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RESUMO
A cistatina C (CysC) € um marcador precoce de disfuncéo renal, o qual € mais preciso na
predicéo do risco de falha renal do que a creatinina, e tem se mostrado independente de
sexo, idade, dieta e massa muscular. Assim, o desenvolvimento de testes diagndsticos
rapidos, precisos e sem a necessidade de manipulagédo por pessoal especializado, como
0s imunossensores, € de grande importancia para quantificacdo da CysC. Neste trabalho
foram desenvolvidos ensaios imunossensores eletroquimicos para detectar a alteracao nos
perfis serolégicos de CysC. Nanoparticulas de silicio (MCM-41) funcionalizadas foram
utilizadas no desenvolvimento de plataforma sensora. Um eletrodo de ouro funcionalizado
com monocamadas auto-organizadas (SAMs) de acido mercaptopropiénico (MPA) foi
utilizado para a imobilizacdo do MCM-41 e as leituras feitas através da técnica de
impedancia eletroquimica. Além disso, buscando o melhoramento dos sensores
eletroquimicos, foi desenvolvido um imunossensor utilizando nanocomposito de 6xido de
grafeno-aminoferroceno. Aqui, o ferroceno funciona como centro de atividade eletroquimica
para leituras diretamente em sangue ou soro. Nos ensaios desenvolvidos, as
monocamadas auto-organizadas de MPA permitiram a estavel imobilizacdo das
nanoparticulas de silicio. Estas, por sua vez, foram funcionalizadas com sucesso atraves
da adicdo de grupamentos amina, o que foi comprovado através da analise por
Infravermelho por Transformada de Fourier (FT-IR). Além disso, as nanoparticulas
admitiram o0 aumento da capacitancia na interface entre o eletrodo e a solucéo redox, a
estavel imobilizacdo dos anticorpos e sensivel deteccdo da CysC, com uma faixa de
deteccéo linear de 0,2 a 1,0 pg/mL e limite de deteccédo de 0,06 pg/mL. No segundo
trabalho, a funcionalizacdo do grafeno com o aminoferroceno foi bem-sucedida, sendo
comprovada através de analise de FT-IR. O imunossensor baseado em nanocompasito de
grafeno-aminoferroceno permitiu um aumento da area eletroativa do eletrodo e da area
para imobilizagdo de biomoléculas, comprovada através da técnica de Microscopia de
Forca Atdbmica. A plataforma permitiu a deteccéo linear da CysC na faixa de 0,1 a 1000
ng/mL e limite de deteccédo de 0,03 ng/mL com alta sensibilidade, sendo uma excelente
alternativa para deteccao eletroquimica da CysC em tempo real sem o uso de sondas
redox. As vantagens deste imunossensor incluem testes rapidos com menos etapas pelo
simples uso de uma superficie redox. Os métodos aqui descritos se mostraram estaveis e
sensiveis na deteccdo de CysC e, por consequéncia, de grande importancia para a

prevencao e deteccao precoce de doencas renais.

Palavras-chave: Imunossensor. Nanoparticulas silicio. Aminoferroceno. Grafeno. Doencas

renais. Cistatina C.



ABSTRACT

Cystatin C (CysC) is an early marker of renal dysfunction, which is more accurate in
predicting the risk of renal failure than creatinine, and has been shown to be independent of
gender, age, diet and muscle mass. Thus, the development of fast, accurate and no need
for handling by skilled personnel, such as immunosensors, is of great importance for
guantifying CysC. In this work, electrochemical immunosensor assays were developed to
detect the change in CysC serological profiles. Functionalized silica nanoparticles (MCM-
41) were used in the development of sensor platform. A functionalized gold electrode with
self-assembled monolayers (SAMs) of mercaptopropionic acid (MPA) was used for
immobilization of the MCM-41 and readings made using the electrochemical impedance
technique. In addition, seeking the improvement of electrochemical sensors, an
immunosensor using graphene-aminoferrocene oxide nanocomposite was developed.
Here, ferrocene acts as the center of electrochemical activity for readings directly in blood
or serum. In the assays developed, the self-assembled monolayers of MPA allowed stable
immobilization of silica nanoparticles. These, in turn, were successfully functionalized
through the addition of amine groups, which was confirmed by Fourier Transform Infrared
(FT-IR) analysis. In addition, the nanoparticles allowed for increased capacitance at the
interface between the electrode and redox solution, stable immobilization of antibodies and
sensitive CysC detection, with a linear detection range of 0.2 to 1.0 pg/mL and limit detection
rate of 0.06 pg/mL. In the second work, the functionalization of graphene with
aminoferrocene was successful, being confirmed by FT-IR analysis. The graphene-
aminoferrocene nanocomposite-based immunosensor allowed an increase in the electrode
electroactive area and the area for immobilization of biomolecules, proven by the Atomic
Force Microscopy technique. The platform allowed linear detection of CysC in the range 0.1
to 1000 ng/mL and detection limit of 0.03 ng/mL with high sensitivity, making it an excellent
alternative for real time electrochemical detection of CysC without the use of redox probes.
Advantages of this immunosensor include rapid testing with fewer steps by simple use of a
redox surface. The methods described herein have been shown to be stable and sensitive
in detecting CysC and therefore of great importance for the prevention and early detection
of kidney disease.

Keywords: Immunosensor. Silica nanoparticles. Aminoferrocene. Graphene. Kidney
diseases. Cystatin C.
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1 INTRODUCAO

A Cistatina C (CysC) é uma proteina de 13 kDa considerada um marcador
precoce para diagnéstico de doencas renais e é relacionada a taxa de filtracédo
glomerular (TFG) (LAU et al., 2017; TAO; ZHAO; ZENG, 2016). Evidéncias sugerem
gue o aumento dos niveis séricos de CysC pode detectar a disfuncdo renal mais
precocemente do que a creatinina, que é atualmente o marcador diagnostico mais
utilizado (GAYGISIZ et al., 2016). Estudos recentes indicaram que a concentracao
sérica de CysC é mais estavel e precisa na estimativa da TFG e é independente de
sexo, dieta e massa muscular (FOX et al., 2014; Ml et al., 2016; RAVN et al., 2017).
Assim, este marcador pode indicar sinais precoces de doenca renal, permitindo um
diagndstico precoce de Insuficiéncia Renal Aguda (IRA) e diminuigdo dos casos de
Doencga Renal Cronica (DRC), bem como o monitoramento desta condicdo em
pacientes fazendo uso de didlise. Estudos recentes mostraram que a incidéncia de
IRA é de até 20% nos EUA e muito similar em outros paises, ao passo que a DRC
tem uma alta prevaléncia global, estimada em 11 a 13%. Nesse sentido, a busca de
métodos analiticos alternativos de menor custo que combinam a possibilidade de
fornecer resultados de forma mais pratica, imediata e sem a necessidade de pessoal

especializado para monitoramento da CysC é imperativo.

Até o momento, varias estratégias analiticas tém sido usadas para a deteccao
de CysC sérica, como ensaio imunoenzimatico (ELISA do inglés Enzyme-Linked
Immunosorbent Assay), imunoensaios turbidimétricos e nefelométricos (DELANAYE
et al., 2014; FONSECA et al., 2015; JIANG et al., 2014). No entanto, estes sao
meétodos demorados e exigem pessoal especializado para operar. Devido a isso e ao
grande interesse na deteccdo rapida de CysC, foram feitas tentativas para
desenvolver biossensores e imunossensores para CysC. YANG et al., (2016) foi capaz
de desenvolver um genossensor eletroquimico usando nanoparticulas de ouro e 6xido
de ferro para amplificar o sinal. Embora o limite de deteccéo tenha sido baixo para
este trabalho, ndo é clinicamente relevante e 0 sensor requer muitos passos para a
conversdo do sinal. Alguns sensores 6pticos também foram desenvolvidos, como o
trabalho de GORODKIEWICZ & LUSZCZYN, (2011) e TAO et al. (2016), que

utilizaram imagens de ressonancia de plasmon de superficie e pontos quéanticos de
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infravermelho préximo, respectivamente, para deteccdo de CysC. O principal
problema nos sistemas 6pticos € a dificil miniaturizacdo dos métodos. Neste contexto,
0S imunossensores amperomeétricos eletroquimicos tém a vantagem de deteccao

especifica e sensivel, e facil miniaturizacao.

No desenvolvimento de imunossensores, 0S nhanomateriais vém sendo
amplamente utilizados devido a constante busca por melhores, mais estaveis e
sensiveis plataformas para a imobilizacdo de antigenos e anticorpos. Dentre o0s
nanomateriais recentemente utilizados, deve-se destacar o Material Cristalino Movel
(MCM-41), também conhecido como silica mesoporosa ou hanoparticula de silicio.
Este vem sendo utilizado em variadas aplicacbes como liberacdo de drogas, imagem
e biosensoriamento (KHALILZADEH et al., 2016). Estas muitas aplicacbes sao
possiveis devido a sua grande eficacia na imobilizacdo de proteinas, bem como a
presenca de numerosos grupamentos silano na sua superficie, tornando possivel a
facil modificacdo e funcionalizacdo destes com varias funcfes organicas (OMIDFAR
et al., 2012; SZEGEDI et al., 2011). O material mais comum para funcionalizacéo da
superficie das nanopatrticulas de silicio € o Aminopropil-trietoxisilano (APTES), o qual
tem a capacidade de formar uma camada funcionalizante em materiais de silica, com
grupamentos amina livres para ligacdo de biomoléculas. O MCM-41 funcionalizado
com o APTES permite um melhoramento na area superficial e na imobilizacédo

organizada de biomoléculas e consequentemente, na sensibilidade do imunossensor.

Outro nanomaterial que merece destaque é o Oxido de Grafeno (GO do inglés
Graphene Oxide). Este atraiu grande atencdo devido a sua alta area de superficie
tedrica, excelente condutividade elétrica, alta estabilidade quimica, forte resisténcia
mecanica e o fato de que o carbono € um dos elementos mais baratos e abundantes
(RODRIGUEZ et al., 2015). A excelente transferéncia de elétrons entre o GO e seus
grupos funcionais é de grande importancia para a aplicacdo em eletrénicos, sensores
e biossensores, uma vez que facilita a deslocalizagéo de elétrons (RABTI; RAOUAFI,
MERKOCI, 2016; RODRIGUEZ et al., 2015; SONG et al., 2016). Este, portanto, tem
sido amplamente utilizado no desenvolvimento de imunossensores eletroquimicos.
Entretanto, em imunossensores eletroquimicos “label-free”, as espécies redox sao
indispensaveis para a detecc¢éo eletroquimica e o0 método mais comum € adicionar as
espécies redox nas solucbes eletroliticas (WANG; GAO; MA, 2017). Uma das

desvantagens desse método é que ele exige lavagens e varias etapas que atrasam
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uma deteccdo “point-of-care” real. Recentemente, grande foco tem sido dado a
plataformas livres de sonda redox (ou redox probe-free) para aplicacbes em
imunossensores (MOREIRA et al., 2011; TRINDADE; DUTRA, 2018). Nesse sentido,
moléculas redox ativas, como unidades de ferroceno (Fc), podem ser conectadas a
superficie do sensor como o centro da atividade eletroquimica, dispensando o uso de
sonda redox externa, como usado no imunossensor convencional (YAMANAKA;
VESTERGAARD; TAMIYA, 2016). Rapida taxa de transferéncia de elétrons e
estabilidade redox de dois estados sédo outras caracteristicas eletroquimicas atrativas
exibidas por Fc e compostos derivados, tornando-os excelentes mediadores,
principalmente quando usados em associacdo com diferentes nanomateriais (CHO et

al., 2018; RABTI et al., 2016), como por exemplo o 6xido de grafeno.

Nesta tese, descreve-se o desenvolvimento de um imunossensor baseado em
nanoparticulas de silicio visando ao desenvolvimento de um sensor eletroquimico
impedimétrico para deteccao direta de anti-CysC, com maior sensibilidade devido ao
maior numero de moléculas imobilizadas em sua ampla area superficial. Também foi
desenvolvido um imunossensor eletroquimico baseado em grafeno e ferroceno para
aumentar a area eletroativa e a superficie de imobilizacao para anticorpos anti-CysC,
permitindo alternativa sem sonda redox para o monitoramento de doencas renais.
Essas metodologias podem ser consideradas excelentes alternativas para
complementar e auxiliar a detecgao precoce de falha renal. Por fim foi realizado uma
extensiva pesquisa do estado da arte em biossensores para Cistatina C, o qual foi

abarcado em um artigo de revisdo sobre o tema.
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2 FUNDAMENTACAO TEORICA

2.1 INSUFICIENCIA RENAL AGUDA E DOENCA RENAL CRONICA

Estudos tém demonstrado que a incidéncia de Insuficiéncia Renal Aguda (IRA)
vem aumentando nas ultimas décadas e pode muito provavelmente resultar em dano
renal permanente (COCA; SINGANAMALA; PARIKH, 2012). A incidéncia de IRA tem
sido relatada em até 20% nos EUA e muito similar em outros paises (GHARAIBEH et
al., 2018; HOSTE et al., 2015). Estima-se que a IRA ocorra em torno de 20 a 200 por
milh&o da populacéo, 7 a 18% dos pacientes internados e aproximadamente 50% dos
pacientes em Unidade de Terapia Intensiva (UTI), sendo considerada uma
preocupacao crescente para a saude em todo o mundo (CHAWLA et al., 2017; HOSTE
et al., 2015). A IRA tem sido associada a alta morbimortalidade, matando cerca de 2
milhdes de pessoas todos 0s anos no mundo e as taxas de mortalidade hospitalar em
pacientes hospitalizados com IRA sdo muito altas entre os pacientes que necessitam
de dialise (CHAWLA et al., 2014, 2017; HOSTE et al., 2015). Uma vez que a IRA é
um fator de risco independente para Doenca Renal Cronica (DRC), Estagio Final de
Doenca Renal (EFDR), doencas cardiacas e morte, ela se configura como uma
preocupacdo significativa de salde publica em todo o mundo (COCA,;
SINGANAMALA; PARIKH, 2012).

Atualmente, a DRC tem uma alta prevaléncia global, estimada em 11 a 13%,
com maior prevaléncia dos estagios finais (estagios 3 a 5), e € uma causa significativa
de morbidade e mortalidade (GIFFORD et al., 2017; HILL et al., 2016). Os paises de
baixa e média renda sofreram um aumento alarmante no numero de DRC nos ultimos
20 anos, com uma significante associacdo com diabetes mellitus, hipertenséao,
doencas cardiovasculares, alto indice de massa corporal, entre outros (DE MOURA et
al., 2014; GRAMS et al., 2013). Concordantemente, houve um aumento anual das
despesas em programas de dialise em todo o mundo, que variou de 6% a 12% e
continua a crescer (DE MOURA et al., 2014). Nos EUA, mais de 400 mil americanos
apresentam doenca renal terminal e mais de 300 mil desses pacientes necessitam de
didlise. As taxas de mortalidade permanecem acima de 20%/ano com o uso de didlise,

sendo que os custos médicos anuais diretos para doenca renal terminal sdo quase
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US $ 23 bilhdes (GO et al., 2015). No Brasil, entre 2000 e 2012, a incidéncia aumentou
20%, ou seja, 1,8% por ano em todas as regifes do pais e particularmente em grupos
etarios mais velhos. Com isso, a incidéncia e a prevaléncia de pacientes com DRC
que receberam tratamento de didlise financiado publicamente aumentaram
significantemente (DE MOURA et al., 2014). Assim, o diagndstico precoce e 0
acompanhamento da evolucdo da doenca renal sdo de extrema importancia para a

saude publica, e diversas pesquisas tém sido desenvolvidas neste sentido.

2.1.1 Cistatina C

O conhecimento da taxa de filtragdo glomerular (TGF) é essencial para
deteccdo e monitoramento de diminuicdo da fungéo renal (GRUBB et al., 2014). Existe
uma relacao inversa entre risco de DRC e TGF que é independente da idade, sexo e
outros fatores de risco. A funcdo renal diminuida é um preditor de hospitalizagéo,
disfuncédo cognitiva e ma qualidade de vida (HILL et al.,, 2016). A identificacdo e
determinacdo do estagio da doenca renal dependem da medida da TGF e da
albumindria (quantidade de albumina na urina). O calculo da TGF real pela medicéo
de marcadores de filtracdo externos € incémodo e impraticavel (JHA et al., 2013),
sendo esta, por muito tempo, estimada por equacdes envolvendo as concentracées
séricas de creatinina (KHORGAMI et al., 2013). No entanto, a creatinina sérica é
influenciada n&o apenas pela TGF, mas também por outros fatores, incluindo massa
muscular, idade, género, medicamentos, estado catabdlico, quantidade de carne
ingerida e secrecao tubular (GRUBB et al., 2014; KHORGAMI et al., 2013).

A busca por um marcador alternativo de deteccéo precoce de doencgas renais
levou a cistatina C sérica (CysC). Cistatina C e creatinina sdo produtos de caminhos
metabolicos muito diferentes e sdo medidos por ensaios independentes, sendo que a
CysC é menos sensivel a alteracdes fisiologicas (GRAMS et al., 2013). Estudos
recentes indicam que a concentragéo sérica de CysC € um melhor marcador em casos
de insuficiéncia renal leve (FOX et al., 2014), além de ser um biomarcador de TFG
mais preciso em diferentes situacdes (DELANAYE et al., 2014), inclusive na predi¢cao

do risco de DRC em criancas e idosos (Ml et al., 2016).
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A CysC é uma proteina glicosilada de baixo peso molecular (13kda) da classe
das inibidoras de cisteino-proteinases (Fig. 1). Esta é produzida num ritmo constante
pelas células nucleadas e encontra-se presente nos liquidos biolégicos. Ela foi
sugerida como um marcador alternativo para a TGF em 1979, sendo que o primeiro
procedimento automatizado para analise da cistatina C foi introduzido em 1994
(GRUBB et al., 2014; LAU et al., 2017). A CysC é livremente filtrada pelos glomérulos,
e a sua concentracdo sérica é independente de dieta, secrecdo tubular, massa
muscular e peso corporal, ndo existindo diferengas significativas entre os valores de
referéncia para o sexo feminino e o masculino. Devido a isso, esta é considerada um
marcador precoce da disfuncdo renal relacionada a TGF (LAU et al., 2017; TAO;
ZHAO; ZENG, 2016).

Figura 1. Estrutura terciaria da cistatina C.

Fonte: KOLODZIEJCZYK et al., 2009.

Além disso, a CysC é um marcador que vem sendo cada vez mais utilizado no
monitoramento de pacientes em dialise (hemodialise, didlise peritoneal, etc.), por ser
mais preciso do que a creatinina e a correlacao entre creatinina e ureia em urina de
24 horas (HOEK et al., 2007; KHORGAMI et al., 2013). Assim, este marcador pode

indicar sinais precoces de doenca renal e diminuicdo dos casos de DRC, bem como
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0 monitoramento desta condicdo em pacientes fazendo uso de dialise. Até 0o momento,
varias estratégias analiticas tém sido usadas para a deteccdo de CysC sérica, como
ensaio imunoenzimatico (ELISA), imunoensaios turbidimétricos (PETIA) e
nefelométricos (PENIA) (DELANAYE et al., 2014; FONSECA et al., 2015; JIANG et
al., 2014). No entanto, estes testes exigem unidades laboratoriais centralizadas e
instrumentos manuseados por pessoal especializado. Devido a isso e ao grande
interesse na deteccdo rdpida de CysC, biossensores tém sido desenvolvidos para
uma deteccdo precisa e direta, e uma tecnologia de facil operagcdo, buscando o

diagnéstico precoce de falha renal.

2.2 BIOSSENSORES

Biossensores sao dispositivos analiticos que utilizam componentes bioldgicos
como elementos de reconhecimento para deteccdo de analitos-alvo (Fig. 2). Tais
dispositivos combinam um sistema de deteccdo (receptor biolégico que fard o
reconhecimento do analito), transducao (que ir4 transformar essa ligacdo em um sinal
que possa ser medido) e amplificacdo do sinal gerado nos processos de
biorreconhecimento (que permitirdo a visualizacdo desse sinal) (CHOCARRO-RUIZ et
al., 2017). Ha varios tipos de biossensores, classificados de acordo com o transdutor
(6ptico, eletroquimico, piezelétrico, etc.), ou de acordo com a biomolécula imobilizada
na superficie de deteccéo (biorreceptor), que podem ser enzimas, DNA, anticorpos,

entre outros.
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Figura 2. Esquema de funcionamento de um biossensor.
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Fonte: Elaborada pela autora (2019).

Quando imunoglobulinas ou antigenos séo utilizados como biorreceptor em
biossensores, estes podem ser classificados como imunossensores (SHARMA,
BYRNE; O’KENNEDY, 2016; WANG, 2006). Os imunossensores podem possuir
inUmeras vantagens frente aos métodos tradicionais de diagnostico, devido a serem
dispositivos menores e facilmente manuseaveis, fornecendo a resposta em poucos
minutos (AFKHAMI et al., 2017). Dentre os transdutores para imunossensores, 0S
eletroquimicos sdo os mais comumente utilizados, visto que tém potencial para o
diagnéstico rapido e preciso de doengas, com o objetivo de direcionar a um tratamento
imediato e maior sobrevida dos pacientes (AFKHAMI et al., 2017; AHMED et al., 2015;
CEVIK et al.,, 2016). Os imunossensores eletroquimicos séo testes diagnosticos
interessantes devido a sua facilidade (“user-friendly”) e relativo baixo custo, podendo
alcancar menores limites de deteccdo com pequenos volumes de analito. Além disso,

a instrumentacdo necessaria é relativamente simples e pode ser facilmente
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portabilizada, instigando o desenvolvimento de eletrodos descartaveis e metodologias
para guantidades insignificantes de amostras (SHARMA; BYRNE; O’KENNEDY,
2016).

Os sinais biologicos dos imunossensores podem ser reconhecidos e
transduzidos utilizando varias estratégias, como a utilizacado de biomoléculas ligadas
a marcadores (por exemplo, enzimas ou moléculas fluorescentes, entre outros). No
entanto, esses métodos quase sempre requerem mais passos para que a leitura final
seja realizada. Devido a isso, ensaios sem marcadores ou “label-free” sé&o
amplamente utilizados em imunossensores para diminuir etapas e tornar o processo
de deteccdo mais estavel. Ensaios “label-free” buscam interagdes moleculares
biologicamente ativas, fornecendo informagdes detalhadas sobre seletividade,
afinidade e, em muitos casos, também a cinética de ligacdo e a termodindmica (SANG
et al., 2015; TURNER, 2013). A deteccdo das modificacbes ocorridas na superficie
eletrédica de imunossensores eletroquimicos “label-free” sdo detectadas devido a
flutuagcbes na barreira de difusdo de ions induzidas pelas interagfes entre antigenos
e anticorpos, sendo as técnicas eletroquimicas extremamente sensiveis para detectar

essas alteracdes.

