known as biosensors which are constituted by 

three elements: receptor, transducer, and output system. Within those, transducer is the main 

element, since it is responsible to convert the biological/chemical signal of the analyte-receptor 

interaction into an electrical signal readable by the output system. The recognition of the analyte 

by the transducer can be directly (i.e., label-free) on only one-step without additional reagents 

(reagentless) by the variation of an inherent property of the transducer; or indirectly (i.e., label-

based) by using additional steps for analyte labeling or additional labeled-molecules. This 

requirement increases the duration, the cost and the difficult of handling of the assay, so label-

free and reagentless methodologies are more appropriate for POC devices. Those requirements 

are accomplished by using transducers based on electrochemical capacitance which also offers 

high-sensitivity and the possibility of miniaturization.  

Electrochemical capacitive transducers are composed by a redox-active nanostructure 

immobilized on the electrode surface with discrete energy levels. Those transducers use 

impedance-derived capacitance spectroscopy as electrochemical technique derived from EIS 

measurements that measures the electrochemical capacitance (𝐶𝜇) of those electroactive 

nanostructures. 𝐶𝜇 is an intrinsic characteristic of those electroactive nanostructures with 

thickness < 5nm, related to the energy storage and density-of-states (DOS) of the interface. 𝐶𝜇 

biosensors are modelled by the quantum rate theory which resolves the quantum dynamics of 

the electron transfer (ET) in diffusionless electrochemical reactions, such as one of the 

electroactive interfaces, given by 𝑘 = 𝐺/𝐶𝜇, where 𝑘 is the electron transfer rate and 𝐺 is the 

quantum conductance which measures the charge transport within the electrode and the 

electroactive interface. This theory demonstrated that in an ideal electron transfer situation, 
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𝐺 = 𝐺0, where 𝐺0 = 𝑔𝑠𝑒2/ℎ ~ 77.5 𝜇𝑆 is the quantum of conductance. Moreover, it 

demonstrated that 𝐶𝜇 is a consequence of the series combination of an electrostatic (𝐶𝑒) and 

quantum (𝐶𝑞) capacitances, such as 1/𝐶𝜇 = (1/𝐶𝑒) + (1/𝐶𝑞), where 𝐶𝑒 arises from the charge 

separation (𝑙) due to the solvation of the electroactive switches and 𝐶𝑞 emerges from the 

occupancy of the energy levels within the charge transfer with the electrode through the 

backbone of the electroactive molecule (𝐿). In most of the quantum 𝐶𝜇 interfaces, 𝑙 ≪ 𝐿, so 

𝐶𝑒 ≫ 𝐶𝑞, 1/𝐶𝑒 is close to zero and 𝐶𝜇~𝐶𝑞. According to those approximations, 𝑘 = 𝐺0/𝐶𝑞, 

demonstrating that electroactive interfaces operate in a purely quantum regime, turning them 

in high-sensitive transducers for biosensing applications.  

The versatility and high-sensitivity of the 𝐶𝑞 transducers convert them into promising tool for 

the development of analytical assays in a vast range of applications qualitative or quantitative. 

In this Ph.D. project we proposed the use of electrochemical capacitance transducers to develop 

novel biosensing assays for the diagnosis of relevant diseases: SARS-CoV-2 infection by the 

detection of spike protein (SP) and nucleocapsid protein (NP) in nasopharyngeal/oropharyngeal 

samples; Dengue virus infection by the quantification of NS1 protein in serum samples; and 

Alzheimer’s disease (AD) by the quantification of ptau-181 and ADAM10 proteins in human 

serum samples.  

SARS-CoV-2 is the novel circulating member of the family Coronaviridae that rapidly spread 

worldwide and became a global health threat. The development of biosensors became a priority 

until the development of the vaccines. In this doctoral thesis, the SARS-CoV-2 assay developed 

detected the presence of the viral proteins S and N in nasopharyngeal/oropharyngeal human 

samples with 77% of specificity and 80% of sensitivity, higher than the overall commercial rapid 

assays. Dengue virus also constituted a health threat in some tropical countries, such as Brazil. 

Efficient POC devices could provide rapid detection of the infection and monitorization of the 

progression of the disease to more severe haemorrhagic dengue. Thus, in this project we 

developed a miniaturized and high-sensitive Dengue virus assay for the quantification of the 

viral protein NS1. A novel amplifier signal methodology was coupled to the assay which 

increased up to 1000 times its sensitivity, enabling the detection of the virus since the biggening 

of the infection. 

Moreover, in this doctoral thesis, 𝐶𝑞 transducers were applied to the first-time label-free 

quantification of two AD serum biomarkers, ADAM10 and ptau-181. Two ADAM10 assay were 

developed by using two antibodies that recognized a distinct ADAM10 isoforms. The analytical 

features of each assay were resolved by measurements on the 𝐶𝑞 transducer which enable the 

determination of the association constant (𝐾𝑎), limit-of-detection (LOD), limit-of-quantification 

(LOQ). Both assays demonstrated similar 𝐾𝑎 and LODs and LOQs in the nanogram per millilitre 

range. Also, the specificity of each assay was analysed by the quantification of the protein in 

serum samples from AD patients and healthy individuals. In the case of the ptau-181 assay, the 

concentration range in human serum samples was picogram per milliltre, so three different 𝐶𝑞 
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transducers based on a redox peptide self-assembled monolayer (SAM), the redox peptide SAM 

coupled to the amplifier signal methodology and a CdTe quantum dot ensemble, were analysed 

in terms of LOD and LOQ to evaluate which of them would be suitable for the application. The 

sensitiveness of the rPep SAM was not enough to quantify the protein in such concentration 

range, while the alternative with the amplifier signal and the QD-based transducers were 

suitable for the application.  

In summary, in this doctoral thesis it was demonstrated the potential of the electrochemical 

capacitance technique for the development of transducers for POC devices. The versatility of 

the technique enables a vast range of applications which diverse analytical features 

requirement. Accordingly, the objectives proposed in the beginning of this project were 

successfully achieved and new prospect for future research have been created 
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Resumo expandido 

Os recentes avanços em medicina e tecnologia tem aumentado o uso das técnicas de diagnóstico 

molecular para a análises de marcadores biológicos (proteínas, DNA ou RNA), como as técnicas 

de reação em cadeia da polimerase (PCR, do inglês polymerase chain reaction) e o ensaio de 

proteínas imuno absorvidas marcadas com enzimas (ELISA, do inglês enzyme-linked 

immunosorbent assay). Estas técnicas apresentam elevada sensibilidade e especificidade que 

permitem um diagnóstico personalizado mais rápido, sensível e confiável do que técnicas de 

imagem como a ressonância magnética (MRI). Apesar das vantagens analíticas das duas 

técnicas, elas apresentam limitações que dificultam o seu acesso em países em desenvolvimento 

e a sua aplicação fora de laboratórios devido ao fato de que precisam de equipamentos de 

elevado preço e tamanho, reagentes caros e requerem de múltiplas etapas até o resultado do 

ensaio. Assim, PCR e ELISA são técnicas demoradas e que precisam ser aplicadas por pessoal 

qualificado em espaços dedicados a ensaios clínicos. Os dispositivos de point-of-care (POC) tem 

aparecido como uma alternativa para superar as limitações das técnicas tradicionais devido à 

facilidade de uso e rapidez nos resultados. Dispositivos POC tem o potencial de serem a primeira 

ferramenta no diagnóstico de doenças não transmissíveis (NCDs em inglês) e de doenças 

infecciosas, diminuindo a probabilidade de avanço descontrolado do agente infeccioso e de um 

grande número de óbitos. O interesse pelo desenvolvimento de dispositivos POC levou à 

Organização Mundial da Saúde (OMS) a estabelecer os critérios de qualidade, analíticos e sociais 

que os POCs precisavam cumprir para serem usados nos distintos níveis dos sistemas de saúde 

de países em desenvolvimento e desenvolvidos, além de substituir as técnicas de diagnóstico 

tradicionais. Esses critérios foram nomeados como ASSURED, que se corresponde ao acrônimo 

de affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free e deriverable. 

Em 2019, o acrônimo foi atualizado para REASSURED, no qual foram incluídos real-time 

connectivity, easy of sample collection and environmentally friendly.  

POCs são comummente chamados de biossensores que estão constituídos por três elementos 

principais: Receptor (molécula que interage especificamente com o analito na amostra); 

Transdutor (que contém a molécula receptora na sua superfície e converte o sinal 

biológico/químico da interação entre as moléculas em um sinal elétrico); e o, Sistema de saída 

(encarregado de traduzir esse sinal elétrico numa informação entendível pelo usuário, como por 

exemplo, a quantidade de analito na amostra). A detecção ou quantificação do analito na 

amostra pode ser feita de forma direta, por metodologias sem marcador (label-free), que 

medem uma propriedade do transdutor sem adição de reagentes (reagentless); ou de forma 

indireta, usando moléculas adicionais marcadas que geram o sinal detectado pelo transdutor. 

