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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 (Cu) of those electroactive
nanostructures. C, is an intrinsic characteristic of those electroactive nanostructures with
thickness < 5nm, related to the energy storage and density-of-states (DOS) of the interface. C,,
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/CM, where k is the electron transfer rate and G is the
guantum conductance which measures the charge transport within the electrode and the

electroactive interface. This theory demonstrated that in an ideal electron transfer situation,




G = Gy, where Gy = gse?/h~77.5uS is the quantum of conductance. Moreover, it
demonstrated that C,, is a consequence of the series combination of an electrostatic (C,) and
quantum (C,) capacitances, such as 1/C, = (1/C,) + (1/C,), where C, arises from the charge
separation (l) due to the solvation of the electroactive switches and C, 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 C, interfaces, | < L, so
Ce » Cq, 1/C, is close to zero and C,~C,. According to those approximations, k = G,/Cg,
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 €, 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, C, 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 C, transducer which enable the
determination of the association constant (K,), limit-of-detection (LOD), limit-of-quantification
(LOQ). Both assays demonstrated similar K, 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 C,




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




Resumo expandido

Os recentes avancos em medicina e tecnologia tem aumentado o uso das técnicas de diagndstico
molecular para a andlises de marcadores bioldgicos (proteinas, DNA ou RNA), como as técnicas
de reacdo em cadeia da polimerase (PCR, do inglés polymerase chain reaction) e o ensaio de
proteinas imuno absorvidas marcadas com enzimas (ELISA, do inglés enzyme-linked
immunosorbent assay). Estas técnicas apresentam elevada sensibilidade e especificidade que
permitem um diagndstico personalizado mais rapido, sensivel e confidvel do que técnicas de
imagem como a ressondncia magnética (MRI). Apesar das vantagens analiticas das duas
técnicas, elas apresentam limitagdes que dificultam o seu acesso em paises em desenvolvimento
e a sua aplicacdo fora de laboratdrios devido ao fato de que precisam de equipamentos de
elevado preco e tamanho, reagentes caros e requerem de multiplas etapas até o resultado do
ensaio. Assim, PCR e ELISA sdo técnicas demoradas e que precisam ser aplicadas por pessoal
qualificado em espacgos dedicados a ensaios clinicos. Os dispositivos de point-of-care (POC) tem
aparecido como uma alternativa para superar as limitagcdes das técnicas tradicionais devido a
facilidade de uso e rapidez nos resultados. Dispositivos POC tem o potencial de serem a primeira
ferramenta no diagndstico de doencas ndo transmissiveis (NCDs em inglés) e de doengas
infecciosas, diminuindo a probabilidade de avanco descontrolado do agente infeccioso e de um
grande numero de 6bitos. O interesse pelo desenvolvimento de dispositivos POC levou a
Organiza¢do Mundial da Saude (OMS) a estabelecer os critérios de qualidade, analiticos e sociais
que os POCs precisavam cumprir para serem usados nos distintos niveis dos sistemas de saude
de paises em desenvolvimento e desenvolvidos, além de substituir as técnicas de diagndstico
tradicionais. Esses critérios foram nomeados como ASSURED, que se corresponde ao acrénimo
de affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free e deriverable.
Em 2019, o acrénimo foi atualizado para REASSURED, no qual foram incluidos real-time

connectivity, easy of sample collection and environmentally friendly.

POCs sdo comummente chamados de biossensores que estdo constituidos por trés elementos
principais: Receptor (molécula que interage especificamente com o analito na amostra);
Transdutor (que contém a molécula receptora na sua superficie e converte o sinal
bioldgico/quimico da interagdo entre as moléculas em um sinal elétrico); e o, Sistema de saida
(encarregado de traduzir esse sinal elétrico numa informacao entendivel pelo usuario, como por
exemplo, a quantidade de analito na amostra). A detec¢do ou quantificagdo do analito na
amostra pode ser feita de forma direta, por metodologias sem marcador (label-free), que
medem uma propriedade do transdutor sem adi¢cdo de reagentes (reagentless); ou de forma
indireta, usando moléculas adicionais marcadas que geram o sinal detectado pelo transdutor.
Esta ultima metodologia é chamada de Jabel-based e apresenta limitagbes frente as
metodologias label-free devido ao nimero de reagentes e de etapas adicionais necessarias para
obter o resultado, o que aumenta o preco e o tempo para a realizacdo do ensaio. Por isso, os

ensaios label-free sdo escolhidos para o desenvolvimento de biossensores rapidos e baratos.




Geralmente os biossensores sao classificados pelo tipo de transdutor que contém. Dentre os
diferentes tipos (i.e., piezoelétrico, 6tico), os biossensores eletroquimicos baseados na técnica
de espectroscopia de impedancia eletroquimica (EIS em inglés) apresentam vantagens devido a
capacidade de miniaturizacdo, portabilidade, elevada sensibilidade, simplicidade, baixo custo e
rapidez. Os transdutores de EIS medem varia¢des das fung¢bes de imitancia complexa, como
impedancia (Z*) ou capacitdncia (C*), devido a interacdo entre o receptor e o analito na
superficie de um eletrodo, os quais transformam essas variacdes em sinais elétricos. Apesar das
vantagens que apresentam, os estudos e ajustes dos dados com os circuitos elétricos que
representam cada biossensor sdo necessarios para a correta interpretacdo dos dados obtidos
nos biossensores que utilizam a técnica EIS. As medidas de EIS sdo feitas em um eletrodo imerso
em eletrdlito que contém ou ndo uma sonda redox (i.e., modo faradaico ou ndo faradaico,
respetivamente). Ambas as configuracdes podem ser usadas em biossensoriamento, sendo que
medidas de EIS ndo faradaico se modelam com a teoria da dupla camada elétrica e medem
variacoes na carga eletrostatica da superficie do eletrodo, tendo aplicagcdes em sensores idnicos.
Por outro lado, as medidas de EIS faradaica se modelam com o circuito de Randles e medem
variagOes na resisténcia de transferéncia de carga entre a sonda redox no eletrdlito de suporte
e a superficie do eletrodo. O uso de uma sonda redox no eletrélito de suporte pode dificultar a
aplicacao do biossensor como dispositivo POC. Para resolver essa limitacdo, a espectroscopia de
capacitancia derivada da impedancia (ECS em inglés) aparece como alternativa a EIS tradicional.
ECS € uma técnica derivada das medidas de EIS que mede a capacitancia eletroquimica (C,) em
transdutores eletroativos, que sdo transdutores que contém as sondas redox confinadas na
superficie do eletrodo, ao invés de em solugdo. C, € uma caracteristica intrinseca das
nanoestruturas eletroativas de espessura < 5 nm com estados de energia quantizados,
relacionada a sua densidade de estados (DOS em inglés). Diferentemente da EIS tradicional, ECS
é reagentless, pois ndo precisa de reagentes adicionais no eletrélito de suporte para realizar a
medida eletroquimica. A teoria da taxa quantica de transferéncia eletrénica (quantum rate
theory em inglés) descreve os fundamentos eletroquimicos das rea¢Ges ndo dependentes de
difusdo que ocorrem nos biossensores capacitivos baseados em ECS, onde um eletrodo com
niveis de energia continuos é modificado com moléculas eletroativas que apresentam niveis de
energia discretos. Nesta situagao, a transferéncia de elétrons entre a moléculas eletroativas e o
eletrodo depende do transporte e do armazenamento de carga que sdo medidos pela

condutancia quantica (G) e C,, respetivamente. Desta forma, a taxa de transferéncia de elétrons
(k) € descrita pela teoria como k = G/C, = Gy N T.(u L) (Ci + ci)’ onde Gy = gse?/
e q

h ~77.5 uS é o quantum de condutancia, ou seja, G maxima num canal quantico ideal, h é a
constante de Planck, g, é a degenerescéncia do elétron, e e é a carga do elétron; e Y N_; T,, (i, L)
é a probabilidade de transmitancia de um elétron entre dois niveis de energia a certo potencial
quimico (u) através de um canal quantico N de comprimento L. O modo mais simples de G é
assumir que T,, (4, L) de um unico elétron em um Unico canal quantico (N = 1) é perfeita. Assim,

T,.(u, L) = 1 e, consequentemente, G = G,. No caso de Cy, € obtida pela combinagdo em série

\"



das capacitancias eletrostaticas (C,) e quanticas (Cy), sendo 1/C, = (1/C,) + (1/Cy). C, esta
relacionada com a separacdo de cargas (I) na solvatacdo dos agrupamentos eletroativos na
superficie do eletrodo, enquanto que C, esta relacionada com a ocupagdo dos niveis de energia
dos agrupamentos eletroativos devido a transferéncia de elétrons entre eles e o eletrodo
através da estrutura das moléculas que os contém (L). Na maioria dos sistemas quanticos C,, ,
entende-se que | K L, assim C, > C,, e em consequéncia 1/C, e C;,~C,. Assim, as defini¢es
de G e (, demonstram que ambas tém uma natureza quantica e, por tanto, em processos
eletroquimicos ndo dependentes de difusdo, k também a tera, sendo definida por k = G,/C,
(assumindo as aproximagGes descritas). Como G, é uma constante, k depende Unicamente de
(4 e esta pode ser acessada experimentalmente por medidas de EIS convertida em capacitancia
(ECS). Como comentado anteriormente, C, esta relacionada com o armazenamento de energia
em estruturas eletroativas e na sua densidade de estados. Essas varidveis mudam quando
ocorrem variacoes nelas ou no ambiente proximo. Dessa forma, pode ser usada como sinal
analitico para o desenvolvimento de biossensores, como ja foi demostrado em biossensores
baseados em monocamadas automontadas (self-assembled monolayer, SAM, em inglés) com
agrupamentos redox, filmes de dxidos mistos, grafeno ou pontos quanticos (quantum dost, QD,

em inglés).

Devido a sensibilidade e simplicidade demonstrada pelos biossensores de C; e a necessidade de
novas técnicas analiticas para a deteccdo de doencas ndo transmissiveis e infecciosas de forma
rapida, precoce e de baixo custo, os objetivos propostos neste projeto foram o desenvolvimento
de biossensores para a deteccdo de infecgcbes causadas pelo virus da Dengue e o SARS-CoV-2; e
o diagndstico precoce da doenca de Alzheimer pela quantificacdo dos biomarcadores ADAM10
e ptau-181. Para atingir esses objetivos, foram usados novos transdutores e novos processos
eletroquimicos que melhoraram as caracteristicas analiticas (sensibilidade e especificidade) dos

biossensores Cq.

As infecgdes virais sdo uma ameaca para a salde em todos os paises do mundo, pois emergem
até o desenho de vacinas ou o descobrimento de algum medicamento efetivo. Durante o
periodo de emersdo, o controle da transmissdo do virus é essencial e pode ser feita através de
biossensores especificos e sensiveis. O exemplo mais recente dessa necessidade é a emergéncia
do novo coronavirus SARS-CoV-2 (severe acute respiratory syndrome 2 em inglés), responsavel
pela pandemia de Covid-19 que tem causado 610 milhGes de casos e 6.5 milhGes de dbitos até
o dia 21 de setembro de 2022, segundo a OMS. Neste projeto de pesquisa foi desenvolvido um
biossensor C, contendo, pela primeira vez, grafeno como transdutor quantico (o descobrimento
esta sob protecdo intelectual) para a deteccdo de duas proteinas virais, a proteina S (spike em
inglés) e a proteina N (nucleocapsid em inglés). A prova de conceito do novo transdutor foi
realizada em 13 amostras de nasofaringe/orofaringe de pessoas saudaveis e em 15 amostras de
pacientes que sofreram infeccdo pelo virus SARS-CoV-2. O novo biossensor quantico baseado

em uma Unica camada de grafeno (single layer graphene, SLG, em inglés), S/N-SLG, conseguiu
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diferenciar as amostras de virus positivas das negativas com uma especificidade do 77% e uma
sensibilidade do 80%, sendo maior do que as que apresentam os ensaios de antigenos rapidos

(geralmente baseados em técnicas de imunocromatografia).