2.2.1 Métodos de deteccao e caracterizacao eletroquimica

No desenvolvimento de imunossensores eletroquimicos, as técnicas aplicadas
utilizam potencial, corrente ou carga em uma célula eletroquimica, as quais sao
dependentes das espécies presentes na interface entre um eletrodo e a solugdo em
gue ele se encontra (HARVEY, 2019). A Voltametria Ciclica (VC) é considerada uma
das técnicas mais importantes para medicdes eletroquimicas, na qual é registrada a
resposta de corrente em diferentes voltagens aplicadas (potencial) (YANG; ROGACH,
2019). A VC oferece informacgdes sobre a interacao do eletrodo com a solugéo em que
estd em contato, realizando uma varredura de potencial em varios ciclos sucessivos
e em ambas as direcdes (oxidacdo e reducdo), explorando o comportamento
eletroquimico das espécies geradas no eletrodo (HARVEY, 2019; PACHECO et al.,

2013). O voltamograma tem picos separados para a reacdo de oxidacao (Ipc) e de
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reducao (Ipa) (Fig. 3), cada qual caracterizado por um potencial de pico e uma corrente
de pico (HARVEY, 2019). A razao entre as correntes de pico e a diferenca de pico de
potencial nos segmentos catodico (oxidacdo) e anddico (reducao) podem ser usadas
para julgar se o sistema eletroquimico € reversivel (YANG; ROGACH, 2019). Com
isso, a VC se torna uma técnica indispensavel na analise de superficies e das reacdes

ocorrendo através delas.

Figura 3. Voltamograma ciclico demonstrando as correntes catddica (Ipc) e anddica

(Ipa).
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Fonte: TRINDADE, 2015.

Outra técnica de andlise eletroquimica € a Voltametria de Onda Quadrada
(VOQ), a qual é considerada a mais avan¢ada e mais sofisticada técnica dentre as
voltametrias (GULABOSKI; PEREIRA, 2008; MIRCESKI et al., 2013). Esta € uma
técnica eletroquimica adequada para aplicacdo analitica, estudo mecanistico de
processos de eletrodos e medicbes eletrocinéticas (MIRCESKI et al.,, 2013). A
corrente de pico obtida na VOQ depende de varios parametros inter-relacionados,

como a frequéncia e a amplitude, por exemplo, os quais tém uma influéncia combinada
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na resposta da corrente de pico (AMMAR et al., 2016). A VOQ envolve a aplicacdo de
repetidos pulsos de potencial simétricos sobrepostos em uma varredura de potencial
em escada, a qual permite a discriminacéo efetiva de processos faradaicos de
correntes (DAUPHIN-DUCHARME et al., 2017; GULABOSKI; PEREIRA, 2008). Isso
€ obtido impondo dois pulsos opostos de onda quadrada da mesma altura em cada
degrau em potencial da escada e medindo a corrente resultante no final de cada pulso
(Fig. 4) (DAUPHIN-DUCHARME et al., 2017). Desta forma, a VOQ é considerada uma
das técnicas de voltametria mais sensiveis, sendo capaz de observar pequenas

variacfes de corrente na superficie eletrodica.

Figura 4. Representagéo do funcionamento de uma voltametria de onda quadrada.
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Fonte: Adaptado de MIRCESKI et al., (2013).

Também ha de se falar na Espectroscopia de Impedancia Eletroquimica (EIS —
do inglés Electrochemical Impedance Spectroscopy), a qual € mais uma técnica de
caracterizacao eletroquimica, considerada extremamente sensivel (LASIA, 2017). Em
eletroquimica, a EIS € aplicada na caracterizacdo de eletrodos e interfaces
complexas, e a resposta do sistema permite informacdes sobre a interface eletrodo-
meio e as reacdes nele contidas (BARDINI, 2015). A EIS estuda a resposta do sistema
em relacdo a aplicacdo de uma corrente alternada de pequena amplitude, e as

medicbes sdo feitas em diferentes frequéncias (LASIA, 2017). Esse método é
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dependente da resisténcia de transferéncia de carga (Rct), que ocorre na interface
eletrodo-meio, sendo que a natureza isolante de certos materiais e biomoléculas
tendem a aumentar a resisténcia (Fig. 5) (MESSINA; FITZGERALD; MOORE, 2016;
WANG et al., 2017). Do ponto de vista experimental, um potencial € aplicado e uma
corrente variando de forma similar é registrada. No entanto, a resposta do sistema a
uma mudanca no potencial ndo é instantanea, isso faz com que a corrente se atrase.
Isso se deve a contribuicdo capacitiva que ocorre na célula eletroquimica: a carga e a
descarga de um capacitor relativas as mudancgas de potenciais ndo sdo um processo
instantaneo, ocorrendo um atraso na corrente resultante (BARDINI, 2015). Deve-se
notar que a impedancia de uma série de conexdes de resisténcia e capacitancia é
uma soma das contribuicdes desses dois elementos (LASIA, 2017), tornando essa
técnica mais sensivel a pequenas variagdes nas concentracbes de antigenos e
anticorpos ocorridas na superficie eletrédica. Imunossensores usando EIS mostraram
vantagens sobre outros métodos de deteccdo de biomoléculas, permitindo alta
sensibilidade, deteccdo rapida, baixo custo relativo e facilidade de miniaturizacao
(WANG et al., 2017).

Figura 5. Grafico de impedancia mostrando menor (a) e maior (b) Rct.
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2.3 CARACTERIZACAO DE SUPERFICIES

A caracterizacado morfologica e estrutural das superficies modificadas utilizadas
em imunossensores sdo complementos necessarios as técnicas de caracterizacao e
deteccdo eletroquimicas. Elas servem de confirmacéo aos dados obtidos por outros
meios, sendo possivel analisar cada etapa de modificacdo dos eletrodos apos a
adicdo de nanomateriais, polimeros ou outras moléculas funcionalizantes. Aqui, apés
a modificacdo das superficies, foram realizadas analises de Infravermelho por
transformada de Fourier (FT-IR) e Microscopia de Forgca Atomica (AFM).

2.3.1 Infravermelho por Transformada de Fourier

A espectroscopia de infravermelho ou Infravermelho por Transformada de
Fourier (FT-IR do inglés Fourier-Transform Infrared spectroscopy) é atualmente uma
das mais importantes técnicas analiticas disponiveis. Uma das maiores vantagens da
espectroscopia de infravermelho é que praticamente qualquer amostra em qualquer
estado pode ser analisada, por exemplo, liquidos, solucdes, pastas, pos, filmes, fibras,
gases e superficies (FAN; DAI; HUANG, 2012). Esta técnica funciona através da
aplicacéo de radiacado com diferentes frequéncias de infravermelho uma de cada vez,
através de uma amostra, observando quais frequéncias sdo absorvidas pelo
composto. Um detector localizado do lado oposto da amostra analisa os sinais de
frequéncias, sendo que algumas passam pelo composto quase sem perda, mas outras
sao fortemente absorvidas. Quanto de uma frequéncia particular passa pelo composto
€ medido como porcentagem de transmissdo (CLARK, 2014). Amostras diferentes

apresentam espectros especificos de FT-IR que permitem a sua precisa identificacao
(Fig. 6).
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Figura 6. Demonstracdo de um espectro de FT-IR de Oxido de Grafeno.
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Fonte: VALENCIA et al., (2018).

O equipamento de FT-IR possui diversos acessorios para melhor se adequar
aos varios tipos de amostras existentes. O modulo de Reflexdo Atenuada Total (ATR)
opera medindo as mudancgas que ocorrem em um feixe infravermelho (IV) quando o
feixe entra em contato com uma amostra. Em regides do espectro de infravermelho
onde a amostra absorve energia, a onda evanescente serd atenuada e o feixe
atenuado € direcionado ao detector no espectrometro de IV (BRADLEY, 2002). O
detector registra o feixe IV atenuado que pode entdo ser usado para gerar um espectro
IV. O ATR ¢é ideal para amostras fortemente absorventes ou espessas, que
geralmente produzem picos intensos quando medidos por transmitancia e funciona
bem para estas amostras porque a intensidade das ondas evanescentes decai
exponencialmente com a distancia da superficie do cristal ATR, tornando a técnica

geralmente insensivel a espessura da amostra (BRADLEY, 2002).
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2.3.2 Microscopia de Forca Atdmica

A Microscopia de Forca Atémica (AFM — do inglés Atomic Force Microscopy)
foi inventada em 1986 e desde entdo tem sido amplamente utilizada na &area de
nanotecnologia, criando novas oportunidades em fisica, quimica, biologia e medicina
(DUFRENE et al., 2017). O AFM pode realizar o contorno de superficies nao-
condutoras de estado solido em resolugcdo atdbmica, sem necessidade de um
tratamento prévio da amostra e em condi¢cdes ambientes, podendo ser usado para
quantificar e mapear simultaneamente suas propriedades fisicas, quimicas ou
biolégicas (ALSTEENS et al., 2017; GIESSIBL, 2003). Na microscopia de forca
atdbmica, uma ponta afiada (“tip” sensora) é arrastada por uma superficie usando um
sistema de deflexdo de feixe de laser onde este laser é refletido da parte de tras da
alavanca da “tip” para um detector sensivel a posicao (Fig. 7). Ao contrario de outras
técnicas semelhantes, o AFM nédo precisa de uma amostra condutora, forcas atbmicas
sdo usadas para mapear a interacdo do “tip” com a amostra (NANOSCIENCE
INSTRUMENTS, 2019).

Figura 7. Mecanismo de funcionamento de um microscopio de forca atémica.
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Fonte: Adaptado de NANOSCIENCE INSTRUMENTS, (2019).
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2.4 BIOSSENSORES PARA CISTATINA C

Nos ultimos anos, o numero de pesquisas em biossensores vem crescendo de
forma impressionante. Esta € uma area que vem aumentando exponencialmente nas
dltimas décadas, com o desenvolvimento de novos materiais e métodos de
funcionalizacdo de superficies, ampliando as possibilidades de crescimento em
diversas areas, como saude, meio ambiente, medicina, agricultura/veterinaria e
alimentacdo (RODRIGUEZ et al., 2015). A maioria dos biossensores desenvolvidos
em pesquisa, na atualidade, € baseada em reac¢des imunoldgicas ou hibridizacdo de
DNA, e os testes garantem resultados rapidos com grande sensibilidade (TURNER,
2013).

A deteccdo da cistatina C pode ser feita de maneira direta (através da ligacao
entre antigeno-anticorpo) ou de maneira indireta (via observacdo da atividade da
enzima papaina ou através de ensaios imunoldgicos na conformacao “sanduiche”). A
papaina é uma proteina de 23 kDa, pertencente a familia das cisteino-proteinases
(GORODKIEWICZ; LUSZCZYN, 2011). Sendo a CysC uma inibidora de cisteino-
proteinases, sua deteccdao é feita indiretamente através da observagao da diminuicéo
na atividade da papaina (DESAI et al., 2018; LIN et al., 2013). A deteccéo direta da
cistatina C, entretanto, € feita através da ligacdo entre cistatina C e 0 anticorpo
especifico anti-cistatina C. Para a deteccdo da cistatina C sérica, biossensores,
imunoensaios e imunossensores envolvendo as maneiras de deteccdo direta e
indireta foram encontrados na literatura, como visto adiante, observando-se as

vantagens e desvantagens de cada método. (Quadro 1).
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Quadro 1. Comparacao de métodos analiticos para deteccao de CysC.

METODO DE DETECCAO MANEIRA REFERENCIA
DE
DETECCA
0
ESPECTROSCOPIA RAMAN Direta (HASSANAIN; IZAKE;
AMPLIFICADA POR SUPERFICIE AYOKO, 2018)

(OPTICO)/ VOLTAMETRIA DE PULSO
DIFERENCIAL (ELETROQUIMICO)

FOTOELETROQUIMICA Direta (Ml et al., 2016)

VOLTAMETRIA Indireta (DESAI et al., 2018)
CICLICA/VOLTAMETRIA DE PULSO
DIFERENCIAL (ELETROQUIMICO)

VOLTAMETRIA DE VARREDURA Indireta (LOPES et al., 2019)
LINEAR (ELETROQUIMICO)

ELETROQUIMIOLUMINESCENCIA Indireta (ZHAO et al., 2018)
(OPTICO)
RESSONANCIA DE PLASMON DE Indireta (GORODKIEWICZ;
SUPERFICIE (OPTICO) LUSZCZYN, 2011)
FLUORESCENCIA (OPTICO) Indireta (LIN et al., 2013)
QUANTUM DOTS NO Indireta  (TAO; ZHAO; ZENG, 2016)
INFRAVERMELHO PROXIMO
(OPTICO)
VOLTAMETRIA DE PULSO Indireta (YANG et al., 2016)

DIFERENCIAL (ELETROQUIMICO)

Fonte: Adaptada de TRINDADE; SILVA; DUTRA, 2019.
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Em um dos trabalhos, YANG et al.,, (2016) realizaram a deteccdo via
deslocamento da fita de DNA induzida por uma imunorreacdo e amplificacdo
enzimatica ciclica da proteina T7 Exonuclease. Este método, porém envolve diversos
passos para leitura do analito, tornando-se um ensaio demorado. DESAI et al., (2018),
por sua vez, desenvolveu um ensaio empregando o eletrodo impresso baseado em
Ks[Fe(CN)s] como indicador. Embora ambos tenham atingido um alcance 6timo e um
baixo limite de deteccdo, o uso de papaina como elemento de biorreconhecimento
torna os biossensores limitados para o uso somente na urina. Assim, medidas em
amostras com contaminantes proteicos como o0 soro sao restritivas. No seu trabalho,
LOPES et al., (2019) usaram eletrodos impressos para desenvolver um imunossensor
eletroquimico usando um ensaio do tipo sanduiche para a cistatina C. Nanopatrticulas
de ouro foram eletrodepositadas no eletrodo e usadas para imobilizar o anticorpo de
captura, que foi entdo acoplado a CysC. A deteccado foi realizada por anti-CysC
biotinilado utilizando uma enzima marcada com estreptavidina. Esta abordagem
requer diversos passos para alcancar a deteccdo da CysC, o que a torna muito
demorada. Abordagens Opticas utilizando ressonancia de plasmon de superficie
(SPR) também foram aplicadas, como no trabalho de GORODKIEWICZ e LUSZCZYN
(2011), entretanto, este também tem a desvantagem de utilizar a papaina. LIN et al.,
(2013) realizaram uma deteccdo Optica com nanoparticulas usando também a
deteccdo indireta. TAO; ZHAO; ZENG, (2016), por sua vez, utilizaram pontos
quanticos de infravermelho proximo para deteccéo de CysC através da papaina. Outra
abordagem de deteccdo Optica foi realizada por HASSANAIN et al. (2018), que
usaram Espectroscopia Raman Amplificada por Superficie e Voltametria de Pulso
Diferencial para a deteccdo de CysC. MI et al.,, (2016) utilizou “nanocorpos”
especificos de CysC e alcancaram baixos limites de detec¢cdo em uma transducao
Optica baseada na reducdo da fotocorrente usando uma estacdo de trabalho
eletroquimica para medir a fotocorrente sob irradiagédo de luz visivel com uma lampada
de 150W Xe. Entretanto, a SPR e outros biossensores oOpticos em geral tém a
desvantagem de serem de mais dificil miniaturizacao para utilizacdo como verdadeiro
dispositivo “point-of-care” em imunossensores (HUNT; ARMANI, 2010; KIRSCH et al.,
2013).

Este campo de deteccdo “point-of-care”, especialmente no que trata da

deteccéo “label-free”, esta passando por um grande progresso nos ultimos anos. Parte
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deste progresso envolve o desenvolvimento de novos métodos de deteccdo e
nanomateriais, e 0 uso de novas técnicas de modificacao eletrodica, bem como o uso
de polimeros, facilitando a modificacdo eletrédica com moléculas e materiais (via
ligacbes covalentes, camadas auto-organizadas, entre outros) (REVERTE; PRIETO-
SIMON; CAMPAS, 2016; SHRIVASTAVA; JADON; JAIN, 2016).
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2.5 NANOMATERIAIS

Nanomateriais s&o0 materiais funcionais com caracteristicas Unicas
relacionadas a sua forma, estrutura e tamanho (na ordem de 1 a 100 nm). Estes vém
sendo aplicados em diversas areas, entre elas eletrbnica, optoeletrénica e biologia. A
contribuicdo dos nanomateriais permitiu 0 desenvolvimento de imunossensores
robustos, levando a plataformas com um limite de deteccdo cada vez menor
(RODRIGUEZ et al., 2015). Os nanomateriais também contribuiram para aumentar a
sensibilidade dos biossensores, devido as suas propriedades elétricas, Opticas,
acusticas e outras, que sao capazes de produzir dispositivos com resultados mais
reprodutiveis (CABRAL et al., 2018). Logo, varios nanomateriais tém sido utilizados
no desenvolvimento de imunossensores nas ultimas décadas, ocasionando diversas

variacdes nas combinac6es com polimeros e outras moléculas funcionalizantes.

2.5.1 Nanoparticulas de silicio

As nanoparticulas de silica mesoporosa (MSNs — do inglés Mesoporous Silica
Nanoparticles) foram descobertas nos anos 90 e muito estudadas devido a suas
caracteristicas especiais, como alta estabilidade mecéanica e térmica, grande area de
superficie e flexibilidade para modificacdes em sua superficie (KHALILZADEH et al.,
2016; MEHMOOD, 2017). A primeira MSN desenvolvida, o material cristalino movel
(MCM-41) (Fig. 8), tem sido utilizado em muitas aplicagdes desde entdo, como
liberagéo de drogas, imagem e biosensoriamento (KHALILZADEH et al., 2016). Estas
muitas aplicagbes sdo possiveis devido a sua grande eficadcia na imobilizacdo de

proteinas e excelente transferéncia de elétrons (OMIDFAR et al., 2012).

Figura 8. Representacdo de material cristalino mével (MCM-41).
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Fonte: HOFFMANN et al., 2010.

O MCM-41 possui poros cilindricos regulares que formam um sistema de poros
unidimensional bem definido, com o tamanho dos poros variando de 2 a 10 nm e com
formatos 2D hexagonais e 3D cubicos (KHALILZADEH et al., 2016; MEHMOOD,
2017). A presenca de numerosos grupamentos silano na superficie do MCM-41 torna
possivel a facil modificacdo e funcionalizacdo destes com muitas fungdes organicas
(SZEGEDI et al., 2011). As rotas mais usuais para modificacdo de superficie de MSNs
usam a ligagéo entre esses grupamentos silano superficiais e agentes de acoplamento
de silano, sendo o mais comum o aminopropil-trietoxisilano (APTES) (ENACHE et al.,
2018), o qual possui fungcdes amina em seus terminais. I1sso permite a formacéao de
ligacbes amida (ligagdo covalente forte) com moléculas bioldgicas, outros

nanomateriais ou polimeros que possuam grupos carboxila em suas extremidades.

2.5.2 Oxido de grafeno

O 6xido de grafeno (GO do inglés Graphene Oxide) é uma folha planar de
carbono com atomos densamente empacotados em um padrdo hexagonal com
ligacdes sp2 regulares (Fig. 9), que foi produzido em laboratorio pela primeira vez em
2004 (NOVOSELOV et al., 2004; YAO et al., 2012). Apesar de o 6xido de grafeno
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reduzido (RGO) ter uma melhor resposta eletrocatalitica, 0 GO em sua forma nao-
reduzida ainda € amplamente utilizado devido a presenca de grupos funcionais e
maior facilidade de producdo (RODRIGUEZ et al., 2015). A sintese de GO é simples
e rapida, e tem sido uma alternativa a producdo em massa de grafeno. O GO é
produzido a partir da oxidacdo do grafite e tem grupos funcionais de oxigénio polar,
rico em acidos carboxilicos nas suas bordas, e grupos epodxi e hidroxilo em seus
planos basais, 0 que concede muitas rotas de funcionalizagdo e boa dispersdo na
agua (RODRIGUEZ et al., 2015; ZHU et al., 2010). Além disso, os grupos funcionais
sdo responsaveis pela esfoliacdo do grafite, visto que aumentam a distancia
interplanar devido a formacéao de ligacdes de hidrogénio entre as folhas de grafite. As
ligagOes de hidrogénio sdo fracas e podem ser facilmente quebradas por banho de
ultrassom, resultando em monocamadas ou algumas folhas de carbono, que ficaram
conhecidas como GO (RODRIGUEZ et al., 2015; ZHU et al., 2010).

Figura 9. Representagéo de uma folha de grafeno.

Fonte: YAN; BARRON, 2010.

O GO atraiu atencao incomum devido a sua alta area de superficie teorica,
excelente condutividade elétrica, alta estabilidade quimica, forte resisténcia mecanica
e o fato de que o carbono é um dos elementos mais baratos e abundantes. A excelente

7

transferéncia de elétrons entre grafeno e grupos funcionais € importante para a
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aplicacado de materiais a base de grafeno em eletrénicos, sensores e biossensores,
uma vez que facilita a deslocalizacdo de elétrons (RABTI; RAOUAFI; MERKOCI,
2016; RODRIGUEZ et al., 2015; SONG et al., 2016). Este é um excelente material
para aplicacdes biologicas atribuidas aos grupos funcionais que interagem
prontamente com acidos nucleicos, proteinas, células e outras moléculas organicas
(SHRIVASTAVA; JADON; JAIN, 2016). No entanto, o GO ndo € um bom condutor
elétrico devido a ruptura de sua ligacdo de sp2 a medida que os grupos funcionais
aumentam. Assim, por vezes € feita a funcionalizacdo do 6xido de grafeno com
diferentes moléculas e polimeros (RODRIGUEZ et al., 2015; SHRIVASTAVA; JADON,;
JAIN, 2016; ZHU et al., 2010).

2.6 AGENTES FUNCIONALIZANTES E POLIMEROS

Os passos de imobilizacdo de biomoléculas sé@o considerados cruciais no
desenvolvimento de biossensores estaveis e reprodutiveis (TRINDADE; DUTRA,
2018). A imobilizacdo orientada e ndo-aleatéria de antigenos ou anticorpos € de
extrema importancia, visto que a porcao de ligacdo deve permanecer exposta para
gue ocorra o fenbmeno de biorreconhecimento. Por isso, agentes funcionalizantes de
superficies e polimeros tém sido amplamente empregados em imunossensores para
garantir o ancoramento orientado e estavel de biomoléculas. Por outro lado, esses
polimeros e funcionalizantes podem oferecer outras vantagens, como aumento da

transferéncia de elétrons, da area superficial ou atividade catalitica inerente.