Esta última metodologia é chamada de label-based e apresenta limitações frente as 

metodologias label-free devido ao número de reagentes e de etapas adicionais necessárias para 

obter o resultado, o que aumenta o preço e o tempo para a realização do ensaio. Por isso, os 

ensaios label-free são escolhidos para o desenvolvimento de biossensores rápidos e baratos. 
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Geralmente os biossensores são classificados pelo tipo de transdutor que contêm. Dentre os 

diferentes tipos (i.e., piezoelétrico, ótico), os biossensores eletroquímicos baseados na técnica 

de espectroscopia de impedância eletroquímica (EIS em inglês) apresentam vantagens devido à 

capacidade de miniaturização, portabilidade, elevada sensibilidade, simplicidade, baixo custo e 

rapidez. Os transdutores de EIS medem variações das funções de imitância complexa, como 

impedância (𝑍∗) ou capacitância (𝐶∗), devido à interação entre o receptor e o analito na 

superfície de um eletrodo, os quais transformam essas variações em sinais elétricos. Apesar das 

vantagens que apresentam, os estudos e ajustes dos dados com os circuitos elétricos que 

representam cada biossensor são necessários para a correta interpretação dos dados obtidos 

nos biossensores que utilizam a técnica EIS. As medidas de EIS são feitas em um eletrodo imerso 

em eletrólito que contém ou não uma sonda redox (i.e., modo faradaico ou não faradaico, 

respetivamente). Ambas as configurações podem ser usadas em biossensoriamento, sendo que 

medidas de EIS não faradaico se modelam com a teoria da dupla camada elétrica e medem 

variações na carga eletrostática da superfície do eletrodo, tendo aplicações em sensores iónicos. 

Por outro lado, as medidas de EIS faradaica se modelam com o circuito de Randles e medem 

variações na resistência de transferência de carga entre a sonda redox no eletrólito de suporte 

e a superfície do eletrodo. O uso de uma sonda redox no eletrólito de suporte pode dificultar a 

aplicação do biossensor como dispositivo POC. Para resolver essa limitação, a espectroscopia de 

capacitância derivada da impedância (ECS em inglês) aparece como alternativa à EIS tradicional. 

ECS é uma técnica derivada das medidas de EIS que mede a capacitância eletroquímica (𝐶𝜇) em 

transdutores eletroativos, que são transdutores que contêm as sondas redox confinadas na 

superfície do eletrodo, ao invés de em solução. 𝐶𝜇 é uma característica intrínseca das 

nanoestruturas eletroativas de espessura < 5 nm com estados de energia quantizados, 

relacionada a sua densidade de estados (DOS em inglês). Diferentemente da EIS tradicional, ECS 

é reagentless, pois não precisa de reagentes adicionais no eletrólito de suporte para realizar a 

medida eletroquímica. A teoria da taxa quântica de transferência eletrônica (quantum rate 

theory em inglês) descreve os fundamentos eletroquímicos das reações não dependentes de 

difusão que ocorrem nos biossensores capacitivos baseados em ECS, onde um eletrodo com 

níveis de energia contínuos é modificado com moléculas eletroativas que apresentam níveis de 

energia discretos. Nesta situação, a transferência de elétrons entre a moléculas eletroativas e o 

eletrodo depende do transporte e do armazenamento de carga que são medidos pela 

condutância quântica (𝐺) e 𝐶𝜇, respetivamente. Desta forma, a taxa de transferência de elétrons 

(𝑘) é descrita pela teoria como 𝑘 = 𝐺/𝐶𝜇 = 𝐺0 ∑ 𝑇𝑛(𝜇, 𝐿)𝑁
𝑛=1 (

1

𝐶𝑒
+

1

𝐶𝑞
), onde 𝐺0 = 𝑔𝑠𝑒2/

ℎ ~ 77.5 𝜇𝑆 é o quantum de condutância, ou seja, 𝐺 máxima num canal quântico ideal, ℎ é a 

constante de Planck, 𝑔𝑠 é a degenerescência do elétron, e 𝑒 é a carga do elétron; e ∑ 𝑇𝑛(𝜇, 𝐿)𝑁
𝑛=1  

é a probabilidade de transmitância de um elétron entre dois níveis de energia a certo potencial 

químico (𝜇) através de um canal quântico 𝑁 de comprimento 𝐿. O modo mais simples de 𝐺 é 

assumir que 𝑇𝑛(𝜇, 𝐿) de um único elétron em um único canal quântico (𝑁 = 1) é perfeita. Assim, 

𝑇𝑛(𝜇, 𝐿) = 1 e, consequentemente, 𝐺 = 𝐺0. No caso de 𝐶𝜇, é obtida pela combinação em série 
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das capacitâncias eletrostáticas (𝐶𝑒) e quânticas (𝐶𝑞), sendo 1/𝐶𝜇 = (1/𝐶𝑒) + (1/𝐶𝑞). 𝐶𝑒 está 

relacionada com a separação de cargas (𝑙) na solvatação dos agrupamentos eletroativos na 

superfície do eletrodo, enquanto que 𝐶𝑞 está relacionada com a ocupação dos níveis de energia 

dos agrupamentos eletroativos devido à transferência de elétrons entre eles e o eletrodo 

através da estrutura das moléculas que os contêm (𝐿). Na maioria dos sistemas quânticos 𝐶𝜇 , 

entende-se que 𝑙 ≪ 𝐿, assim 𝐶𝑒 ≫ 𝐶𝑞, e em consequência 1/𝐶𝑒 e 𝐶𝜇~𝐶𝑞. Assim, as definições 

de 𝐺 e 𝐶𝜇 demonstram que ambas têm uma natureza quântica e, por tanto, em processos 

eletroquímicos não dependentes de difusão, 𝑘 também a terá, sendo definida por 𝑘 = 𝐺0/𝐶𝑞 

(assumindo as aproximações descritas). Como 𝐺0 é uma constante, 𝑘 depende únicamente de 

𝐶𝑞 e esta pode ser acessada experimentalmente por medidas de EIS convertida em capacitância 

(ECS). Como comentado anteriormente, 𝐶𝑞 está relacionada com o armazenamento de energia 

em estruturas eletroativas e na sua densidade de estados. Essas variáveis mudam quando 

ocorrem variações nelas ou no ambiente próximo. Dessa forma, pode ser usada como sinal 

analítico para o desenvolvimento de biossensores, como já foi demostrado em biossensores 

baseados em monocamadas automontadas (self-assembled monolayer, SAM, em inglês) com 

agrupamentos redox, filmes de óxidos mistos, grafeno ou pontos quânticos (quantum dost, QD, 

em inglês). 

Devido à sensibilidade e simplicidade demonstrada pelos biossensores de 𝐶𝑞 e à necessidade de 

novas técnicas analíticas para a detecção de doenças não transmissíveis e infecciosas de forma 

rápida, precoce e de baixo custo, os objetivos propostos neste projeto foram o desenvolvimento 

de biossensores para a detecção de infecções causadas pelo vírus da Dengue e o SARS-CoV-2; e 

o diagnóstico precoce da doença de Alzheimer pela quantificação dos biomarcadores ADAM10 

e ptau-181. Para atingir esses objetivos, foram usados novos transdutores e novos processos 

eletroquímicos que melhoraram as características analíticas (sensibilidade e especificidade) dos 

biossensores 𝐶𝑞.  

As infecções virais são uma ameaça para a saúde em todos os países do mundo, pois emergem 

até o desenho de vacinas ou o descobrimento de algum medicamento efetivo. Durante o 

período de emersão, o controle da transmissão do vírus é essencial e pode ser feita através de 

biossensores específicos e sensíveis. O exemplo mais recente dessa necessidade é a emergência 

do novo coronavírus SARS-CoV-2 (severe acute respiratory syndrome 2 em inglês), responsável 

pela pandemia de Covid-19 que tem causado 610 milhões de casos e 6.5 milhões de óbitos até 

o dia 21 de setembro de 2022, segundo a OMS. Neste projeto de pesquisa foi desenvolvido um 

biossensor 𝐶𝑞 contendo, pela primeira vez, grafeno como transdutor quântico (o descobrimento 

está sob proteção intelectual) para a detecção de duas proteínas virais, a proteína S (spike em 

inglês) e a proteína N (nucleocapsid em inglês). A prova de conceito do novo transdutor foi 

realizada em 13 amostras de nasofaringe/orofaringe de pessoas saudáveis e em 15 amostras de 

pacientes que sofreram infecção pelo vírus SARS-CoV-2. O novo biossensor quântico baseado 

em uma única camada de grafeno (single layer graphene, SLG, em inglês), S/N-SLG, conseguiu 
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diferenciar as amostras de vírus positivas das negativas com uma especificidade do 77% e uma 

sensibilidade do 80%, sendo maior do que as que apresentam os ensaios de antígenos rápidos 

(geralmente baseados em técnicas de imunocromatografia).  

O vírus da Dengue é outro exemplo da necessidade de diagnóstico rápido e precoce em 

infecções virais que ainda não tem vacinas disponíveis. A transmissão do vírus através da picada 

de mosquitos femininos Aedes aegypti ocasiona uma ameaça sanitária cada ano. Segundo a 

Organização Pan-Americana de saúde (OPAS) ocorreram 975 mil casos no Brasil apenas em 

2021. Além do alto número de casos, o risco de sofrer dengue hemorrágica faz com que o 

diagnóstico rápido para monitorar o avanço da doença seja uma necessidade. 𝐶𝑞 já foi usada 

para o desenvolvimento de um biossensor qualitativo para diferenciar amostras de soro humano 

positivas para dengue e amostras negativas com elevada especificidade. Porém, o ensaio não 

era miniaturizado para aplicação POC. Por isso, neste trabalho foi desenvolvido um biossensor 

quantitativo para detecção da proteína NS1 do vírus da Dengue usando eletrodos de ouro 

miniaturizados e uma nova metodologia de amplificação de sinal para transdutores capacitivos 

(o descobrimento está sob proteção intelectual). Esta metodologia de amplificação de sinal 

consistiu no acoplamento eletroquímico da densidade de estados de duas sondas redox no 

sistema, sendo que uma se encontra em solução no eletrólito de suporte e outra confinada na 

superfície do eletrodo, o que permitiu aumentar em até 1000 vezes a sensibilidade do ensaio 

em termos de mínima concentração detectada (LOD em inglês) e mínima concentração 

quantificada (LOQ em inglês), que passou de ser 𝐿𝑂𝐷 = 0.52 𝑛𝑔 𝑚𝐿−1 e 𝐿𝑂𝑄 = 1.75 𝑛𝑔 𝑚𝐿−1 

a 𝐿𝑂𝐷 = 0.67 𝑝𝑔 𝑚𝐿−1 e 𝐿𝑂𝑄 = 2.23 𝑝𝑔 𝑚𝐿−1 quando a metodologia de amplificação de sinal 

foi incluída. Assim, a detecção e quantificação com concentrações tão baixas permitiria a 

detecção de doenças infecciosas antes da aparição dos sintomas e progressão das doenças. 