O virus da Dengue é outro exemplo da necessidade de diagndstico rapido e precoce em
infec¢Bes virais que ainda ndao tem vacinas disponiveis. A transmissdo do virus através da picada
de mosquitos femininos Aedes aegypti ocasiona uma ameagca sanitdria cada ano. Segundo a
Organiza¢do Pan-Americana de saude (OPAS) ocorreram 975 mil casos no Brasil apenas em
2021. Além do alto numero de casos, o risco de sofrer dengue hemorrdgica faz com que o
diagnostico rapido para monitorar o avanco da doenga seja uma necessidade. C, ja 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 ndo
era miniaturizado para aplicagcdo POC. Por isso, neste trabalho foi desenvolvido um biossensor
guantitativo para deteccdo da proteina NS1 do virus da Dengue usando eletrodos de ouro
miniaturizados e uma nova metodologia de amplificacdo de sinal para transdutores capacitivos
(o descobrimento estd sob protecdo intelectual). Esta metodologia de amplificacdo de sinal
consistiu no acoplamento eletroquimico da densidade de estados de duas sondas redox no
sistema, sendo que uma se encontra em solucdo no eletrdlito de suporte e outra confinada na
superficie do eletrodo, o que permitiu aumentar em até 1000 vezes a sensibilidade do ensaio
em termos de minima concentracdo detectada (LOD em inglés) e minima concentracdo
quantificada (LOQ em inglés), que passou de ser LOD = 0.52ng mL 1 e LOQ = 1.75ng mL™!
aLOD = 0.67 pgmL~teLOQ = 2.23 pg mL™! quando a metodologia de amplificagdo de sinal
foi incluida. Assim, a deteccdo e quantificacdo com concentra¢des tdo baixas permitiria a

detecc¢do de doencgas infecciosas antes da apari¢ao dos sintomas e progressdo das doengas.

No caso de doengas ndo transmissiveis, transdutores de C, também podem ser usados para
desenvolver biossensores que quantifiquem biomarcadores especificos envolvidos nos eventos
bioquimicos da doenga. Esses transdutores podem ajudar no diagndstico precoce e agilizar a
aplicacdo dos tratamentos, como é o caso da doenca de Alzheimer (AD em inglés). AD é um tipo
de deméncia neurodegenerativa, causada pelo acimulo de placas de 8 amiloide e a formacgdo
de emaranhamento de proteina tau. Alguns tratamentos baseados no uso de anticorpos
monoclonais anti-f amiloide tem aparecido, como o caso do aducanumab e lecanemab, que
tem como objetivo diminuir a acumulagdo de placas de f amiloide. Além das pesquisas sobre
tratamentos que revertam os efeitos da doenca, ha esforgos em descobrir novos biomarcadores
em sangue ou soro que permitam a monitorizagdo continua deles e, assim, o diagndstico
precoce. Algumas proteinas ja foram reportadas na literatura por apresentarem concentragdes
diferentes em pessoas com diferentes niveis de AD e pessoas saudaveis, como as proteinas
ADAM10 e ptau-181. Na literatura ja foram reportados ensaios para a quantificacdo destas duas
proteinas, porém, utilizando estratégias label-based, as quais ndo sao apropriadas em aplicagdes
POC. Por isso, neste trabalho foram desenvolvidos biossensores label-free para a quantificagcdo

desses dois biomarcadores usando diferentes estratégias.

Vii



A proteina ADAM10 esta envolvida no processo de clivagem do precursor da f amiloide (APP)
em fragmentos solliveis que ndo geram neurodegeneragdo. Ela é sintetizada em forma de
precursor proADAM10 (~80 kDa), que gera uma proteina madura e ativa de ~65 kDa ou uma
isoforma soluvel e inativa de ~55 kDa. Esta isoforma foi reportada na literatura como
biomarcador em soro para a progressdo de AD, estando em maior concentracdao quanto maior
era o estdgio da doenca. Dependendo do anticorpo usado para detectar a proteina, pode ser
guantificada uma ou varias dessas isoformas. Neste trabalho, dois biossensores de ADAM10
foram desenvolvidos usando dois anticorpos diferentes, Abl que reconhece mais de uma
isoforma (ndo especificado pelo fabricante), e Ab2 que reconhece unicamente a isoforma
solivel. Ambos os biossensores foram obtidos usando como transdutor C, uma SAM de
peptideo eletroativo (i.e., contendo um agrupamento redox), na qual o anticorpo era
imobilizado covalentemente. Pela primeira vez um biossensor capacitivo foi usado para a
guantificacdo de uma proteina em amostra complexa e para o diagndstico de uma doenca nao
transmissivel. Os biossensores foram analisados obtendo a constante de afinidade (K,) do
anticorpo e analito, os valores de LOD e LOQ, e quantificando a proteina em amostras de soro
de pacientes com AD e de individuos saudaveis. O biossensor com o anticorpo Ab1l mostrou
elevada afinidade pela proteina ADAM10 (K, = (0.022 + 0.004) mL ng~!) e valores de LOD e
LOQ no intervalo de concentracdo necessario. Porém, esse biossensor mostrou maior
concentracdo de ADAM10 nas amostras de individuos saudaveis, contrariando as informacoes
reportadas na literatura e sugerindo a interacdo com varias isoformas. No caso do biossensor
com o Ab2, o valor de K, do sistema (K, = (0.03 & 0.008) mL ng~1) nio foi estatisticamente
diferente do biossensor com Ab1l. Porém, a concentragdo de ADAM10 obtida nas andlises das
amostras de soro de paciente usando o biossensor C; aumentou com a progressdo da doenga
como nos ensaios reportados na literatura. Ademais, a concentragao 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 proteina ptau-181 é a proteina tau fosforilada no residuo 181 que esta relacionada com a
agregacdo delas e a agrega¢do de emaranhados que geram neurodegeneracdo. E produzida
pelos neurdnios, entdo esta presente numa concentragdo elevada no liquido cefalorraquidiano
(liquor e CSF em inglés). Porém, a concentragdo em sangue é na faixa de picogramas por mililitro.
Por esse motivo, as técnicas de elevada sensibilidade sdo necessarias para a quantificacdo nas
amostras de soro. Assim, neste trabalho o biossensor de ptau-181 foi desenvolvido usando trés
tipos diferentes de transdutores Cj, sendo um baseado em SAM de peptideo eletroativo, outro
incluindo a metodologia de amplificagdao de sinal usando uma sonda redox em solucdo, e o
terceiro baseado numa monocamada de QD. Os QDs sao semicondutores zero dimensionais
com propriedades quanticas 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 a variagdes na sua superficie ou ambiente e podem ser usados como

transdutores capacitivos onde sua densidade de estados é o sinal analitico. Assim, os trés
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transdutores C,; 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 peptideo
eletroativo ndo apresentou variagdes significativas nos intervalos de concentragdes analisados
(1 — 64 pg mL™1), enquanto que os transdutores com o sistema de amplificagdo de sinal e de
QDs mostraram valores de LOD e LOQ na faixa de concentra¢cdes femtomolar, sendo que o
transdutor com amplificacdo de sinal foi 25 vezes mais sensivel que o transdutor baseado em
QDs (LODgmpiir = 0.7 fM e LODgp = 17.5 fM, respetivamente). Assim, esses transdutores

mostraram bom potencial em aplica¢Ges que requerem altos niveis de sensibilidade.

Em conclusdo, neste trabalho foi demostrado o potencial da técnica de capacitancia
eletroquimica para o desenho de transdutores em biossensores POC. A versatilidade da técnica
permite a aplicacdo em diferentes campos que requerem diferentes caracteristicas analiticas.
Ademais, o estudo fundamental dos transdutores usando a quantum rate theory permite a
melhora constante dos biossensores ja desenvolvidos e o desenho de novos transdutores ou
reacoes eletroquimicas que trazem vantagens sobre os métodos “tradicionais”. Portanto, os
objetivos propostos no inicio 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). PCR! 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, ELISA? 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.®> The main
characteristics of POC devices are simplicity, rapidity, and accessible prize to be applied on-site
by qualified or unqualified personnel.®* Such is the interest in POC devices that in early 2000
the World Health Organization (WHO)? 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 ©:

- 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.® 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 (Al) and the internet of things (loT)
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

characteristics® 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.’
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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 molecules?; or iv)
spectroscopic, based on variation in the evanescent field.® 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

27



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.® Although
functional in a wide range of applications®, 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.? 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.'® 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.!¥ 2 Moreover, the
miniaturization of the commercial potentiostat, such as the Palmsens potentiostats’® 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.’> Commercial portable potentiometric
biosensors, besides pHmeters, are now available to perform rapid blood tests on-site, such as
some i-STAT cartridges from Abbott.'® Amperometric transducers measure current variation due
to enzymatic catalysis’’, 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-specificity!®, 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 functions?®®, 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.?’ 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

28



complex impedance (Z*) by applying a sinusoidal voltage perturbation in a range of frequencies
and measuring the current obtained.? 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 (Cg4;), 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 (Ry) in series with C;; and in parallel with the
capacitance of the monolayer (C,,) whether the electrode is modified.?? This non-faradaic EIS
technique is mainly used for ion sensing.2® 2* On the other hand, the faradaic EIS mode requires
a redox probe in the electrolyte solution to measure variations in the charge transfer resistance
(R¢¢) 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 R.; 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 C4; and all of them in series
with Rg.?? Alternatives to the original Randles circuit have appeared to better fit the variety of
faradaic approaches that have been reported in the literature.?’ Faradaic EIS with
ferri/ferrocyanide redox pair in solution is the most common application of EIS in biosensing,?
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 R.; variation.?% %> 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.?% 2527 |n 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.

29



% Eleclr;g:e % %g} Electrolyte
&
o BT e ¥

-, Electroactive . & . Redox
SAM @7" @?’ SAM & _switch

& eH% ¢ 8 & & 8o 84818

Electrode Electrode

R

ot

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 (C,) of electroactive interfaces (i.e., electrodes
modified with redox switches instead of being in the supporting electrolyte, such as in traditional
EIS — Figure 2). C, 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 C,, 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.?® Cy
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.?> 3° The theoretical background is described in the

following section.

The theoretical background of the C, biosensors: Quantum rate theory

The quantum rate theory has been recently described by our research group.? 3%3! |t 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 C,, respectively (Figure 2). Therefore, ET rate

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

G 1 1
k=g =G Taul) (£ + ) (1
wherein G, = gse?/h ~ 77.5 uS is the quantum of conductance (i.e., the maximum G of an
ideal quantum channel), h is the Planck’s constant, g, is the degeneracy of the electron and e is
the electron charge; and Y:N_; T,,(u, L) is the electron transmittance probability between two
energy levels at a certain chemical potential (u) through the N quantum channels of length L.

The simplest mode of G is obtained by assuming perfect T, (u, 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 = G,. Additionally, the reciprocal of G corresponds with the quantum
resistance (i.e., 1/G = Rq), commonly known as R.;. The quantum nature of the charge transfer
resistance in diffusionless electrochemical reaction has been recently empirically and
theoretically depicted by Sdnchez et al.3! The second term of Eq. 1 corresponds to Cy which'is a
consequence of the series combination of an electrostatic (C,) and quantum (C,) capacitances,
suchas 1/C, = (1/C.) + (1/Cy). C, arises from the charge separation (l) due to the solvation
of the electroactive switches, while C, 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 in most of the quantum C,
interfaces; therefore, C, > Cq 1/C, is close to zero and C,~Cq (Figure 3). The definition of G
and C,, demonstrated the quantum nature of the ET in diffusionless electrochemical processes.
Assuming the aforementioned approximations, i.e., G~G, and C,~Cy, Eq. 1 can be rearranged

and simplified such as,

Go 2

— Go _ LA E
k=2, = 9rsie, = 9r9sh, (2)

where g, 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, C, is the single variable that
k is dependent and experimentally accessible by EIS measurements converted to capacitance.?
31 Thus, Cq can be used as analytical signal in biosensing which, as aforementioned, is related to
the energy storage, such as E = e?/C, *, and the DOS of the interface, C, = e? - (dN/du) =
e? - DOS. Moreover, the thermal broadening of the energy levels by statistical mechanics

enables a more realistic definition of C; **,

e

Cq=S3f=1) 3)

wherein kg is the Boltzmann’s constant; T is the absolute temperature; N is the ensemble of
guantum channels contributing to the charge transfer. Each quantum channel constitutes a
single 7,¢c, microstate; and f = n/N = (1 + et Er/keT)=1 = (1 4 ¢=¢V/k8T)~1 js the Fermi-
Dirac function that describes the occupation of the energy levels, where E, is the Fermi-level of
the interface (or, in the case of redox films, the formal potential E, /e of the redox molecules
ensemble). Note that —eV = u — E, and, therefore, at the Fermi-level, i.e.,, u = E,, f =1/2
(which depicts that half of the levels are occupied and half unoccupied), f(1 — f) = 1/4in Eq.

