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RESUMO

Biossensores sdo dispositivos que convertem uma resposta bioldgica em um
sinal elétrico e estdo acoplados a um elemento de reconhecimento biol6gico, o qual
fornece informacdes analiticas especificas e quantitativas. Transdutores magneto-
elasticos sdo dispositivos promissores para aplicacdo como biossensores em diferentes
areas, com destaque na captura de patdgenos e monitoramento de contaminantes em
amostras. A biomolécula de reconhecimento pode ser disposta sobre o biossensor
utilizando diferentes estratégias de imobilizacdo, randémica ou orientada, conforme
funcionalizacdo quimica da superficie. Neste estudo 0s sensores magneto-elasticos
foram inicialmente recobertos com ouro bilateral pela técnica de sputtering, essa
cobertura foi entdo avaliada quanto a estabilidade pelas medidas de frequéncia de
ressonancia e avaliacdo da presenca de ions no meio por ICP-OES. A melhora da
biocompatibilidade pela cobertura de ouro foi determinada pelos ensaios de MTT e
coloracdo de brometo de etidio e laranja de acridina. Os resultados demostraram que a
cobertura de ouro foi eficiente para estabilizacdo do sensor quanto a degradacéo, este
também apresentou biocompatibilidade pelo periodo de 7 dias. Dois métodos de
imobilizacdo de anticorpos foram entdo testados para deteccao de S. aureus. No método
1 foi utilizado proteina G como captura orientada de anticorpo, enquanto que no método
2 os anticorpos foram imobilizados randomicamente sobre a superficie amino
funcionalizada. Os resultados obtidos indicaram melhores rendimentos para
imobilizagdo orientada com um limite de deteccdo de 10* UFC/mL para tiras de 5mm x
Imm x 15 pm, enquanto que a imobilizacdo randdémica apresentou um limite de
detecgdo de 107 UFC/mL para sensores de mesmo tamanho. Imagens de microscopia
eletronica de varredura e microscopia Optica com fluorescéncia mostraram um
incremento na captura de S. aureus utilizando a imobilizacdo orientada. Um modo de
contato intermitente com AFM foi utilizado para andlise da interface, o qual evidenciou
alteragBes nas superficies modificadas em estudo. Os sensores magneto-elasticos sdo
dispositivos promissores para deteccdo de patdgeno e toxinas, gerando resultados

rapidos e sensiveis comparados as abordagens convencionais.
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ABSTRACT

Biosensors are devices that convert a biological response into an electrical signal
and are coupled to a biological recognition element, which provides specific and
quantitative analytical information. Magneto-elastic transducers are promising devices
for use as biosensors in different areas, especially in the capture of pathogens and
monitoring of contaminants in samples. The recognition biomolecule may be disposed
on different biosensor using immobilization strategies, random or oriented, depending
on the chemical functionalization of the surface. In this study the magneto-elastic
sensors were initially covered with a bilateral gold layer by sputtering technique, this
coverage was then evaluated for stability by measures of frequency resonance and
evaluation of the presence of ions in the middle by ICP-OES. Biocompatibility by gold
coverage was determined by MTT assay and ethidium bromide and acridine orange
staining. The results showed that the gold coverage was effective in stabilizing the
sensor and degradation, this also presented biocompatibility for a period of 7 days. Two
antibody immobilization methods were then tested for the detection of S. aureus. In
method 1 protein G was used as oriented capture antibody, while in method 2 antibodies
were randomly immobilized on the amino functionalized surface. The results indicated
best yields for oriented immobilization with a detection limit of 10* UFC/mI for 5 mm x
Imm x 15um strips, whereas the random immobilization showed a detection limit of
10" UFC/ml for the same size sensors. Images of scanning electron microscopy and
optical microscopy with fluorescence showed an increase in the capture of S. aureus
using the oriented immobilization. An intermittent contact mode AFM was used for
analysis of the interface, which showed changes in surface modification under study.
The magneto-elastic sensors are promising devices for pathogen detection and toxins,

causing rapid and sensitive results compared to conventional approaches
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1. INTRODUCAO

Um biossensor consiste em um dispositivo analitico que contém um componente
bioldgico o qual garante a especificidade gerando uma resposta quantitativa ou semi
quantitativa. Também podemos considerar 0s biossensores como dispositivos de
sensoriamento para deteccdo de contaminantes quimicos e biolégicos de alta
sensibilidade e baixo custo, capazes de fornecer resposta em tempo real. Devido essas
caracteristicas, as pesquisas na &rea de biossensores tém grandes perspectivas de
crescimento a nivel global.