No caso de doenças não transmissíveis, transdutores de 𝐶𝑞 também podem ser usados para 

desenvolver biossensores que quantifiquem biomarcadores específicos envolvidos nos eventos 

bioquímicos da doença. Esses transdutores podem ajudar no diagnóstico precoce e agilizar a 

aplicação dos tratamentos, como é o caso da doença de Alzheimer (AD em inglês). AD é um tipo 

de demência neurodegenerativa, causada pelo acúmulo de placas de 𝛽 amiloide e a formação 

de emaranhamento de proteína tau. Alguns tratamentos baseados no uso de anticorpos 

monoclonais anti-𝛽 amiloide tem aparecido, como o caso do aducanumab e lecanemab, que 

tem como objetivo diminuir a acumulação de placas de 𝛽 amiloide. Além das pesquisas sobre 

tratamentos que revertam os efeitos da doença, há esforços em descobrir novos biomarcadores 

em sangue ou soro que permitam a monitorização contínua deles e, assim, o diagnóstico 

precoce. Algumas proteínas já foram reportadas na literatura por apresentarem concentrações 

diferentes em pessoas com diferentes níveis de AD e pessoas saudáveis, como as proteínas 

ADAM10 e ptau-181. Na literatura já foram reportados ensaios para a quantificação destas duas 

proteínas, porém, utilizando estratégias label-based, as quais não são apropriadas em aplicações 

POC. Por isso, neste trabalho foram desenvolvidos biossensores label-free para a quantificação 

desses dois biomarcadores usando diferentes estratégias.  
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A proteína ADAM10 está envolvida no processo de clivagem do precursor da 𝛽 amiloide (APP) 

em fragmentos solúveis que não geram neurodegeneração. Ela é sintetizada em forma de 

precursor proADAM10 (~80 kDa), que gera uma proteína madura e ativa de ~65 kDa ou uma 

isoforma solúvel e inativa de ~55 kDa. Esta isoforma foi reportada na literatura como 

biomarcador em soro para a progressão de AD, estando em maior concentração quanto maior 

era o estágio da doença. Dependendo do anticorpo usado para detectar a proteína, pode ser 

quantificada uma ou várias dessas isoformas. Neste trabalho, dois biossensores de ADAM10 

foram desenvolvidos usando dois anticorpos diferentes, Ab1 que reconhece mais de uma 

isoforma (não especificado pelo fabricante), e Ab2 que reconhece unicamente a isoforma 

solúvel. Ambos os biossensores foram obtidos usando como transdutor 𝐶𝑞 uma SAM de 

peptídeo eletroativo (i.e., contendo um agrupamento redox), na qual o anticorpo era 

imobilizado covalentemente. Pela primeira vez um biossensor capacitivo foi usado para a 

quantificação de uma proteína em amostra complexa e para o diagnóstico de uma doença não 

transmissível. Os biossensores foram analisados obtendo a constante de afinidade (𝐾𝑎) do 

anticorpo e analito, os valores de LOD e LOQ, e quantificando a proteína em amostras de soro 

de pacientes com AD e de indivíduos saudáveis. O biossensor com o anticorpo Ab1 mostrou 

elevada afinidade pela proteína ADAM10 (𝐾𝑎 = (0.022 ± 0.004) 𝑚𝐿 𝑛𝑔−1) e valores de LOD e 

LOQ no intervalo de concentração necessário. Porém, esse biossensor mostrou maior 

concentração de ADAM10 nas amostras de indivíduos saudáveis, contrariando as informações 

reportadas na literatura e sugerindo a interação com várias isoformas. No caso do biossensor 

com o Ab2, o valor de 𝐾𝑎 do sistema (𝐾𝑎 = (0.03 ± 0.008) 𝑚𝐿 𝑛𝑔−1) não foi estatisticamente 

diferente do biossensor com Ab1. Porém, a concentração de ADAM10 obtida nas análises das 

amostras de soro de paciente usando o biossensor 𝐶𝑞 aumentou com a progressão da doença 

como nos ensaios reportados na literatura. Ademais, a concentração de ADAM10 em 6 das 10 

amostras obtidas pelo biossensor capacitivo coincidiu com os valores calculados usando um kit 

de ELISA comercial, demonstrando o potencial do biossensor.  

A proteína ptau-181 é a proteína tau fosforilada no resíduo 181 que está relacionada com a 

agregação delas e a agregação de emaranhados que geram neurodegeneração. É produzida 

pelos neurônios, então está presente numa concentração elevada no líquido cefalorraquidiano 

(liquor e CSF em inglês). Porém, a concentração em sangue é na faixa de picogramas por mililitro. 

Por esse motivo, as técnicas de elevada sensibilidade são necessárias para a quantificação nas 

amostras de soro. Assim, neste trabalho o biossensor de ptau-181 foi desenvolvido usando três 

tipos diferentes de transdutores 𝐶𝑞, sendo um baseado em SAM de peptídeo eletroativo, outro 

incluindo a metodologia de amplificação de sinal usando uma sonda redox em solução, e o 

terceiro baseado numa monocamada de QD. Os QDs são semicondutores zero dimensionais 

com propriedades quânticas cuja densidade de estados pode ser acessada por medidas de ECS. 

Estudos recentes publicados pelo nosso grupo de pesquisa demonstrou que os QDs apresentam 

elevada sensibilidade à variações na sua superfície ou ambiente e podem ser usados como 

transdutores capacitivos onde sua densidade de estados é o sinal analítico. Assim, os três 
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transdutores 𝐶𝑞 usados para quantificar ptau-181 em amostras de soro humano comercial 

foram avaliados em termos de LOD e LOQ. O biossensor baseado na SAM de peptídeo 

eletroativo não apresentou variações significativas nos intervalos de concentrações analisados 

(1 − 64 𝑝𝑔 𝑚𝐿−1), enquanto que os transdutores com o sistema de amplificação de sinal e de 

QDs mostraram valores de LOD e LOQ na faixa de concentrações femtomolar, sendo que o 

transdutor com amplificação de sinal foi 25 vezes mais sensível que o transdutor baseado em 

QDs (𝐿𝑂𝐷𝑎𝑚𝑝𝑙𝑖𝑓 = 0.7 𝑓𝑀 e 𝐿𝑂𝐷𝑄𝐷 = 17.5 𝑓𝑀, respetivamente). Assim, esses transdutores 

mostraram bom potencial em aplicações que requerem altos níveis de sensibilidade.  

Em conclusão, neste trabalho foi demostrado o potencial da técnica de capacitância 

eletroquímica para o desenho de transdutores em biossensores POC. A versatilidade da técnica 

permite a aplicação em diferentes campos que requerem diferentes características analíticas. 

Ademais, o estudo fundamental dos transdutores usando a quantum rate theory permite a 

melhora constante dos biossensores já desenvolvidos e o desenho de novos transdutores ou 

reações eletroquímicas que trazem vantagens sobre os métodos “tradicionais”. Portanto, os 

objetivos propostos no início do projeto foram atingidos com sucesso e novos caminhos para 

futuras pesquisas foram iniciados.  
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1. Introduction 
The recent advances in biomedicine and technology have risen the popularization of molecular 

diagnosis which refers to the use of molecular techniques, such as polymerase chain reaction 

(PCR) or enzyme-linked immunosorbent assay (ELISA), to analyze biological markers (e.g., 

proteins, DNA or RNA). Due to the use of those high-sensitive and high-specific techniques, 

molecular diagnosis enables personalized, specific, and more rapid diagnosis than image-based 

diagnosis techniques, such as magnetic resonance imaging (MRI). PCR1 is a molecular technique 

used to detect the presence or absence of certain DNA/RNA sequences or nucleotides by the 

cyclical amplification of the region of interest by applying temperature cycles and using specific 

reagents, such as Taq polymerase and primers. In molecular diagnosis, PCR enables the diagnosis 

of genetic human diseases and infectious diseases by detecting genetic mutations or the 

genome of infectious agents, respectively. On the other hand, ELISA2 is used to analyze protein 

biomarkers. ELISA assay consists of the detection or quantification of proteins by their specific 

interaction with antibodies labeled with enzymes whose reaction with the specific substrate 

causes a colored product. Both PCR and ELISA have been improved over the years, appearing as 

variations of the initial assays which have opened a broader range of applications. Nonetheless, 

both techniques have limitations that complicate their access in developing countries or their 

application in the field, since both need costly and high-size equipment with a stable source of 

power, costly reagents, and additional steps, which turn them into time-consuming assays, and 

high-qualified personnel to run the assays. Point-of-care (POC or bedside testing) molecular 

diagnosis devices appear to overcome those limitations due to the facility to use handheld 

devices to medically examine a patient during a consultation where doctors and patients are no 

longer required to wait for lab results to make an appropriate diagnosis.  