3 and Cq maximizes.

Those statements demonstrate that C, 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 C,, but in other research fields. The quantum
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rate theory has been suitable for model redox SAMs?, mixed oxide films34, graphene and

quantum dots (under preparation for publication).
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Figure 3. Schematic representation of the electrochemical capacitance (C,) 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/du is the density-of-state (DOS) of the
electroactive interface and E,./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 C, and the solvation of the charge carriers (l), related to C,. Note that in both
situations | « L, demonstrating that C, > Cq4 and C#~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 C,,, R; and C; related to the monolayer
capacitance and the ionic relaxation, whilst the faradaic branch contains R, and Cq related to
the quantum ET. R, and C, are the average values of the 7, ¢, 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), E,-/e. The information provided by CV measurements is applied for impedance-
derived capacitance spectroscopy measurements to differentiate between the faradaic C,; and
non-faradaic Cyp contributions, measured at the E,./e and E,,;, i.e., outside the electroactive

window, respectively (Figure 4d).

32



* Single RC
| microstate

Electrode

Electroactive interface
Electrode

T
1
1
[
1
1
1
1
1
1
1
1
1
1
1
1
‘¥
¥
1
1
1
1
1
1
1
1
1
1
1
1
1

= E./e
Potential (V)

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). R, and Cj 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), Ex/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 + Ereq)/2). In d), C, is the quantum capacitance measured at the Ep/e (orange),

whilst Cy is the non-faradaic capacitance measured outside the electroactive window, E,,, (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

3839 or quantum dots (under preparation for publication), or by the incorporation of

graphene
novel electrochemical reactions, such as the coupling of the electrochemical process of two
redox switches with similar Ez/e.*% ! The later has demonstrated applications as an amplifier

signal methodology in C, 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.*? 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 C,
transducers. In this project, it was proven a novel label-free amplification strategy without
additional steps for C; biosensors, patented by our research group.* It will be described in the

results section.

As was discussed in this section, the mechanisms involved in C, transducers are acutely depicted
and understood by the quantum rate theory. This knowledge enables the application of C,
transducers in biosensing with higher efficiency, the improvement of their analytical
performance, and the continuous discovery and study of new types of C; transducers and

applications.

Cq biosensors applications: Qualitative and quantitative assays
Capacitive biosensors have been applied for the detection or quantification of several analytes®

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-Narvéez and Dincer.*

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.* 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).*> 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.*® 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.*” 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.*® which used a similar approach as
Chaibun et al.*’ 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, 1gG and IgM, are produced by the immune system against the
viral proteins, such as Elledge et al.*® 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-Rodriguez et al.>® 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.*® 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.>! 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.>? used MNP for the detection of the S protein in saliva samples. Although they
achieved high sensitivity (50 pg mL? in Li and Lillehoj*! and 0.35 ag mL? in Nascimento et al.>?),
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.*3, Raziq et al.>*, Seo et al.*®, and
Yousefi, et al.*® 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.

Bi -
Transducer Receptor/target . losensing LOD Reference
interface
100 fg mL?
. (in CTM)
Ab anti-S / S Graphene- . 1 ss
FET protein or virion PBASE-Ab 2.42 coples.rr‘1L
(in clinical
samples)
Chronoamperometry Ab ?ntl_s . ./ > F.{edox DNA 4-10%virionsmL? ¢
protein or virion linker-Ab
DPV N-protein MIP MIP-redox probe ¢ 4 54
in solution
1fgmL?(in PB
Phononic Ab anti-S / 'S Graphene- 3 7g5mf r(TI1rI\_1 (?r)1 >3
protein or virion ~ PBASE-Ab /> T8
saliva)
Graphene-
h I
Electromechanical Aptamer probe / :cjeStDrEAedra base ~0.02 copies pL™ o,
- _ |
FET SARS-CoV-2 RNA flexible  ssDNA-
aptamer probe
Au-aptamer-
EIS AptarT\er ./. > redox probe in - 58
protein or virion .
solution

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.>® % 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.®?
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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 ! and ©2.

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.% 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.®* and Nicolini, et al.%> 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.®®
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.

38



Table 2. Examples of electrochemical biosensors for Dengue virus detection.

Bi -
Transducer Receptor/target ir::):;:f::‘g LOD Reference
Au-MUA/6-MH
EIS Abanti-Ns1/Ns1 CAMAR - and g, o e 7
redox probe in
solution
ECS Ab anti-NS1/Ns1 Au-11-Fc/16- 0.05 ng mL™ 6
MHA SAM-Ab
GCE-MWCNT-
Amperometry  Abanti-NS1/NS1 paH-Ab and HRP 0.035pugmL* *
labeled Ab
Cylct"c . FTO-ZnO/Pt-Pd
voltammetry DNA  probe / nanocomposites- 4 3.105 M 70
DPV DENV RNA DNA probe and
methylene blue
GCE-MWCNT-
polypyrrole
DENV2 NS1 / Ab amide linker- 1 4 7
EIS anti-DENV2 DENV2 Ns1 and 0 8Mt
redox probe in
solution
DENV3 DNA
DPV probe / DENV3 PSOEt;eDEN% DNA" 3 09 nm 72
RNA P
Ab anti-1gG / IgG Au-11-Fc/PEG 231 pg mL?
ECS hiol SAM "
Ab anti-NS1/Ns1  thi° 340 pg mL*

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, €, 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 cases’®) 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 8 plaques
due to the misprocessing of the amyloid § precursor protein; and ii) the formation of tau
neurofibrillary tangles (Figure 7). Both events contribute to neuroinflammation and neuron and

synapsis degeneration.”
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Figure 7. Schematic representation of the formation of Af 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 B proteins in cerebrospinal fluid (CSF).”” Regarding treatment against AD, there are
symptomatic treatments available, such as the one based on acetylcholinesterase inhibitors to
slow down cognitive deterioration,”® and treatments to reduce the accumulation of AB plaques,
such as it is the case of the monoclonal antibodies anti-AB aducanumab, approved in 2021, and
lecanemab, which still requires further analysis, but it has appeared as the most promising
alternative.” 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.” 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 8 proteins are already accepted biomarkers in CSF, as

reviewed by Huynh et al.®° and Molinuevo et al.”” 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 AB-42/AB-40 rate and tau isoforms. Specifically, from
the latter group, ptau-181 (phosphorylated tau 181) has been recently analyzed as a potential
premature biomarker.®8! 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).%2

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

).83

B precursor protein into a soluble fragment (i.e., not involved in neurodegeneration).?* Colciaghi

et al.®

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.% and Oliveira et al.® Moreover, Oliveira et al.?® 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.?” 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.8%®” Tatebe et al.®! depicted for the first time that ptau-181 was significantly increased in

1.8 reported an increase by using a label-based

patients with AD in blood. Likewise, Karikari et a
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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2. Objectives

The general objective of this Ph.D. project was to develop novel capacitive biosensors for the

rapid diagnosis of relevant diseases. This main objective was separated into several specific

objectives:

To develop a qualitative biosensor for the detection of SARS-CoV-2 infections with high
sensitivity and specificity by detecting the presence of the viral proteins Spike and

Nucleocapsid in nasopharyngeal/oropharyngeal patient samples.

To develop a miniaturized high-sensitivity quantitative biosensor for the diagnosis of
Dengue virus infections by quantifying the viral protein NS1 in serum samples for the

premature diagnosis of dengue fever.

To develop for the first time a label-free quantitative biosensor for the quantification of
the concentration of ADAM10 in patient serum samples for the premature diagnose of AD

or the disease screening.

To develop for the first time a label-free quantitative biosensor for the quantification of
the protein ptau-181 in neat serum samples for the premature diagnose of AD or the

disease screening.
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3. Material and methods

Chemical reagents and proteins.
The list of chemical reagents and proteins used in the development of the Ph.D. project is

compiled in Table 3.

The ferrocene-tagged peptide used as a redox self-assembled monolayer (of thickness ~ 1.4 nm
in agueous solutions) was Fc-Glu-Ala-Ala-Cys, synthesized by solid phase peptide synthesis using
Fmoc protocols on rink amide resin (0.48 mmol g1). Coupling was performed at a 2-fold molar
excess relative to the amino component in the resin, using diisopropylcarbodiimide (Dic)/ 1-
hydroxybenzotriazole (HOBt). Fmoc groups were deprotected using 20% 4-
methylpiperidine/dimethylformamide (DMF) for 20 min. The ferrocene redox probe was
introduced at the N-terminus by reaction with one molar equivalent 3-ferrocenylpropionic
anhydride in 5 mL DMF (1:1) for 24 h. Peptide cleavage was performed by removing side chain
protecting groups with 95% trifluoroacetic acid (TFA), 2.5% H,0, and 2.5% triisopropylsilane for
2 h. The peptide was then precipitated with diethyl ether and separated from the reaction
solution by centrifugation. Then, it was solubilized with acetonitrile/H,0 (v/v) and separated by

centrifugation.

The cadmium telluride quantum dots (CdTe QD) of size 2.23 nm were synthesized and provided

by Prof. Marco Antonio Schiavon research group.

The antibody solutions were prepared in 12 mM phosphate buffer (PB) containing 3.59 g L*!
Na,HPO412H,0 and 0.27 g L™ KH,PO,. All the solutions were prepared using deionized water
from the Milli-Q system (18.2 MQ.cm at 25°C) from Millipore.
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Table 3. List of chemical reagents and proteins used in the Ph.D. project.

Reagent Company Catalog number
0.3um alumina suspension Buehler 40-6363-006
0.05um alumina suspension Buehler 40-10083
Polishing cloth Buehler 40-7738
Sodium hydroxide (NaOH) Sigma-Aldrich S5881
Sulfuric acid (H2S04) Qhemis QHAO008
Ethyl alcohol, pure Sigma-Aldrich E7023
Isopropyl alcohol Synth A1078
Acetonitrile (ACN) for HPLC Sigma-Aldrich 34851
(Tfé:ct:g?)/lammonium perchlorate Sigma-Aldrich 86893
Sodium phosphate dibasic dodecahydrate Sigma-Aldrich 71650
Potassium dihydrogen phosphate Sigma-Aldrich P5655
Phosphate buffered saline (PBS) tablets Sigma-Aldrich P4417
Ferrocenecarboxylic acid (FcA) Sigma-Aldrich 46264
cthylarbociimide mdrochloride o) SETA 03450
N-Hydrosuccinimide (NHS) Sigma-Aldrich 130672
SuperBlock blocking buffer in PBS Thermo Fisher 37515
Human serum Sigma-Aldrich H4522
Monoclonal anti-ADAM10 antibody (Ab1l) Abcam ab59482

Polyclonal anti-ADAM10 antibody -

middle region (Ab2) Aviva System Biology OAGA02442

Human recombinant ADAM10 Prospec PRO-476
Phqspho-Tau (Thr181) monoclonal Thermo Fisher MN1050
antibody

Tau-441, GSK3beta-phosphorylated Signal Chem TO8-50FN
Monoclona?I antljDengue virus NS1 Abcam Ab41616
glycoprotein antibody

Recombinant Dengue virus 1 NS1 protein ~ Abcam ab181950
Polyclonal anti-SARS-CoV-2 spike protein RheaBiotech IM-0828
antibody

Monoclonal anti-SARS-CoV-2 Abcam Ab272852

nucleocapsid protein antibody




Equipment and electrodes.