2.6.1 Agentes de funcionalizacéo espacadores

Uma ligacéo estavel entre a superficie do eletrodo e nanomateriais pode ser
alcancada através da funcionalizacdo do eletrodo via tratamentos quimicos.
Espacadores quimicos sdo moléculas flexiveis comumente imobilizadas como

intermediarias entre a superficie sensora e a biomolécula ou o nanomaterial,
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oferecendo mobilidade e liberdade de orientacéo estrutural (ROZ et al., 2015). Um tipo
de espacador quimico sdo as monocamadas auto-organizadas (SAMs — do inglés
Self-assembled Monolayers). Estas tém sido utilizadas h& bastante tempo para esse
fim no desenvolvimento de imunossensores eletroquimicos (DUFFY; MOORE, 2017).
As SAMs tém sido intensivamente estudadas para técnicas de nanofabricacdo, pois
podem ser adaptadas para promover ou resistir a adesao de substancias especificas
em nivel molecular (HARNETT; SATYALAKSHMI; CRAIGHEAD, 2001). Elas sdo
formadas por interagfes entre moléculas que se organizam em um arranjo estavel e
bem definido em diferentes substratos (Fig. 10), sendo que a ordem superficial e a
estabilidade das SAMs (REYES-CUELLAR, 2017) as tornam Uteis para garantir a

imobilizacdo orientada de materiais e biomoléculas.

Figura 10. Representacdo basica de uma monocamada auto-organizada.
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Fonte: Elaborada pela autora (2019).

Varios compostos podem ser utilizados na obtencéo de SAMs, podendo-se citar
os alquil-trietoxisilanos, os quais tém sido usados para formar SAMs em superficies
de silica, metal e vidro (REYES-CUELLAR, 2017). O aminopropil-trietoxisilano
(APTES) é um material composto por grupamentos silano em uma ponta, 0s quais
reagem facilmente com outros grupamentos silano, e uma terminagcédo amina livre na

outra. Isso faz do APTES um dos compostos mais utilizados na funcionalizacéo de
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superficies de silica e vidro (DE MORAES; KUBOTA, 2016; ENACHE et al., 2018),
podendo inclusive ser usado para funcionalizar superficies de nhanomateriais de silica
(como por exemplo nanoparticulas de silicio). As SAMs de APTES apresentam alta
estabilidade e resisténcia ao aumento da temperatura, e o material funcionalizado

exibe um grupo amino terminal de acoplamento direto (REYES-CUELLAR, 2017).

Outros compostos que podem ser utilizados na formacéo de SAMs séo os tidis
de cadeia curta como o &cido mercaptopropiénico (MPA — do inglés Mercaptopropionic
Acid), que tém sido altamente utilizados para aplicagdes em imunossensores, devido
a forte ligacdo covalente formada em superficies de ouro (ligacdo S-Au), permitindo a
fixacdo bem orientada nas superficies dos eletrodos e deixando grupos carboxilicos
funcionais livres para ligacbes com outros compostos, materiais ou anticorpos,
oferecendo a possibilidade de uma plataforma mais estavel e com espagamento
bastante regular (DUFFY; MOORE, 2017; SINGH et al., 2014). No desenvolvimento
de biossensores, a presenca de grupamentos funcionais livres pode permitir a ligacao
de nanomateriais ou anticorpos, 0s quais podem possuir grupamentos amina ou
carboxilicos em suas extremidades. A ligagdo da amina com o grupamento carboxil
permite uma ligacdo covalente amida (SILVA et al.,, 2013), a qual é considerada
extremamente estavel. Outras formas de funcionalizacdo de superficie que permitem
a obtencéo de grupamentos funcionais livres envolvem a utilizacdo de polimeros ou

materiais que sejam aminados ou carboxilados.

2.6.2 Ferroceno

Uma desvantagem da deteccdo amperométrica para biossensores em geral é
que requer um indicador redox para obter a leitura, causando dificuldades para

medicdes em amostras reais, isto €, sangue ou soro. Para contornar essas
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dificuldades, moléculas redox ativas, como unidades de ferroceno (Fc), podem ser
ligadas a nanomateriais como centro de atividade eletroquimica sem sonda redox
externa (YAMANAKA; VESTERGAARD; TAMIYA, 2016). O ferroceno
(diciclopentadienil-ferro) foi o primeiro derivado de hidrocarboneto puro de ferro a ser
preparado pela quimica moderna, e o crescimento rapido da quimica organometalica
€ muitas vezes atribuido ao excitamento vindo da descoberta do ferroceno e seus
analogos. Desde a sua descoberta acidental em 1951, muitos derivados foram
sintetizados e caracterizados. A quimica do ferroceno e seus derivados € agora bem
conhecida, e sdo apreciados pela excelente estabilidade. Eles sdo de interesse
consideravel em varias areas, como a eletroquimica, devido a oxidacdo quase
reversivel do ferro Il. No ferroceno, dois anéis ciclopentadienil estdo presos a lados
opostos de um atomo de ferro intercalado no centro, sendo também conhecidos com
compostos sanduiche (Fig. 11 (a)). O plano de cada anel é perpendicular a ligacao
metal-ligando com os cinco atomos de carbono aproximadamente equidistantes do
metal (FERY-FORGUES; DELAVAUX-NICOT, 2000; LU et al., 2015).

Figura 11. Representacédo de (a) ferroceno e (b) aminoferroceno.

a) b)

> O

Fonte: Adaptado de SIGMA-ALDRICH, 2017.

NH,

As caracteristicas eletroquimicas atrativas exibidas pelo ferroceno, isto €, taxa
de transferéncia de elétrons rapida, baixo potencial de oxidacao e estabilidade de dois
estados redox faz com que o ferroceno e seus derivados sejam conhecidos como
substancias mediadoras. E assim, a fracdo ferro é geralmente usada como uma

molécula redox para caracterizar a efetividade da modificagdo de nanomateriais de


https://pt.wikipedia.org/wiki/Qu%C3%ADmica_organomet%C3%A1lica
https://pt.wikipedia.org/wiki/An%C3%A1logo_(qu%C3%ADmico)
https://pt.wikipedia.org/wiki/Complexo_ciclopentadienil
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carbono, pois tem estabilidade quimica e eletroquimica (RABTI; RAOUAFI;
MERKOCI, 2016).

Os mediadores baseados em ferroceno sao amplamente utlizados para
construir biossensores amperométricos, uma vez que sao excelentes na transferéncia
de elétrons. A necessidade do desenvolvimento de métodos de funcionalizacédo de
materiais e polimeros para aplicacbes em biossensores € porque permite a
incorporacao de reagentes mediadores (DERVISEVIC et al.,, 2015; RABTI et al.,
2016). O aminoferroceno, derivado do ferroceno funcionalizado com um grupamento
amina (Fig. 11 (b)), permite uma ligacéo covalente com nanomateriais (LU et al., 2015;
RABTI; RAOUAFI; MERKOCI, 2016), levando a uma maior estabilidade de ligacéo
com a plataforma e desenvolvimento de nanocompdsitos com atividade redox
inerente, proporcionando um excelente avango no campo de imunossensores

eletroquimicos para deteccdo em tempo real.

2.6.3 Polietilenimina

As biomoléculas podem ser incorporadas na plataforma sensora por meio de
varias estratégias, sendo que a ligacdo covalente é a abordagem mais utilizada para
modificacdes na superficie do eletrodo, devido a necessidade de uma imobilizacédo
orientada da biomolécula, como mencionado anteriormente. Isto geralmente envolve
a ativacao da superficie ou da molécula e remocao daquelas que estédo fracamente
ligadas, formando superficies muito mais estaveis (LI et al., 2017; LOJOU; BIANCO,
2006; MENDES, 2006; SINGH et al., 2014).

Os polimeros exercem um papel importante na estruturagdo das superficies
dos eletrodos imunossensores devido a atuar como ancoras verdadeiras para
nanomateriais e/ou biomoléculas, resultando em resposta sensora mais regular
devido a uma imobilizagédo orientada (GOMES-FILHO et al., 2013; LOJOU; BIANCO,
2006). A polietilenimina (PEI) € um polimero sintético policatibnico que consiste em
apenas aminas primarias no caso do PEIl de cadeia linear ou aminas primarias,
secundarias e terciarias para PEI ramificado (Fig. 12) (SCHULZ; LUDWIG; GORTON,
2014; TAVAHODI et al., 2016).
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Figura 12. Estrutura molecular da polietilenimina de cadeia ramificada.
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Fonte: LI et al., 2012.
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O PEI de cadeia ramificada é constituido por uma alta densidade de
grupamentos cations e aminas, que tornam o PEI completamente miscivel com agua
a temperatura ambiente. Este polimero é frequentemente usado no desenvolvimento
de imunossensores devido a suas cargas positivas em pH neutro e suas propriedades
adesivas (SCHULZ; LUDWIG; GORTON, 2014; TAVAHODI et al., 2016). Ademais, a
presenca de abundantes grupamentos amina nas extremidades do PEI facilita a
imobilizacdo de biomoléculas de forma orientada, permitindo uma maior sensibilidade
do imunossensor (REVERTE; PRIETO-SIMON; CAMPAS, 2016).

No campo de biossensores eletroquimicos, busca-se cada vez mais por
alternativas com alta estabilidade, maior area para imobilizacdo de biomoléculas e
sensibilidade na deteccdo de variacbes analiticas. Tém-se buscado o
desenvolvimento de estratégias de deteccdo utilizando inUmeros nanomateriais,
polimeros e moléculas funcionalizantes, que promovam o avan¢co no campo de
detecgédo eletroquimica “point-of-care”, visando o diagndstico diversas doencgas. No
caso das doengas renais, alguns biossensores foram desenvolvidos, porém esta ainda
€ uma area que deve ser bastante explorada nos préximos anos. Devido ao
envelhecimento da populacdo, com consequente aumento de doencas metabdlicas
como diabetes, hipertensdo, doencas cardiacas e cancer, € esperado também o
aumento no numero de pacientes com falha renal decorrentes diretamente destas

doencas ou como consequéncia de infecgOes, especialmente em pacientes
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hospitalizados e em unidades de terapia intensiva. O monitoramento da fungéo renal,
portanto, se faz imprescindivel para um melhor progndstico e qualidade de vida

desses pacientes.
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3 OBJETIVOS

3.1 GERAL

Desenvolver plataformas eletroquimicas nanoestruturadas para a imobilizacao

de anticorpos anti-CysC, visando a elaboracdo de nanoimunossensores para 0

diagnéstico e acompanhamento de doencas renais.

3.2 ESPECIFICOS

a)

b)

9)

h)

Realizar o estudo do estado da arte para biossensores de cistatina C,
observando os avancos obtidos até presente data;

Realizar a funcionalizacdo do MCM-41 com SAMs de APTES para posterior
uso no desenvolvimento de plataforma sensora;

Desenvolver eletrodo nanoestruturado com SAMs de MPA visando a
imobilizagdo do MCM-41 funcionalizado para deteccdo impedimétrica de
analito;

Estudar a funcionalizacdo do GO com Fc para formacdo de nanocompdésito
redox-ativo;

Produzir superficie nanoestruturada com nanocompédsito de GO-Fc no
desenvolvimento de imunossensor para detecgao de analito sem sonda redox;
Otimizar os parametros experimentais, tais como velocidade de varredura,
concentracdes e estudos de estabilidade;

Caracterizar as etapas de imobilizacdo por técnicas eletroquimicas,
microscopicas e estruturais;

Realizar a imobilizacdo dos anticorpos anti-CysC;

Avaliar a resposta analitica dos imunossensores a diferentes concentragdes de

CysC e estabelecer as curvas analiticas de deteccéo.
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CONCLUSOES

No presente trabalho, foi desenvolvido um imunossensor baseado em nanoparticulas
de silicio, na busca pelo desenvolvimento de um sensor eletroquimico impedimétrico
para deteccéo direta de anti-CysC. O MCM-41 teve sua superficie funcionalizada com
APTES-SAMSs, o0 que permitiu a presenca de grupamentos amina na sua superficie
para uma imobilizacdo regular e estavel das biomoléculas. O aumento da area
superficial promovido por estas nanoparticulas levou a um aumento da sensibilidade
devido ao maior numero de anticorpos imobilizados. A deteccdo eletroquimica
impedimétrica se mostrou sensivel para pequenas variagdes na concentracdo da
Cistatina C, com uma faixa de deteccdo linear variando de 0,2 a 1,0 pg/mL, com limite
de deteccdo (LOD) de 0,06 pg/mL. No segundo trabalho, o 6xido de grafeno foi
funcionalizado com éxito utilizando aminoferroceno, o que permitiu o desenvolvimento
de uma plataforma de imobilizagdo nanoestruturada para deteccdo CysC. Esta
plataforma foi capaz de leituras sem sondas redox, devido a atividade redox inerente
do Fc ligado covalentemente com os grupos carboxilicos presentes no GO. O filme de
PEI depositado sobre o nanocompdésito deixou suficientes grupos amina livres para
ligar aos grupos carboxilicos presentes no final da cadeia pesada dos anticorpos,
possibilitando uma imobilizacao orientada. Este imunossensor mostrou uma resposta
linear de 0,1 a 1000 ng/mL e LOD de 0,03 ng/mL de CysC. Suas vantagens incluem
teste rapido com etapas minimas pelo simples uso de uma superficie redox com
espécies eletroativas liberadas em potencial de reducdo, evitando potenciais
interferentes na leitura em soro. Ambas as plataformas se encontram de acordo com
0s niveis clinicos de referéncia (0.51 a 1.02 ug/mL), sendo que estas metodologias
podem ser consideradas excelentes alternativas para complementar e auxiliar a
deteccgdo precoce de falha renal. Por fim, foi realizada uma ampla revisao bibliografica
focada no estado da arte dos biossensores para Cistatina C, o qual foi abarcado em

um artigo de revisao sobre o tema.
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ARTICLEINFO ABSTRACT

Keywords: A novel electrochemical sensor with inherent redox activity mediated by ferrocene for Cystatin C (CysC), an
Redox probe-free early kidney failure biomarker, is described. The current response was mediated by graphene oxide-ferrocene
Cystatin C nanofilm with redox-activity coming from electroactive species surface-confined. Anti-CysC antibodies were
Renal failure immobilized by their Fe portions on the drop-casting polyethyleneimine (PEI) film for improving the sensitivity
:::\::;:s:nsor and reproducibility. Stepwise modifications of the nanostructured surface were characterized by electrochemical
Graphiene techniques, FT-IR and AFM. FT-IR confirmed the formation of the Fc-GO nanocomposite and PEI deposition on

the electrode surface. The AFM micrographs confirmed a nanometric film of Fe-GO and PEL The sensor platform
showed a response from 0.1 to 1000 ng/mL and lower limit of detection (LOD) of 0.03 ng/mL of CysC, with good
accuracy, specificity and it was successfully applied for CysC detection. Advantages of this immunosensor in-
clude rapid testing with minimal steps by the simple use of an intrinsic redox probe, working in a reduction
potential, which avoids potential interferences. This proposal attempts to circumvent amperometric detection
limitations and provides a promising candidate for future point-of-care diagnostics without redox probe addi-

tional solutions for measurements.

1. Introduction

Studies have shown that the incidence of Acute Kidney Injury (AKI)
has been increasing over the last decades and can very likely result in
permanent kidney damage (Coca et al., 2012). AKI incidence has been
reported to be as high as 20% in the USA and very similar in other
countries (Gharaibeh et al., 2018; Hoste et al., 2015). Since AKI is an
independent risk factor for Chronic Kidney Disease (CKD), End-Stage
Renal Disease (ESRD), cardiac diseases and death, it bears a significant
public health concern worldwide (Chawla et al., 2014; Coca et al.,
2012; Hoste et al., 2015; Webster et al., 2017). More than half Intensive
Care Unit (ICU) patients develop AKI and in-hospital death rates in
hospitalized patients with AKI is very high among patients in need of
dialysis (Chawla et al., 2014; Hoste et al., 2015). In attempting to in-
crease the chances of patient survival, early detection of renal failure is
important and could result in a lower burden for ICU and earlier hos-
pital discharge. Cystatin C (CysC) is a nonglycated 13kDa protein
considered an early marker for AKI related with the glomerular filtra-
tion rate (GFR) (Lau et al., 2016; Tao et al., 2016). Evidence has sug-
gested that the increase of serum CysC levels as a marker of renal
function may detect kidney dysfunction earlier than creatinine, which is
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currently the most used diagnostic marker (Gaygisiz et al., 2016).
Contrary to creatinine levels, recent studies indicated that serum CysC
concentration is more stable and accurate in GFR estimation and is
independent of sex, diet and muscle mass (Fox et al., 2014; Mi et al.,
2016; Ravn et al., 2017; Shlipak et al., 2013). In this context, the de-
velopment of a fast and low-cost method for CysC detection is of great
importance, aiming to identify early signs of AKI and monitoring of
hospitalized patients.

Thus far, a variety of analytic strategies have been used for detec-
tion of serum CysC, such as enzyme-linked immunosorbent assay
(ELISA), turbidimetric and nephelometric immunoassays (Delanaye
et al., 2014; Fonseca et al., 2015; Jiang et al., 2014). However, these are
timeconsuming methods and require specialized personnel to operate.
Due to this and the great interest in CysC rapid detection, attempts have
been made to develop biosensors and immunosensors for CysC. Yang
et al. (2016) were able to develop an electrochemical genosensor using
gold nanoparticles and iron oxide to amplify the signal. Although the
detection limit was low for this work, it is not clinically relevant and the
sensor requires many steps for conversion of the signal. Some optical
sensors were also developed, such as the work of Gorodkiewicz and
Luszezyn (2011) and Tao et al. (2016), which used Surface Plasmon
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Resonance Imaging and Near-Infrared Quantum Dots, respectively, for
detection of CysC. The major problem in optical systems is the difficult
miniaturization of the methods. In this context, electrochemical am-
perometric immunosensors have the advantage of specific and sensible
detection, easy miniaturization and quick results.

In label-free electrochemical immunosensors, the sensing platform
requires transport of the redox species to generate the amperometric
signal that is proportional to the diffusion of species on electrode sur-
face hindered by antigen/antibody adsorbed. The redox species are
indispensable for label-free electrochemical detection and the most
common method is to add the redox species into electrolyte solutions
(Wang et al., 2017). One of the drawbacks of this method is that it
requires washes and several steps that delay real point-of-care detec-
tion. Recently, the focus has been on redox probe-free platform for
immunosensing applications (Moreira et al., 2018; Trindade and Dutra,
2018). In this sense, redox active molecules such as ferrocene (Fc) units
can be attached to sensor surface as the center for electrochemical ac-
tivity, dispensing the use of external redox probe as used in conven-
tional immunosensor (Yamanaka et al., 2016). Electrochemistry of
ferrocene and its derivatives are well known, and they are appreciated
for excellent stability, being of considerable interest in electrochemistry
due to the almost reversible oxidation of iron II. This site provides the
redox catalytic pair released in electrochemical readings (Fery-Forgues
and Delavaux-Nicot, 2000; Lu et al., 2015). The fast electron transfer
rate and two-state redox stability are other attractive electrochemical
characteristics exhibited by Fe and similar compounds that make them
excellent mediators, mainly as used in association with different na-
nomaterials (Cho et al., 2018; Rabti et al., 2016).

Many strategies based on nanomaterials have been applied in
electrochemical immunosensors owing to the improvement of its per-
formances (Amani et al.. 2018). Thus far, many nanomaterials have
been employed in the development of sensing platforms such as metal
oxide nanoparticles (Moreira et al., 2018), noble metal nanoparticles
(Vilian et al., 2015) and carbon-based nanomaterials (Roushani and
Abdi, 2014). Graphene is a one-atom-thick two-dimensional planar
carbon nanosheet. It has attracted attention due to its high surface area
and chemical stability. Since the bulk production of graphene is diffi-
cult, its derivative Graphene Oxide (GO) is more frequently used due to
easy production and presence of functional groups protein-reactive
(Rodriguez et al., 2015). Thus, this proof-of-concept study aimed at the
functionalization of GO with aminoferrocene (Fc), which appears as an
innovative approach to produce a catalytic nanocomposite in order to
develop a stable sensor platform. Herein, an electrochemical im-
munosensor was developed, allowing for Cystatin C detection without
the use of redox probes (“redox probe-free”).

2. Material and methods
2.1. Reagents

Aminoferrocene (Fc), graphene oxide (GO), polyethyleneimine
(PEI), 1-ethyl-3-(3 dimethylaminopropyl) carbodiimide (EDC), N-hy-
droxysuccinimide (NHS), potassium ferricyanide (K3[Fe(CN) 4]) and
potassium ferrocyanide (K4[Fe(CN) ¢]) were obtained from Sigma-
Aldrich (United States). Cystatin C peptide was obtained from Abcam
(United Kingdom). Cystatin C antibody (Anti-CysC) was obtained from
Sigma (United States). All other chemicals used were of analytical grade
and all the solutions were prepared in ultra-pure water acquired from a
Milli-Q station (United States) with a conductivity below 18 MQ cm ™ L

Spiked human serum was used to perform analytical response tests.
Serum pool samples were obtained after approval by the Research
Ethics Committee of the University of Pernambuco, Brazil. The blood
collected from healthy individuals was centrifuged and the serum se-
parated from the blood cells. Positive samples were spiked with CysC
diluted in PBS with the same volume to obtain the wished concentra-
tions. Likewise, negative samples were obtained, using the same
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volume, however without CysC adding. Serum samples were processed
and freshly prepared, and all incubations with electrodes were per-
formed at room temperature (approximately 24°C) at 7.4 pH (Silva
et al., 2015).

2.2. Apparatus

Electrochemical measurements were performed in a three-electrode
system: helical platinum wire as counter electrode, Ag/AgCl (3M KCl
Sat.) as reference and working gold electrode (GE) (@ = 1 mm). The
electrochemical measurements were performed with a potentiostat/
galvanostat Ivium Compact Stat (Eindhoven, Netherlands) coupled to a
microcomputer and controlled by the IviumSoft software. Cyclic vol-
tammetry (CV) and square wave voltammetry (SWV) techniques were
employed to electrochemically characterize the modifications of the
GE. The CV (0.05 V/s scan rate) and SWV (10 Hz frequency and 10 mV
pulse amplitude) measurements were carried out at 10 mV step po-
tential with a potential window between —0.3 and 0.2V in 0.1 M KCl
electrolyte.

Morphological analyses of modifications on the GE surface were
carried out by means of Atomic Force Microscopy (AFM) in the non-
contact mode, using the Nanosurf Flex AFM (Liestal, Switzerland)
equipped with a C3000 controller and the TAP190AI-G tip. The images
obtained were treated and analyzed by Gwyddion (free version 2.49).

Chemical surface characterization of the platform was accomplished
by attenuated total reflectance with Fourier transform infrared spec-
troscopy (ATR-FTIR) using the Bruker IFS 66 model FT-IR spectrometer
(Billerica, USA), set up for spectra from 4000 to 500 cm~'. All AFM
images were obtained using a circular gold electrode, with 4 mm dia-
meter made of evaporated gold film onto an acetate sheet.