POC molecular diagnosis devices have the potential to become the primary care tool to diagnosis 

diseases in which the detection time is crucial to initiate the treatment, as is the case in non-

communicable diseases (NCDs), and to avoid the spread of infection agents, as it is the case in 

infectious diseases, reducing the probability of outbreak and multiple deceases.3 The main 

characteristics of POC devices are simplicity, rapidity, and accessible prize to be applied on-site 

by qualified or unqualified personnel.3; 4 Such is the interest in POC devices that in early 2000 

the World Health Organization (WHO)5 established that the POC analytical devices should meet 

the quality-ASSURED to be used at all level in the health care system in developed and 

developing countries. ASSURED is the acronym of 6: 

- Affordable. Perhaps the main concern on molecular diagnostic devices. To be affordable 

involves being accessible in any country’s healthcare system, i.e., developed or developing.  

- Sensitive. The sensitivity of an analytical assay measures the probability of obtaining false 

negative results and it is related to the lower concentration of analyte that the assay can 

detect or quantify. Thus, the higher the sensitivity, the higher the power to detect lower 
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concentrations of the biomarkers and therefore, to achieve early diagnosis which is crucial 

in some diseases. 

- Specific. Together with sensitivity, the specificity of the assay is related to the accuracy of 

the device. Specificity measures the false positive results of the assay due to unspecific 

interaction with the biosensing interface (e.g., cross-reactivity, matrix effect). For some 

diseases whose treatment is not harmful, lower specificity could be tolerated whether the 

sensitivity of the assay is considerably high. 

- User-friendly. POC devices should be simple to handle by an unqualified end-user. The test 

should be performed with the lowest manipulation possible by the end-user to avoid false 

results. Moreover, the assay should have easy and well-explained instructions available. 

- Rapid and robust. Results should be delivered within 5 and 60 minutes after sample 

collection (and/or incubation on the biosensing interface) to avoid a returning clinical visit 

that could be challenging in some rural areas or developing countries. Moreover, the 

performance of the POC device should not be dependent on extreme shipping or storage 

conditions, such as temperature or humidity.  

- Equipment-free. The requirement of high-size equipment is one of the limitations of the 

application of the so-called gold standard analytical techniques (i.e., PCR and ELISA) in the 

field. Therefore, POC devices should be miniaturized or they should use easy-to-use, 

portable, or day-to-day devices, such as smartphones, to bring advantages over the 

traditional and well-established approaches.  

- Deliverable. Accessibility is one of the aims of POC devices. The delivery strategy of the POC 

devices should ensure the shipping to low and high resources areas.  

Since the establishment of the quality control characteristics, the advances in molecular 

diagnosis technology and approaches have led to the achievement of successful ASSURED 

devices. Nonetheless, challenges related to standardization and quality control for surveillance 

and sample collection and processing remained.6 Therefore, recently, the criteria were 

actualized to a new quality level referred to as REASSURED to obtain the next generation of POC 

devices. The additional letters to the acronym include real-time connectivity, ease of sample 

collection, and environmentally friendly: 

- Real-time connectivity. Global connectivity is now a reality due to the advances in 

technology. The development of artificial intelligence (AI) and the internet of things (IoT) 

has already simplified daily activities which could also bring advantages to the surveillance 

systems through the real-time connection of POC devices. By doing so, it would be possible 

to monitor continuously the device performance; detect faster assay errors; perform remote 

software actualization, and submit the results to an online database which would enable the 

corresponding surveillance system to have more accurate control of patients and the spread 

of infectious diseases. 

- Ease of sample collection and environmentally friendly. Simplification of molecular 

diagnostic assays includes simplifying the sample collection. For example, it could be a 
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handicap to the end-user whether the POC device would require intravenous punction to 

obtain a blood sample instead of a finger prick since it must be performed by qualified 

personnel. Therefore, the assay should be designed carefully. On the other hand, the use of 

environmentally friendly protocols is a recent concern worldwide. Developers should 

consider the environmental impact of the application of the assays over the years, such as 

the amount of plastic waste produced per assay or the use of contaminant reagents. In 

summary, simplicity is the key word of POC devices and their design should meet that. 

Ideal POC molecular diagnosis devices will be obtained, insofar, by achieving those 

characteristics6 and they will revolutionize the healthcare systems and diagnosis industry. 

POC molecular diagnosis devices are popularly known as biosensors which are constituted by 

three elements: receptor, transducer, and output system (Figure 1). The receptor is the molecule 

that interacts specifically with the analyte of interest from the sample (e.g., urine, saliva, blood, 

or serum). Antibodies, DNA/RNA sequences, enzymes, or proteins can be used as receptors. 

Those molecules are immobilized to the transducer surface which is perhaps the main element 

in a biosensor since it is responsible to convert the biological/chemical signal of the analyte-

receptor interaction into an electrical signal readable by the output system. Finally, the output 

system translates the electrical signal into a response understandable by the end-user (e.g., the 

protein is in the sample). The analyte in the sample can be directly (i.e., label-free) or indirectly 

(i.e., label-based) detected. In general, label-free offers advantages over label-based 

methodologies, since label-free designs detect the analyte-receptor interaction in only one step 

by the variation of an inherent property of the transducer, such as mass, temperature, or 

electrical resistance, while label-based strategies require additional steps to include additional 

labeled molecules, such as secondary antibodies labeled with enzymes, to detect or quantify the 

analyte via the label reaction, for example, products from the enzymatic reaction. Contrary to 

label-based methodologies, label-free, in general, are reagentless, that is, the assays included in 

the biosensing interface all of the necessary elements for the recognition which enables the 

autonomous and independent functionality of the assay without any treatment of the samples 

or additional steps. The requirement of additional steps and reagents increases considerably the 

duration of the assay and/or the necessity of complicated microfluidics systems to avoid end-

user manipulation. Therefore, label-free and reagentless methodologies are more appropriate 

for POC devices than label-based procedures, since, in general, they are simpler, faster, easier 

to use, and present a lower prize.7  
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Figure 1. Schematic representation of a biosensor. It includes the complex sample where the analyte of 

interest is present which interacts with the specific receptor immobilized on the transducer surface. The 

biological/chemical signal generated by the receptor/analyte interaction is detected by the transducer 

directly (label-free) or indirectly (label-based) and it is converted into a readable signal by an output 

system.  

Source: Author 

Biosensor transducers  
As aforementioned, transducers are the main element in a biosensor and so, they are usually 

used to classify them. According to the analytical signal applied, transducers are optical, 

piezoelectric, or electrochemical. Each transducer has advantages and limitations that will be 

discussed. The nature of the analytical signal of optical biosensors can be 𝑖) colorimetric, based 

on the color variation of the solution where analyte-receptor interaction occurs; 𝑖𝑖) 

fluorescence, based on the fluorescent emission at a certain wavelength via fluorescent probes 

or labels; 𝑖𝑖𝑖) luminescence, based on luminescent emission from labeled molecules3; or 𝑖𝑣) 

spectroscopic, based on variation in the evanescent field.8 Colorimetric, fluorescence and 

luminescent approaches require labelled molecules to provide the analytical signal and high-size 

costly equipment to readout. Therefore, their application as POC devices is challenging. On the 

other hand, spectroscopic-based optical biosensors are label-free approaches. The most 
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popularized technique is surface plasmon resonance (SPR). SPR detects in real-time the analyte-

receptor interaction via variation in the refractive index from a surface plasmon wave.8 Although 

functional in a wide range of applications9, efforts now are focused on improving the sensitivity 

and miniaturizing the equipment required. In this matter, alternatives to the traditional SPR 

have appeared, such as localized surface plasmon resonance (LSPR). Nonetheless, LSPR still 

struggles with the requirement of costly equipment and labeled reagents, such as gold 

nanoparticles (AuNP) or fluorescence probes.8 Likewise, piezoelectric transducers require costly 

and voluminous equipment that limit its application for the development of POC devices, despite 

their contribution in analytical chemistry analysis, such as it is the case of quartz crystal 

microbalance (QCM) for reaction kinetic studies.10 Consequently, POC optical or piezoelectric 

devices require further improvements to meet the REASSURED quality level. 

In contrast, electrochemical transducers have already proven their potential to be applied as 

POC molecular diagnosis devices, as it is demonstrated by the portable glucometers available in 

every drugstore that was first introduced in 1962 by Clark, et al.11; 12 Moreover, the 

miniaturization of the commercial potentiostat, such as the Palmsens potentiostats13; 14, has 

simplified the development of electrochemical POC assays. Electrochemical transducers convert 

the biochemical signal due to analyte-receptor interaction on an electrode surface into an 

electrical signal. The nature of the electrical signal can be potentiometric, amperometric, or 

impedimetric. Potentiometric transducers measure potential differences within two electrodes 

whilst maintaining zero current. Those are widely applied in the development of ion-selective 

electrodes, being pHmeter the most popular example.15 Commercial portable potentiometric 

biosensors, besides pHmeters, are now available to perform rapid blood tests on-site, such as 

some i-STAT cartridges from Abbott.16 Amperometric transducers measure current variation due 

to enzymatic catalysis17, such as glucose oxidase in glucometers, or redox reaction on the 

electrode, such as the traditional ferri/ferrocyanate redox pair. Amperometric transducers can 

be modified with specific receptors, opening a wider range of biological, environmental, or food 

industry applications with high-specificity18, compared to potentiometric assays. Nonetheless, 

amperometric techniques suffer from low sensitivity in comparison with impedimetric 

techniques, requiring, in some situations, label-based procedures. Impedimetric transducers 

measure complex immittance functions19, such as impedance or capacitance, of the interface 

which are not accessible by transient techniques (e.g., amperometry) by employing 

electrochemical impedance spectroscopy (EIS) measurements. EIS-based biosensors are vastly 

applied in situations where high sensitivity is required. Nonetheless, the interpretation and 

electric circuit fitting of the data is sometimes misunderstood, due to the theoretical background 

complexity.20 Impedance and capacitance-based transducers will be discussed in more detail in 

the following section. 