Electrochemical measurements were performed in a portable PalmSens potentiostat equipped
with a frequency response analysis (FRA) module by using a 3 electrodes electrochemical cell
containing a working electrode, Ag|AgCl (3 M KCl) as reference electrode, and a platinum disc

as the counter electrode (Figure 8a).

Counter Gold oxide
electrode b) 20 :i(: formation
‘\ﬂr ' 0.3-0.9 pAl /
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Figure 8. Experimental setup and representative gold characterization. a) Electrochemical cell used during
the experiments. b) Representative voltammogram of the electrochemical characterization of gold
Metrohm electrodes in 0.5 M H2S0a. The insets depict the regions of the CV where essential information
about the gold surface state is observed. i) Region of reduction of oxygen. ii) Is indicative of contaminants
adsorbed on the gold surface. On a clean surface, a minimum capacitive current (within 0.3-0.9 pA) is
observed. iii) In this region between c.a. 1.2-1.6 V (versus Ag|AgCl; 3 M KCI) gold oxide is formed in the
interface. The peaks represent the orientation or the shape of the crystalline gold lattice of the
polycrystalline electrode exposed to the solution phase. They are, respectively from reduction to
oxidation direction, cubic, octahedric, or rhombic dodecahedric.®

Source: Adapted from Garrote et al.?

The electrodes used in the experiments developed in this project were: Au electrodes purchased
from Metrohm (diameter 2mm, cat. No. 6.1204.140), miniaturized Au electrodes fabricated on
Si/SiO, wafers, and single-layer graphene (SLG) obtained via chemical vapor deposition (CVD) on

90 nm SiO; over a Si substrate purchased from Graphenea.

Working electrodes pre-treatment.
The pre-treatment protocol was different for each working electrode. Each protocol is detailed

below.

- Au Metrohm electrode pre-treatment.

Au Metrohm electrodes were slightly polished by 0.3 and 0.05 pum alumina suspension on the
polishing cloth. After each alumina, the electrodes were sonicated for 2min in deionized water
to remove the alumina residues. After the mechanical polishing, the electrodes were
electrochemically polished under basic conditions by cyclic voltammetry (CV) in 0.5 M NaOH
(100 cycles from -1.7 to -0.7 V versus Ag|AgCl, 3 M KCl at 0.1 V s!). Afterward, the electrodes
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were immersed for 30 min in stirring ethanol solution to remove the remaining oxide residues.
Finally, the electrodes were electrochemically polished under acidic conditions by CV in 0.5 M
H,S04 (50 cycles from -0.2 to 1.5 V versus Ag| AgCl, 3 M KCl at 0.1 V ). The area of the reduction
peak obtained in the sulphuric acid CV (Figure 8b) was used to calculate the electro-active area
of the polished gold surface by using a conversion factor of 410 uC cm2.8° The ratio of the
electro-active area to the geometric electrode area (0.03142 c¢cm?) corresponded to the
electrochemical surface roughness. The surface roughness was maintained below 1.5 to ensure
reproducible and stable molecular film properties. This protocol is described in detail in Garrote

et al.®

— Miniaturised Au electrode pre-treatment.

The miniaturized gold electrodes were fabricated on Si/SiO, wafers. Firstly, the wafers were
patterned using lase-writer photolithography, and then the Ti adhesion layer (10 nm thickness)
was deposited before the deposition of the Au layer (100 nm thickness). The electroactive area
of the working electrode (SiO2/Au) was 1 mm?. The pre-treatment of the Au electrodes consisted
of immersing the miniaturized electrodes in several solvents (isopropyl alcohol, acetone,
isopropyl alcohol, and deionized water) and sonicating for 12 min in each solvent. Then, the

electrodes were dried with nitrogen and kept for 30 min in UV/Ozone radiation.

— Single-layer graphene (SLG) pre-treatment.

The SLG electrodes were electrochemically pre-treated to generate functional groups for
receptor immobilization. This protocol is under patenting process, so the details will not be

revealed here.

Electrochemical capacitive immunosensor fabrication.

Immunosensors were obtained from freshly pre-treated working electrodes (protocols depicted
in the previous subsection). Au electrodes (either from Metrohm or miniaturized electrodes)
were modified with ferrocene-tagged peptide self-assembled monolayer (SAM) by immersing
them in 2 mM redox peptide solution in ACN/deionized water (1:1, v/v) for 16h at room
temperature (25 °C). After the chemical modification, the electrodes were rinsed in
acetonitrile/water and deionized water, and characterized by cyclic voltammetry (CV) to ensure
the correct formation of the SAM and to calculate its formal potential (Ex/e = (V)5 + Vyeq) /2,
wherein V,, is the oxidation potential and V,.4 is the reduction potential - Figure 4c). The CV
was performed from -0.0 to 0.7 V versus Ag|AgCl, 3 M KCl at a scan rate of 0.1 V s in 20 mM of
TBACIO,dissolved in ACN/deionized water (1:4 v/v) as a supporting electrolyte. In the assay with
an amplifier signal, Er/e is the potential at which the electronic coupling is achieved between
the states of the redox active sites confined on the electrode and that of the diffusive redox
probe in solution. To obtain that value, CV was performed with the same parameters but using
100 uM FcA in 20 mM of TBACIO4 dissolved in ACN/deionized water (1:4 v/v) as a supporting
electrolyte. In those assays, the redox-peptide SAM was used as a signal transducer, owing to

the quantum features of the ferrocene confined on the electrode (coupled with the redox probe
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in solution, in the case of amplifier signal, Figure 9b), and as a linker for receptor immobilization,

owing to the carboxylic acid functional group from the Glu of the peptide backbone (Figure 9a).

CdTe quantum dots (QDs)-based assays were performed with miniaturized Au electrodes.
Firstly, the electrodes were modified with a monolayer of L-cysteine by immersing the
electrodes in 50 mM L-cysteine aqueous solution for 16h at room temperature (25 °C). Then,
the electrodes were rinsed with deionized water and immersed in an aqueous solution
containing 0.2 mM CdTe QDs, 0.1 g mL? EDC and 0.1 g mL* NHS for 3h at room temperature (25
°C) in the dark for QDs immobilization by the carbodiimide reaction® between the amine groups
in the L-cysteine and the carboxylic acid groups in the CdTe QD surface. After the immobilization,
the electrodes were rinsed with deionized water. Note that some of the -COOH groups from the
QDs surface reacted with the L-cysteine monolayer for immobilization on the electrode, but

there were still available functional groups for receptor immobilization (Figure 9c).

In the case of the SLG electrodes, the carboxylic acid functional groups were obtained directly

from the electrochemical pre-treatment (Figure 9d).

Once the carboxylic acids were available on the electrode surface, the protocol was similar for
any electrode type. This functionalization protocol was depicted in detail in Garrote et al.?®
Briefly, the carboxylic acid groups from the electrodes were activated by the carbodiimide
reaction® in an aqueous solution containing 0.2 M EDC and 0.05 M NHS (50 mg. mL* EDC and
50 mg. mL NHS in the case of QDs transducer). The electrodes were incubated for 30 min at
room temperature (25 °C). Then, the electrodes were rinsed with deionized water and PB (pH
7.4) and incubated for 1h at room temperature (25 °C) in the specific antibody solution prepared
in PB (pH 7.4). After the incubation, the electrodes were rinsed with PB (pH 7.4) and deionized
water. The remaining ester-carboxylic acid groups were blocked by immersing the electrodes in

k™ solution in PBS for 30 min at room temperature (25 °C). Each step of

undiluted Superbloc
fabrication of the immunosensor was characterized by electrochemical impedance spectroscopy
(EIS) measurements at the Ez/e (in the case of redox-peptide modified Au electrodes) or OCP
potential (in the case of SLG or Au electrodes modified with QDs) in a frequency range of 100
kHz to 0.1 Hz and 10 mV peak-to-peak amplitude. As a supporting electrolyte, in redox-peptide
modified Au electrodes assays, it was used 20 mM of TBACIO,dissolved in ACN/deionized water

(1:4 v/v); and in SLG or QD-Au electrodes assay, it was used PB (pH 7.4).
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Figure 9. Schematic representation of the C,~C, transducers and biosensing interfaces used in this
project, being a) Au electrode modified with redox peptide SAM (rPep SAM) and b) with amplifier signal
methodology with redox probe in solution; c) Au electrode modified with L-cysteine monolayer and CdTe
quantum dots, and d) single-layer graphene (SLG).

Source: Author.

Impedance Spectroscopy and Capacitive Spectra

The obtained raw EIS data were converted into real (C') and imaginary (C") capacitive
components of the complex capacitance function C*(w), using the mathematical equations
C'= ¢Z"and C" = ¢Z', wherein Z' and Z" correspond to the real and imaginary impedance
components, respectively; and ¢ = 1/w|Z|?, where w = 2xf is the angular frequency, |Z]| is
the modulus of the complex impedance Z*(w), and f as the linear frequency. Throughout the
thesis, EIS measurements converted to capacitance will be referred to as impedance-derived

electrochemical capacitance spectroscopy (ECS).

Quantitative analytical assay

After the formation of the biosensing interface, the analytical assay was performed. Before the
incubation with the specific samples, at least one blank measurement was recorded to quantify
the matrix effect of the samples. The biosensing interfaces were incubated for 30 min at room
temperature (25°C) in 25 - 50 pL neat human serum or PB (pH 7.4) samples without the specific

analyte, and then, washed with PB and deionized water and characterized by ECS. This step was
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repeated until achieved stability, that is when the variation of the analytical signal was lower
than 5%. Afterward, the immunosensor was consecutively incubated with 25 - 50 L of the
samples containing increasing concentrations of the specific analyte. Each sample was incubated
for 30 min at room temperature (25°C). Then, the electrodes were rinsed with PB and deionized
water and characterized by ECS. From those measurements, an analytical curve was obtained
by plotting the relative response percentages (RR%) of each sample versus the logarithmic

concentration range of the target. RR% was obtained by
RR% = [(S, — So)/So] - 100 (4)
where S, is the analytical signal of the blank and S, is the analytical signal of each sample.

The correlation between RR% and analyte concentration was statistically analyzed by linear

regression or Langmuir isotherm fitting.

Quantitative assays were statistically analyzed by linear regression or Langmuir isotherm fitting
and evaluated by the analytical parameters limit of detection (LOD) and limit of quantification
(LOQ). LOD and LOQ denoted the lower analyte concentration detected or quantified,
respectively, by the assay developed. Those values are obtained from the linear regression by

using Eg. 5 and 6.
LOD = (3-SD/b) (5)
LOQ = (10-SD/b) (6)
where SD is the standard deviation of the blanks and b is the slope of the analytical curve.

Spike assay

The accuracy of the quantitative assays was evaluated by spike assay, that is, to calculate the
analyte concentration in a known-concentration sample by interpolation in the analytical curve.
The samples containing a certain concentration of analyte were prepared in neat human serum
and incubated for 30 min at room temperature (25°C) on the biosensing interface (25 - 50 pL).
Then, the electrodes were rinsed with PB and deionized water and characterized by ECS. The
RR% values were calculated by Eq. 4 and by interpolation in the analytical curve, the analyte
concentration in each sample was calculated. The accuracy of the quantification was evaluated
by the recovery value, being Recovery (%) = ([analyte]/[analyte]caicuiatea) - 100, wherein
[analyte] is the analyte concentration prepared and [analyte]caiculatea iS the concentration
calculated by the analytical curve. Recovery values close to 100% represent more accurate

results.

Qualitative analytical assay

The biosensing interface for qualitative assays was evaluated by positive and negative samples,
that is, containing or not the specific analyte. Firstly, the sensitivity, specificity, and stability of
the biosensing interface were analyzed by incubating it for 30 min at room temperature (25°C)

with 50 pL of the negative or positive samples, buffer, and buffer containing the specific analyte,
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respectively. After each incubation, the immunosensors were rinsed with deionized water,
characterized by ECS, and the RR% (Eq. 4) was calculated compared with the block
measurements (i.e., measurements before and after the sample incubation). The immunosensor
was optimized to be incubated with human samples when the RR% of the positive samples was
statistically different from the negative samples RR%. Afterward, the sensitivity and specificity

were reanalyzed by negative and positive human samples, following the same protocol.