2.3. Synthesis of PEI/Fc-GO nanostructured surface

Prior to modification, the GE was cleaned by mechanical polishing
with 0.5 pm alumina slurry, followed by sonication in distilled water to
remove any residual alumina powder. Modifications were performed
only after cleaning evaluation with CVs. To confirm GO functionaliza-
tion, then electrochemical analysis was carried out with three different
solutions: GO control, Fe control, and Fe-GO nanocomposite. The Fe-GO
nanocomposite was obtained by mixing GO (1 mg/mL, dispersed in
water) with Fc in a mixture 1:1 of 20 mM EDC and 50 mM NHS (pre-
pared in acetate buffer 0.037 M, pH 5.0) for 1 h in an ultrasonic bath. Fc
concentration was optimized by incubating the GO modified with
various concentrations of Fc (0.01; 0.025; 0.05; 0.075; 0.1; 0.2; 0.3 and
0.4 M). The GE surface was modified with 5 pL of the Fc-GO solution by
drop casting and dried on the incubator at 50 °C. After the solvent
evaporation, the Fc-GO surface was coated with 5plL of 2% PEI pre-
pared in ethanol and dried at room temperature (approximately 24 °C).

2.4. Immobilization of anti-CysC and analytical measurements

For antibody immobilization, an aliquot (5 uL) of 10 mg/mL anti-
CysC solution was pipetted on the nanostructured surface and in-
cubated for 1h at room temperature (24 °C). In order to block the re-
maining adsorption-reactive sites, the anti-CysC-immobilized electrode
was incubated with a solution of 0.05M glycine, also prepared in PBS
(10mM, pH 7.4) for 1 h. The electrode was carefully rinsed with dis-
tilled water between each step of immunosensor assembly.

The electrochemical detection of CysC was performed by using SWV
technique using 0.1 M KCI solution as supporting electrolyte. The as-
prepared immunosensor was incubated with 5L of CysC peptide PBS
diluted at various concentrations (0.1, 1, 10, 50, 100, 500 and 1000 ng/
mL) in a moist chamber at 4 °C during 15 min. The analytical response
was obtained by the difference of current (AI) in the square wave vol-
tammograms (SWV) before (blank) and after the addition of CysC. All
graphs and statistical analyses were carried out with Origin Pro 8.0
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Fig. 1. SWV of the: bare electrode (GE), GO control, Fc control, and Fe-GO nanocomposite; inset: CVs of Fe control and Fe-GO nanocomposite showing an increase of

electroactive area with Fe-GO nanocomposite.

software.

3. Results and discussion
3.1. Catalytic activity of Fc-GO electrode surface

Fc redox sites generate very distinctive redox pairs with cathodic
and anodic peaks at —0.1 V and close to — 0.0 V, respectively due to the
almost reversible oxidation of iron II, as can be seen in Fig. 1, in which
shows SWVs of the bare electrode, GO control, Fc control and Fc-GO
nanocomposite, and CVs of Fc control and Fc-GO nanocomposite. All
the characterizations were carried out in KCl 0.1 M as supporting
electrolyte as means to not interfere with electrochemical activity in-
herent of Fc. SWV of the bare electrode and GO control show no
cathodic peak at the potential attributed to Fc catalytic activity. Fur-
thermore, the functionalization of graphene using Fe allowed for higher
electroactive activity than the Fc control, as seen in Fig. 1 and Fig. 1 -
inset. SWV and CV both showed a current increase after functionaliza-
tion. This can be attributed to a higher electroactive area provided by
GO after stable Fc attachment. The optimal concentration of Fc used for
GO functionalization was found at 0.1 M of Fc and used in subsequent
experiments based on highest electroactive area.

Fig. 2 (a) shows a schematic representation of nanostructured
platform development steps and CV characterization of all the steps is
shown in Fig. 2 (b). It can be observed that the deposition of PEI film
onto the Fc-GO surface resulted in an increase of 17.8% in the elec-
troactive area compared to Fc-GO (Fig. 2: inset). PEI contains a large
number of amine groups that act as a crosslinker, attaching the GO by
amide bonds while leaving enough amine sites free to bond with the
carboxylic groups present at the Fe portion of antibodies. The functio-
nalization of the sensing surface by introducing reactive groups for
oriented immobilization of the antibodies is a crucial step to obtain an
immunosensor with a high performance (Gomes-Filho et al,, 2013).
Addition of the antibody, glycine, and readings with CysC resulted in a
decrease of the current. This was attributed to electron transfer hin-
dering in the diffusion barrier caused by these molecules, as expected
(Valipour and Roushani, 2017).

In presence of 0.1 M KCl, the immobilization of Fc on the graphene
was evaluated by scan rate studies varying from 10 to 110 mV/s, at the
potential window from —0.3 to 0.2V (Fig. S1 (a)). Since the plot of the
square root of the scan rate vs. current peak exhibited a linear depen-
dence, with square R of 0.987 and 0.915 for anodic and cathodic peaks,
respectively, it was concluded that the process was diffusion-controlled

(Fig. S1 (b)). Additionally, by obtaining the plot of scan rate vs. log
current as seen in Fig. 51 (¢); the slope of cathodic and anodic peaks
were 0.48 and 0.57, respectively, confirming that current was con-
trolled by diffusion (Tavares et al., 2013), as also observed by studies
with ferrocene moieties adsorbed on polyallylamine film (Jingyuan
et al., 2006). This remarkable presence of the faradaic current without
redox probe in bulk, with current redox peaks kept at a low potential
between —0.1 and 0.0V, and also the potentials of current peaks that
practically did not change seemed to indicate a synergic effect between
GO and Fe. Cathodic and anodic peaks (Ipc and Ipa, respectively) in-
creased quasi proportional and symmetrically with scan rate (Fig. 51
(b)), The difference between redox peak potential was less 0.10V,
meaning a voltammetric behavior close to the reversible process (Bard
and Faulkner, 2001). Reversibility of the Fc¢ on the nanostructured
platform was also evaluated by applying 20 consecutive cycles of CVs in
a 0.1 M KCl solution (Fig. S2). The coefficient of variation showed good
reproducibility for anodic and cathodic current peaks of 2 and 3%,
respectively; arguing the chemical stability of Fc. This good stability
was attributed to the covalent bond of the Fc-GO, as confirmed by ATR-
FTIR.

AFM was used to characterize the morphology of the electrode. As
seen in Fig. 3 (b), (¢) and (d), the gold surface was fully covered by
layers of the GO control, GO-Fc, and PEI/GO-Fc, respectively, all
showing increased average roughness (Ra) when compared with the
clean electrode (Ra = 1.00 nm =+ 0.02) (Fig. 3 (a)), which exhibited a
very smooth and regular morphology. Fig. 3 (c) showed a rougher
surface  (Ra = 1.80nm * 0.03) than that showed in (b)
(Ra = 1.63nm * 0.03), suggesting that Fc allowed for an increase in
surface area, when compared with the GO control (Shearer et al.,
2016). The PEI film drop-casted on the GO-Fc nanocomposite surface
(Fig. 3 (d)) produced a slight increase in roughness (Ra = 1.89nm +
0.04) compared to GO-Fc surface (Lau et al., 2018).

ATR-FTIR has been a valuable technique for biosensors due to al-
lowing the characterization of chemical bonds and functional groups on
the surface material. Herein, the spectra obtained at the electrode
surface in each step of immunosensor are shown in Fig. 4 as follows: Fe
control (spectrum I), Fc-GO nanocomposite (spectrum II) and Fe-GO
with PEI (spectrum III). In spectra, I and II, the N-H stretching (am-
monium ion) that is usually observed between 3400 and 3300 cm—1
(Fan et al., 2012; Hishikawa et al., 2017; Stuart, 2005) can indicate the
presence of the amine groups attributed to Fe. In spectra I, Il and III, the
bands between 1650 and 1550 cm™' are due to secondary amine
(amide II) bending and in spectrum II the asymmetric band at
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Fig. 2. (a) Schematic representation of nanostructured platform development, (b) CVs of each modification step as follows: (I) Fe-GO, (II) PEI, (III) Anti-CysC, (IV)
Glycine and (V) Cys C; inset: Plot of steps for platform development versus electroactive area of CVs; experiments in presence of 100 mM KCL

1637 cm ™! results from amide 1 mode (Coates, 2006; Service et al.,
2010), that could be attributed to the amide bonds present in the Fe-GO
nanocomposite. In spectrum 1II, the bands between 1242 and
1245 cm ™! are due to C-C, C-O and C=0 stretch (Fan et al., 2012),
then suggesting the presence of GO. In spectrum III, the band found at
1301 cm ! is indicative of amine polymer film on the electrode surface,
according to the database from the National Institute of Standards and
Technology (U.S. Department of Commerce).

3.2. Analytical responses to the CysC

The analytical performance of the sensor surface was evaluated by
submitting the electrode to different concentrations of CysC diluted in
PBS (0.1, 1, 10, 50, 100, 500 and 1000 ng/mL). Since the incubation
time exerts an important role on the analytical performance, different

time incubations were tested, varying from 10 to 45 min, with 15 min
adopted as optimal due to steady-state reached, similarly to previous
studies (Montes et al., 2016; Singh et al., 2014). The analytical response
was obtained by the difference of current (Al) in the SWV before and
after the addition of CysC samples (Fig. 5 (a)). The analytical curve
showed a decrease in the cathodic peaks proportional to CysC con-
centrations increase (Fig. 5 (b)). This decrease of the current peak is
attributed to the hindering in electron transfer by the insulating nature
of CysC increasing the diffusion barrier (Dias et al., 2013). The curve of
Al as function of CysC concentrations exhibited in a monolog plot re-
sulted in a broad range analytical curve linear from 0.1 to 1000 ng/mL
(inset Fig. 5 (b)), with linear equation of I (pA) = 0.0045 log
[CysC] + 2.63 and LOD of 0.03 ng/mL CysC (3.3 o). These con-
centrations in lower values met in clinical reference that is up to
950 ng/mL (Gaygisiz et al., 2016). Therefore, for use samples needs to
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Fig. 3. 3D AFM images of the: (a) bare gold electrode (GE), (b) GO control, (¢) Fe-GO nanocomposite and (d) addition of PEL
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Fig. 4. FT-IR spectra of sensor platform in each step of modifications: Fc control
(spectrum I), Fc-GO nanocomposite (spectrum II) and after PEI drop-casting
(spectrum I1I).

be 10 to 100 times diluted in PBS before measurements, with the ad-
vantage of minimizing the non-specific bindings.

Different analytical methods for detection of CysC are shown in
Table S1 (Sup information). Comparing this immunosensor with all
already described for the detection of CysC, it is observed that it pre-
sents several advantages. Regarding to the amperometric sensors, this
approach is more practical and faster, since it does not require further
reading stages, such as the introduction of redox probe solutions and
washes (Yang et al., 2016; Desai et al., 2018). While here, the samples
can be diluted in PBS or even KCl being ready for reading. Additionally,
detection of CysC is directly performed by the antigen-antibody reac-
tion with more advantages, which does not occur with the cited works.

In the first, Yang et al. performed the detection via immunoreaction-
induced DNA strand displacement and T7 Exonuclease (T7 Exo)-as-
sisted protein cyclic enzymatic amplification. Desai et al.(2018), the
second work, developed an assay employing the screen-printed elec-
trode based on K3 [Fe (CN) ] as an indicator. Although they have
achieved an optimal range and a low limit of detection, the use of pa-
pain as sensor element, a serine protease that detects enzymatic ac-
tivity, render the sensor limited for using only in urine. Thus, mea-
surements in samples with protein contaminants like the serum are
restrictive, in contrast to this proposed sensor that used antibody Anti-
CysC making serological samples feasible, and detections in this fluid
are easier and more commonly employed. Optical approaches by using
surface plasmon resonance (SPR) was also applied by Gorodkiewicz and
Luszezyn (2011) being quite sensitive, however, SPR has the dis-
advantage of using papain and presents itself as a technology of difficult
portability, limiting as point-of-care. Lin et al. (2013) performed an
optical detection with nanoparticles using also the papain. Mi et al.
(2016) using CysC-specific nanobodies achieved low detection limits in
optical transduction based on the photocurrent decrease using an
electrochemical workstation to measure photocurrent under visible
light irradiation with a 150 W Xe lamp; this application was extended to
real sample by monitoring the CysC in human serum samples. Thus, the
technology here developed is simpler, and quite liable for a point-of-
care diagnostic. To our best knowledge, there are no electrochemical
immunosensors for CysC similar to the one here developed.

The matrix effect and selectivity was also tested with this im-
munosensor by using a real human serum samples, since these complex
samples contain a great amount of interferers. Here, it was used a pool
of serum, by mixing samples of different volunteers, further increasing
the possibility of interferents. As exclusion criteria in samples selec-
tions, hemolyzed or hypercholesteremic samples were not included.
The assays were carried out by successive incubations with the spiked
CysC (10ng/mL) and non-spiked human serum samples at the same
electrode in each experiment (Fig. 6). Analytical responses indicated a
gradual decrease in the SWV peaks proportional to the increase of the
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Fig. 5. (a) SWVs responses of immunosensor to the Cys C incubations with
analytical detections measured in 100 mM KCI; (b) Analytical curve of Cys C
antigen in PBS buffer (10 mM, pH 7.4), inset: Monolog plot of the Cys C con-
centration vs current variations subtracted from the blank with linear fitting.
Bar error represents the standard deviations of three replicate measurements.

CysC concentrations of positive samples, contrary to the non-spiked
serum response. Cutoff value was established at mean of negative
sample responses plus two deviations, which was found at 20 ng/mL,
thus up to this value the immunosensor was able to selectively identify
CysC in positive samples, e.g below of this cutoff, the presence of in-
terferences in the samples are significant and can generate positive
false.

The nanoimmunonsensor was assessed regarding repeatability
(intra-assay) and reproducibility (inter-assay) (Rezaei et al., 2018; Shen
et al., 2015). Good repeatability (Figure S2) with a coefficient of var-
iation of 2% was found, using an incubation with concentration of
100 ng/mL CysC and submitting the same electrode to 20 successive
SWYV readings, with attention to remove the electrode from the elec-
trochemical cell in each reading. Reproducibility tests (Figure S4) were
performed showing a good performance, according to the coefficient of
variation of relative peak currents of SWV that was found at less than
5% (CV = 4%) obtained by five electrodes prepared in the same con-
ditions applying 100 ng/mL CysC in serum samples. Here, the analytical
responses from different electrodes were normalized to compare
themselves, e.g. SWV fluctuations on the blank from different electrodes
due to the charge effect on the electrode by producing different DC
current levels were minimized dividing by blank SWV in each electrode.
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Fig. 6. Matrix effect and selectivity studied in successive incubations in real
samples of human spiked serum (with 100 ng/mL Cys C in PBS) and human
negative serum (diluted in PBS 10 mM, pH 7.4). Plots represent cathodic peak
currents of SWVs subtracted from the blank; SWV measurements performed in
presence of 100 mM KCL.

4. Conclusions

A novel electrochemical immunosensor with inherent redox activity
mediated by ferrocene was developed. Amperometric responses ob-
tained by SWV were mediated by graphene oxide-ferrocene nanofilm
with redox-activity coming from electroactive species surface-confined.
As a proof-of-concept, this immunosensor was applied to Cystatin C
detection, a biomarker for renal failure. The detection was based on
antigen-antibody interaction, differing from most CysC sensors, that
have used papain to produce the current responses that allow its ap-
plication to blood samples and other biological fluids. This platform is
simple than optical biosensor to miniaturization and does not need
redox probe solutions for measurements, simplifying the steps and
being an important advancement towards real point-of-care testings.
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ARTICLE INFO ABSTRACT

Keywords: An electrochemical immunosensor devoted the core hepatitis B antibody detection, based on polytyramine (PTy)
Immunesensor and carbon nanotubes (CNT) composite was developed. The antibody interactions with immobilized antigens
Nanosensor were detected by reduction on the electron transfer from ionic species coming from reactive amine groups of
Pol){tyramine PTy. The synthesis in acid medium of PTy-CNT composite favorite a great amount of NH;™ ionic species,
:::g':ﬁ]ccs forming a nanocomposite with high catalytic activity on the electrode surface. As proof-of-concept, antibodies
Hepatitis B against the core hepatitis B virus were label-free and reagentless electrochemically detected by square wave

voltammetry (SWV) through decrease on cathodic peaks. It was recently reported that hepatitis B core antigen
antibodies (anti-HBc) is a powerful biomarker for hepatitis B virus (HBV) infection, being more specific than
HBsAg due to the possibility of detecting the occult HBV infections. The nanostructured film was characterized
by atomic force microscopy and electrochemical techniques. This immunosensor showed linear responses from
1.0 to 5.0 ng mL ™ and a limit of detection of 0.89 ng mL ™' anti-HBc. It was also tested in assays with negative
and positive blood samples using 0.1 M KCI as electrolyte support on readings showing specific responses. This
easy reagentless detection platform, showing a remarkable potential to development of bolder and simpler HBV

assay for screening of blood bags, in attempting to circumvent point-of-care testing limitations.

1. Introduction

The hepatitis B virus (HBV) is a major global issue, prevalent in
different continents including Asia, African and others. Potential com-
plications from chronic HBV infection include cirrhosis of the liver,
liver failure, liver cancer and premature death [1,2]. HBV infected in-
dividuals are commonly asymptomatic, unknowing that own the cir-
culating virus, besides in many cases, symptoms can take two to five
months to appear and about 70 percent of adults have subclinical or
anicteric hepatitis. Thus, those unknowingly infected can powerfully
spread the infection to others [3]. HBV infection has been frequently
detected by two serological markers, hepatitis B surface antigen
(HBsAg) and antibodies against the virus core (anti-HBc) [4]. In
countries with limited resources that suffer from the lack of facilities in
the serological tests, different strategies have been sought [5]. In recent
studies, anti-HBc has been indicated as the most specific marker for
blood donor screening compared to HBsAg, detecting also the occult
hepatitis B infection [5-8]. Owing to HBV infection via blood transfu-
sion to be a major concern in transfusion medicine [9], the develop-
ment of simple screening tests to detect HBV in blood donors and
prevent recipient HBV infection are really desirable.
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On the last decade, point-of-care based-immunosensors have been
proposed for several biomarkers and employing different transduction
techniques, such as electrochemical [10,11], optical [12,13] and pie-
zoelectric [14,15]. Electrochemical immunosensors based on the
screen-printed technology have shown to be more attractive due to
several advantages including low-cost, easy miniaturization and com-
patibility with enzymatic transducers, like the popular glucometers.
Although electrochemical immunosensors have achieved great ad-
vances by reducing the time of analysis and time-consuming steps, do
not requiring labeled antigen or antibody to detect the immunocomplex
interactions by impedimetric or amperometric electrical signals [16],
they still are limited for point-of-care diagnostics as compared with
rapid immunochromatographic tests. This inconvenience is absolutely a
limitation for a wide-scale practice and use by non-skilled personnel
[17]. The idea reported here is a catalytic sensor surface capable to
generate electroactive species as redox probe to the electrical signal,
facilitating the measurements on the samples by square wave or dif-
ferential pulse voltammetry transduction [18].

Polymers have been widely used to biosensor developments
[12,19], specially containing alternated m-bonds jointly to aromatic
ring resonance that leads to a high conductivity [20]. Conductivity of a
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polymer film electrochemically synthesized can be controlled by ad-
justing electrochemical techniques, counter ions and pH [21]. Poly-
tyramine (PTy) is a derivative from the amino acid tyrosine and possess
amine portion separated from the phenolic ring by two methylene
groups [22]. In aqueous acid electrosynthesis, the PTy film is more
conductive and thicker, being expected that only the phenol moiety be
oxidized and a high surface concentration of reactive primary amines
are formed [23-25]. Previous synthesis in perchlorate acid have de-
monstrated a reactive PTy film containing about 80% protonated amine
(-NH3+) and 20% to neutral amine (-NH2) [19].

Carbon allotropes have been widely studied for biosensors due to
their excellent electrical properties. Using the carbodiimide chemistry
by amine moieties, vertical alignment of the carbon nanotubes have
been achieved by their carboxylated anion head groups [26,27]. CNTs
aligned on the electrode surface lead to higher electrocatalytic ability
per unit area than CNTs randomly dispersed, phenomenon that can be
attributed to the open ends be more electroactive than sidewalls [28].
Biomolecule immobilization steps are considered crucial to stable and
reproducible biosensors. The carboxyl groups in CNTs served as a double
purpose, anchoring the antigen (HBcAg) by its amine sites. Herein, PTy
and CNTs were strategically joined to permit the immobilization and
improvement on the electron transfer, detecting lower fluctuations on
diffusion barrier induced by antigen-antibody interactions.

The great amount of amine groups derived from PTy-CNT composite
are able to generate a faradaic current in a specific redox potential. This
catalytic nanofilm had advantage to result an amperometric response,
being simpler, without necessity of redox probe solution reading step,
i.e. reagentless immunosensor. Similar reading mode were obtained by
Sun et al. [29], using a composite containing polyaniline in which the
faradaic current from anodic SWV peaks was ascribed to inherent redox
activity from amine groups of polyaniline. Thus, this proposed im-
munosensor represents advances to label-free immunosensors that use
SWV or other voltammetric or impedimetric transduction, since the
readings can be performed at support electrolyte as KCl. This work
represents new perspectives to overcome limitations of direct detection
in blood samples.

2. Material and methods
2.1. Reagents and anti-HBc samples

The tyramine monomer (Ty, 97%), 1-ethyl-3-(3 dimethylamino-
propyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), potassium
ferricyanide (K3 [Fe (CN) g]), potassium ferrocyanide (K4 [Fe (CN) 6],
and dimethylformamide (DMF) were obtained from Sigma-Aldrich (St.
Louis, USA). Hepatitis B virus core antigen (HBcAg) and monoclonal
Hepatitis B virus core antibodies (anti-HBc) were acquired from Abcam
(Cambridge, UK). Carboxylated multi-walled carbon nanotubes
(COOH-CNT) with 95% purity were obtained from Dropsens® (Oviedo,
SPA). All other chemicals used were of analytical grade and solutions
were prepared in ultra-pure water acquired from a Milli-Q station
(Milli-Q, USA) with conductivity below 18 MQ cm™".

Blood samples from negative hepatitis B (anti-HBc) individuals were
collected after approval by Research Ethics Committee of Pernambuco
University, Brazil. For all procedures, the blood was collected in 4 mL
Vacutainer EDTA tube to avoid coagulation. All the blood pools used in
experiments were freshly collected and the HBV positive was spiked
with anti-HBc (1 ng mL™") for analytical measurements. The control
was obtained by incubating non-spiked blood pool samples of healthy
individuals.

2.2. Characterization of electrode surface and analytical measurements
Electrochemical measurements were performed in a three-electrode

system containing a helical platinum wire as counter electrode, Ag/
AgCl (3M KCl Sat.) as reference and a gold electrode (GE) with 1 mm
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diameter, as working electrode. The electrochemical measurements
were performed with a potentiostat/galvanostat IviumCompactStat
(Eindhoven, Netherlands) coupled to a microcomputer and controlled
by IviumSoft software.