Impedimetric and capacitive electrochemical transducers 

Impedance or capacitance-based transducers use the electrochemical impedance spectroscopy 

(EIS) technique. EIS is an alternate current (AC) electrochemical technique that measures the 
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complex impedance (𝑍∗) by applying a sinusoidal voltage perturbation in a range of frequencies 

and measuring the current obtained.21 EIS measurements are performed with an electrode 

immersed in an electrolyte solution that contains or does not have a redox probe, i.e., faradaic 

or non-faradaic modes, respectively. Both modes can be used in biosensing; however, the 

features measured and the analytical signal employed is different in each one. Non-faradaic 

mode measures variation in the electrostatic charge of the electrode-electrolyte interface, 

commonly known as double-layer capacitance (𝐶𝑑𝑙), due to modifications in the electrode 

surface, such as analyte-receptor interaction. Generally, the electrical circuit that represents 

those systems is the resistance of the solution (𝑅𝑠) in series with 𝐶𝑑𝑙 and in parallel with the 

capacitance of the monolayer (𝐶𝑚) whether the electrode is modified.22 This non-faradaic EIS 

technique is mainly used for ion sensing.23; 24 On the other hand, the faradaic EIS mode requires 

a redox probe in the electrolyte solution to measure variations in the charge transfer resistance 

(𝑅𝑐𝑡) within the electrolyte and the electrode due to variations in the electrode surface. Usually, 

faradaic EIS systems are modeled by the Randles circuit which includes the 𝑅𝑐𝑡 and the Warburg 

element (𝑊), related to the diffusion of the redox probe in the electrolytic solution towards the 

electrode for the charge transfer to occurs (Figure 2), in parallel with 𝐶𝑑𝑙 and all of them in series 

with 𝑅𝑠.22 Alternatives to the original Randles circuit have appeared to better fit the variety of 

faradaic approaches that have been reported in the literature.20 Faradaic EIS with 

ferri/ferrocyanide redox pair in solution is the most common application of EIS in biosensing,20 

nonetheless, ferri/ferrocyanide and gold-based EIS biosensor requires carefully control to avoid 

data misinterpretation due to the destructive etching effect of the redox probe over the gold 

electrode that causes unspecific 𝑅𝑐𝑡 variation.22; 25 Moreover, since the principle of the analytical 

signal in faradaic EIS biosensor is physical (and/or chemical) hindrance to charge transfer, 

defective electrode modification could compromise the assay sensitivity and 

selectivity/specificity due to unmodified electrode regions.22; 26; 27 In general, the need of a redox 

probe in solution entails some limitations that hamper the release of commercial faradaic EIS, 

since, besides the aforementioned limitations, they would require complex microfluidic 

cartridges for reagent mixing to minimize the manipulation of the end-user. Alternative 

configurations to the traditional EIS, such as impedance-derived capacitance spectroscopy (for 

capacitance-based transducers), have appeared to overcome those limitations.  
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Figure 2. On the left, faradaic electrochemical impedance spectroscopy (EIS) with redox probe in solution, 
and on the right, impedance-derived capacitance spectroscopy (ECS) with confined redox switches on the 
electrode surface. 

Source: Author 

Impedance-derived capacitance spectroscopy is a technique derived from EIS measurements 

that measures the electrochemical capacitance (𝐶𝜇) of electroactive interfaces (i.e., electrodes 

modified with redox switches instead of being in the supporting electrolyte, such as in traditional 

EIS – Figure 2). 𝐶𝜇 is an intrinsic characteristic of those electroactive nanostructures with 

thickness < 5nm, related to the energy storage and density-of-states (DOS) of the interface. The 

use of nanoscale electroactive interfaces with quantized energy levels converts 𝐶𝜇 biosensors 

into reagentless quantum devices in which the variation in their quantum properties can be used 

as a high-sensitive analytical signal without additional redox probes in the solution.28 𝐶𝜇 

biosensors are theoretically supported by the quantum rate theory which describes a simplistic 

manner of accessing the quantum characteristics of nanostructures immobilised on an electrode 

and depicted their application in sensing.29; 30 The theoretical background is described in the 

following section. 

The theoretical background of the 𝐶𝜇 biosensors: Quantum rate theory 

The quantum rate theory has been recently described by our research group.29; 30; 31 It resolves 

the quantum dynamics of the electron transfer (ET) in diffusionless electrochemical reactions, 

such as one of the electroactive interfaces (i.e., an electrode with continuous energy levels and 

electroactive molecules with discrete energy levels). ET between the electrode and the 

quantized nanostructures depends on the charge transport and charge storage which is 

measured by the quantum conductance (𝐺) and 𝐶𝜇, respectively (Figure 2). Therefore, ET rate 

(𝑘), according to the quantum rate theory, is given by 

𝑘 =
𝐺

𝐶𝜇
= 𝐺0 ∑ 𝑇𝑛(𝜇, 𝐿)𝑁

𝑛=1 (
1

𝐶𝑒
+

1

𝐶𝑞
)      (1) 

wherein 𝐺0 = 𝑔𝑠𝑒2/ℎ ~ 77.5 𝜇𝑆 is the quantum of conductance (i.e., the maximum 𝐺 of an 

ideal quantum channel), ℎ is the Planck’s constant, 𝑔𝑠 is the degeneracy of the electron and 𝑒 is 

the electron charge; and ∑ 𝑇𝑛(𝜇, 𝐿)𝑁
𝑛=1  is the electron transmittance probability between two 

energy levels at a certain chemical potential (𝜇) through the 𝑁 quantum channels of length 𝐿. 

The simplest mode of 𝐺 is obtained by assuming perfect 𝑇𝑛(𝜇, 𝐿) of a single electron in a single 
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perfect channel, 𝑁 = 1, where the transmittance probability equals the unity and, 

consequently, 𝐺 = 𝐺0. Additionally, the reciprocal of 𝐺 corresponds with the quantum 

resistance (i.e., 1/𝐺 = 𝑅𝑞), commonly known as 𝑅𝑐𝑡. The quantum nature of the charge transfer 

resistance in diffusionless electrochemical reaction has been recently empirically and 

theoretically depicted by Sánchez et al.31 The second term of Eq. 1 corresponds to 𝐶𝜇 which is a 

consequence of the series combination of an electrostatic (𝐶𝑒) and quantum (𝐶𝑞) capacitances, 

such as 1/𝐶𝜇 = (1/𝐶𝑒) + (1/𝐶𝑞). 𝐶𝑒 arises from the charge separation (𝑙) due to the solvation 

of the electroactive switches, while 𝐶𝑞 emerges from the occupancy of the energy levels of the 

electroactive interface within the charge transfer with the electrode through the backbone of 

the electroactive molecule (𝐿). Noteworthy is the fact that 𝑙 ≪ 𝐿 in most of the quantum 𝐶𝜇 

interfaces; therefore, 𝐶𝑒 ≫ 𝐶𝑞, 1/𝐶𝑒 is close to zero and 𝐶𝜇~𝐶𝑞 (Figure 3). The definition of 𝐺 

and 𝐶𝜇 demonstrated the quantum nature of the ET in diffusionless electrochemical processes. 

Assuming the aforementioned approximations, i.e., 𝐺~𝐺0 and 𝐶𝜇~𝐶𝑞, Eq. 1 can be rearranged 

and simplified such as, 

𝑘 =
𝐺0

𝐶𝑞
= 𝑔𝑟𝑔𝑠

𝑒2

ℎ𝐶𝑞
= 𝑔𝑟𝑔𝑠

𝐸

ℎ
       (2) 

where 𝑔𝑟 is included as the degeneracy of the electrochemical reaction in the electroactive 

interface, owing to the two electrochemical states that the electroactive switch can assume, i.e., 

reduced/oxidized (Figure 3a) or hole/electron (Figure 3b). In Eq. 2, 𝐶𝑞 is the single variable that 

𝑘 is dependent and experimentally accessible by EIS measurements converted to capacitance.29; 

31 Thus, 𝐶𝑞 can be used as analytical signal in biosensing which, as aforementioned, is related to 

the energy storage, such as 𝐸 = 𝑒2/𝐶𝑞 32, and the DOS of the interface, 𝐶𝑞 = 𝑒2 ∙ (𝑑𝑁/𝑑𝜇) =

𝑒2 ∙ 𝐷𝑂𝑆. Moreover, the thermal broadening of the energy levels by statistical mechanics 

enables a more realistic definition of 𝐶𝑞 33, 

𝐶𝑞 =
𝑒2∙𝑁

𝑘𝐵𝑇
𝑓(1 − 𝑓)        (3) 

wherein 𝑘𝐵 is the Boltzmann’s constant; 𝑇 is the absolute temperature; 𝑁 is the ensemble of 

quantum channels contributing to the charge transfer. Each quantum channel constitutes a 

single 𝑟𝑞𝑐𝑞 microstate; and 𝑓 = 𝑛/𝑁 = (1 + 𝑒𝜇−𝐸𝑟/𝑘𝐵𝑇)−1 = (1 + 𝑒−𝑒𝑉/𝑘𝐵𝑇)−1 is the Fermi-

Dirac function that describes the occupation of the energy levels, where 𝐸𝑟  is the Fermi-level of 

the interface (or, in the case of redox films, the formal potential 𝐸𝑟 𝑒⁄  of the redox molecules 

ensemble). Note that −𝑒𝑉 = 𝜇 − 𝐸𝑟  and, therefore, at the Fermi-level, i.e., 𝜇 = 𝐸𝑟, 𝑓 = 1/2 

(which depicts that half of the levels are occupied and half unoccupied), 𝑓(1 − 𝑓) = 1/4 in Eq. 