Qualitative assays were evaluated by the sensitivity of the analytical parameters (related to the
truly positive results, Eq. 7), specificity (related to the true negatives results, Eq. 8), and accuracy.
Those values were obtained by the statistical analysis of receiver operating characteristic (ROC).
ROC validates the power of qualitative assays to distinguish positive and negative samples in
terms of their sensitivity and specificity at different cut-off (CO) values (that is, the limit value of
the analytical signal that separates negative and positive samples). The accuracy of the assay is
represented by the area under the ROC curve (AUC), wherein < 0.5 is for random assay; 0.5-0.6

is for low accuracy; 0.7-0.8 is medium accuracy; 0.8-0.9 is good accuracy, and > 0.9 is excellent

accuracy.
Sensitivity = TP/(TP + FN) (7)
Specificity =TN/(TN + FP) (8)

where TP is true positive results, FN is false positive results, TN is true negative results and

FP is false positive results.
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4. Results and discussion

Qualitative SARS-CoV-2 graphene assay

The reagentless and label-free SARS-CoV-2 quantum capacitive assay was developed by a novel
graphene quantum transducer patented by our research group®® and published in Lucas Garrote
et al.3® Graphene is a single carbon-atom-thick sheet sp?-hybridized with notable intrinsic
electric properties®® which makes graphene a promising tool in a vast of applications. Within
those, graphene is gaining attention as a transducer in electrochemical biosensors; nonetheless,
this is challenging, due to the high sensitivity associated with the high quantization of the energy
levels of graphene.®® For the development of the SARS-CoV-2 assay, that limitation was

overcome by the proper modification of the graphene surface.

The graphene-based transducer for the SARS-CoV-2 assay was designed by using two analytical
signals related to the quantum ET rate frequency (k), an intrinsic property of the single layer
graphene (SLG) interface. The chemical immobilization of the receptor on the SLG (Figure 10a)
and its interaction with the analyte influence the conductivity of the electrons in the plane and
thus, k, as stated in Eq. 1. From the ECS measurements (Figure 10b), a frequency range is
accessed, enabling multiple frequency possibilities as analytical signal. In the SARS-CoV-2 assay,
the relative variation of the resonant, f,,, and equilibrium, f,, frequencies were used as analytical
signals. f, corresponds to the charge equilibrium regime of the interface, where theoretically
f — 0. On the other hand, f,- corresponds to a dynamic or resonance rate regime (maximum of
conductance). Both were sensitive to changes in the surrounding environment owing to
receptor-target interaction because G and C, were affected (Eq.1). - and f, analytical signals
were named as S; and S,, respectively. This analytical strategy was applied for the development
of a high-sensitive SARS-CoV-2 assay in nasopharyngeal/oropharyngeal swab patient samples as

a substitute for a PCR assay.
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Electrolyte .

Figure 10. a) Schematic representation of C, and C, contributions in an SLG electrochemical interface
modified with specific antibodies. b) Setup of the ECS measurements of the SLG biosensing interface. It
corresponds to an AC mode of operation of a GFET in an electrochemical environment.

Source: Adapted from Lucas Garrote et al. 3

Firstly, the SLG electrode was modified with the specific antibody for the detection of the SARS-
CoV-2 spike (S) protein in inactivated virus samples produced in cell culture for optimization. ECS
measurements of the biosensing interface (i.e, SLG modified with Ab anti-S - Figure 10a) were
recorded before and after the incubation with the sample and the §; and S, RR% was calculated
(Eq. 4). The RR% of seven positive samples (that is, inactivated virus samples produced in cell
culture) was compared to the RR% of seven samples of the cell supernatant without the virus
(i.e., negative samples). The results were represented by a Box plot and statistically analyzed by
t-Student (Figure 11). The S; RR% of the positive samples was not statistically different from
the RR% of the negative samples (p = 0.08), probably because of the small number of samples
(n) analysed; nonetheless, the S; was considered promising and including in further analyses.
Contrary to S;, the S, RR% statistically differentiated between positive and negative samples
(p < 0.05). The cut-off value for each analytical signal, CO; and C0O,, was calculated by the RR%

average of the negative samples plus one (x = 1) standard deviation (CO = RR% + x - SD).
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Figure 11. S protein-SLG assay optimization with inactivated virus samples produced in cell culture
(positive samples) and cell culture supernatant (negative samples). a) Boxplot of the analytical signal S;
comparing positive and negative samples (n = 7). n.s. denotes no significant (p < 0.08) in t-Student
statistical analysis; b) Box-plot of the analytical signal S, comparing positive and negative samples (n =
7). * denotes p < 0.05 in t-Student statistical analyze.

Source: Adapted from Lucas Garrote et al. 3

The combination of the S; and S, RR% and their CO values delimited graphically the negative
(RR% < CO, in green) and positive areas (RR% > CO), as depicted in Figure 12. Samples with
S; and S, RR% lower than CO, and CO,, respectively, was in the green area from Figure 12 and
then, considered negative. On the other hand, samples with either S; or S, RR% higher than
CO; or CO,, respectively, was outside the green area in Figure 12 and hence, considered
positive. The analysis of the samples considering these criteria arose in two false negatives (FN)
and two false positives (FP) results, where FN denotes a positive sample considered negative by
the S protein-SLG assay (i.e., S; and S; RR% < €0, and C0,), and FP denotes a negative sample
considered positive by the S protein-SLG assay (i.e., S; or S, RR% > CO, or CO,). Therefore,
the sensitivity (i.e., rate of true positive, TP, results) and specificity (i.e., rate of true negative,

TN, results) of S protein-SLG assays were 71%, obtained by Eq. 7 and 8.
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Figure 12. S; and S, RR% in positive and negative samples. The vertical and horizontal dashed lines
represent the CO values of S; and S, respectively, obtained as the average RR% of the negative samples
plus standard deviation (RR% + SD) of each analytical signal. The green area represents the RR% of the
samples considered negatives by the S protein-SLG assay, where the S; and S, RR% was lower than their
CO values. Samples outside the green area (that is, S; and S, RR% was higher than their CO values) was
considered positive by the S protein-SLG assay.

Source: Adapted from Lucas Garrote et al. 3

This preliminary analysis with inactivated virus samples demonstrated that the SLG (,
transducer enabled the detection of relevant biomarkers, proven here by the S protein from
SARS-CoV-2, with appropriate sensitivity and specificity. Therefore, the assay was suitable for

the detection of viral infection in nasal swabs from patient samples.

The S protein-SLG assay was analyzed in 13 nasopharyngeal/oropharyngeal human samples
from healthy individuals and 15 SARS-CoV-2-infected patients. Note that all samples were
confirmed by rRT-PCR at the Clinical Virology Laboratory of the Clinical Hospital (HC-FMRP) of
Sao Paulo University (USP) in Ribeirdo Preto during the patient primary diagnosis. The accuracy
of the results obtained from the patient samples was statistically analyzed by the ROC test which
validates qualitative assays, as described in the experimental section. The accuracy of the S
protein-SLG assay was 86.7%, related to good accuracy assays, according to the ROC criteria
(experimental section). Moreover, the sensitivity and specificity of the assay obtained from the
ROC test were 93% and 62%, respectively. Although the accuracy and sensitivity values were
close to 100%, related to a reliable assay, the specificity obtained almost corresponded to a
random assay with low reliability and robustness (that is, close to 50%). To increase the
specificity, a second SARS-CoV-2 viral protein, the nucleocapsid (N) protein, was added as a

target to the assay, achieving a quasi-multiplexed assay (Figure 13).
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Figure 13. Quase-multiplex SLG-based C, transducer for the detection of the Sand N SARS-CoV-2 proteins.

Source: Author

Therefore, following the methodology adopted for the S-SLG assay, the 13 negative and 15
positive samples were also analyzed by the N protein-SLG assay which consisted of the SLG
electrode modified with the antibody anti-N protein. The results of the quasi-multiplexed S/N-
SLG assay were analyzed by the ROC test (Figure 14), resulting in 83.8% of accuracy, 80% of
sensitivity, and 77% of specificity. Although the sensitivity of the assay decreased by almost 14%
with the analysis of both viral proteins, the specificity increased by almost 20%, while
maintaining almost constant the accuracy of the assay. Despite the slight decrease in sensitivity,
the dual detection of the S and N viral proteins for the diagnosis of SARS-CoV-2 infections
increased the specificity and reliability, while ensuring the robustness of the assay strategy and
enabling the development of a high-sensitive and specific biosensing device. The multiple assays
developed overcame the limitations of the analysis of each analyte separately, such as the
related to high number of mutations depicted in the S gene which could affect the antigenicity
of the receptor®?, compromising the specificity of the assay in a long-term period. Moreover, the
ROC curve provided the COs values for each analytical signal, S; and S,, for each analytical assay,
S and N, corresponding with the point in the curve which is the closest to the left corner of the
ROC graph (that is, sensitivity = 1 and (1 — Specificity) = 0). In Figure 14, the most
suitable CO was obtained by assuming x = 0.7 (yellow crossed-square) in the equation CO =
RR% + x - SD. Accordingly, the CO values of the S-SLG assay were CO S; = 28.2%and CO S, =
42.8%; and the N-SLG assay CO vales were CO S; = 21.8% and CO S, = 30.6%.
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Figure 14. ROC analysis of the S/N-SLG assay. The area under the reference curve (AUC = 50%) represents
the result of a random assay. The S/N-SLG assay AUC was 83.8% (labelled in blue). The most suitable S;
and S, CO was obtained by assuming x = 0.7 (crossed-square labelled in yellow), corresponding to 80%
and 77% of sensitivity and specificity, respectively.

Source: Adapted from Lucas Garrote et al. 3

Likewise in the optimization assay, criteria to consider negative or positive results by the S/N-
SLG assay were established, being a negative result when none of the analytical signals were
higher than their CO value (that is, RR% SP S; < CO SP S; = 28.2%, RR% SP S, <
COSPS, =42.8%, RR%NPS, <CONPS;=218%, and RR%NPS, <CONPS, =
30.6%); and a positive result when at least one of the analytical signals was higher than their
CO (thatis, RR% SP S; > CO SP S§; = 28.2% and/or RR% SP S, > CO SP S, = 42.8% and/or
RR% NP S; > CO NP S; = 21.8% and/or RR% NP S, > CO NP S, = 30.6%). By utilizing
these criteria, the analysis of the 13 rRT-PCR negatives and the 15 rRT-PCR positive patient
samples resulted in 3 false positives, 10 true negatives, 12 true positives, and 3 false negative
results, as summarised in Table 4. Therefore, the sensitivity and specificity calculated in Eq. 7
and 8 were 80% and 77%, in agreement with the values obtained by the ROC analysis.

Table 4. Sensitivity and specificity of the S/N-SLG quantum assay proposed using AC mode of a GFET
(Figure 10) compared with the rRT-PCR gold standard methodology.

FRT-PCR
+ -
$/N-SLG + 12 3
ASSAY i 3 10
Total 15 13

Sensitivity? Specificity®
80% 77%
2 Sensitivity of the S/N-SLG assay was calculated by true positive results /total positives
b Specificity of the S/N-SLG assay was calculated by true negative results/total negatives
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The S/N-SLG assay developed demonstrated higher sensitivity than the overall rapid antigen
detection assays which, in general, is around 70% of sensitivity in samples with Cr values higher
than 27 (obtained from rRT-PCR).%* ®* On the other hand, the specificity should be slightly
improved, nonetheless, in an emergency, the specificity value would be suitable. In summary,
the proof-of-concept of the S/N-SLG assay using the novel quantum-rate transducer
methodology demonstrated to be a promising technology in diagnosis, owing to the high-

sensitive obtained with high-simplicity.
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High-sensitive quantitative NS1 Dengue virus assay

Previous works from our research groups demonstrated the application of C,; transducers for
the detection of NS1 Dengue virus protein in human serum samples.®® Nonetheless, the assay
consisted of Metrohm Au electrodes modified with redox peptide SAM that did not enable the
application in the field, owing to the size of the working electrode and the electrochemical cell.
Moreover, the assay did not quantify the amount of NS1 in the samples that could be helpful for
the disease treatment. Therefore, the C; NS1 Dengue virus assays needed improvements to

become a POC device.