To characterize the modifications of the electrode surface, electro-
chemical measurements was carried out by cyclic voltammetry (CV) and
analytical responses by square wave voltammetry (SWV) techniques. CVs
measurements were carried out at 50mV s~ ! scan rate in a potential
between 0 and 0.5V using 5 mMK3Fe(CN)e/K4Fe(CN)e prepared in
100mM KCl as redox probe. The SWVs were recorded at 10 Hz with
10 mV pulse amplitude, 10 mV step potential in a window potential from
0.8 to 0.5V in 100 mM KCl. The analytical responses to anti-HBc were
performed by SWV using the same characterization procedure.
Calculations and graphs were made using the OriginPro 8.0 software.

The structural characterization of the HBcAg-GE was accomplished
by a Fourier Transform Infrared in the Attenuated Total Reflectance
mode (ATR FT-IR), through a Bruker IFS 66 model FT-IR spectrometer
(Billerica, USA), using a range from 4000 to 500 cm ™' wavelengths.
The measurements were collected from crystalline gold disks of ap-
proximately 0.8 cm diameter that were connected to an electrochemical
cell by means of a conductive wire, in order to electropolymerize
monomers of the Ty and prepare the HBcAg-electrode.

Atomic Force Microscopy (AFM) was used to perform morpholo-
gical analyses of modifications on the GE surface made in noncontact
mode, using Nanosurf Flex AFM equipped with a C3000 controller. The
images obtained were treated and analyzed through software Gwydion.

2.3. Synthesis of catalytic PTy-3D carbon nanostructured surface

Prior to modification, the gold electrode (GE) was polished with
alumina slurry (0.5 pm) to remove impurities present on the electrode
surface, followed by rinsing with distilled water. The PTy film was
electrochemically grown on the GE from a solution of 2.5 mM Ty pre-
pared in 100 mM H,SO,. The working potential was swept at 50mV s '
and 10 cycles were applied between from — 0.6 to 1.1V vs. Ag/AgCl.

Carboxylic groups of carbon nanotubes were bound to the PTy film
by incubating an aliquot (5 pL) of COOH-CNT (1 mg mL ') dispersion
on the electrode surface for 45min. Prior to incubation, 1 mg of
COOH-CNTs were dispersed in 1 mL of DMF in an ultrasonic bath for
2h. In order to activate the carboxyl groups of COOH-CNT, this sus-
pension was [1:1] pre-activated for 40 min with a mixture of 20 mM
EDC and 50 mM NHS solution [1:1] prepared in 0.1 M sodium acetate
buffer, pH 5.5) [30].

2.4. Immobilization of HBcAg and analytical measurements

In order to immobilize the antigen on the nanostructured electrode,
an aliquot (5pL) of the HBcAg solution (100 pg mL ") was pipetted
onto the GE surface and incubated for 1 h at room temperature. Non-
specific bindings were blocked using a solution of 50mM glycine,
prepared in PBS (10 mM, pH 7.2) that reacted for 45min on the elec-
trode surface. Glycine is an amino acid widely used in immunosensors
for blocking of unspecific bonds since it is a very small molecule and
contains amine and carboxylic moieties [31].

Analytical responses were obtained by incubating the HBcAg-na-
nostructured electrode surface with 5uL of anti-HBc (1ng mL~ 15
samples for 15min [32]. A schematic diagram of all steps involved on
the synthesis of PTy/COOH-CNT/HBc/gold electrode and immunoassay
is shown in Fig. 1.

3. Results and discussion
3.1. Synthesis of PTy/COOH-CNT electrode surface

Polymer electrode prepared by electropolymerization has been
commonly used due to feasible controlling of electrochemical
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Fig. 1. Schematic diagram of steps performed on synthesis of the HBc gold electrode and immunoassay (anti-HBc incubation).
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Fig. 3. (a) CVs obtained from the CNT/Pty/GE in presence of redox probe of 5 mM K;Fe(CN)e/K4Fe(CN)g prepared in 100 mM KCl at scan rates (inner to outer) 10,
20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120 mV/s. (b): Plot of anodic and cathodic peak current from CVs vs. square root of scan rate and (c): Plot of anodic and

cathodic peak current from CVs vs. scan rate.

conditions. A layer of polymer can be formed in situ on the electrode
surface with controllable thickness, high conductivity and good stabi-
lity [33]. Herein, the optimal conditions of Pty synthesis was estab-
lished by irreversible oxidizing of Ty monomers at around 0.7 V of CV
sweeping at 50mVs-1, in the potential window from —0.1Vto 1.4 V. Ty
polymerization was achieved at 10 cycles, after that the redox current
did not increase considerably with number of cycling (Fig. 2(a)). Con-
ductivity dependence resulting from monomer concentration was also
evaluated, varying the Ty concentrations prepared in acid medium
(100 mM H2S04) from 0.5 to 4.0 mM. Neutral or alkaline medium used
in electropolymerization can generate less conductive PTy films [24].
Herein, the electropolymerization was chosen in acid medium to ensure
a higher conductivity of PTy film. In this medium, it expected that Pty
synthetized contains reactive amine groups with a great majority of
protonated amine (—NH;+) conversely a minimal amount of neutral
amine (—NH,) [19,34]. It was observed a prominent anodic current
peak, at approximately 1.2V that can be ascribed to protonated amine
and cathodic peak at 0.6V, probably due to the amine formed
(Fig. 2(c)). The Ty optimal concentration was obtained at 2.5 mM, by
observing a plateau represented by monomer concentrations versus
cathodic peak currents extracted from CVs (Fig. 2(b)). Increase in
polymer concentrations cause decrease or stabilization of peak currents,
as it is related to the number of binding sites available [35].

Taking into account that one of the objectives of this study was
obtain a catalytic electrode surface, which the ionic species would able
to generate analytical responses by itself, i.e. by dispensing the use of
redox probe readings, the analytical responses obtained here by SWV
were based on these redox peaks. Nevertheless, the anodic peak
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potential was very high, close to 1V, which is capable to oxide many
substances present in samples. Thus, it is preferable that SWV per-
formed by cathodic peaks because it has advantage of minimizing
various blood interferents, especially those resultants of metabolites
more abundant easier oxidized, such as ascorbic (AA) and uric acid
(UA). AA and UA have oxidation peaks at +0.38 and + 0.44 mV, re-
spectively, and their electrochemical reactions are irreversible, thus not
having reduction peaks to interfere at measurements [36]. Hemoglobin
is another important blood interferent, however Hb possess a reduction
peak at approximately —0.2mV [37]. A probable mechanism of re-
duction of NH; " for cathodic peak in SWV measurements, and CNT
charge transfer is proposed in Eq. (1). In this case, it was ascribed that
protonated amine at 0.6 V is reduced to NH, and CNTs acted as electron
mediator compounds. This behavior of electroactive species able to
generate signals by SWV and mediate responses according to the elec-
tric transfer barrier on the electrode surface was also explored by other
authors recently [19,29].

NH3" + e~ —=NHy < CNT™ + e~ — CNT (1)

The interaction between COOH-CNT and PTy film was studied by
CVs. Previous studies have shown that the vertical alignment of CNTs in
comparison with the random alignment, improve the electron transfer
rates from the electrolyte to the electrode [28]. Vertically aligned as-
semblies of the CNTs were achieved using several strategies onto dif-
ferent substrates, such as gold [38], silicon [27] and others [39]. One of
the possibilities is the vertical alignment by amino-functionalized sub-
strates through the end carboxyl group of the CNTs [40]. Herein, the
protonated Pty polymer film promoted the highly stable and vertical
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Fig. 4. ATR-FT-IR spectrum obtained from surface of: (I) Pty, (II) COOH-CNT/
GE, and (111) COOH-CNT/PTy/GE.

anchoring of the CNTs via their carboxylated anion head groups, since
carbodiimide chemistry was used to form amide linkages [41]. De-
position of CNTs on PTy film resulted in an increase of approximately
60% of electroactive area as compared with Pty/GE (Fig. 2(c)). This
increase can be attributed to CNT-related increase in electron transfer
[31,42] and the synergism between Pty and CNT [28]. The carboxyl
groups in CNTs served here as a double purpose, also anchoring the
antigen (HBcAg) by its amine sites.

a)
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Additionally, electrochemical stability of PTy/CNT matrix was eval-
uated by cycling the electrode to successive CVs. When the CNT/Pty/GE
was submitted to 20 cycles, at 50mV s~ in 0 to 0.5 V using of 5 mM K;Fe
(CN)s/K4Fe(CN), as redox probe, it was observed that the coefficient of
variations of the redox current peaks were less than 1%, exhibiting a si-
milar profiles of CVs. Mechanistic studies were performed changing the
scan rates from 10 to 120mV s ' immersing the working electrode to the
electrochemical cell filled with a 5 mM K;Fe(CN)s/KsFe(CN)s redox probe
solution prepared in 100 mM KCl. It was observed that cathodic and
anodic current peaks from CVs (Ipc and Ipa, respectively) proportionally
increased with the square root of scan rates increase, exhibiting an ad-
justed R square = 0.996 (Fig. 3(b), which is indicative that the process
was diffusion controlled, as expected [43]. A discrete shift on redox peak
potentials was detected meaning a possible interaction between nitrogen
reactive species of Pty and iron species present in the ferrocyanide redox
probe. Finally, the electrode surface reaction was also controlled since the
current redox peaks increased proportionally with scan rates (Fig. 3(c)).

Study of pre-activation time of CNTs by EDC/NHS occurred pre-
viously to deposition onto Pty film electrode surface, varying the period
at 10, 15, 20, 25, 30, 35, 40, 45 and 50 min demonstrated that 35 min
was optimal, according to steady-state curve of anodic peaks from CVs of
the CNT/Pty/GE versus activation-times of CNTs (Fig. S1). The optimal
time-activation of CNTs corresponded to maximal electroactive area,
implying in a major electron transfer rate. The carbodiimide group pre-
sent in EDC/NHS promotes activation of the carboxylic group of CNT by
formation of o-acylisourea intermediate. The EDC by-product is released
as soluble urea derivative and the NHS is normally used along with EDC
to create esters more stable than o-acylisourea intermediate, allowing the
coupling of the amine with the carboxylic group [44].

1097 ym

082

0.81
080

Fig. 5. Contact mode Atomic Force Microscopy (AFM) images of (a) bare electrode; (b) PTy/GE and (c) CNT/ PTy/GE.
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In order to understand better of the CNT/PTy interactions, ATR-FT-
IR spectra were performed (Fig. 4). The PTy film coating the gold
electrode was confirmed at spectrum (I) by a large band at
3330 cm ~'that corresponded to the OH stretch in the presence of in-
tramolecular hydrogen bonds [45,46]. PTy was also evidenced by an
asymmetric band at 1635cm™ of NH,, resulting from PTy amide 1
modes; at 1506 cm ™!, corresponding to C=C aromatic symmetric
stretching; and at 1156 em ™', due to the C—O—C asymmetric stretching
[46]. Additionally, it was observed the band 3330 overlapped with the
3200cm ' band being representative of an asymmetric stretch of
NH3 ", which is typically derived of the PTy electrosynthesis in acid
medium due to the oxidation of Ty, Catalytic activity of PTy film was
also confirmed by NH; " at spectrum (1II), corresponding to Pty-CNT
film that showed the same overlapped band at 3200 cm ~'. The catalytic
activity is also corroborated by cyclic voltammogram that shows a
prominent anodic peak and a cathodic peak at 0.6V, in presence of
inert electrolyte (0.1 M KCl). The strong and stable bond CNT-PTy is
displayed at specoum (III) by the presence of the amide I band at
1652cm ! and amide 11 bending at 1552 cm™ [47]. The great elec-
troactive area obtained, due to the high yield at CNT-PTy coupling is
derived from EDC/NHS activation of CNT to form an o-acylisourea in-
termediate that is dependent of COO-. The bands characteristic of de-
protonated carboxyl groups were found at 1560 and 1400cm™ at
spectrum (I1), due to the asymmetric and symmetric stretch vibration of
COO- [47]. The electrocatalytic activity of Pty polymer is derived from
NHa" that generates electroactive species at anodic and cathodic po-
larizations (spectrum II).

AFM morphological analysis of Pty film on the electrode resulted in
an average roughness of approximately 150 nm (Fig. 5(b)), which was
significantly higher than the bare GE (71 nm), exhibiting a very smooth
and regular morphology (Fig. 5(a)). These findings confirm the suc-
cessful in electropolymerization of tyramine monomers onto the gold
electrode surface. Average roughness also increased to 296 nm with
CNT attachment, that was according to electroactive area increase
(Fig. 5(c)) when compared with PTy only (b), demonstrating the sy-
nergic effect as resulted from the CNT adding to PTy film.

1t is well-established that the CNTs exert an important role to the
sensor response, since they are related with electron transfer rate on the
interface electrolyte-electrode surface [10,48]. After analyses of FTIR
and CVs profiles, it was possible ascribed that CNTs were covalently
bound to PTy. Taking account that CNTs are EDC/NHS pre-activated
and amide bonds are formed, and also that CNTs attached by simple
adsorptions were removed with successive washes with a saline solu-
tion (PBS); certainly, the amount of CNTs present on the electrode
surface are dependent of amine bonds of Pty.

3.2. Response to the Anti-HBc antibodies

The analytical responses of the immunosensor were evaluated by
incubating the electrode to different concentrations of anti-HBc diluted
in 10 mM PBS. The amperometric signals in responses to analytes de-
creased with the increase of anti-HBc. This behavior is ascribed to in-
sulating nature of antibodies, preventing the barrier of diffusion
(Fig. 6(b)). The incubation time of antigen-antibody exert influence on
the immunosensor response. It was chosen 15 min of incubation time
based on previous studies, in which is achieved approximately 100% of
current response by antigen-antibody interactions [49,50].The im-
munosensor shows a good linear range from 1.0 to 5.0 ng mL ™~ 'anti-
HBc (square R equal to 0.961 and relative error < 1%), which is ac-
cording to clinical range for anti-HBc [51,52].

As shown also in Fig. 6(b), up to 5ng mL~ ! anti-HBc, the calibration
curve achieved a plateau, as response that the maximal antigen-anti-
body interactions were obtained. The limit of detection (LOD = 3.3 x
standard deviation of y-intercepts (0)/slope of the calibration curve (S))
was calculated according to fit linear regression equation of the cali-
bration curve (Al = 77.3 — 4.28 [anti-HBc]), by data processing in the
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Fig. 6. (a) SWV curves in responses to different concentrations of anti-HBc with
measurements performed in 100 mM KCI at 50 mV/s scan rate; (b) Cathodic
current peaks in relation to the anti-HBc concentrations with adjusted linear fit
(red line) (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).

Origin Pro SRO v8.0724. It was found a LOD = 0.89 ng mL ™' anti-HBc,
similar to Cabral et al., [53], being suitable for clinical levels. However,
this immunosensor has advantage of detecting without a redox probe
solution, being more practical and easier than labeled and label-free
immunosensors previously described [53,54].

The immunoelectrode was also evaluated regarding to repeatability
and reproducibility. By using an incubation average concentration of
anti-HBc (2ng mL~ ) and submitting the same electrode to successive
SWV readings, at 20 replicates, with attention of remove the electrode
of electrochemical cell in each reading followed by PBS wash, it was
found a good repeatability with a coefficient of variation (CV) lower
1%. The reproducibility study was performed by using 8 electrodes
prepared in the same conditions, and by incubating with 2ng mL™"' of
anti-HBc. The measurements of cathodic peaks from SWVs of incuba-
tions subtracted from blank after normalized resulted in a CV = 6%.

3.2.1. Response to anti-HBc in real samples

The selectivity of the sensor platform was evaluated submitting the
electrode to real samples. Blood samples were extracted from
Vacutainer EDTA tubes and spiked with anti-HBc diluted in PBS,
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Fig. 7. Matrix effect study performed in samples of human blood pools of 1 ng
mL ™" anti-HBc spiked and non-spiked. Plot represents the cathodic peak cur-
rents subtracted from the blank measured at 0.6 V from the successive SWVs.

resulting in aliquots with 1 ng mL ™! anti-HBc, and the negative samples
were carefully prepared with the same volume of PBS, in order that the
signal increment in response to incubations were exclusively due to the
anti-HBc. The specificity of sensor could be studied since the blood is
very complex matrix, containing several proteins, lipids, cells, debris,
etc. and electroactive species, serving as good model to evaluated pos-
sible interferences [55]. According to Fig. 7, it was observed that dif-
ference of peak currents from the blank gradually increase with the
anti-HBc concentrations, conversely to the non-spiked blood that was
practically constant in all negative blood samples. The limit of reaction
(cutoff) was found at 1.5 ng mL ™' anti-HBc, calculated according to the
value obtained by mean from six negative samples plus twice their
standard deviations. These results showed that this platform is reliable
and present specificity to recognize negative from positive blood sam-
ples by SWV, without any use of redox probe solutions and with a si-
milar analytical range to previous anti-HBc immunosensor [53]. This
catalytic nanostructured surface has advantage of facilitating mea-
surements directly on serological samples and reagentless, leading to-
ward the point-of-care testing.

4. Conclusions

It was possible to detect antibodies against core of HBV with dis-
crimination in blood samples. Amine groups of PTy showed a catalytic
activity, allowing an electrochemical detection by SWV without re-
quirements of redox probe solutions. This advantage reduces the in-
convenient steps on the analysis, which are time-consuming and pre-
sents difficulties on detection. The reagentless detection with minimal
steps by simple use of a catalytic sensor surface with electroactive
species released for amperometric measurements was achieved. This
approach is an attempt to circumvent the point-of-care testing limita-
tions, allowing a future direct detection in blood samples.
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Abstract

Nanotechnology has exerted a significant impact in the development of biosensors
allowing more sensible analytical methods. In health applications, the main challenge
of the immunoassay is to reach the suitable limit of detection, recognizing different
analytes in complex samples like whole blood, serum, urine, and other biological
fluids. Different nanomaterials, including metallic, silica and magnetic nanoparticles,
quantum dots, carbon nanotubes, and graphene, have been applied, mainly to
improve charge electron transfer, catalytic activity, amount of immobilized biomole-
cules, low-background current, signal-to-noise ratio that consequently increase the
sensitivity of immunosensors. Given the great impact of nanotechnology, this chapter
intends to discuss new aspects of nanomaterials relating to immunosensor advance-

ment.

Keywords: Immunosensors, immunoassay, nanosensor, nanomaterial

1. Introduction

A major challenge faced by health programs is the maintenance and availability of diagnostic
tests that are required not only in inpatient or outpatient hospital but also for an improved
epidemiological survey. In many cases, the absence of laboratory testing or delay of diagnosis
generates negative economic impacts, resulting in unnecessary hospitalization, intercurrence,

I mEC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http:/ /creativecornmons org/licenses/by/3.0), which permits unrestricted use, distribution,
DR SCenCe ‘

en minds and reproduction in any medium, provided the original work is properly cited.

71



348 Biosensors - Micro and Nanoscale Applications

and in some cases implications on the global life quality of patients and underreporting of
surveillance. In this context, the development of practical, fast, and reliable analytical methods
is imperative.

Biosensors have been considered one of the more attractive analytical methods. They are
biodevices capable of transforming an interaction with specific analytes into an electrical signal
by a transducer, including a biorecognition element. [1] Pharmaceutical industries and users
of rapid tests from the United States and Europe are unanimous in stating that biosensors,
mainly those based on point-of-care testing (POCT), or bedside testings are a practical
technology, regarded as a short-, medium-, and long-term trend. Among several advantages,
POCT can provide immediate responses (results in few minutes or in real time), samples do
not need to be transported to the analytical phase (in situ monitoring) and require generally
small volumes of samples, and the users can be skilled or unskilled and present better cost-
effective analyses compared with conventional technologies used in clinical diagnostic (user-
friendly technology). One of the most widely useful POCT is the glucometer, which measures
glucose levels with accuracy by requiring a single drop of blood. The rapid glucose measure-
ment is very important in trials to avoid serious adverse effects stemming from diabetes,
including seizures, coma, or even death. Worldwide, some diabetic outpatients have been
benefited by POCTs.

Although there is a great promising market dedicated to health for the detection of diseases
and therapeutic monitoring, biosensors are not yet entirely broadcast, especially those devoted
to nonenzymatic reactions, i.e., biosensors based on the affinity between antigen—antibodies,
DNA-RNA, DNA-DNA, etc. So far, there are focused studies to develop affinity biosensors
for a wide number of applications. Some of these include environmental, agriculture, veteri-
nary, safety food analysis, and health diagnostic in attempting to detect pesticides in water, in
monitoring of environmental pollutants in soil, and in determining contaminants and patho-
gens in food and many others.[2]

Regarding the health diagnostic, affinity biosensors devoted to immunoserological diagnosis
have demonstrated to be more accurate, feasible, practical, and advantageous for POCTs than
nucleic acid biosensors. First, the levels of antibodies or antigens circulating in whole blood,
serum, or other biological fluids are in higher amounts compared to RNA or DNA sequences.
Second, blood samples of immunosensors do not need cell lysis before measurements to release
the analytes. Third, antigen or antibody samples do not need pretreatment before measure-
ments as amplification by polymerase chain reaction (PCR) or transcriptase reverse polymer-
ase chain reaction (TR-PCR). Fourth, antibodies are more chemically stable than RNA or DNA
sequences that are easily contaminated by attacking the RNases or DNases enzymes present
in digital samples.

Due especially to nanotechnology, biosensors dedicated to immunoserological diagnosis have
emerged, in the last decade, with the possibility of very promising point-of-care diagnosis. The
contribution of nanomaterials has made possible the development of new immobilization
matrices with improved features, increased sensor surface area, greater amount of biomole-
cules per area/volume, and major electrical conductivity, making it possible to achieve alower
limit of detection compared to existing bulk biosensors. Currently, several studies have
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highlighted the following nanomaterials: metallic, silica and magnetic nanoparticles, quantum
dots (semiconductor nanoparticle), carbon nanotubes, graphene, and nanostructured surface.

Selective monoclonal antibodies, recombinant antigens, fragments, and aptamers associated
with the nanomaterial advancements to mediate the antigen-antibody responses have also
allowed several nanostructured devices with optical, piezoelectric, and electrochemical
improved transductions, besides the integration of microfluidics and portable approaches.

Given the great impact of nanotechnology, this chapter intends to discuss new aspects of
nanomaterials concerning to the development of immunosensors that resulted in more
accurate, reliable, and practical analytical methods for health.

2. Important aspects for immunosensor development

Immunosensor technology has shown an exponential growth in the number of publications
over the last decade (Figure 1(a)). Although, there were significant advances in all the areas
mainly in the food analyses, immunosensors devoted to health still have huge challenges to
overcome in order to yield commercial uses (Figure 1(b)). Some difficulties can be attributed
to the biomolecules specificity, immobilization matrix stability, transduction mode employed
and pretreatment of complex samples like whole blood, serum, or other fluidic biologics for a
reliable detection.
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Figure 1. Immunosensors research published over the last decade (a) and main application areas (b). (Extracted from
151 of Knowledge base)

Three aspects are considered crucial in the development of an ideal immunosensor: (a) the
bioreceptor, i.e., biomolecule used to recognize the antigen or antibodies in the sample; (b) the
matrix assembled for immune compound immobilization; and (c) the transducer type
employed.