3 and 𝐶𝑞 maximizes. 

Those statements demonstrate that 𝐶𝑞 biosensors operate in a purely quantum regime and by 

accessing ET in a much simplistic manner, a vast range of applications is possible, not only in 

biosensing by using as analytical signals 𝑘, 𝐺 or 𝐶𝜇, but in other research fields. The quantum 
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rate theory has been suitable for model redox SAMs29, mixed oxide films34, graphene35; 36; 37, and 

quantum dots (under preparation for publication). 

 

Figure 3. Schematic representation of the electrochemical capacitance (𝐶𝜇) of electroactive interfaces of 

a) a redox SAM and b) a semiconductor. In a), it is represented the charge transfer from/to the electrode 
to/from the electroactive molecules through the distance 𝐿 and the non-faradaic contribution due to the 
ionic solvation around the electroactive centers (𝑙); 𝑑𝑁/𝑑𝜇 is the density-of-state (DOS) of the 
electroactive interface and 𝐸𝑟/𝑒 is the formal potential of the electroactive interface at which half of the 
electroactive molecules are oxidized and half reduced. In b), it is represented the generation of holes (grey 
circles) and the occupation of electrons (white circles with a dash) due to the charge transfer within the 
HOMO-LUMO energy levels. Again, it is generated charge separation due to the (de)occupation of the 
energy levels (𝐿), related to 𝐶𝑞 and the solvation of the charge carriers (𝑙), related to 𝐶𝑒. Note that in both 

situations 𝑙 ≪ 𝐿, demonstrating that 𝐶𝑒 ≫ 𝐶𝑞 and 𝐶𝜇~𝐶𝑞, as discussed in the main text. 

Source: Author 

Furthermore, the quantum rate theory comprised the equivalent electric circuit to fit the 

experimental data as additional theoretical background support (Figure 4). Two main branches 

are identified in the electrical circuit: the non-faradaic (blue in Figure 4a) and the faradaic branch 

(orange in Figure 4a). The non-faradaic branch comprises 𝐶𝑚, 𝑅𝑡 and 𝐶𝑡 related to the monolayer 

capacitance and the ionic relaxation, whilst the faradaic branch contains 𝑅𝑞 and 𝐶𝑞 related to 

the quantum ET. 𝑅𝑞 and 𝐶𝑞 are the average values of the 𝑟𝑞𝑐𝑞 microstates ensemble composed 

by each electroactive switch in the interface, as illustrated in Figure 4b. The electroactive 

interfaces are often characterized by cyclic voltammetry, CV (Figure 4c), which delimits the 

redox active window of the interface and enables the calculation of its Fermi-level (or formal 

potential), 𝐸𝑟/𝑒. The information provided by CV measurements is applied for impedance-

derived capacitance spectroscopy measurements to differentiate between the faradaic 𝐶𝑞 and 

non-faradaic 𝐶𝑁𝐹 contributions, measured at the 𝐸𝑟/𝑒 and 𝐸𝑜𝑢𝑡, i.e., outside the electroactive 

window, respectively (Figure 4d). 
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Figure 4. Data modeling and interpretation. a) Electric circuit for impedance-derived capacitance 
spectroscopy modeling which comprises a non-faradaic (blue) and faradaic branch (orange). 𝑅𝑞 and 𝐶𝑞 in 

the faradaic branch represents the average values of the RC microstates ensemble depicted in b). c) Cyclic 
voltammogram and d) capacitive Nyquist plot of an electroactive interface. In c), 𝐸𝐹/𝑒 is the Fermi-level 
of the interface (or formal potential), obtained as the arithmetical average of the oxidation and reduction 
potentials (i.e., (𝐸𝑜𝑥 + 𝐸𝑟𝑒𝑑)/2). In d), 𝐶𝑞 is the quantum capacitance measured at the 𝐸𝐹/𝑒 (orange), 

whilst 𝐶𝑁𝐹  is the non-faradaic capacitance measured outside the electroactive window, 𝐸𝑜𝑢𝑡 (blue). Both 
capacitive values are obtained from the semicircle values in the Nyquist plots. 

Source: Author 

𝐶𝑞 biosensors have been improved through the years to overcome the limitations observed in 

certain applications in terms of sensitivity, specificity, selectivity, or other analytical features by 

the incorporation of new electroactive materials for transducer development, such as 

graphene38; 39 or quantum dots (under preparation for publication), or by the incorporation of 

novel electrochemical reactions, such as the coupling of the electrochemical process of two 

redox switches with similar 𝐸𝐹/𝑒.40; 41 The later has demonstrated applications as an amplifier 

signal methodology in 𝐶𝑞 transducers. Several signal amplifier strategies coupled to 
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electrochemical transducers have been reported in the literature, as reviewed by Liu et al.42 In 

general, those strategies are based on the use of nanomaterials, enzyme catalysis, or isothermal 

nucleic acids amplification methodologies; nonetheless, they require additional steps or labeled 

reagents that increase the assay duration or the end-user manipulation (likewise label-based 

assays). Within those amplification methodologies, none of them has been described for 𝐶𝑞 

transducers. In this project, it was proven a novel label-free amplification strategy without 

additional steps for 𝐶𝑞 biosensors, patented by our research group.40 It will be described in the 

results section.  

As was discussed in this section, the mechanisms involved in 𝐶𝑞 transducers are acutely depicted 

and understood by the quantum rate theory. This knowledge enables the application of 𝐶𝑞 

transducers in biosensing with higher efficiency, the improvement of their analytical 

performance, and the continuous discovery and study of new types of 𝐶𝑞 transducers and 

applications.  

𝐶𝑞 biosensors applications: Qualitative and quantitative assays 

Capacitive biosensors have been applied for the detection or quantification of several analytes28 

which includes analytes from infective agents (e.g. Dengue virus) and human proteins related to 

non-communicable diseases (NCDs, e.g. Alzheimer’s disease). Each application requires 

different sensing characteristics, for example, in the case of the diagnosis of viral infections just 

the detection of the viral protein is necessary for diagnostic (qualitative assays), while in the 

case of NCDs, the concentration of the analyte is the biomarker of the disease and thus, it 

requires more complex quantitative assays. In any case, 𝐶𝑞 biosensors could bring advantages 

to traditional diagnosis techniques. 

Viral infections are a health threat worldwide from their emergence until the design of a vaccine 

or an effective drug discovery. Throughout that period, disease-spread control is necessary and, 

as discussed previously, biosensors become one of the most important tool. For example, the 

emergence of the novel SARS-CoV-2 (severe acute respiratory syndrome 2), responsible of 

Covid-19 pandemic, at the end of 2019 evidenced this need.  
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Figure 5. SARS-CoV-2 virion structure and possible targets for biosensor development. S: Spike protein; N: 
Nucleocapsid protein; M: Membrane glycoprotein; IgM: Immunoglobulin M; IgG: Immunoglobulin G; RNA: 
viral genome; E: Envelope protein. Adapted from reference Morales-Narváez and Dincer.43 

Source: Author 

SARS-CoV-2 is the novel circulating member of the family Coronaviridae that rapidly spread 

worldwide and became a global health threat. Since the first case, 610 million cases and 6.5 

million deaths have been registered as of September 21st, 2022, according to the World Health 

Organization.44 The shape of the SARS-CoV-2 virion particles are spherical with spike projections 

(Figure 5). From the most external to the internal layer, the virion is composed mainly of four 

structural proteins: spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins; and 

a positive sense RNA sequence (+ssRNA). Human cell infections are achieved by the S protein 

interaction with the human receptor angiotensin-converting enzyme 2 (ACE2).45 rRT-PCR 

(reverse real-time PCR) is the gold-standard molecular technique to diagnose SARS-CoV-2 

infection by detecting the viral RNA. Nonetheless, besides the already described limitations 

associated with the technique, the situation was aggravated by reagent shortage. Therefore, 

efforts were addressed to biosensor development. Biosensors can be designed by targeting: 

𝑖) The viral genome, such as the graphene-based electrochemical assay proposed by Alafeef et 

al.46 which used gold nanoparticles (AuNP) modified with DNA sequences complementary to the 

N-gene whose interaction with the virus RNA causes a variation in the electrode voltage; the 

electrochemical assay based on isothermal rolling circle amplification proposed by Chaibun et 

al.47 which used complementary probes to the product resulting from the amplification step with 

redox labels, increasing the current with the presence of the virus; or the amplifier-free 

electrochemical biosensor from Kashefi-Kheyrabadi et al.48 which used a similar approach as 

Chaibun et al.47 with complementary probes with redox labels, but avoiding the amplification 

step. Those approaches aimed to substitute and overcome the limitations associated with rRT-

PCR assays. Nonetheless, they still require sample pre-treatment for RNA purification which 

could compromise the results and increase the duration of the assay. 
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𝑖𝑖) The human immunoglobulins, IgG and IgM, are produced by the immune system against the 

viral proteins, such as Elledge et al.49 which described a luminescent assay to detect anti-SARS-

CoV-2 antibodies by using nanoluciferase fragments linked to viral protein fragments. Those 

fragments interact with the antibodies in the samples and by doing so, the nanoluciferase 

fragments are close enough to interact with each other, reconstituting the nanoluciferase 

enzyme with luminescence activity; or the electrochemical graphene-based multiplexed assay 

proposed by Torrente-Rodríguez et al.50 which measured current variations after the antibody 

interaction with the target immobilized on the electrode surface by using redox probe in the 

supporting electrolyte. Serological assays enable the detection of the immune response after 

the viral infection or the vaccine application. Nonetheless, they are not a feasible option for the 

early diagnosis, since IgG and IgM are produced 7 days after the infection. 