During the development of this doctoral thesis, it was demonstrated the application of a charge
transfer mediated mechanism through the energy levels of a redox switch confined on the
electrode surface and the energy levels of a redox probe in solution described by Sdnchez et al.**
as an amplifier signal methodology for C, transducers. The amplifier signal strategy consisted
on the coupling of two redox-active switches with similar Er /e which arises the coupling of their
DOS (Figure 15). The electroactive interface mediates the ET between the redox probe in
solution and the electrode, deriving in a more efficient diffusionless ET process with high
sensitivity to variations in the surroundings. This tool was applied for the development of an
ultrasensitive NS1 Dengue virus by using gold miniaturized electrodes modified with redox-

peptide SAM and FcA in the supporting electrolyte as an amplifier signal probe.

a) b)

je
| Oxidized
ve

Electrode Electrode

Figure 15. a) Schematic representation of the redox switches Fc (confined on the electrode) and FcA (in
solution) electrochemical process coupling. b) depicts the electronic coupling between the redox states
from both redox switches, experimentally accessed by ECS, which are in the same Fermi level, i,e, Sy =
b~ EEN = ESM.

Source: Author.

The electrochemical mechanism obtained from the redox switches coupling was characterized
by CV and ECS measurements, which demonstrated that the presence of the redox probe in the
solution increases C, and the current density (j) (Figure 16). The rPep SAM was well-formed on
the Au electrode, denoting a reversible oxidation/reduction mechanism from the ferrocene
confined on the electrode by AV =V, — V,.oq < 20mV, j,x/jreqa ~ 1 and a formal potential
Erp/e ~ 0.36V, as shown in orange in Figure 16a. Moreover, the quantum capacitance Cq of

the interface was ~ 150 pF cm™?2 (orange circles in Figure 16b) in concordance with previous
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experiments. An electrochemical enhancement was favored by a suitable electronic coupling by
the presence of FcA redox probe, which has a similar Er/e that rPep SAM, in the supporting
electrolyte, that is, 20 mM TBACIO4 and 100 uM FcA in ACN/H,0 (1:4, v/v). The electrochemical
coupling between the redox switches, i.e., confined and in solution, induced a slight shift
(~10 mV) of the Er /e, a 2-fold increase in the current density (Aj,, and Aj,.q), as shown in
blue in Figure 16a; and increased 60% C, value of the interface (blue triangles in Figure 16b).
This gain in (g and j is consequence of the redox switches coupling which arises in an increase
in the number of energy states (N) available or DOS since both are in resonance (note that this
is true when both electroactive compounds have similar Er /e). As a consequence of the increase
in N, the electroactive interface was more susceptible to variations in the surroundings,
suggesting an amplifier signal effect. To corroborate this hypothesis, the sensitivity of the rPep
SAM-based assay with and without a redox probe in solution was compared for the

quantification of Dengue virus NS1 protein in neat human serum samples.
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Figure 16. Electrochemical characterization of the coupled electrochemical mechanism between the
redox peptide SAM (rPep SAM) and 100 uM FcA. a) Cyclic voltammogram and b) capacitive Nyquist plot
of the electroactive interface with (rPep SAM + FcA colored in blue with diagonal lines in a) and blue
triangles in b) and without (rPep SAM dashed line in orange in a) and orange circles in b) the redox probe
FcA in solution. In a), Aj,, and Aj..q depict the density current gain with the amplifier signal. In b), AC,
depicts the quantum capacitance gain by using the amplifier signal technology developed.

Source: Author.

The construction of the biosensing interface, including the immobilization of the specific
antibody anti-NS1, was performed following the protocol depicted in the experimental section
and reference Garrote et al.?® Each step was characterized by ECS in 20 mM TBACIO4 in ACN/H,0
(1:4, v/v) in the absence (Figure 17a) or presence (Figure 17b) of 100 uM FcA. The immobilization
of the Ab anti-NS1 and the block of the unreactive carboxylic groups decreased by almost 10%

and 20% C, in the non-amplifier and amplifier signal assay, respectively. The blank
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measurements were performed with a neat human serum which demonstrated higher
instability in the assay based on the redox peptide SAM (~10%) than in the assay with amplifier
signal (~3%). Nonetheless, the rPep SAM was stable after several blank measurements and the
biosensing interfaces were incubated with the human serum samples containing increasing

concentrations of NS1 protein (Figure 18).
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Figure 17. Capacitive Nyquist plot of the biosensing interface fabrication process measured in a) 20 mM
TBACIO4 in ACN/H20 (1:4, v/v) as supporting electrolyte, and b) 20 mM TBACIO4 in ACN/H.0 (1:4, v/v)
containing 100 uM FcA redox probe as supporting electrolyte. rPep SAM in b) (black circles) was measured
in 20 mM TBACIOs in ACN/H20 (1:4, v/v) as a supporting electrolyte (that is, without redox probe in
solution) for comparison.

Source: Author.

The RR% (Eqg. 4) of the NS1 assay based on rPep SAM (without amplifier signal) after the
incubation with the samples containing NS1 concentration in the pg mL? range was a drift of +
5% (Figure 18a), whereas the RR% of the assay with amplifier signal was higher than the
variation of the blanks and it was correlated to the increase in NS1 concentration (Figure 18b).
Therefore, the analytical curve was obtained by plotting the RR% of the analytical signal 1/C,

against NS1 concentration (Figure 19).
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Figure 18. Capacitive Nyquist plot of the NS1 assay measured in a) 20 mM TBACIO4 in ACN/H20 (1:4, v/v)
as supporting electrolyte, and b) 20 mM TBACIO4 in ACN/H20 (1:4, v/v) containing 100 uM FcA redox
probe as supporting electrolyte.

Source: Author.

The non-amplifier signal NS1 assay presented a linear variation in the incubation with the NS1
concentration range 10° — 10® pg mL™ with 2 = 0.98 (orange circles in Figure 19a), while the
assay with the amplifier signal methodology demonstrated two linear regressions (blue circles
in Figure 19a): i) at the concentration range 1072 - 103 pg mL™! (r? = 0.99), corresponding
with the lower concentrations where the assay without the amplifier signal methodology did
not present sensitivity enough to detect the analyte (Figure 19b); and ii) in the higher
concentration range 5 - 10* - 10° pg mL™1. The analytical parameters LOD (Eq. 5) and LOQ (Eq.
6) were calculated for each assay to quantify the increase in sensitivity due to the amplifier signal
methodology. The LOD and LOQ of the rPep SAM-based assay (without signal amplifier) were
0.5ng mL™! and 1.7 ng mL™}, respectively, while the LOD and LOQ with the amplifier signal
were 0.7 pg mL™1 and 2.2 pg mL™1, respectively. Therefore, it was observed an almost 1000-
fold increase in the assay sensitivity in terms of the lower concentration detected and quantified
by using FcA redox probe in the supporting electrolyte. This result demonstrated that the
improvement in the electron transfer efficiency by the coupling of the electrochemical processes
from both redox switches (that is, a redox switch confined on the electrode and a redox probe
in solution) constituted an amplifier signal methodology that increase the sensitivity of

capacitive biosensors.
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Figure 19. a) Analytical curves (relative response, RR%, against NS1 concentration) of the assay with
redox-peptide SAM (rPep SAM in orange) and the assay with the amplifier signal mechanism with redox
probe in solution (rPep SAM + FcA in blue). NS1 concentration range 1072 - 10° pg mL™1. rPep SAM (in
orange) linear regression in the range 103 - 10° pg mL™! with 72 = 0.98. In b), linear regression of the
lower NS1 concentration range (1072 - 103 pg mL™1) of the analytical curves comparing the RR% of the
assay with amplifier signal (in blue, r? = 0.99) and the drift of the assay without the amplifier signal.

Source: Author.

The accuracy of the analytical curve of the high-sensitive assay with the amplifier signal for the
quantification of the analyte NS1 in neat serum samples was analyzed by a spike assay. Three
human serum samples containing 2.5, 17, and 35 pg mL™! NS1 was prepared and incubated on
the biosensing interface. By the interpolation in the equation of the analytical curve (Eq.9) from
Figure 19b, the NS1 concentration was calculated. The accuracy was quantified by the recovery

value in percentage. The results of the spike assay are compiled in Table 5.

RR% = 13.9 + 7.2 - log [NS1] (9)

Table 5. NS1 spike assay (n = 2) using the 1/C, analytical curve with the amplifier signal methodology in
Figure 19b.

NS1 NS1] Calculated™ "
[NS1] 1 [NS1] 1 u % Recovery™
(pg mL™) (pg mL™)

2.5 3.5+05 141.3+17.8
17.0 16.4+4.9 96.7 + 28.6
35.0 36.0+2.9 102.9+8.3

) Calculated by interpolation in Eq. 9

") calculated by Recovery (%) = ([NS1]/[NS1]caicutatea) * 100

The recovery value of the quantification of the samples containing 17 and 35 pg mL™! NS1 was
close to 100%, denoting high accuracy of the analytical curve. Nonetheless, the recovery of the
sample with the lowest concentration, 2.5 pg mL~1 NS1, was (141.3 + 17.8) %, that is, it was

calculated by Eqg. 9 as a higher concentration than the real concentration in the sample. This
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inaccuracy could be related to the proximity to the LOQ of the assay (LOQ = 2.2pgmL™1)
where the error of the linear regression is higher. Moreover, errors during the preparation of

the samples, such as pipetting, could increase the inaccuracy.

In summary, in this section, it was demonstrated that the use of two redox switches with
electrochemical processes coupled (that is, redox probes with similar Er/e) improved the
efficiency in the electron transfer and it serves as an amplifier signal methodology in
electrochemical capacitive biosensors by the high-sensitive quantification of NS1 Dengue virus
protein in neat serum samples. This discovery opens vast applications of €, biosensors where

the detection of a trace amount of analyte is required.
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ADAM10 quantification assay for Alzheimer’s disease diagnosis in serum samples

One of the main objectives of the Ph.D. thesis was to develop, for the first time, a ; biosensor
for the quantification of ADAM10 in human serum samples of healthy individuals and patients
with Alzheimer’s disease (AD). In this regard, the first step was to obtain an analytical curve that
correlated the relative variation or relative response, RR% (Eq. 4), of the analytical signal with

the concentration of analyte ADAM10.

The electrochemical capacitive biosensing interfaces were prepared and characterized as
described in Garrote, et al.?® and in the experimental section of this thesis. The impedance-
derived electrochemical capacitance spectroscopy measurements of the modification of the
electrode with the redox peptide SAM, the antibody anti-ADAM10 (Abl), and the blocking
procedure is depicted in Figure 20a. The immobilization of the Ab ADAM10 on the redox-peptide
SAM decreased by 13.8% the C, signal due to the variation of the tagged ferrocene density-of-
states (DOS) electron occupancy of the peptide SAM interface. The remaining available
carboxylic acid groups from the SAM were blocked by using a blocking solution, where 2.8% of
the variation was obtained. The stability of the assay was analyzed by at least one blank
measurement with a commercial human serum. The assay was considered stable whether the

drift caused was lower than 5%. In this case, as is observed in Figure 20a, the drift was 0.1%.
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Figure 20. Capacitive Nyquist plot of a) modification of the electrode for the biosensing interface
construction and b) incubation in the neat serum samples containing ADAM10 protein ranging 0.25 —
10 ng mL™1.

Source: Author.