The choosing of bioreceptors for analyte recognition is a fundamental aspect to ensure an
optimal selectivity of immunosensor. Different immunomolecules have been used to detect
antigens or antibodies in different samples, besides monoclonal or polyclonal antibodies, and
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antigens, recently recombinant antibodies, [3] aptamers, [4] and antibody fragments [5] have
been also assayed. Immunoglobulin classes IgG and IgM are the most commonly employed
inimmunosensors. IgG is a Y-shaped structure with two binding sites for antigens recognizing
(two paratopes), with approximately 150 kDa. Meanwhile, IgM immunoglobulins are pen-
tamers comprising of ten antigen sites, called natural antibodies. However, due to IgG being
more prevalent and most abundant in the circulation (73%), this immunglobulin is more
frequently used in all immunoassays. [gM immunoglobulins are detected in specific assays
when is important to identify diseases in their acute Phase, Kidwai et al. [6] developed a rapid
immunochromatographic (ICT) assay detection for IgM and IgG detection in serum.

Immunosensor performance is directly dependent on the immobilization matrix used and
orientation and density of affinity biomolecules (antibodies and antigens) on the electrode
surfaces. There are different strategies used to immobilize the recognition element, either
directly on the electrode surface or on other solid supports. [7] Conventionally, there are
noncovalent and covalent techniques employed to immobilize antibodies, which are based on
adsorption, encapsulation, and entrapment in polymers, covalent binding, and cross-linking
of antibodies aggregates (Figure 2). Developments in these techniques have great interest and
potential application in other areas of biotechnology, including purification of proteins, [8]
medicine and drug delivery, [9] regenerative medicine, tissue engineering, and many other
applications. [10]

Immobilization

Adsorption
methods

Y.

Entrapment-
Encapsulation

, Cross-linking

Matrix Entrapment

Figure 2. Illustration of different methods of antibodies immobilization.

Although sensor surfaces prepared with antibodies immobilized in a random manner yield
satisfactory results, the site-directed immobilization of the sensing molecules significantly
improves the immunosensor sensitivity. [11] In this sense, antibodies should be immobilized
with optimal capability to recognize the antigens, while fully maintaining their preserved
structures. The Fab region needs to be sufficiently free in order to be exposed to the medium,
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i.e., epitopes of antigens. The best approach is to immobilize antibodies by their Fc regions. [12]
This configuration has been achieved using different strategies, including by the use of protein
A [13] or protein G, [14] via covalent immobilization through the oxidized sugar chains of the
antibody, [15] and others. Besides orientation, it’s important to consider antibody density on
the electrode surface. A higher density increases the sensor response, however is likely to
increase the steric hindrance on planar substrates causing a low immobilization efficiency and
low assay sensitivity. To solve these problems, researchers are focused on modifying the
substrates for forming the 3D network, which ensures high percentage availability of antibody
binding sites. Nanomaterials contribute to increase the amount of protein immobilization
because of their capability to form 3D nanostructured surfaces with innumerous cavities and
valleys.

Choosing the transducer is another important and fundamental aspect to achieve the sensi-
tivity and response time desired. Bioaffinity sensors (immunosensor) have been explored by
using different transduction modes: optical, acoustic and electrochemical by using different
approaches. Surface plasmon resonance, [16] localized surface plasmon resonance [17] and
fluorescence resonance energy transfer (FRET) [18] are examples of optical transducers. Quartz
crystal microbalance (QCM), also entitled mass-sensitive, is the most explored as acoustic
transducer. Electrochemical transducers are comprised of different ways to generate an
electrical signal, for instance, by amperometric, impedimetric, potentiometric and capacitive
changes. [19] Regarding the response time, two classes of immunosensor operation mode are
distinguished by, a) Label-free or nonlabeled immunosensors that readily convert the species
interaction response with the complementary species into an electrical signal, denominated as
direct transduction, and b) Labeled immunosensors that need a second antibody or antigen
conjugated to chemical species to generate the analytical response, such as enzymes, fluores-
cent labels, etc. [20] Although labeled immunosensors are more time consuming than label-
free immunosensors, they provide more specificity due to the second antibody which
minimize the nonspecific binding negative effects.

The design of label-free affinity biosensors has been extensively studied in academy and
industry. One source of stimulation is the demand of POCTs for health, which requires rapid
response, lower cost-effective analyses and simplicity for potential analysis. The main
technologies of label-free immunosensors currently in use or under development are: surface
plasmon resonance (SPR) devices, mass-sensitive, field effect transistor (FET), and electro-
chemical sensors, including impedimetric and capacitive. Recently, due to advances of
nanomaterial based-immunosensors, new categories of label-free amperometric sensors using
screen printed electrodes have been successfully developed. [21, 22, 23, 24]

3. Immunosensor based on nanomaterials

Nanomaterial is composed of unique functional materials that display incomparable charac-
teristics related to their shape, structure and size (in the order of 1 to 100 nm). Nanostructured
materials are interesting because they can bridge the gap between the bulk and molecular
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levels and lead to entirely new avenues for applications, especially in electronics, optoelec-
tronics and biology. The contribution of nanomaterials has allowed powerful immunosensor
assemblies, creating platforms with increasing detection limit. [25]

In recent years, various nanomaterials with different physical and chemical properties have
been applied to achieve the immobilization of immunocompounds. They can modify the
sensing surface, improving the immobilization of procedures and transduction properties of
immunosensors. A great number of electrochemical advantages have been mentioned, such
as possessing low-background current, high signal-to-noise ratio, and fast electron transfer,
including an increased amount of immobilized biomolecules, with consequent increase on the
sensitivity of sensors. Nanomaterials with zero-dimensional space (metallic, silica, and
magnetic nanoparticles and quantum dots or semiconductor nanoparticles), one-dimensional
space (carbon nanotubes), and two-dimensional space (graphene) have been show as potential
for different transducers in many immunosensor applications.

3.1. Metallig, silica, and magnetic nanoparticles

Nanoparticles (NPs) obtained from commercial sources or properly produced in laboratories
have attracted much attention in biological studies due to their low toxicity, biocompatibility,
and unique optical properties. Nanoparticles and nanospheres can be divided into magnetic,
metallic, semiconducting, or insulating nanoparticles based on their conductivity.

NPs have high surface areas and unique physical-chemical properties that can be easily tuned,
making them ideal candidates for developing immunosensors devices. The basic function of
nanoparticles in an immunosensor can be summarized as follows: immobilizing the biomole-
cules on the electrode surface, catalyzing electrochemical reaction, enhancing electron transfer
charge, and acting as a reactant or labeling biomolecules for further experiments, among
others. [26]

Biological tests measuring the presence or activity of selected analytes become quicker, more
sensitive, and flexible when nanoscale particles are combined, with numerous advantages over
more traditional procedures. In recent years, various nanomaterials with distinct physical and
chemical properties have been applied to improve the immobilization of immunocompounds.
[27] These have many electrochemical advantages, such as possessing low-background
current, high signal-to-noise ratio, and fast electron transfer, besides increased amount of
immobilized biomolecules, with consequent increase on the sensitivity of sensors. [28]

Surface modification using nanoparticles composites have shown an increase of sensitivity and
help adsorb a large amount of antibodies on electrode surface. Lu et al. [29] constructed an
immunosensor based on a nanocomposite formed with CeO, and gold nanoparticles on the Au
electrode via cysteine to detect a cardiac marker, the myeloperoxidase.[29] Thereat, the
nanoparticles enhanced the active surfaceareaavailable forantibody binding. The high stability
of this sensor wasattributed to the good biocompatibility of the composite. Anotherstudy shows
an increase in immunosensor response. Fe,0; nanoparticles were used in the construction of an
electrochemical device to detect cancer biomarker prostate antigen (PSA) via horseradish
peroxidase (HRP) signal. The high amount of nitrodopamine (film coated on nanomaterial to
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immobilize the anti-PSA) anchored onto Fe,O, increased the loading of biomolecules onto the
surface, which increased the electrochemical immunosensor sensitivity. [30]

The carcinoembryonic antigen (CEA) is a protein used as a tumor marker and has been
frequently investigated in immunoreactions. An elevated CEA level in serum may be an early
indication of lung cancer, ovarian carcinoma, colon cancer, breast cancer, and cystadenocar-
cinoma. Recently, an interesting work was reported involving this protein investigation using
an immunosensor constructed by Pt hollow nanospheres modified with anti-CEA as label for
a 3D Au-TiO, hybrid platform. [31] The immunoassay exhibited a high sensitivity and a low
detection limitcompared with conventional label methods. Another way to detect CEA antigen
was developed by Gao et al. [32] using a label-free voltammetric sensor with chitosan and gold
nanoparticles (AuNPs) to immobilize anti-CEA on carbon surface. The detection is based on
the variation of current responses before and after the immunoreaction. When the immobilized
antibodies have bounded with antigens, the antigen—antibody complex formed on the surface
inhibited the electron transfer. Then a decrease of the electrochemical signal was verified as
the concentration of antigen on surface increased. Another method also using a composite of
chitosan and AuNPs for CEA determination, but with multiwalled carbon nanotubes, was
described by Huang et al. [33] The nanocomposite film exhibited high current response
intensity, good biocompatibility, and high stability. Similar CEA detection was also performed
using a gold nanoparticle-thionine-reduced graphene oxide composite that possesses as
advantage fast electron transfer kinetics and large specific surface area. [34] Another work for
CEA analysis described the use of silver nanoparticles on SiO, surfaces. [35] The high stability
of the immunosensor was assigned to the stable nanocomposite produced.

The sensitivity of electrochemical immunosensors can also be improved by using the associ-
ation of AuNPs and dendrimers that are three-dimensional macromolecules, with hundreds
of functional groups at the periphery, for surface modification. This architecture was employed
by An et al. [36] to detect a-synuclein, a very important neuron protein. The dendrimer
(PAMAM)-encapsulated AuNPs were covalently bound on the poly-o-aminobenzoic acid
(ABA) electropolymerized on a glassy carbon electrode surface to achieve abundant carboxyl
groups, which allowed a highly dense antigen immobilization and facilitated the improvement
of electrochemical responses as well. Subsequently, the enhanced gold nanoparticle labels
were fabricated by immobilizing a horseradish peroxidase secondary antibody (HRP-Ab,) on
the AuNPs surface. After an immunoassay process, the labels were introduced onto the
electrode surface to produce an electrocatalytic response with hydrogen peroxide. The
presence of dendrimer Au not only increased the covalent coupling of more protein but also
accelerated electron transfer when compared to immunosensor without dual signal amplifi-
cation strategy.

The picogram detection limit of estradiol was achieved using an immunosensor constructed
with AuNPs and protein G scaffold to modify a gold electrode. [37] Coupled with the am-
perometric determination of the hormone in a flow system, the device exhibited superior linear
range, sensitivity, and stability in blood serum samples spiked with estradiol.

Other applications for metallic nanoparticle have included optical transduction. Krishnan
constructed an optical immunosensor in a quartz glass surface for the detection of Escherichia
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coli, using core-shell nanoparticles (silver-silica) anchoring labeled antibodies. The results
show that changes in photoluminescent standards are consistent with the immobilization of
various species. Thus, the optical immunosensor demonstrated improved sensitivity and
specificity in comparison to the usual methods, detecting as low as 5 CFU/mL.

Using a great number of luminescence molecules as stabilizers coated on the surface of the
AuNPs, Shen et al. [40] developed an electrochemiluminescence immunosensor to detect
human cardiac troponin, an important acute myocardial infarction biomarker. First, the sensor
was constructed by using streptavidin-coated gold nanoparticles as the immobilization matrix
for biotinylated antibody. Meanwhile, the three-dimensional nanostructures increased the
surface-to-volume ratio, allowing more biomolecules to be immobilized. The sandwich-type
immunosensor was fabricated by reacting with antigen and AuNPs modified with lumines-
cence molecules labeled with the secondary antibody, forming a nanoprobe. The enhanced
sensitivity of the proposed apparatus mainly derives from the novel nanoprobe, which
achieves a large amount of luminescence molecules loading toward each sandwich immuno-
logical reaction event.

Another strategy in immunocomplex detection involves the use of magnetic nanoparticles as
solid support for biomolecule immobilization. The magnetic particles offer the convenience of
magnetic separation. These particles respond to a magnetic field but demagnetize completely
when the field is removed. Thus, the nanoparticles can easily be separated from the liquid
phase with a small magnet but can be dispersed again immediately after the magnet is
removed. The use of magneticnanoparticles as solid phase for the immunosensor development
improves the bioreaction performance due to surface area increase and has better immunoas-
say kinetics because the particles are in suspension and the target species does not need to
diffuse very far. [41]

An interesting work was described by Shen et al., [42] who developed a device to detect E.
coli, an intestinal pathogenic bacterium, using a quartz crystal microbalance (QCM) immuno-
sensor based on beacon magnetic nanoparticles. A polyclonal antibody was immobilized on
iron nanoparticles with subsequent addition of E. coli. AuNPs were inserted in the system to
amplify the signal. Weakly bound biomolecules were removed with a magnetic plate. Finally,
the crystal was modified with protein A and monoclonal antibody. The frequency shift of the
QCM immunosensor is amplified using E. coli immobilized on to magnetic particles and
enlarged gold particles for the bacterium detection. The signal was amplified three times, and
the crystal was regenerated without difficulty and could be used at least 10 times. In a recent
work, the use of magnetic nanoparticles as an amplification means for QCM signal for avian
influenza H5N1 virus detection has been reported. [43] Polyclonal antibodies against the virus
were immobilized on the gold surface of the crystal through self-assembled monolayer (SAM).
Target H5N1 viruses were then captured by the immobilized antibodies, resulting in a change
in the frequency. Magnetic nanoparticles coated with anti-H5 antibodies were used for further
amplification of the binding reaction between antibody and antigen (virus).

AuNPs have a remarkably high extinction coefficient and strong distance-dependent optical
properties. Different aggregation states of AuNPs correspond to distinctive color, which can
be appreciably discerned with the naked eye and be used in immunoassay. Based on this, Yuan
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et al. [44] developed a label-free colorimetric immunoanalysis for the simple detection of
neurogenin3, a marker for pancreatic endocrine precursor cells, using glutathione functional-
ized gold nanoparticles. The antibody-conjugated AuNPs were formed through electrostatic
interaction upon the addition of the antibody to the modified AuNPs solution. The antigen
positively charged to the negatively charged AuNP antibody will minimize the electrostatic
repulsion between nanoparticles by neutralizing the surface charge and then agglomeration
is induced by an increasing NaCl salt concentration, noticeably revealed by the color change
of the solution from red to purple or blue. The concentration of neurogenin3 can be conven-
iently accessed by the optical absorption spectra. Another important property of the AuNPs
is that they could catalyze silver reduction and act as the nuclei for silver precipitation. [45] In
this interesting work, the core mechanism of the method to quantify cardiac troponin is that
the catalytic capability of the AuNPs was inhibited by immunocompounds covering their
surface. This covering is influenced by the amount of reduced silver of the reaction, resulting
in a color difference.

In state-of-the-art improved sensor devices for health applications, the possibility of assem-
bling nanoparticles and biomolecules in different ways by using different sizes, formats, and
compound types allow more sensitive, simple, robust, and especially faster analysis.

3.2. Quantum dots

Quantum dots (QDs) represent one class of nanostructured materials. They are spherical
nanocrystals of semiconductor, 1-10 nm in diameters, made of elements of the I[IB-VIA or ITTA-
VA groups. The use of QD properties requires sufficient control during their synthesis because
their intrinsic properties are determined by different factors, such as size, shape, defect,
impurities, and crystallinity. [46, 47] Two of the most widely used commercial QDs come with
a core of CdSe or CdTe and a shell of ZnS and emissions from 405 to 805 nm. [48, 49] The shell
stabilizes the structure, helping to overcome quenching compared to a QD made only from a
core and provides a large surface area available for further modification.

Analogous dimensions of QD and biological materials, such as enzymes, antigens/antibodies,
protein receptors, or nucleic acids, show great promise as photonic labels for bioanalytical
applications and suggest that electronic communication between the QD and the specific
recognition site or biocatalytic processes of the biomaterials can exist. These electronic
interactions may lead to the optical or photoelectrochemical transduction of the biological
events. [47, 50]

Generally, monodispersed QDs are developed by introducing organic molecules that adsorb
on the surface and act as capping agents. The efficacy of QD in a biological application is
critically dependent on coating properties. The liabilities of these initial methods require the
continued development of QD coatings. Important criteria for an ideal QD coating include
high-affinity for the QD surface, long-term colloidal stability across a broad range of pH and
ionic strengths capacity for bioconjugation, minimization of hydrodynamic size, and biocom-
patibility with nonspecific binding. [51] However, the selection of organic ligands that bond
with surface atoms of the QD is a very delicate issue. In general, phosphenes or mercaptans (-
SH) are the most widely used ligands. [52]
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In order to make QD suitable for biological imaging and use in a biological environment, they
also have to be rendered water soluble. This is done by capping the shell with a polymer layer
that contains a hydrophobic segment facing inward, the shell, and a hydrophilic segment
facing outward. The hydrophilic layer can be modified to include functional groups such as -
COOH and -NH, groups for further conjugation to proteins and antibodies or oligonulceoti-
des. [49, 53] The single-step synthesis of thiolated cyclodextrin-modified CdSe/CdS core-shell
QD resulted in a water-soluble QD, keeping the luminescence properties of the QD in aqueous
systems. This is animportant aspect since biorecognition events require aqueous environments
for reaction. [54]

Thiol ligands and amphiphilic polymers are the most common types of QD coating available.
They allow two essential design elements: a moiety that anchors to the QD surface and a
hydrophilic functionality for aqueous dispersion. The selection of these groups determines the
degree to which a QD coating can approach the ligand/amphiphilic polymer structures. [51]
For example, small molecules with thiol groups can bind to the quantum dot surface, and distal
carboxylated group provides aqueous colloidal stability. [55] Another strategy for QD coating
that provides aqueous dispersion, improves the biocompatibility, and minimizes nonspecific
binding was developed by Mattoussi et al. (2000). They combined dihydrolipoic acid, a dithiol
ligand that binds the QD more closely, which is attached to a poly(ethylene glycol) oligomer.

Biomolecule conjugation on to the QD is achieved by different ways like electrostatic binding,
noncovalent biotin—streptavidin bonding, or covalent bonding. The most widely used
conjugation technique of all is the covalent bond formation between the QD surface and the
biomolecules. Surface modifications on QD allow easier covalent bond formation. In one of
the most widely used methods, amine-terminated QDs are used for conjugating antibodies.
The amine-terminated QDs are activated with maleimide containing a cross-linker molecule,
which can then be conjugated to a fragment or whole antibody molecule. Some of the most
commonly employed QD conjugation methods are based on cross-linking reactions between
amine and sulfhydryl groups, carboxylic acid, and amine and aldehyde and hydrazide groups.
The carboxylic-amine bond has one advantage over all other methods, seeing as this method
does not require any antibody modification before QD conjugation. In the case of amine and
sulthydryl bond formation, the antibody should be reduced to expose their interchain -SH
bonds. In relation to aldehyde and hydrazide bonds, carbohydrate groups on the antibody Fc
portion are oxidized. These modifications on antibodies may affect their performance to a
certain extent. [56]

Functionalized semiconductor quantum dots have been used as fluorescence labels in
numerous biorecognition events. For example, Liu et al. (2004) developed an immunosensor
with simultaneous measurements of four proteins based on antibodies linked to the inorganic
nanocrystal. Stripping voltammetric immunoassay was used to observe the response of a
mixture containing microglobulin, IgG, bovine serum albumin, and C-reactive protein
connected with ZnS-, CdS-, PbS-, and CuS-labeled antibodies, respectively. The system was
obtained by using carbamate linkage for conjugating the hydroxyl-terminated nanocrystal
with the secondary antibody. [57]

Li et al. (2011) [58] used a novel strategy to modify the surface of graphene quantum dots
composites. A layer-by-layer assembling process was employed via electrostatic interactions
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between negatively charged thioglycolic acid modified CdSe QD and positively charged
graphene, which was noncovalently functionalized with poly (diallyldimethylammonium
chloride) (PDDA) via an exfoliation in situ reduction of graphene oxide in the presence of
PDDA. This process allowed excellent conductivity, extraordinary electron transport proper-
ties, and large specific surface area, which resulted in high electroluminescence (ECL) intensity
and excellent film-forming ability and made it a promising candidate for the development of
ECL immunosensors.

Luminescent quantum dots are viable optical markers and have been used in a direct assay
for IgG. Protein A was labeled with CdSe/Zn QD (A,,,, of 655 nm) and then was immobilized
at the tip of an optical fiber. Once the immunoreaction with IgG occurs, a decrease in fluores-
cence intensity is observed as a result of the fluorescence resonance energy transfer from the
QD to the bound protein. [59] Lingerfelt et al. [60] reported the preparation of QD-biotin
conjugates and their use in immunochromatographic assays. The detection of immunoglobulin
G was carried out on a glass chip through a sandwich assay approach using a secondary
antibody conjugated to the QD. [61] A sandwich immunoassay for the detection of staphylo-
coccal enterotoxin B was run using polyclonal sheep anti-staphylococcal enterotoxin B
antibody conjugated with QD and microtiter plates coated with monoclonal staphylococcal
enterotoxin B antibody. [62]

Kerman et al. (2007) applied conjugated QD streptavidin in a model immunoassay system for
the detection of a total prostate-specific antigen cancer marker from the spiked and undiluted
serum samples. Immunorecognition was carried out on a carbon substrate using a sandwich
assay approach. After the recognition event, the substrate was exposed to the biotinylated
secondary antibodies and, subsequently, fluorescence imaging of the substrate surface
illuminated the QD. [63]

QDs based on narrow photoemission spectra, with high resistance to photobleaching and
broad excitation spectra, are widely used as tags in immunoassay. A carcinoembryonic antigen
immunosensor was fabricated using biofunctionalized QD probes. This immunosensor array
was designed to detect a wide range of analytes using the inherent characteristics of QD and

the flexibility of engineered elastin-like polypeptides. [64]
There are some studies based on thioalkyl-functionalized QD, which are pH sensitive, [65]

suggesting many different biological applications. In this context, mercaptoacetic acid-CdSe/
ZnSe/ZnS QDs have been used as an intracellular pH sensor by observing a quenching of
fluorescent QDs in acidic pH. [66]

Another approach was based on the direct conjugation of CdSe/ZnS QD-IgG complexes using
a genetically engineered tripartite fusion protein. This fusion protein was made up of a
histidine tag for QD conjugation, an elastin-like peptide for stimuli-responsive purification
and the protein L (cell-wall component of Peptostreptococcus magnus) that has high affinity to
IgG. The functionality of this sensitive immunofluorescent probe was demonstrated in the
detection of a representative tumor antigen. [64]

Despite recent progress, more work still needs to be done to achieve reproducible and robust
surface functionalization and develop flexible bioconjugation techniques. The potential of QD
in biology has just begun.
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3.3. Carbon nanotubes

Carbon nanotubes (CNTs) can be highlighted as the most important nanomaterials for
biosensors. Their excellent optical and mechanical conductivity, high surface-to-volume ratio,
good chemical stability, biocompatibility, and easy functionality have revolutionized the
biosensors area for the last decade.