O mercado de biossensores € altamente competitivo e impulsionado
principalmente pelo setor médico e farmacéutico. Adley et al (2014) demostraram em
seu trabalho que as receitas globais referentes a investimentos em pesquisas de sensores
apresentam crescimento robusto, e devem exceder 14 bilhGes de délares em 2016, estes
distribuidos em 47 areas de aplicacdo. Os testes especificos para deteccdo de patdgeno
também acompanham este crescimento para todos 0s segmentos a uma taxa composta
de crescimento anual de 4,5%, esses dados estdo dispostos no trabalho de Sadana
Sadana (2015).

Grandes esfor¢os em pesquisa e desenvolvimento ja produziram biossensores
viaveis para uma vasta gama de aplicacGes na area médica. No entanto, apenas alguns
destes dispositivos sdo especificos para a deteccdo de bactérias patogénicas e estdo
comercialmente disponiveis, ou se aproximam da comercializacdo. A pesquisa na area
de biossensores foi inicialmente explorada pelo trabalho de Clark e Lyons (1962), que
utilizou uma combinacdo de um sensor de oxigénio eletroquimico para medicao
quantitativa de glicose. Inicialmente, o campo foi voltado para imobilizacdo de enzimas

sobre eletrodos, expandindo gradualmente para incluséo de outros elementos tais como
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anticorpos, células e os acidos nucleicos e o termo “eletrodo de enzima” foi
transformado em “biossensor”.

Nos Ultimos anos, vérias técnicas empregando biossensores, tais como
ressonancia de plasma de superficie, microbalanca de cristal de quartzo e imunossensor
piezoeléctrico, entre outras, tém sido desenvolvidas visando reduzir o tempo de
deteccdo e identificacdo de patdgenos. Biossensores magneto-elasticos (ME) vem sendo
estudados para aplicagdo na deteccdo de patdgenos, e tem demostrado resultados
promissores no monitoramento de contaminantes em diferentes amostras (Guntupalli et
al. 2007, Li et al. 2010, Chai et al. 2013, Chin et al. 2014, Rodriguez-Rodriguez et al.
2016). Estes transdutores apresentam promitente aplicacdo em sensoriamento devido ao
fato de ndo necessitarem utilizacdo de conexdes fisicas diretas (monitoramento
wireless), essa e outras propriedades do respectivo dispositivo foram apresentadas em
uma revisao publicada por Grimes et al (2002).

O desenvolvimento eficiente de biossensores depende das interacBes das
biomoléculas alvo com grupos quimicos especificos ou macromoléculas que sao
imobilizados sobre um material sélido. O uso de macromoléculas é de grande interesse
na area de biossensores estas podem ser anticorpos, enzimas, fragmento de DNA, virus
entre outras.

Métodos de imobilizacdo que promovam um desempenho satisfatério na captura
da biomolécula alvo sdo fundamentais para alcancar grandes resultados de diagnostico.
A perda de atividade destas moléculas esta associada a algumas limitages na utilizacdo
de técnicas de imobilizacdo. Uma das principais razdes para tal é atribuida a perda de
orientacdo aleatoria das macromoléculas assimétricas sobre as superficies de apoio. No

desenvolvimento de biossensores para detec¢cdo de patdgenos moléculas de anticorpos
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sdo utilizadas devido sua alta especificidade, porém a orientagdo desta molécula torna-
se imprescindivel para uma melhor captura do micro-organismo.