The stable biosensing interface was consecutively incubated with commercial human serum
samples containing increasing ADAM10 concentrations in the range of 0.25 — 10 ng mL™1.
Likewise, for each sample, the C, value was obtained from the Nyquist plot (Figure 20b). The
variation due to Ab ADAM10 and ADAM10 analyte interaction was quantified by the RR% given
by Eq. 4.
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The analytical signals analyzed from the Nyquist plot were C;, maximum of C'" and 1/C,,
wherein the maximum of C"' is related to the conductance of the charge transfer process (such
as G = wC" = 2mfC") and 1/C,, is related to the energy storage in the electroactive interface
(such as E « ez/Cq). The analytical curve of each analytical signal (Figure 21) was obtained by
plotting the RR% of each sample compared to the blank against the accumulative value of the
concentrations incubated (i.e., the RR% of the second sample incubated is consequence of the

first and the second samples incubation since the incubation of the samples is consecutive).
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Figure 21. ADAM10 analytical curves with the Ab1 anti-ADAM10 biosensing interface by using
as analytical signal a) C,, b) maximum of C"’ and c) 1/C,. The error bars depicted the standard
error from 4 independent assays (n = 4).

Source: Author.

The analytical curves of C, (Figure 21a) and maximum of C" (Figure 21b) presented a linear
correlation through all the intervals of concentrations analyzed, being r?2 = 0.964 and r? =
0.963, respectively. The equation of the C, linear regression was RR% = 9.62 + 23 -
log[ADAM10] and RR% = 14.18 + 22.22 - log[ADAM10] in the case of the maximum of C"' .
The analytical curve of the analytical signal 1/C, was fitted using the Langmuir isotherm (Figure

21c), given by

RR%maxKa [ADAM10]
14K, [ADAM10]

RR% = Eqg. 10

wherein K is the apparent binding affinity constant between ADAM10 and the used antibody.
The regression with Eq. 10 was statistically validated by R? = 0.987. The value of RR%;,4, and
K, obtained were (229.9+16.8)% and (0.022 +0.004) mLng~!, respectively. The
dissociation constant K,; was calculated by K; = 1/K,, being 7-1071° M. As a mere
comparison of the K; value of the streptavidin/biotin interaction, one of the highest-affinity,
and the most stable protein interactions in nature is of ~10~1* M.% Although, the ADAM10/Ab

K, was 10* times higher than the streptavidin/biotin value, it can still be considered low, and
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therefore, a high ADAM10/Ab interaction was observed. Additionally, the LOD (Eq. 5) and LOQ

(Eq. 6) values of the analytical curves were calculated and they are compiled in Table 6.

Table 6. Limit-of-detection (LOD) and limit-of-quantification (LOQ) values of the analytical curves from
Figure 21. LOD and LOQ were calculated by Eq. 5 and Eq. 6.

Analytical signal Lob LoQ

(ng mLY) (ng mL?)
Cq 0.3 1.1
maximum of C” 0.3 1.0
1/Cq 0.1 0.4

A spike assay was performed to analyze the accuracy of the analytical curves. The concentrations
analyzed were 1.2, 1.7, and 3 ng mL™! prepared in neat commercial human serum. The results
obtained were analyzed with the three analytical signals from Figure 21. Nonetheless, more
accurate results were obtained with the 1/C, analytical curve (Figure 21c). The results are
compiled in Table 7. Although the percentage of recovery of the concentration of 1.7 ng mL™!
was not as close to 100% as the other concentrations, the results obtained applying Eq. 10 were
in good agreement. The error observed in the results could be related to inaccuracy in the

sample preparation procedure.

Table 7. ADAM10 spike assay (n = 2) using the 1/C, analytical curve in Figure 21c.

[ADAM10] [ADAM10] Calculated % Recovery?
(ng mL?) (ng mL?) ? ¥
1.20 1.1+0.2 92.7+14.4
1.70 1.3+£0.2 75.4+129
3.00 2.8+0.3 939+11.1

? Calculated by Recovery (%) = ([ADAM10]/[ADAM10]cqicuiateq) * 100

After the validation with commercial human serum, the performance of the capacitive
biosensing assay was analyzed in human samples from healthy individuals (n = 8), patients with
mild cognitive impairment (MCI) (n = 7), and patients with advanced Alzheimer’s disease (AD)
(n = 5). Those experiments were performed in collaboration with Prof. Ronaldo Censi Faria and
Prof. Marcia Regina Cominetti from UFSCAR (Sdo Carlos, SP). The quantification of ADAM10 in
those samples using the 1/C, analytical curve (Figure 21c) demonstrated a decrease in ADAM10
with the progression of the disease, wherein the average values obtained were 1.1 +
0.7 ng mL™! for the healthy individuals, 0.6 + 0.4 ng mL™?! for the MCl patients and 0.6 +
0.4ng mL™! for the AD patients. It was observed a statistical difference in the ADAM10
concentration between the healthy and the AD patients (p = 0.045, Figure 22a) and between
the healthy group and the combination of MCl and AD patients (p = 0.028, Figure 22b).
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Figure 22. Box plot of the quantification of ADAM10 samples of a) healthy individuals, patients with mild
cognitive impairment (MCIl), and patients with advanced AD. In b) the samples from the MCl and AD
patients were grouped. *Denotes statistical difference (p < 0.05). The quantification of ADAM10 in each
sample was obtained by applying the 1/C, analytical curve from Figure 21c.

Source: Author.

To validate statistically the assay, the results were analyzed by the receiver operating
characteristic (ROC) analysis. ROC is a statistical methodology to validate qualitative clinical tests
(i.e., positive or negative samples for AD) by analyzing the performance of the assay in terms of
its sensitivity (i.e., rate of true positive results) and its selectivity (i.e., rate of true negative
results) in different cut-off values. Therefore, this analysis enables us to estimate the accuracy
of the assay by the area under de curve (AUC); and the most suitable cut-off (CO) to differentiate
negative samples (i.e., healthy samples) from positive samples (i.e., AD or MCl samples). The
ROC analysis (Figure 23) determined that the accuracy of the ADAM10 assay distinguishing
between healthy and AD patient samples was 76.3% (AUC in orange squares), whilst the
accuracy decreases to 74.5% (AUC in blue circles) when it was included the MCI samples.
Moreover, it was possible to estimate the sensitivity, specificity, and the most suitable CO value
to differentiate between healthy samples and AD, being 80%, 63%, and 1.38 ng mL™! (cross-
square labelled in Figure 23), respectively. Whilst the sensitivity of the assay was close to 100%,
the specificity/selectivity was closer to a random assay (i.e., 50%). This inaccuracy could be

related to the low number of samples used in the assay.
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Figure 23. ROC analysis of the ADAM10 assay. The area under the reference curve (AUC = 50%) represents
the result of a random assay (i.e., an assay incapable of differentiating between positive and negative
samples). This reference was compared with the AUC of the healthy vs AD assay (squares in orange) and
the AUC of the healthy vs AD+MCI assay (circled in blue). The most suitable cut-off (cross-square labeled)
was assuming x = 0.375, corresponding to 80% and 63% of sensitivity and specificity, respectively. The
CO value calculated was 1.4 ng mL™1.

Source: Author.

As it was mentioned before, it is the first time that C; the transducer is applied to the
quantification of a molecular biomarker in human serum samples. The biosensor developed
presented 80% and 63% of sensitivity and specificity, respectively, resulting in a very promising
for a first quantitative C;; biosensor. Nonetheless, the variation of the ADAM10 concentration in
serum observed with the progression of AD was different than the variation reported in the
literature. In previous works, Oliveira et al.® and Vatanabe et al.®®> reported an increase in
ADAM10 concentration in serum with the progression of AD, whilst we observed a decrease in

the concentration.

Our initial hypothesis to explain the divergence observed is that our C;; biosensor is quantifying
a distinct ADAM10 isoform from the one detected by Oliveira et al.® and Vatanabe et al.?>, since
the antibody of our biosensor is different to the one used by Vatanabe et al. and, also, it is
different to the capture antibody used in Oliveira et al. which used a label-based methodology
with two antibodies. This hypothesis is based in the fact that ADAM10 is presented in several
isoforms in the cells, i.e., proADAM10 (~80 kDa), mature and active (~65 kDa), and soluble and
inactive (~55 kDa).®> Oliveira et al.®¢ and Vatanabe et al.®* confirmed the detection of the soluble
isoform whose concentration was increased in the AD patients. Since each antibody could be
specific to an isoform and the concentration of each isoform can vary differently with the

progression of the disease, we need to confirm the isoform that our antibody detects. Therefore,
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to confirm our hypothesis, we developed a second biosensing interface with the antibody anti-
ADAM10 (Ab2) used in Vatanabe et al.® that is specific to the soluble isoform of ADAM10.

Again, an analytical curve in the ADAM10 concentration range 0.25 — 50 ng mL™! with 1/Cq as
analytical signal was obtained by using Ab2 anti-ADAM10 (Figure 24). The RR%;,4, and K,
values of the Ab2 anti-ADAM10 was obtained from the Langmuir isotherm (Figure 24a), being
RR%max = (155.3 £ 19.5)% and K, = (0.03 + 0.008) mL ng~1. The K, values of the Ab2
anti-ADAM10 were slightly higher than the one of Abl anti-ADAM10; nonetheless, the values
were not statistically different. The LOD and LOQ values were obtained from the linear range
from the analytical curve (Figure 24b), being LOD = 0.3 ng mL™' and LOQ = 0.9 ng mL™ 1.
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Figure 24. ADAM10 analytical curves with the Ab2 anti-ADAM10 biosensing interface by using as analytical
signal 1/C,. a) Langmuir isotherm fitting and b) linear range of a). The error bars depicted the standard
error from 4 independent assays (n = 4).

Source: Author.

Afterward, the serum samples from healthy individuals (n = 10) and AD patients (n = 6) were
incubated in the Ab2 biosensing interface and quantified with the Ab2 analytical curve from
Figure 24b. The results are depicted in Figure 25a. The quantification of ADAM10 in the Ab2
biosensing interface indicated higher ADAM10 concentration in the serum of patients with AD
(average AD samples concentration 1.7 + 0.8 ng mL™1) than in the samples of healthy
individuals (average healthy samples concentration 1.0 + 0.6 ng mL™1), similar as the findings
reported by Oliveira et al.® and Vatanabe, et al.®> Nonetheless, although the tendency of the
data suggested an increase in ADAM10 concentration with the progression of AD, the results
obtained did not present a statistically significant difference that could be related to the low
number of samples analyzed, likewise in Vatanabe, et al.?® study. The difference in the results
obtained from the Abl and Ab2 assays confirmed the hypothesis that each assay detected
different ADAM10 isoforms. While the technical description from Abcam of the Ab1l did not

inform the region of interaction with the target, Aviva informs that Ab2 recognizes the middle
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region of ADAM10, corresponding to the inactive ~55 kDa ADAM10 isoform, as elucidated by

Vatanabe, et al.®
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Figure 25. Results of the quantification of ADAM10 in human serum samples with the Ab2 anti-ADAM10
biosensing interface applying the 1/C, analytical curve from Figure 24b. a) Box plot of the quantification
of healthy individuals (n = 10) and AD patient samples (n = 6). t-Student statistical test: p = 0.063. b)
Comparison of the ADAM10 concentration measured by our C, assay and ELISA in healthy samples (H1-
H4) and AD patient samples (AD1-AD6).

Source: Author.

Moreover, the results from our C, assay was compared with the concentration calculated by a
commercial ELISA kit for ADAM10 quantification (data provided by Prof. Ronaldo C. Faria's
research group reported in Oliveira et al.2%). The ADAM10 concentration in samples H1-H4 and
AD1-AD6 were measured by ELISA and C, assay (Figure 25b) and the values obtained by each
method were, in general, in good agreement. In the case of samples H3, H4, AD4, and AD5, the
ADAM10 concentration calculated by the C, assay was almost half of the concentration
calculated by ELISA. This discordance could be related to experimental errors in the construction
of the biosensing interface, such as a lower amount of available antibody molecules; or
degradation of the protein in the sample during the storage time within the execution of both

assays.