𝑖𝑖𝑖) The viral proteins, such as S or N proteins, are the main alternative to rRT-PCR, since their 

detection enables the direct and rapid diagnosis of SARS-CoV-2 infection.43 Several assays have 

been reported in the literature to detect S and/or N protein, such as the microfluidic magneto 

electrochemical assay from Li and Lillehoj.51 The assay used magnetic nanoparticles (MNP) 

modified with an antibody anti-N protein used to pre-concentrate the sample before its 

incubation with an electrode modified with a secondary antibody anti-N. The presence of the 

complex MNP-Ab1-N protein-Ab2 in the electrode was measured by current variation. Likewise, 

Nascimento et al.52 used MNP for the detection of the S protein in saliva samples. Although they 

achieved high sensitivity (50 pg mL-1 in Li and Lillehoj51 and 0.35 ag mL-1 in Nascimento et al.52), 

the detection of the analyte was not direct, since it required previous enrichment steps that 

delayed the result released. On the other hand, Nguyen et al.53, Raziq et al.54, Seo et al.55, and 

Yousefi, et al.56 used direct approaches to detect the analytes based on phononic, 

electrochemical molecular imprinted polymer (MIP), field effect transistor (FET) and 

electrochemical with tethered redox probe devices, respectively (Table 1). So far, no capacitive 

biosensor for the detection of SARS-CoV-2 has been described. Nonetheless, electrochemical 

capacitance would enable the development of a high-sensitive, robust, and direct POC device 

with low-cost reagents and equipment that compete with the already described devices. 
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Table 1. Examples of SARS-CoV-2 direct detection devices. 

Transducer Receptor/target 
Biosensing 
interface 

LOD Reference 

FET 
Ab anti-S / S 
protein or virion 

Graphene-
PBASE-Ab 

100 fg mL-1  
(in CTM) 
242 copies mL-1 
(in clinical 
samples) 

55 

Chronoamperometry 
Ab anti-S / S 
protein or virion 

Redox DNA 
linker-Ab 

4∙103 virions mL-1 56 

DPV N-protein MIP 
MIP-redox probe 
in solution 

15 fM 54 

Phononic 
Ab anti-S / S 
protein or virion 

Graphene-
PBASE-Ab 

1 fg mL-1 (in PBS) 
3.75 fg mL-1 (in 
saliva) 

53 

Electromechanical 
FET 

Aptamer probe / 
SARS-CoV-2 RNA 

Graphene-
tetrahedral 
dsDNA base-
flexible ssDNA-
aptamer probe 

~0.02 copies L-

1 
57 

EIS 
Aptamer / S 
protein or virion 

Au-aptamer-
redox probe in 
solution 

- 58 

LOD: Limit of detection. FET: Field-effect transistor. PBASE: 1-pyrenebutyric acid N-hydroxysuccinimide 

ester. CTM: Clinical transport medium. DPV: Differential pulse voltammetry. MIP: Molecular imprinted 

polymer. EIS: Electrochemical impedance spectroscopy. 

Dengue virus is another example of an infectious disease that requires rapid and specific 

diagnosis, since, so far, there is no vaccine. Dengue virus is an RNA Flavivirus member of the 

family Flaviviridae. It is an arbovirus transmitted by the bite of infected female mosquitoes 

which causes a huge number of cases throughout countries in the Americas, especially in Brazil 

where it was registered 975 thousand cases in 2021, according to the Pan American Health 

organization.59; 60 Moreover, several serotypes of Dengue virus have been described and re-

infection could increase the severity of the disease to dengue haemorrhagic fever. Therefore, 

the rapid diagnosis of Dengue virus infection could monitor the progression of the disease and 

decrease the number of deceases. 

The Dengue virion consists of a spherical particle composed of structural proteins from the 

envelop (E) and membrane (M) embedded in a lipidic bilayer. Inside the envelope, it is placed 

the nucleocapsid composed of capsid proteins (C) and the RNA genome (Figure 6). Besides the 

structural proteins, the RNA genome codifies non-structural (NS) proteins that are involved in 

the virus replication and virion assembly.61 
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Figure 6. Dengue virion particle. E: Envelope protein (in orange); C: Capsid protein; M: Membrane protein 
(in blue); RNA: viral genome. Adapted from references 61 and 62. 

Source: Author 

The gold standard molecular techniques to diagnose the infection are rRT-PCR to detect the viral 

genome and ELISA to detect the viral protein NS1 or the immunoglobulins IgG and IgM.63 Again, 

due to the limitations aforementioned associated with PCR and ELISA, electrochemical POC 

devices are being developed with similar molecular targets (i.e., RNA and NS1 protein), as 

reviewed by Anusha, et al.64 and Nicolini, et al.65 Some of the assays developed are summarized 

in Table 2. Moreover, electrochemical capacitance has been used to develop a qualitative 

biosensor for the detection of NS1 in serum samples with high specificity by using a redox-

peptide self-assembled monolayer and antibody anti-NS1 as a molecular receptor.66 

Nonetheless, the device was not miniaturized for application in the field and it needed 

improvements, such as using miniaturized gold microfabricated electrodes and lower limit of 

detection (LOD) in neat serum samples. 
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Table 2. Examples of electrochemical biosensors for Dengue virus detection. 

Transducer Receptor/target 
Biosensing 
interface 

LOD Reference 

EIS Ab anti-NS1 / NS1 

Au-MUA/6-MH 
SAM-Ab and 
redox probe in 
solution 

30 ng mL-1 67 

ECS Ab anti-NS1 / NS1 Au-11-Fc/16-
MHA SAM-Ab 

0.05 ng mL-1 68 

Amperometry Ab anti-NS1 / NS1 
GCE-MWCNT-
PAH-Ab and HRP 
labeled Ab 

0.035 µg mL-1 69 

Cyclic 
voltammetry DNA probe / 

DENV RNA 

FTO-ZnO/Pt-Pd 
nanocomposites-
DNA probe and 
methylene blue 

4.310-5 M 70 
DPV 

EIS 
DENV2 NS1 / Ab 
anti-DENV2 

GCE-MWCNT-
polypyrrole 
amide linker-
DENV2 NS1 and 
redox probe in 
solution 

10-12 g mL-1 71 

DPV 
DENV3 DNA 
probe / DENV3 
RNA 

PGE-DENV3 DNA 
probe 

3.09 nM 72 

ECS 
Ab anti-IgG / IgG Au-11-Fc/PEG 

thiol SAM 

231 pg mL-1 
73 

Ab anti-NS1 / NS1 340 pg mL-1 

MUA: 11-mercaptoundecanoic acid. 6-MH: 6-mercaptohexanol. ECS: Electrochemical capacitance 

spectroscopy. 11-Fc: 11-ferrocenyl-undecanethiol. 16-MHA: 16-mercaptohexadecanoic acid. GCE: Glassy 

carbon electrode. MWCNT: Multi-walled carbon nanotubes. PAH: poly(allylamine). DENV: Dengue virus. 

FTO: Fluorine-doped tin oxide. DENV2: Dengue virus serotype 2. DENV3: Dengue virus serotype 3. PGE: 

Pencil graphite electrode. PEG: Polyethylene glycol thiol. 

As aforementioned, 𝐶𝜇 transducers are also adequate for the quantification of analytes in 

complex samples, being a high-sensitive tool for the early diagnosis of NCDs whose biomarkers 

are concentration-dependent, such as Alzheimer’s disease (AD). 

AD is a neurodegenerative type of dementia (represents 60-70% of the overall cases74) that 

causes cognitive deterioration. Although AD is a complex disease with a complex aetiology, two 

main molecular events characterized it: 𝑖) the deposition and accumulation of amyloid 𝛽 plaques 

due to the misprocessing of the amyloid 𝛽 precursor protein; and 𝑖𝑖) the formation of tau 

neurofibrillary tangles (Figure 7). Both events contribute to neuroinflammation and neuron and 

synapsis degeneration.75 
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Figure 7. Schematic representation of the formation of 𝐴𝛽 plaques and tau neurofibrillary tangles 
responsible for neuroinflammation and neuron degeneration in Alzheimer’s disease. Adapted from 76.  

Source: Abcam plc. 

AD diagnosis is based on cognitive tests, image techniques, and the concentration of tau and 

amyloid 𝛽 proteins in cerebrospinal fluid (CSF).77 Regarding treatment against AD, there are 

symptomatic treatments available, such as the one based on acetylcholinesterase inhibitors to 

slow down cognitive deterioration,78 and treatments to reduce the accumulation of Aβ plaques, 

such as it is the case of the monoclonal antibodies anti-Aβ aducanumab, approved in 2021, and 

lecanemab, which still requires further analysis, but it has appeared as the most promising 

alternative.79 Many research groups worldwide are still focused on developing a successful 

treatment; nonetheless, because the causes of AD are unknown and the difficulties associated 

with an early diagnosis at which the neural damage is not critical yet, that is not an easy 

achievement.75 Therefore, the discovery of new biomarkers related to the early stages of the 

disease and the development of high-sensitive analytical approaches to monitor those 

biomarkers could contribute to the discovery and evaluation of new treatments.   