Since their discovery by Ijima in 1991, CNTs are being used in large volumes for different
purposes in many industrial areas, i.e., in nanocomposites for sporting materials, as a battery
in supercapacitors, transparent films, and liquid crystal displays. Other limited-volume carbon
applications include their use as components in wind turbine blades, scanning probe tips,
membrane filters and sorbents, flat panel displays, memory devices, transistors, drug delivery
systems, and other medical and analytical chemistry applications. [67]

Carbon nanotubes can be described as hollow cylindrical tubes of graphene sheets with high
aspect ratios (length/diameter). [68] The structure of graphene is a planar atomic sheet
consisting of covalently bonded carbon atoms. The atoms in graphene are sp? carbon units,
forming a two-dimensional (2D) network with a hexagonal lattice. A graphene layer wrapped
as a cylinder forms a single-walled carbon nanotube (SWNT). A multiwalled carbon nanotube
(MWNT) is nothing more than multiple SWNTs packed in a tight concentric frame. All the
carbon nanotubes have several nanometers in diameter and many microns in length. SWNTs
have the smallest diameter (0.8-5 nm), whereas MWNTs have a larger diameter (~3 to >100
nm), both variable in length (from millimeters to tens of nanometers). The proper architecture
is reflected in the highly anisotropic properties. Most of the extraordinary electrical, thermal,
and mechanical characteristics are localized specifically along the axial direction. The strong
sp® bonding between the carbon atoms in CNTs yields remarkable mechanical strength,
making them one of the most resilient materials. Moreover, it is known thatan SWNT presents
metallic and semiconducting properties where such electronic features depend on its chirality.
[69] They have three different structures: armchair, zigzag, and chiral. [70]

The applications of CNTs in biosensors have been hindered for a long time due to the
drawback of insolubility. CNTs present a high molecular weight, an ability to entangle
(tendency to individually interact with each other through van der Waals forces), aggregat-
ing into bundles and ropes. However, these bundles can be quite large that they become
insoluble in any solvent; thereby, it can be difficult to disperse them in either aqueous or
nonaqueous medium. [71]

Ultrasonication is an effective method to disperse CNTs in liquids that have low viscosity, such
as water, acetone, and ethanol. However, most polymers are either in a solid or viscous liquid
state, which require the polymer to be dissolved or diluted using a solvent to reduce the
viscosity before dispersion of CNTs. [72] The simplest stable dispersions have been achieved
by using a solvent able to efficiently interact with CNTs, such as phenylethyl alcohol, N-
methylpyrrolidone (NMP), N,N-dimethylformamide (DMF), and N,N-diethylacetamide
(DEA). An additional strategy to favor dispersion in organic solvents is to coat CN'Ts with a
molecule characterized by a high affinity toward nanotube sidewalls and at the same time
soluble in the selected solvent. Both small molecules and polymers formed by repetitive units
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of alkyl chains and aromatic compounds have been used as dispersants. Thus, the adsorption
of different polycyclic aromatic hydrocarbons such as pyrene, anthracene, tetracene, and
phenanthrene on SWCNTs has been extensively investigated. In order to favor the dispersion
of CNTs in water, the widely and most used approach is the adsorption of surfactants. These
small molecules typically have a hydrophobic tail and a hydrophilic head group—the former
is intended to favor adsorption onto the hydrophobic carbon nanotube and the latter to
promote affinity with the aqueous solvent. Over the years, stable aqueous CNT dispersions
were obtained with differently charged and nonionic surfactants such as sodium dodecylben-
zene sulfonate (SDBS), cetyltrimethylammonium p-toluenesulfonate (CTAT), cetyltrimethy-
lammonium bromide (CTAB), and sodium cholate (SC) enhanced by sonication. Additionally,
polymers have been employed for CNT dispersion in water. The majority of polymers and
block copolymers have been used to wrap CNT by exposing their polar domains toward the
aqueous environments while favoring the contact of their hydrophobic domains with the
nanotube surface. [73]

Strategies for the immobilization of biomolecules on CNTs have been widely explored aiming
to improve sensitivity on an immunosensor. The high aspect-ratio of CNT allows a great
amount of anchored biomolecules by noncovalent and covalent functionalization for different
types of transduction (Figure 3).
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Figure 3. The schematic diagram steps and transducer types of immunosensors based on carbon nanotubes.

Noncovalent functionalization enables reversible adsorption of biomolecules on the CNT
surface. For this purpose, CNTs are added to a dispersant solution, and the mixture is agitated
in an ultrasound bath. The CNTs are mechanically debundled and then stabilized by disper-
sant molecules through noncovalent interactions. This does not cause changes in the chemical
structures, electronic, and mechanical properties of the carbon nanotubes, and therefore it is
a very attractive method. Surfactants, biomolecules, and polymers are widely used as disper-
sants and noncovalent modifiers. Among them, the polymers are quite efficient dispersants
because of their long chain structure that can wrap themselves around CNTs by disrupting
the van der Waals interactions between the walls of nanotubes. In biosensors, polymers are
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particularly interesting and have been widely employed to prepare CNT composites for
electrochemical detection, especially for conductive polymers due to their native electron
trans-mediation, high conductivity, good environmental stability, and specific organic groups.
Furthermore, they can be overoxidized to create an electrically insulating layer. Many reports
have demonstrated that CNTs coated with polymers, including polypyrrole, poly(methylene
blue), poly(neutral red), poly(acrylic acid), and poly(3-methylthiophene) have become a
popular strategy [74]

The covalent chemical functionalization arises mainly from organic molecules reacting with
carboxyl groups of CNTs treated by oxidation, which depends on the hydrophilicity/hydro-
phobicity of the species attached, which can make carbon nanotubes soluble in water or organic
solvents. The modification of carbon nanotube surfaces by covalent attachments of soluble
groups usually alters intrinsic properties such as conductivity, mechanical strength, and
optical properties. [73, 75] Nevertheless, the functionalization involving the introduction of
carboxyl, amine, thiol, and other reactive groups are attractive strategies because antibodies
or antigens can be covalently immobilized, improving the stability and, in some cases, the
sensitivity and selectivity of the immunosensors. Figure 4 exhibits different covalent and
noncovalent methods of functionalization of the carbon nanotubes.

Grafting
Polymers

COOH

COOH

Figure 4. lllustration of different carbon nanotube functionalization methods.

In some practical applications, Sanchez and coworkers [76] have constructed immunosensors
where the biomolecules are immobilized on an MWCNT-polysulfone composite film. The
layer was applied onto screen printed working electrodes to provide a suitable immunosensor
for the rapid determination of human chorionic gonadotropin hormone. The detection limit
was 14.6 mIU/mL with a linear range up to 600 mIU/mL. Viswanathan et al. [77] developed
another disposable electrochemical immunosensor based on CNTs for the detection of
carcinoembryonic antigen with a detection limit of 1 pg/mL in saliva and serum.

For better detecting performance toward interleukin-6, in cases of oral cancer, Malhotra et al.
[78] made an ultrasensitive immunosensor sandwich assay on an electrically conductive and
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high surface area platform, featuring densely packed and upright SWCNTs with capture
antibodies attached to their ends. This biosensor had the highest sensitivity at 19.3 nA/mL (pg
IL-6) ' cm ? and the best detection limit (DL) 0of 0.5 pg/mL (25 fM) for IL-6 in 10 pL of calf serum.
Similarly, Munge et al. [79] have presented a novel electrochemical sensor using a sandwich
immunoassay for the detection of metalloproteinase-3, a cancer biomarker, based on vertically
aligned SWCNT arrays. The multilabeled polymeric bead amplification method demonstrated
a detection limit of 0.4 ng/mL in 10 pL of calf serum. This showed great potential for these
elements in future cancer diagnostics.

The self-assembly of oxidative SWCNTs on gold was attempted for the detection of bovine
serum albumin, BSA, by cyclic voltammetry. This sensor has shown excellent sensitivity and
dynamic linear response at the range 0f 0.1 to 1.2 uM. [80] A conductive multilayer composed
of Nafion-coated MWCNTSs, thionine (Thi), and AuNPs was prepared using an innovative self-
assembly strategy to form an immunosensor for a-1-fetoprotein. This reagentless amperomet-
ric sensor presented broader linear response in two ranges between 0.5-20 ng/mL and 20-200
ng/mL with a detection limit of (.26 ng/mL. [81]

There are many studies demonstrating that CNTs can provide high electrocatalytic activity to
the electrochemical devices and minimize surface fouling effect. Their unique properties
enable them to promote a fast electron transfer, play the role of a biomolecular immobilization
platform, and be compatible with different materials for construction of different electrodes.
The sensitivity of electrochemical sensors has been greatly enhanced due to these materials,
which promotes high active surface area and conductivity. CNTs play an important role in
recent trends for immunosensor fabrication. They can function as transducers, act as carriers
and labels of immunoassay due to the transfer of large amounts of electroactive species for
amplifying electrochemical signals, and also offer an easy way to protect and stabilize these
bioactive species. [82] In this section, different strategies were described like the easy adsorp-
tion of CNT on the electrode surface, biomolecule immobilization by simple adsorptions and
covalent binding, and preparation of screen printed electrode.

Based on a simple amino-functionalization method for MWCNT, Dutra’s group developed an
electrochemical immunosensor for the detection of human cardiac troponin T (¢TnT), an
important marker for acute myocardial infarction. It showed a broad linear range (0.02 to 0.32
ng/mL) and a low limit of detection, 0.016 ng/mL. [83] Another sandwich-type immunosensor
for the detection of ¢InT based on carbon nanotubes supported by a conductive polyethyle-
neimine film has achieved a low limit of the detection of 0.033 ng/mL and a linear range
between 0.1 and 10 ng/mL. [24] Amperometric response is generated by peroxidase reaction
with substrate in chronoamperometry detection. The high electronic transfer and catalytic
response helped by the CNT was essentially important to dispense the mediator in order to
generate the analytical responses. Due to the high conductivity achieved by incorporation of
CNTs in screen printed electrodes, a label-free amperometric immunosensor was fabricated,
presenting new strategies based on differential pulse amperometry. The immunosensing
device for cInT, with amine-functionalized carbon nanotubes incorporated in screen-printed
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electrode ink, reached a lower detection limit of 0.0035 ng/Ml, better than any previously
described immunologic sensors. [21]

3.4. Graphene

Graphene is a two-dimensional material, formed by carbon atoms that are densely packed in
a regular sp~bonded atomic scale as a hexagonal pattern, [84] which was produced in
laboratory for the first time in 2004. [85] This is the base construction block for other carbon
allotropes such as fullerene, carbon nanotubes, graphite, nanoribbons, and others. [86] It is a
transparent (optical transmittance of ~97.7%), very thin sheet with large theoretical surface
area (2630 m? g™'), one atom thick, stronger than steel (mechanical stiffness of 1TPa). In addition,
it is a good heat conductor (thermal conductivity of 500 W m™' K*), chemically inert, and a
semimetal with high electron transfer (charge-carrier mobility of 250 000 cm? V-' s at room
temperature). [87, 88] These properties make them attractive for many applications. [84] There
are a variety of synthesis methods for obtaining graphene such as chemical vapor deposition,
chemical vapor deposition by plasma, the graphite intercalation of metal sheets, mechanical
or thermal exfoliation of graphite oxide, intercalation, and exfoliation of graphite, among other
variants of these. Despite all these syntheses methods, the mass production is still difficult,
making it hard to develop some applications. [88]

Graphene oxide (GO) synthesis has been an alternative to graphene mass production. It is
produced from the oxidation of graphite and has polar oxygen functional groups. GO is rich
in carboxylic acids at its edges, and epoxy and hydroxyl groups at basal planes, which grants
many functionalization routes and good dispersion in water. [89] Furthermore, the functional
groups are responsible for the exfoliation of graphite, seeing as they increase the interplanar
distance due to the formation of hydrogen bonds between the graphite sheets. The hydrogen
bonds are weak and can be easily broken by ultrasound bath, resulting in monolayer or a few
sheets of carbon, known as GO. This is an excellent material for biological applications
attributed to the functional groups that readily interact with nucleic acids, proteins, cells, and
other organic molecules. However, GO is not a good electrical conductor because of the
disruption of its sp? bonding as functional groups increase, which can narrow its nanobio-
technology applications. To overcome these difficulties, the reduced form of GO has been
chosen as an alternative.

Reduced graphene oxide (RGO) has more commonly been used to form nanocomposites with
nanoparticles or polymers to develop biomedical applications such as biosensors, controlled
drug delivery, therapeutic modalities for cancer treatment, substrates for antibacterial effects,
scaffolds for mammalian cell culture, and gene delivery among others. [90]

In the RGO synthesis, functional groups are removed, and the conductivity is increased again.
This removal can be done in different ways such as electrochemical, optical, hydrothermal,
microwave, or heating procedures. These methods for removing the functional groups form
different shapes and therefore the conductivity recovery is variable. Also, they form different
functional groups, becoming favorable in a wide number of applications. [91]
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The most common method for obtaining RGO is chemical reduction, which is used in colloidal
dispersing of GO. Hydrazine monohydrate is the most used reduction agent, seeing as it does
not react with water, which makes it attractive for aqueous dispersions. The reduction process
mediated by hydrazine normally occurs through the addition of H, groups and removal of
N,, and it is gentle enough not to affect the cyano and nitro groups. The second most used
reducing agent is sodium borohydride (NaBH,), which is more effective than hydrazine and
easily hydrolyzed in water. The hydrolysis process should be slow enough so it does not affect
the reduction process. The NaBH, reduces C=O species and has a low effect in epoxy and
carboxylic acid groups. Other reduction agents such as hydroquinone, alkaline solutions, and
gaseous hydrogen are also being described as mediators. [92]

Another low-cost mean of producing RGO is by thermally reducing GO, heating it in a furnace
at 1050 °C, which creates thermodynamically stable oxide carbon species. Electrochemistry
can also be used in the reduction process of GO, removing oxygen functionalities. Thermal
and electrochemical reduction techniques have the advantage of avoiding dangerous reducers
and the problem with their disposal, but they are still less used than chemical reduction. The
reduction processes frequently provide RGO with functional groups, but in some cases, its
functionalization is still necessary prior to use. Covalent and noncovalent methods for
functionalization of RGO have been studied, whereas noncovalent bonds are the most common
used, for instance, the physical adsorption of both polymers and small molecules via van der
Waals interactions onto the basal planes of RGO sheets. [92]

An initial and successful approach using RGO to create biosensors was its combination with
nanoparticles. An exampleis the work of Shan etal., [93] who used Aunanoparticles associated
with RGO and chitosan as a nanocomposite film onto a gold electrode for developing an
electrochemical glucose sensor obtaining a linear response range from 2 to 10 mM. Copper
nanoparticles were also used to modify RGO sheets to create an electrochemical sensor for
glucose obtaining a detection limit of 0.5 uM. [94]

Afterward, RGO was applied to the production of immunosensors, with and without nano-
particles. An example is the work of Mao et al., [95] who reported the use of RGO sheets coated
with Au nanoparticles, which were initially functionalized with human immunoglobulin G
(IgG) to create conjugates. These conjugates were immobilized onto a field effect transistors
(FETSs) biosensor platform for the detection of human proteins.

A developing area for immunosensors is the detection of cancer markers. It is a recent and
very attractive field, with growing publication numbers, including the use of RGO for these.
An example is the work of Zhong et al., [96] who used a gold nanoparticle enwrapped
graphene nanocomposite on a glassy carbon electrode in a sandwich-type immunoassay
format. The detection limit obtained for this assay was 10.0 pg mL*. Another CEA
immunosensor was developed by Huang et al. [97] using Ag/Au nanoparticles coated with
RGO in a clinical immunoassay for the detection of carcinoembryonic antigen (CEA). The
nanoparticles were used as means for amplification of the signal and the method showed
a detection limit of 8.0pg mL" in human serum.
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Different cancer markers were the focus of other works, such as the one developed by Tang et
al., [98] which aimed to create an electrochemical immunosensor for the simultaneous
detection of alpha fetoprotein (AFP) and carcinoembryonic antigen (CEA), using biofunction-
alized magnetic RGO nanosheets (MGO) coated with iron oxide nanoparticles as immuno-
sensing probes, obtaining detection limits of 1 pg mL" for CEA and 1 pg mL" for AFP. Also,
Teixeira et al. [99] created a chemically modified epitaxial graphene diagnostic sensor for the
detection of human chorionic gonadotropin, which is a main marker for pregnancy and can
also indicate some types of tumors. They obtained a detection limit of 0.62 ng/mL.

For optical transductors in cancer marker detection, RGO was used by Xu et al. [100] in a
modified glassy carbon electrode using luminol to create a electrogenerated chemilumines-
cence (ECL) immunosensor for prostate specific antigen, using two antibodies in a sandwich
immunoassay, which achieved a detection limit 8.0pg mL'. RGO was also used in the
development of an ECL immunosensor using CdTe quantum dots (semiconductor nanocrys-
tals) along with Au nanoparticles for signal amplification in the detection of human IgG with
detection limit of 0.005 pg/mL. [101]

4. Conclusions

The different concepts of nanomaterials applied to immunosensors have been discussed.
Nanomaterials can be utilized for a wide variety of immobilization matrices intending to
improve the immunosensor sensitivity, allowing lower limit of detection. The potential of
nanomaterials on immunosensors has resulted in a positive impact on the clinical outcome of
various diseases, including cancer, cardiac injuries, parasitic infections, and viruses, among
others. It is well known that carbon nanotubes and grapheme nanostructures are more
favorable to amperometric transducers due to their electrochemical proprieties, which increase
the electronic transfer charge and electrocatalytic activity. Metallic and magnetic nanoparticles
have successfully been applied to different transducers, especially electrochemical, by
enlarging the electroactive surface area. Quantum dots, a semiconductor nanoparticle, present
a promising potential for many transducers mainly due to their photostability and lumines-
cence characteristics. Nevertheless, more challenging studies involving nanomaterial sciences,
biochemistry, electronic, and molecular engineering should be done in attempting to achieve
faster, more practical, and more reliable biosensors. More specifically, biomolecules and a
deeper knowledge in nanomaterial science associated to new electronic designs represent a
promising field in the development of portable and integrated point of care devices for health
applications and other areas of diagnostic.
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2.1. Introduction

Point-of-care testing (PoCT) have been recognized as one of the most
attractive methods for decentralization of analytical practices, being
mainly developed to diagnostics that require rapid interventions, such as
cardiovascular diseases, drug intoxication, emergency preparedness in
surgical procedures, containment of transmissibility, spread of infectious
diseases, and surveys in endemic or epidemic outbreaks [1]. Another
interesting application of PoCTs devices is in continuous monitoring of
markers that require recurrent evaluations, glycemic or mostly in
therapies and prolonged treatments of diseases like the cancer, being also
benefit for treatment and monitoring of patients that live in areas far from
central laboratories. In these situations, the conventional laboratorial
testing become impracticable, since samples should be transported,
processed and results returned to the doctors. Challenges in developing
of PoCTs for medical diagnostics involve to combine the advantages of
fast results, low cost and user friendly processing, without loss of
diagnostic sensibility and specificity, when they are compared to
laboratorial analyses.

PoCTs are analytical devices designed to be used near the bedside,
reducing the turnaround time of the diagnostic cycle, usually processed
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outside hospital or laboratory that do not require skilled personnel for
managements [2]. Currently, PoCT tests are considered practical and
economical methods, being nowadays considered as one of the most
attractive analytical possibilities, compared to the chemical analyzers,
immunoanalyzers, PCR (polymerase chain reaction) and others [2].
Among PoCT devices, lateral flow assays (LFA) and biosensors
addressed to immunoassays are more economically profitable than
enzyme-linked immunosorbent assay (ELISA) or Electro-
chemiluminescence immunoassay (ECLIA), especially regarding to time
of analyzes.

Lateral flow assays (LFA) based on immunochromatographic tests are
paper assays that use immobilized antibodies or antigens to capture target
analytes in samples. A color band resulted on a paper-strip from
molecule (antigen or antibody) or material labeling reveals this reaction,
usually supplying qualitative results. However, additional image
resources can be used to produce quantitative data based in contrast and
brightness of color band [3]. A typical LFA is formed by overlapping
membranes mounted on a rigid support, which confers stability and
facilitates the handling [4]. Tip of the strip has a sample pad made of
adsorbent material, where the sample is applied. The samples are
transported by capillarity to the conjugation pad containing the labeled
antibodies for biorecognition. The interaction between the target analytes
and these antibodies form complexes that migrate to the reaction zone,
usually formed by a nitrocellulose membrane. In this zone, there are two
lines of immobilized antibodies, one to the target molecule and the
control to define the results [8]. A schematic design of a LFA is shown
in Fig. 2.1.

On the last few decades, advances of nanotechnology has allowed
incorporation of gold nanoparticles to LFA, improving the sensitive of
the analytical testing [7] Currently, LFA immunoassay have been
developed for several applications, allowing the screening of infectious
diseases (HIV, viral hepatitis, tuberculosis and herpes simplex virus and
others) [8]. LFA has also been applied to PoCTs of cardiac markers such
as troponin, H-FABP, hepatitis and others, possibility a semi-
quantitative analysis; however it is quite limited, because the results are
color band-dependents, thus the results are subject of human
misinterpretation [9].

In attempting to overcome the Ilimitations denoted by LFA,
immunosensors can supply a quantifiable signal, as greater as well as
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higher the analyte concentrations, independently of detected species:
antibodies, antigens, enzymes, or other chemical species. The interest for
immunosensors has been exponentially growing on the last decades due
to combine advantages of high sensitivity, user-friendly processing and
portability, beside to present a low cost per analyses (Fig. 2.2).
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Fig. 2.1. Schematic design of a typical Lateral Flow Immunoassay at different
steps: (A) adding the samples containing antigens and immunoglobulins;
(B) migration of antigens with labelled antibodies, and (C) immunocomplex
formed and immunoglobulis are positioned by affinity on the paper regions
where labelled antibodies are exhibited by a color band.

Eefdfeaneld et

Fig. 2.2. Number of citation over the last decades (Extracted from Web
of Science base: [“immunosensor” OR “electrode™ OR “biosensor’]
AND [*“point-of-care”] in March 2018).
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2.2. PoCT Electrochemical Immunosensor

Immunosensors are based on the specific antigen-antibody interactions
causing a perturbation on the electrode surface by molecule capturing by
immobilized antigens or antibodies; this perturbation is converted into
measurable signals by a transducer. In general, signal is amplified,
processed and readout in output display [10]. Specificity of
immunosensors 1s mainly dependent of affinity between antigen-
antibody. Monoclonal and polyclonal antibodies can be used in
immobilization technique developments, nevertheless monoclonal
antibodies are more attractive due to recognize only a one epitope of an
antigen, being more specific, although commonly have a higher cost [11]
Recombinant antigens have been more recently used to produce
antibodies with more selectively, in order to recognize only one epitope
region.