In this section, it was demonstrated that C, biosensors can be applied in the quantification of
relevant biomarkers in complex samples for the diagnosis of dementia diseases. Here, we
presented two biosensing interfaces for the detection of the analyte ADAM10 by using two
different antibodies specific to different ADAM10 isoforms (Ab1l and Ab2) that enabled the
quantification of the analyte in serum samples with high accuracy, as indicated by the spike
assay in Abl assay and by the comparison with ELISA data in Ab2 assay. Moreover, it was
demonstrated that the selection of the receptor molecule is important in the interpretation of
the assay results because divergences could occur whether different analyte isoforms are
analyzed. This is the first time that a C, transducer is applied to the quantification of analytes in

complex samples and the results were very promising.
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ptau-181 quantitative assay

The protein ptau-181, as discussed in the introduction, is involved in the neurodegeneration
process observed in AD via self-aggregation due to phosphorylation of the protein residues and
it has been reported several studies that demonstrated an increase in the protein concentration
from 1 to 50 pg mL™1 in blood with the progression of AD.2%#” Due to the low concentration
range, high-sensitive C, transducers were required to achieve the objective proposed in the
project, that is, to develop, for the first time, a label-free capacitive biosensor for ptau-181.
Therefore, three C interfaces based on rPep SAM, rPep SAM with amplifier signal methodology,
and CdTe quantum dots (QD) were analyzed and compared in terms of their performance as
evaluated through LOD and LOQ values.

The rPep SAM-based assay was developed by using an Au electrode from Metrohm, which was
modified with redox peptide SAM where the Ab anti-ptau-181 was immobilized over, as
depicted in the experimental section and in more detail in reference Garrote et al.®® The
formation of the redox-peptide capacitive interface was characterized by CV and ECS (Figure 26
in grey dashed lines in a) or grey circles in b)), denoting reversible oxidation/reduction process
by AV = Vox = Vyeq < 20 mV and jox /jrea ~ 1.
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Figure 26. a) Cyclic voltammogram and b) capacitive Nyquist plot of the redox-peptide SAM (rPep SAM)
in the presence (colored in orange in a) and orange triangles in b)) and absence (in dashed grey lines in a)
and grey circles in b)) of the redox probe FcA in solution. In a), Aj,, and Aj,..4 depict the density current
gain with the amplifier signal. In b), AC, depicts the quantum capacitance gain by using the amplifier signal
technology developed.

Source: Author.
The immobilisation of the receptor and the construction of the biosensing interface was
characterized by ECS (Figure 27a). Note that in the analysis of experimental results, C,; decreased

30% after the immobilization of the antibody and varied < 1% after the blocking procedure of
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the interface, denoting a suitable occupation of the carboxylic acid groups by the antibody
blocking molecules. The blank measurements served as a quantification of the drift related to
the unspecific interaction of the human serum. Nonetheless, the relative variation of the blanks
was < 3% which indicated a high selectivity and stability. After this analysis, the biosensing
interface was consecutively incubated with human serum samples containing increasing
concentrations of ptau-181 in the range of 1 — 64 pg mL™1. Although the electrochemical
capacitance is high-sensitive, the RR% of the assay developed after the incubation with each
sample was lower than the RR% of the blanks, denoting that the redox peptide-based C,
interface was not enough sensitive to detect the analyte in the required concentration range

(see Figure 28a).
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Figure 27. Capacitive Nyquist plots of the formation of the biosensing interface for a) the assay without
the redox probe in solution and b) the assay with the redox probe in solution as an amplifier signal.

Source: Author.

The sensitiveness of C; biosensors depend on three factors: the target-to-receptor size ratio®,
the used transducing signal, and the concentration range of the target in the samples.
Considering these aspects, neither the target-to-receptor size ratio nor the concentration range
can be varied; therefore, the C, transducer mechanism can be improved based on an
adjustment of rPep SAM by adding an amplifier redox probe in solution*; or by modifying the
components responsible for C, with higher sensitiveness to surroundings modifications, such as
the consideration of a novel quantum dot (QDs)-based C, interface (under preparation for

publication).

As was depicted in the section reporting the development of the high-sensitive quantitative NS1
Dengue virus assay, it was developed a novel amplifier signal methodology for C, biosensors
that consist in improving quantum rate efficiency of the C, transducer charge transfer by

coupling the density-of-states of electroactive molecules confined to the electrode (that is, for
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instance, those of the redox peptide SAM) and that of the redox probe in solution (FcA, 110
uM).*! In sensing application it enables an enhancement of the sensitivity of the interface to
variations in the surrounding environment with the binding process (such as antibody/analyte
interaction), as demonstrated in the NS1 Dengue virus biosensor. Likewise, the presence of FcA
in the supporting electrolyte in the ptau-181 assay promoted a 1.5-fold and 1.3-fold increase in
the oxidative (j,,) and reductive (j,.4) current densities, respectively, and a 1.3-fold increase in
Cq of the interface (Figure 26 colored in orange in a) and orange triangles in b)). Following
preceding methodologies, the construction of the biosensing interface was characterized to
evaluate the fabrication process step-by-step, but in the present case, the analysis was
conducted in a supporting electrolyte containing a redox probe in solution (Figure 27b).
Overcoming the assay without the amplifier redox probe, the incubation with undiluted human
serum samples containing an increasing concentration of ptau-181 decreased progressively the
Cq value (Figure 28b), denoting a higher sensitiveness and successful demonstration of the

amplification of the capacitive signal of the interface.
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Figure 28. ptau-181 assay by using the following transducer interfaces a) redox peptide SAM and b) redox
peptide SAM with redox probe in solution as amplifier signal, and c) CdTe QDs.

Source: Author.

As an alternative to rPep SAM, quantum dots (QDs) C,-based transducing interface was
analyzed. QDs are zero-dimensional (size < 10 nm) semiconductor materials (or artificial atoms)
with discrete quantized energy levels that provides excellent optical and electronic properties.
Thus, they comprised a promising alternative in the vast possibilities of applications in biological,
chemical, and physical research, especially in the diagnosis and detection of diseases.”” 8
Recently, our research group has demonstrated that QDs can be used as quantum capacitive
centers which formed C, transducers with 4-fold higher sensitivity than C, assays obtained by
rPep SAM or Fc-thiol-based SAM transducers (manuscript under preparation for publication).
The mechanism of the QD-based transducer is based on measuring variations in the electron
transfer to/from the electrode from/to the QD ensemble (electron transport and charging
processes) due to molecule interaction in the surrounding environment. This variation in the
electronic properties is obtained by measuring the density-of-states of the QD ensemble

accessed in a simple manner by ECS measurements which resolves the energy levels, its
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distribution and its variation against surface modifications. Therefore, because of the promising
analytical features observed in the QD transducer based on an ensemble of CdTe QD, it was
applied to improve the sensitiveness of the ptau-181 assay. The CdTe QD-based assay consisted
in miniaturized Au electrodes modified with L-cysteine to which the QDs and formerly the Ab
ptau-181 were immobilized (more details about the protocol are depicted in the experimental
section). ECS measurements to characterize the modifications were conducted at a potential
range of —1.6 - 1.6 VV and a fixed frequency that corresponds to the equilibrium frequency, f,
(that is, f = 0 at which a charge equilibrium regime exists in the interface). The biosensing
interface was incubated with ptau-181 serum samples and the DOS of the interface was
measured after each incubation (Figure 28c). The interaction between the Ab ptau-181 and the
analyte varied the imaginary capacitive (C'') component of the complex capacitance which is
associated to the conductance (G, such as G = 2mfC") of the energy states associated to this
charge equilibrium regime in which there is a communication between CdTeQD states and those
of the electrode. Specifically, C"' of the LUMO (lowest unoccupied molecular orbital) energy level
(~ 0.32 V) increased linearly with the target concentration (dashed line in Figure 28c). This
increase in C"" as a function of the target immobilization is related to the increase in the charge
carriers in the biosensing interface due to the negatively charged phosphorylated residues in

the ptau-181 structure.
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Figure 29. a) Analytical curve of the ptau-181 assay with redox peptide SAM with amplifier signal
methodology (orange triangles), that is, redox probe in the supporting electrolyte. b) Zoom from a) to
show the analytical curve of the ptau-181 assay with CdTe QDs (blue squares) transducing interface and
the unspecific drift of the redox peptide SAM (grey circles). Redox peptide SAM with amplifier signal and
CdTe QDs results that were fitted to a Langmuir isotherm providing statistics with r> = 0.96 and r? =
0.94, respectively. Error bars represent the standard error of at least 3 independent assays.

Source: Author.
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The analytical curves of the rPep SAM with FcA in the supporting electrolyte and the CdTe QDs
assays were obtained by plotting the RR% (Eq. 4) of each ptau-181 sample in neat human serum
against the protein concentration. The analytical signal used in the amplifier signal-based assay
was 1/C, (orange triangles in Figure 29), related to the energy of the interface, such as E' «
e?/C,*, whereas in the QD-based assay it was used C'’ of the LUMO energy level (blue squares
in Figure 29), related to G. The on-site analyte-antibody interaction in both assays was
demonstrated by fitting the response to a Langmuir isotherm with statistics 2 = 0.96 and r? =
0.94, respectively for amplifier signal assay and QD-based. From the linear regression of the
analytical curve obtained by fitting the RR% signal with respected to the logarithm of the
analyte concentration, we obtained the LOD (Eq. 5) and LOQ (Eq. 6) values, which is compiled in
Table 8. The ptau-181 assay based on rPep SAM with the amplifier signal methodology was 25-
fold more sensitive than the QD-based assay; nonetheless, the QD-based assay presented
suitable LOD and LOQ values for ptau-181 analysis in serum samples in the required analytical
range. Both assays improved considerably the results obtained in “pure” rPep SAM-based
capacitive assay which only presented a drift signal when incubated in samples containing ptau-
181. Moreover, QD and rPep SAMs with FcA assays achieved LOD and LOQ values in the fM

range, which is much lower than others C;; biosensors reported in the literature, 10% 101 102 103
104

Table 8. Limit-of-detection (LOD) and limit-of-quantification (LOQ) of the ptau-181 assays based on rPep
SAM, rPep SAM with FcA and CdTe QD C, transducers.

Cq Transducer LOD (fM) LOQ (fM)
rPep SAM NA NA

rPep SAM + FcA 0.7 2.3

CdTe QD 17.5 58.4

In summary, the assays based on the rPep SAM with FcA as amplifier signal and the CdTe QD
transducer were suitable to quantify the AD biomarker ptau-181 in serum samples with high
sensitivity, achieving the objective proposed at the beginning of this thesis. The improvements
and the sighting of new C,, transducers have enabled us to overcome the limitations in detection
limits and applicability of traditional C, transducers, such as redox-peptide SAM, and to bring

new applications and possibilities to capacitive biosensing technologies.
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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, C, 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-taul81, by using well-established C, transducers, such as the redox-
peptide SAM; analytical-improved C, transducers, such as the redox-peptide SAM coupled with
the amplifier signal methodology; or new C, 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 C;, 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-taul81 assays. This discovery has brought a
new level of applications of C; biosensors that require very low sensitivity.

iii. Redox-peptide SAM is a well-established C;,; 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 C, transducers. CdTe QD-based C, transducer was
successfully applied for the quantification of the AD biomarker p-taul81 in commercial
serum samples with high sensitivity (23 fM). Together with the redox-peptide SAM
coupled with the amplifier signal methodology, CdTe QD-based C, transducer was the
most sensitive C, 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 C, 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 C, 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 C,, 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 C,

transducers.

The advantages and limitations of the C, 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 C, transducers analysed in this Ph.D

project.
C, transducer Advantages Limitations
Well-studied
Non-fouling Requires high-quality

rPep SAM

rPep SAM with amplifier
signal

SLG graphene

Inorganic quantum dots

High-reproducibility
Sensitivity in the ng per mL
range

Label-free

Reagentless

Suitable for qualitative or
gquantitative assays

Sensitivity in the picograms
per mL range.
Label-free.

Suitable for qualitative or
quantitative assays

High-sensitivity.
High-specificity (when properly
modified).

Easy-to-produce.
Easy-to-handle.

Label-free

Reagentless

Suitable for qualitative assays
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

electrode surfaces for self-
assembling.

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

Hard to synthetise

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

Not suitable for quantitative
assays.

Ultrasensitive to variations in
the ionic environment.

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

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