As aforementioned, tau and amyloid 𝛽 proteins are already accepted biomarkers in CSF, as 

reviewed by Huynh et al.80 and Molinuevo et al.75 Nonetheless, the use CSF biomarkers 
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complicate the periodic control of the proteins and thus, the early diagnosis, since invasive 

methodologies are required to collect the sample. For that reason, the use of biomarkers in the 

blood is preferred, although the biomarkers are in a lower concentration. Similar AD CSF 

biomarkers are found in blood, such as the Aβ-42/Aβ-40 rate and tau isoforms. Specifically, from 

the latter group, ptau-181 (phosphorylated tau 181) has been recently analyzed as a potential 

premature biomarker.81 Moreover, other types of proteins have been described as candidates 

to compose a panel of AD biomarkers to facilitate the early AD diagnosis, such as the protein 

ADAM10 (a disintegrin and metalloproteinase 10).82 

On the other hand, ADAM10 is a ~55-65 kDa 𝛼-secretase involved in the cleavage of the amyloid 

𝛽 precursor protein into a soluble fragment (i.e., not involved in neurodegeneration).83 Colciaghi 

et al.84 reported a difference in the ADAM10 concentration in platelets between healthy 

individuals and early-stage AD patients which was also observed in blood serum by Vatanabe et 

al.85 and Oliveira et al.86 Moreover, Oliveira et al.86 developed the first analytical device for the 

quantification of ADAM10 in serum samples. The amperometric device was composed of 

graphite electrodes modified with PDDA (poly-(diallyldimethylammonium chloride), AuNP and 

antibody anti-ADAM10. Magnetic nanoparticles (MNP) modified with a secondary antibody anti-

ADAM10 were used for the detection (or quantification) of the analyte. Nonetheless, the device 

was label-based, so it also had time and cost limitations as well as the ptau-181 quantification 

methodology described by Karikari et al.87 Electrochemical capacitance can be applied for the 

label-free quantification of ADAM10 in patient samples with high-sensitivity. 

Tau protein is a microtubule-associated protein, predominantly expressed in neurons. Their 

phosphorylation reduces the affinity for microtubules and promotes aggregation and the 

formation of the neurofibrillary tangles. Several phosphorylation patterns have been studied for 

potential AD biomarkers in blood, as is the case of tau protein phosphorylated at the 181 

reside.81; 87 Tatebe et al.81 depicted for the first time that ptau-181 was significantly increased in 

patients with AD in blood. Likewise, Karikari et al.87 reported an increase by using a label-based 

methodology to quantify the ptau-181concentration in AD patients, patients with mild cognitive 

impairment (MCI), and healthy individuals. Although they depicted a high-sensitive 

methodology, it was label-based, so it had limitations associated with the number of steps, 

reagents, and assay duration. High sensitivity can be achieved with label-free techniques and 

direct detection methodologies, such as electrochemical capacitance.  

According to the information discussed, in this Ph.D. project we proposed the use of 

electrochemical capacitance transducers to develop novel biosensing assays for the diagnosis of 

relevant diseases: SARS-CoV-2 infection by the detection of spike protein (SP) and nucleocapsid 

protein (NP) in nasopharyngeal/oropharyngeal samples; Dengue virus infection by the 

quantification of NS1 protein in serum samples; and to diagnose AD and to evaluate the effects 

of the treatments by the quantification of ptau-181 and ADAM10 proteins in human serum 

samples.  
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5. Conclusion 

In this doctoral thesis, it was proposed the application of electrochemical capacitance 

transducers as a high-sensitive, easy-to-use and a miniaturizeble tool for the premature or rapid 

diagnostic of relevant infectious or non-communicable diseases as an alternative or a 

complementary screening tool to time-consuming, and complex analytical techniques. As an 

proof of concept, 𝐶𝑞 assays were developed for the detection of SARS-CoV-2 infection, the 

detection and quantification of Dengue virus infection and the quantification of the AD serum 

biomarkers ADAM10 and p-tau181, by using well-established 𝐶𝑞 transducers, such as the redox-

peptide SAM; analytical-improved 𝐶𝑞 transducers, such as the redox-peptide SAM coupled with 

the amplifier signal methodology; or new 𝐶𝑞 transducers applied for the first time in this Ph.D. 

project, such as the single-layer graphene (SLG) and the CdTe quantum dot (CdTe QD) based 

transducers. The conclusions achieved from those assays were: 

i. SLG is an atom-thick molecular layer ultrasensitive to variations in the ionic composition 

of the medium. The ultrasensitiveness compromises the application of SLG in 

biosensing, because it causes low-specific and random variation. Nonetheless, here, it 

was demonstrated that the proper modification of the SLG electrodes enabled to control 

it and to develop of sensitive and specific qualitative biosensors, as demonstrated in the 

SARS-CoV-2 assay proof-of-concept.  

ii. The electrochemical reaction of 𝐶𝑞 transducers operate in a pure quantum diffusionless 

regime. Here, it was demonstrated that the electron transfer efficiency of this reaction 

in the redox-peptide SAM was improved by coupling the electrochemical mechanism of 

the redox-active peptide confined on the electrode with that of a redox probe in solution 

which induced a 1000-fold improvement in the sensitivity of biosensing assays, as it was 

observed in the NS1 Dengue virus and p-tau181 assays. This discovery has brought a 

new level of applications of 𝐶𝑞 biosensors that require very low sensitivity.  

iii. Redox-peptide SAM is a well-established 𝐶𝑞 transducer, used as a standard for the 

development of new analytical assays. In this Ph.D project for the first time, it was 

applied for the label-free quantification of ADAM10 in serum samples from healthy 

individuals and patients with different stages of Alzheimer’s disease (AD), 

demonstrating high accuracy and selectivity due to the high correlation with the 

concentrations values obtained by the gold-standard analytical technique ELISA.  

iv. QDs are zero-dimensional semi-conductors with quantum characteristics and, 

therefore, with potential as 𝐶𝑞 transducers. CdTe QD-based 𝐶𝑞 transducer was 

successfully applied for the quantification of the AD biomarker p-tau181 in commercial 

serum samples with high sensitivity (23 fM). Together with the redox-peptide SAM 

coupled with the amplifier signal methodology, CdTe QD-based 𝐶𝑞 transducer was the 

most sensitive 𝐶𝑞 transducer improving considerably the analytical features of the 

redox-peptide SAM (standard). Therefore, it was demonstrated in this Ph.D project that 
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QD-based 𝐶𝑞 transducers were suitable for the development of quantitative biosensing 

assays with high sensitivity and selectivity.  

v. The quantum rate theory describes diffusionless charge transfer mechanisms involved 

in biological systems. This comprehension of the highly efficient biological processes 

enables us to develop 𝐶𝑞 transducers characterized by their high-efficient electron 

transfer rate and analytical features by mimicking the biological reactions. Therefore, 

the quantum rate theory established the fundamentals of the 𝐶𝑞 transducers and serves 

as an analytical tool to measure their potential and to provide the know-how for 

improving the already developed transducers or for the discovery of new 

nanostructures or electrochemical reactions that will constitute potential new 𝐶𝑞 

transducers. 

The advantages and limitations of the 𝐶𝑞 transducers applied in this Ph.D. project are compiled 

in Table 9 for better comprehension of the analytical contributions. 

As a final remark, this doctoral thesis demonstrated the potential of the electrochemical 

capacitance technique for the development of transducers for POC devices. The versatility of 

the technique enables a vast range of applications which diverse analytical features 

requirements. Noteworthy that the results presented here have derived in two patent 

applications. Accordingly, the objectives proposed at the beginning of this project were 

successfully achieved and new prospects for future research have been created. 
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Table 9. Summary of the advantages and the limitations of the 𝐶𝑞 transducers analysed in this Ph.D 

project.  

𝑪𝒒 transducer Advantages Limitations 

rPep SAM 

Well-studied 

Non-fouling  

High-reproducibility 

Sensitivity in the ng per mL 
range 

Label-free 

Reagentless 

Suitable for qualitative or 
quantitative assays 

Requires high-quality 
electrode surfaces for self-
assembling. 

Low stability in extreme 
temperature or long-term 
storage conditions (organic 
molecules). 

Hard to synthetise 

rPep SAM with amplifier 
signal 

Sensitivity in the picograms 
per mL range. 

Label-free. 

Suitable for qualitative or 
quantitative assays 

Requires perfect coupling 
within the redox components. 

No reagentless. 

Requires high-quality 
electrode surfaces for self-
assembling. 

Low stability in extreme 
temperature or long-term 
storage conditions (organic 
molecules). 

Hard to synthetise 

SLG graphene 

High-sensitivity. 

High-specificity (when properly 
modified). 

Easy-to-produce.  

Easy-to-handle. 

Label-free 

Reagentless 

Suitable for qualitative assays 

Not suitable for quantitative 
assays. 

Ultrasensitive to variations in 
the ionic environment. 

Modifications are highly 
dependent on the initial state 
of the SLG electrode. 

Inorganic quantum dots 

Sensitivity in the femtomolar 
range. 

High stability in extreme 
temperatures or long-term 
storage conditions (inorganic 
molecules). 

Label-free 

Reagentless 

Suitable for qualitative or 
quantitative assays 

Time-consuming protocol for 
the formation of the 
biosensing interface. 

 

.  
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