Screen-printed electrode (SPE) has significantly contributed for PoCT
developments. The layer-by-layer printing of commercial or self-made
inks onto different types of rigid and flexible substrates. Conventionally,
SPE comprises one sensing unit with three printed electrodes, including
a working electrode, a counter electrode and a reference electrode. The
composition of the inks chosen in the printing process is essential to the
selective determination intended for each analysis [12]. Commonly, SPE
uses voltammetric techniques, measuring changes on current responses
produced by a controlled potential (constant or periodic). Current
responses are generated by diffusion of redox species from
electrolyte/electrode interface, being proportional to the binding events,
i.e. antigens or antibodies captured.

In numerous point-of-care immunosensors using amperometric
transduction have been developed for clinical diagnostics, such as for
HIV [13], prostate specific antigen (PSA) [14], celiac disease [15],
cardiac troponin T [16] and cardiac troponin 1 [17]. Other transducer
types using the SPE have also been described for impedance [18] or
capacitance [19] measurements.

Recent advances in the SPE development for clinical diagnostic were
obtained with progress derived from synthesis of nanostructured
electrode surfaces. Metallic nanoparticles, nanowires, carbon nanotubes,
graphene, and their respective nanocomposites have been widely used
combining with pastes, or forming film on the working electrodes [20].
Using nanocomposites or nanofilms was possible to increase the amount
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of immobilized biomolecules on the surface sensor due to greater of
working eclectrode area. Additionally, nanomaterials have also
contributed to increase the sensitivity of biosensors, due to their
electrical, optics, acoustic and other interesting proprieties, particularly
indispensable and individuals of each nanomaterial that are capable to
produce devices with more reproducible results and robustness [21].

2.3. Advances on PoCT Immunosensors

Nanomaterials have improved specially the efficiency and reliability of
clectrochemical PoCT immunosensors, allowing a lower limit of
detection in the concentrations of antigens or antibodies present in
biologic fluid samples that was not previously possible. Nanomaterials
can be defined based on size parameter(s), being under 100 nm sized in,
at least, one dimension. Commonly, in nanoscale, these materials present
new properties that are not normally observed, when they are in bulk.
These alterations are obtained by the quantum effects of size, being
especially evident in carbon allotropes and metal nanoparticle [22, 23].
For this reason, it is clear that the progress of bioanalytical assays will
rely heavily on innovations in nanotechnology [24, 25].

Several nanomaterials have contributed to electrochemical
immunosensor developments, among them metal nanoparticles, metal
oxides nanoparticles, carbon nanotubes, graphene, their corresponding
nanocomposites and quantum dots (Fig. 2.3) [26].

2.3.1. PoCT Immunosensors Based on Carbon Allotropes

Carbon allotropes contribution in electrochemical immuno-PoCTs has
gained prominence due to their small size of the carbon atoms and the
number of electrons they can share, allowing the formation of several
bonding patterns and stable versatile materials with excellent intrinsic
properties such as high electrical conductivity, large surface area, ease
of functionalization and biocompatibility [27].

Carbon nanotube

Among the nanostructures synthesized from carbon allotropes should be
highlighted the carbon nanotubes (CNT) that were discovered in 1991
by Ilijima, enabling interaction with biomolecules for biosensor
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applications [28]. CNTs can be described as hexagonal arrangements in
cylindrical format, held by Van der Waals interactions in the adjacent
layers. They promote a rapid electron transfer, increasing the reaction
rate of many electroactive species, and then decreasing the electrode
response time of the Immuno-PoCTs, thereby achieving high sensitivity
with low detection limits [29]. With respect to the structure the CNT can
be classified in two forms: single wall nanotubes (SWCNT), formed by
a single layer of carbon atoms arranged in a hexagonal way, and multiple
wall nanotubes (MWCNT), which consists of multiple layers of carbon
atoms arranged in a hexagonal way arranged around a central area. The
length of a CNT can range from nanometers to centimeters, but the
diameter varies in the order of nanometers, depending on the type
of CNT; so it possesses a high aspect ratio, or the length-to-diameter
ratio, can be as high as 132,000,000:1, which is unequalled by any other
material [30]. Activation or functionalization of CNTs by oxidation
treatment introduces chemical functional groups, including alcoholic,
carboxylic, aldehydic, ketonic, and esteric oxygenated functional groups
[31]. These groups allow a greater interaction between CNTs and
biomolecules, enabling an oriented immobilization, as example by the
Fc portion of antibodies and by exposing their binding sites or antigenic
regions to the specific epitopes (Fig. 2.4) [32].

LA

Metal, magnetic and

allotropes

: crystal nanoparticles
\(-
o

Fig. 2.3. Nanomaterials with potential applications in SPE based-PoCTs.
Iustrating of CNTs as carriers or reporters for signal generation and powerful
amplifiers for electrochemical transduction.
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Fig. 2.4. Use of CNTs to detect the interaction
between antigen-antibody in PoCT.

Studies have shown that CNTs interact with other materials, improving
the intrinsic qualities of the PoCTs immunosensor. Dias et al. [33],
(2013) produced a dengue virus for NSI detection
based on a homogencous mixture consisting of carboxylated CNTs
dispersed in carbon ink as a printed working electrode. The effect of the
matrix, as well as the performance of the assays, was successfully
evaluated using the spiked blood serum sample, obtaining excellent
recovery values in the results. The carbon nanotubes incorporated into
the carbon paint improved the reproducibility and sensitivity of the CN'T-
SPE immunosensor. In another work, Silva et al. [34] (2013) developed
a label-free immunosensor based on printed electrodes for CNTs
functionalized with amine groups to detect the cardiac troponin T. PoCT
was developed by the homogenization between the carbon ink and the
amine carbon nanotubes forming a thin film on a polyethylene
terephthalate substrate. The wuse of NH>-CNTs increased the
reproducibility and stability of the sensor, and the amine groups allowed
an oriented immobilization of antibodies against cardiac troponin T.

Aiming to allow the allignment of CNTs on sensor surface, polymer
films have been commonly employed. The polymers interact with the
CNT  through the  functional groups (-COOH, -OH,
-NH.,) and may form nanocomposites or nanohybrids. As examples we
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can cite the work of Sanchez-Tirado et al. [35], (2017) where dual
screen-printed carbon electrodes modified with 4-carboxyphenyl-
functionalized double-walled carbon nanotubes were used for the
preparation of electrochemical immunosensors for the simultaneous
determination of the cytokines Interleukin-1f (IL-1f) and factor necrosis
tumor o (TNF-a). In addition, the dual immunosensor exhibits excellent
reproducibility of the measurements, storage stability and selectivity as
well as negligible crosstalking. In recent years, studies have shown that
the use of CNT combined with conductive polymers can improve
sensitivity and increase electron transfer on the sensor platform. In
another study Gomes et al. [36], (2013) produced a nanostructured SPE
immunosensor based on carbon nanotubes supported by a conductive
polymer film for detection of cardiac Troponin T (¢TnT). The combined
use of polyethyleneimine (PEI) film and CNT provided important
advantages for obtaining a highly sensitive analytical method for ¢TnT.

Graphene

Another prominent carbon nanomaterial is graphene (G). It is a 2D
material of atomic thickness, formed by carbon atoms with sp2
hybridization, forming a structure of hexagonal shape similar to a hive.
The characterization and identification of graphene was first performed
in 2004, after synthesis obtained by successive exfoliation steps of
graphite oxide using an adhesive tapes [37]. Among its remarkable
properties, it is cited the transparency of the sheet (optical transmittance
of ~97.7 %) and large surface area (2630 m’ g™'). Furthermore, it is a
good heat conductor (thermal conductivity of 500 W m™' K™'), chemically
inert and a semimetal with high electron transfer (charge mobility of 250
000 cm* V' 5! in room temperature) [38].

According to physical and chemical characteristics, different forms of
graphene are shown, among them Graphene Oxide (GO) and Reduced
Graphene Oxide (RGO), which, because of their particularities, are
highly attractive for the assembly of sensor surfaces [39]. GO has two
dimensions, consisting of a hexagonal network of Sp2 bonds between
carbon atoms (CC) and by Sp3 bonds with oxygen atoms (CO) forming
carboxyl groups (-COOH), hydroxyls (-OH) or epoxy (-O-). This makes
GO an excellent material for biological applications, since its functional
groups readily interact with nucleic acids, proteins, cells, and other
organic molecules [40]. Yukird et al. [41], (2017) developed an
electrochemical immunosensor based on a nanohybrid formed by
graphene and polyaniline (G/PANI). Electrospraying of G/PANI
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increased the electrode surface area while electropolymerization of
aniline increased the number of amino groups (-NH) for
antibody immobilization.

Reduced graphene oxide (rGO) is another material that has been widely
used in electrochemical analysis, due to its high effective surface area
and high electrical conductivity [42]. rGO is produced from reduction of
GO via thermal, chemical, electrochemical and laser-scribing methods.
In rGO synthesis, functional groups are removed and the conductivity is
increased again [40]. As examples of the use of graphene for the
production of Immuno-PoCTs we can mention the work of Silva et al.,
(2016) [43], that produced a biomimetic sensor for the detection of
Troponin T based on a nanocomposite formed by the conjugation of rGO
and Polypyrrole. Another example is Lee et al. [44] (2017), who
developed an electrochemical immunosensor for the detection of
carcinoembryonic antigen. In this method, silver nanoparticles were
mixed with rGO to modify the surface of screen-printed carbon
electrode.

2.3.2. PoCT Immunosensors Based on Metal Nanoparticles

Metal nanomaterials have been aroused interest due to their special
optical and electrocatalytic properties. They are often incorporated by
adhesion or binding to the modified transduction platforms. Robust
devices for health applications were fabricated with enhanced
performance using nanoparticles [45]. Metal nanoparticles have been
used to immobilize antibodies or antigens, and or have served as
electronic conduction vehicles in electrochemical biosensors [46]. Metal
nanoestructures, semiconductor nanoparticles and metal oxide
nanostructures have been considered as potential signal labels when
attached to secondary antibodies to stimulate the development of signal
amplification strategy for immunosensing [47].

Gold nanoparticles

Gold is an inert metal in macroscale, but gold nanoparticles (GNPs) are
adopted nanomaterial often explored as detectable labels to enhance a
suitable signal, thereby providing an intense, pronounced and vivid
mark. The color change of GNPs are observable with bare eye. This
optical property of revelation in visible color is valuable especially in
colorimetric assays [48]. Although they have a higher cost, they present
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high conductivity, excellent biocompatibility, superior stability, low
toxicity, relatively simple production and modification [49]. Thus,
colloidal GNPs have been used to modity solid electrodes and has shown
advantages in feasibly attachment of the immunological molecules and
the electron transfer that increase the electrochemical signals. The strong
affinity for the amino groups is explored and gold provide a
microenvironment compatible with biomolecules, remaining their
activity even after immobilization [50]. Moreover, the formation of
self-assembled monolayers (SAMs) through oriented Au-S bonds
affords great attention to gold toward SPEs for adhesion of more
components. Gold SPE helps to deposit antibody in close vicinity with
transducer and GNPs help to cast antibody in close vicinity with the
antigen and hence results in the increase of sensitivity until femtogram
level [51]. Also, Jacobs and coworkers [52] have proposed an
S2immunosensors for ultrasensitive detection of troponin-T based on
antibody conjugated to GNPs. Using electrochemical impedance
spectroscopy, the interdigitated sensor was able to detect concentrations
in femtogram per milliliter (fg/mL) of this cardiac marker. Recently,
Sabouri et al. [53] have developed a sensitive 52 immunosensors for
detection of Hepatitis B virus based on GNPs. HbsAg was targeted by a
primary antibody and a secondary antibody co-immobilized on
luminol-GNPs, with detection limit of 14 pg/mL.

Silver nanoparticles

Silver is a relatively cheap noble metal that exhibit superior properties
over gold on the nanoscale, mainly of optical nature [54]. Its optical
profile exhibits the sharpest and most intense bands among metals [55].
Consequently, for convenience, colorimetric assays are prevalent with
silver nanoparticles (SNPs) by the straightforward color change
discrimination. They can be oxidized more easily and offer improved
electrochemical activity, making them good candidates for detection tags
in electrochemical sensing. The utilization either naked or conjugated
with recognition probes as signal transduction elements for analyte
detection in biosensors was shown to improve the detection limits and
enhance their diagnostic performance [56]. For this, silver
nanostructures need to be associated with recognition molecules that can
selectively detect and capture the analyte of interest. However, the
functionalization still is a challenging process. They are less stable in
aqueous dispersions and are susceptible to oxidation and etching by
chloride 1ons. By their limited stability and difficulty to functionalize,
SNPs have become less popular [57]. Considering practical situations,
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Hao et al. [58] have developed a direct electrochemical detection
approach to assay generically proteins by using SNPs labels coupled
covalently with antibody on a SPE. The detection limit found was
0.4 ng/mL. Now, Felici and colleagues [59] have described a novel
prototype of label-free 53 immunosensors using SPE and exploiting
SNPs as a backing material and electrochemical tracker. Che and
coworkers [60] have constructed an amperometric 53 immunosensors for
the determination of a-1-fetoprotein, a tumor marker found in several
malignant diseases. Multiwalled carbon nanotube-silver nanoparticle
composite modified on the surface of a glassy carbon electrode leading
a detection limit of 0.08 ng/m. Similarly, [bupoto and colleagues [61]
have described a new potentiometric 53 immunosensors for the selective
detection of d-dimer using SNPs decorated ZnO nanotubes anchored to
antibodies. D-dimer is a biomarker found at high levels in deep vein
thrombosis disorders. It was found a detection limit of 1.00x10™° pug/mL.

Magnetic nanoparticle

Comparatively, magnetic nanoparticles (MNPs) are cheaper to produce,
being considered physically and chemically stable, biocompatible and
environmentally safe. Magnetic labels have certain peculiarities for
biosensing applications, like absence of pre-processing stage for sample
purification, since biological entities do not show any magnetic behavior
or susceptibility and therefore, no interferences or noise is to expect
during signal capturing [62]. Hence, they are also important items for
biomedical applications involved in LFA systems as a colored reagent,
possessing strong brown coloration. One promising utility is magnetic
preconcentration before the detection event. MNPs conjugated to
bioreceptor unit can simply be mixed in solution to interact specifically
with the analyte. They offer the convenience of separation via external
magnetic field, permitting them easily be attracted with a small magnet,
losing their magnetic effect when the field is removed. This way, these
nanoparticles can be cfficiently separated and isolated from the solution
[56]. However, the main strategy is the integration of MNPs into the
transducer element or the modification of the sensor surface. Despite a
wide range of ferromagnetic materials, iron oxides (Fe2O3 and Fe3Oy) are
most commonly used for generation or amplification of analytical signal
[63]. Employing proper functionalization methods, some notable
benefits are achieved such as rapid analysis process, better stability and
low detection limit. Besides, they are fluorescent alternatives that offer
ease of handling, low production cost and smaller size of final fabricated

33

109



Advances in Biosensors: Reviews. Volume 2

device when compared to fluorophores [64]. For instance, combining the
aforementioned trends, a novel amperometric magnetoimmunoassay
based on MNPs pulled by magnetic ficld on the screen-printed carbon
electrodes surface was developed for the selective determination of
Legionella pneumophila. The achieved limit of detection by Martin et al.
was 104 Colony Forming Units (CFUs)/mL [65]. Singh and Krishnan
achieved the first serum insulin voltammetric immunosensor for clinical
diagnosis of type 1 and type 2 diabetic disorders. It was reported a lower
detection limit of 5 pM for free insulin present in serum using
functionalized magnetite nanoparticles [66].

Metal oxide nanoparticles

Zinc oxide (Zn0O) also belong group of elite nanomaterials with inherent
optical, and piezoelectric properties. It is a semiconducting material that
exhibits biomimetic, high catalytic efficiency, little toxicity, low
biodegradability, and stable immobilization of proteins due to high
isoelectric point without distorting their bioactivity [67]. Beside good
electron transfer, this metal oxide nanoparticle denotes a strong
adsorption capability, offering numerous sites to antibodies, enzymes
and proteins which make them choice for biosensors. It should be
conjugated with biological molecules without losing the integrity [68].
For example, a glucose electrochemical sensor based on ZnO nanorods
was investigated by Mariec and coworkers [69]. The lower limit of
detection was 0.22 ptM. And a microfluidic immunosensor applied in
congenital hypothyroidism screening was presented by Seia and
colleagues [70]. ZnO nanobeads were employed as platform for
monoclonal antibody immobilization to specifically capture thyrotropin
hormone. The electrochemical detection limit of glass microchip was
0.00087 pUI mL.

2.4. Lab-On-A-Chip Based Immunosensors

Due to the in-depth knowledge of nanomaterials, great advances were
achieved, making it possible to implement confined labs on a single chip
or laboratory analysis system. Lab-on-a-chip combines analysis, reaction
and processing in a single microchip, i.e., the ability to gather multiple
key functions of a size reduced laboratory on an electronic device with a
few square centimeters, which typically manipulates human fluids in the
order of microliters to nanoliters [26]. This approach have been
extensively applied in point of care devices due to advantages such as
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compactness, mobility, integrability, modularity, reconfigurability,
embedded computing, limited power consumption and minimum need to
sample and reagent when enormous amounts of volume are not available
[71]. Additionally, lab-on-chip platforms are hermetically enclosed with
precise control conditions, avoiding evaporation and minimizing the risk
of contamination by potentially infectious biological specimens [72].
Regarding personalized healthcare, the multiple detection by a single
PoCT is an important trend which could replace time-consuming
laboratory analyses [73]. In addition to releasing results in minutes, they
play an important role in management and early investigation of diseases
and outbreaks [74]. One of the purposes is the development of a
chip-based, miniaturized and portable system that allows for the assay of
different analytes in complex samples. In this way, many researches in
the scientific community have focused on paper-based and printed
electrode technologies as approaches for fabricating these diagnostic
systems. These technologies are affordable, user-friendly, rapid, and
scalable for manufacturing. Moreover, the association with
nanomaterials provides a path for the development of highly sensitive
and selective biosensors for prospective generation PoCT tools [21].

Paper-based microfluidics or lab on paper is a novel system for handling
and analysis of fluid extracellular for a variety of medical applications,
such as healthcare and screening [75]. This technology presents
simplicity, portability, disposability, low-cost and allows the automation
of multi-step processes [76]. Nitrocellulose membrane, chromatography
paper and filter paper are attractive substrates for fabricating
microfluidic device, because they are natural, porous, ubiquitous and
inexpensive materials. Confining solvents and reagents in specific
points, paper can drive and regulate aqueous movement passively using
capillary forces without supplying of some kind of external energy, and
the migration perform the sorting, mixing and uniform separation of the
liquid samples diffused [77]. Furthermore, the chemical composition of
paper permits the covalent bonding of bioactive compounds onto the
surface. On the other hand, some obstacles to become an ideal PoCT are
liquid evaporation, sample retention and nonspecific adsorption. These
adversities could lead to false response errors and decreased sensitivity
[21]. Its mode of construction is creating a set of microchannels bounded
by hydrophobic barriers patterned on paper substrates witch the flow is
conducted within the hydrophilic channels and consequently, fluid can
be coordinated of a controlled mode. Two-dimensional (2D) and
three-dimensional 3D microfluidic channels have been already built on
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paper, being able to transport biological liquids injected separately by
pathways for performing assays and quantifying concentrations of
distinct analytes [78]. Printing is the one of the most commonly used
techniques to achieve minimal consumption of hydrophobic material
[79]. A wave of advancements in 3D printing technology to simplify in
agile designing and fabrication supports the durability, flexibility and
performance of PoCT microfluidic [80].

Different detection methods have been employed for a semi-quantitative
detection, analytical assays based on colorimetric analysis. The results
can be visually verified to the unaided eye or interpreted by a reader [81].
Nevertheless, fluorescence or electrochemical methods have become
more widespread and attractive because of their high accuracy,
sensitivity and lower limit of detection. Further, electrochemistry is less
subject to the interference compounds exposed in the biological
specimens, because it 1s not affected by ambient lighting conditions [21].
Colorimetric revealing has been expansively applied due to its simplicity
and compatibility with cameras. Mobile phones are accessories widely
available, allowing be coupled, and so, they are very suitable for
incorporation into portable microfluidic devices. Their rapid
improvement of hardware and software, high-resolution cameras,
processing power and worldwide coverage of wireless internet network
connection can facilitate diagnostic access, permit continuous
monitoring of health parameters and promote increased surveillance
notifications. This way, it is possible to do geo-timed reports and
tracking of data automated providing governments with statistical
information for clinical and epidemiological impact evaluation and
counter-measures policies implementation. In fact, 3D printers and
smartphones are instruments that are revolutionizing the future of
lab-on-chip platform [82].

Other innovative actuation principle is centrifugal microfluidic that
taking advantage of the forces acting on liquids in rotating chips. A
spindle motor is necessary to press the fluid in the microfluidic chip. The
centrifugal systems are particularly important for tasks involving
separation of particles in suspension, as even small differences in density
between solid parts and surrounding medium will result in
sedimentation. It allows to perform the fluid manipulation within
operational cartridges without the need of external micropumps and
microvalves or previous sample preparation, as in the case to extract cell
free plasma from whole blood [83]. Many challenges have been solved
requiring only little of user interaction. These emergent microfluidic
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systems with integrated sensing, also termed lab-on-a-disc, are typically
based on optical techniques, for example, absorbance, fluorescence or
imaging. Optical readout with movable instrumentation are a successful
detection and ensures several advantages: non-contact, high sensitivity,
and the availability of optical components such as lasers and photo
detectors or even constituents developed for optical disc drives [84].

2.5. Conclusions

Although great advances have been achieved in the development of
PoCT immunosensors applied to health that facilitated the diagnosis of
many diseases, control and handling more effectively, allowing analysis
or multi-analysis more quickly, more remains to be done to make PoCT
a practical devices for clinical routine. Carbon nanotubes, graphene
metallic and magnetic nanoparticles nanostructures are examples of
nanomaterials that have been widely used for electrochemical PoCTs,
improving the amperometric transductions by promoting increase on the
electron transfer and offer better electrocatalytic activity. Additionally.
due to the large superficial area of nanomaterials, they are able result in
increase on electroactive surface area, implying a high sensitivity for
PoCTs. While many challenges still need to be overcome, the focus on
PoCT immunosensor researches have grown exponentially on the last
few decades. Many advantages make them ideal analytical methods: the
phlebotomy step is avoided and replaced by a simpler and safer
procedure; the collection of capillary blood with a few microliters can be
performed on bedside; turnaround time of the diagnostic cycle is
dramatically reduced and the results can be immediately informed to the
patient, possibiliting the decentralization of outpatient services; and also
the coupling with technologies for mobile phones and similar devices is
possible.
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