O Staphylococcus aureus é considerado um patégeno humano oportunista,
colonizando de forma assintomética a nasofaringe, e sendo responsavel por uma vasta
gama de infeccOes superficiais e invasivas. As infecgfes mais comuns envolvem a pele
e feridas em sitios diversos. Staphylococcus aureus esta também associado a mastite
bovina em vacas leiteiras, sendo capaz de causar infeccbes de longa duracdo, com
tendéncia a se tornarem cronicas, com baixa taxa de cura e grande perda na producéo de
leite. Algumas estirpes desta bactéria sdo capazes de produzir toxinas que podem
causar intoxicacdo alimentar, com severos sintomas como nauseas, vomitos, diarreia e
desidratacdo sendo este um fator relevante para produtos derivados do leite.

A deteccdo S. aureus utilizando métodos tradicionais demanda tempo, podendo
chegar a 5-6 dias, fator que pode comprometer o avanco e controle da infeccdo. O
desenvolvimento de métodos rapidos para a deteccdo de S. aureus é importante para o
diagndstico precoce e para controle da presenca dessa bactéria em alimentos,
principalmente no leite.

Este trabalho teve como o objetivo funcionalizar e caracterizar a superficie de
sensores magneto-elasticos para a deteccdo de S. aureus. Assim sendo, 0s objetivos
especificos foram: 1) Avaliar os efeitos das modificacGes nas superficies de sensores
magneto-elasticos; 2) Padronizar e aperfeicoar a imobilizacdo de anticorpos na
superficie dos sensores; 3) Comparar diferentes métodos de imobilizacdo quanto ao
desempenho para o desenvolvimento de um sensor ME na deteccdo de Staphylococcus

aureus, e 4) Caracterizar topograficamente os diferentes tipos de imobilizacao testados;
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2. REVISAO BIBLIOGRAFICA

Um biossensor consiste em um dispositivo analitico que contém um
componente biologico que garante a especificidade e produz uma resposta que é
traduzida pelo componente fisico em um sinal detectavel. Podemos citar como
componentes bioldgicos: antigenos, anticorpos, enzimas, acidos nucleicos, receptores,
células e suas organelas. Todos estes materiais bioldgicos sdo capazes de produzir
respostas especificas a varios analitos. Existe uma gama de componentes fisicos
disponiveis, como fibras Opticas, dispositivos acusticos, cristais piezoelétricos,
dispositivos magnéticos, além de diversos tipos de eletrodos modificados
quimicamente. Em relacdo aos dispositivos de sensoriamento para detecgdo de
contaminantes quimicos e bioldgicos, estes apresentam alta sensibilidade e baixo custo,
e sdo capazes de fornecer resposta de anélise em tempo real, impulsionado pesquisa na
area de biossensores.

Os sensores magneto-elasticos vém sendo estudado para aplicagdo como
dispositivo de sensoriamento em diferentes &reas e proporcionam inimeras vantagens
principalmente devido a utilizagdo de amostras reduzidas e aos resultados serem obtidos
em baixo tempo. Na area de alimentos a intensificacdo da adogdo de medidas que
diminuam os riscos & saude e as barreiras sanitarias restritivas ao comércio
internacional, tém impulsionado o controle da qualidade de alimentos. A detecgdo de
patdégenos em alimentos, bem como em amostras hospitalares por métodos réapidos de
baixo custo, sdo de grande interesse na salde publica. Na &rea de alimentos estas
técnicas garantem a qualidade do alimento, e na area hospitalar podem reduzir

consideravelmente o tempo de internagdo diminuindo os gastos em saude publica.
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2.1 Staphylococcus aureus

O S. aureus esta classificado entre os patdgenos mais comuns e importantes
causadores de doenga em animais e humanos. Foi isolado pela primeira vez em 1880
pelo cirurgido escocés Alexander Ogston de um abscesso cirdrgico. Ogston usou 0
termo "Staphylococcus"” (Staphyle grego, cacho de uvas; Kokkos, baga), que se refere a
aparéncia deste micro-organismo ao microscopico depois da coloragdo Figura 1 B. Em
1884, o médico alemdo Friedrich Julius Rosenbach diferenciou as bactérias pela cor de
suas coldnias: S. aureus (do aurum Latina, ouro) e S. albus (Latin para o branco). S
albus foi rebatizado mais tarde com o nome de S. epidermidis por causa de sua
onipresencga na pele humana. O S. aureus tem um tamanho aproximado de 1pm Figura
1 C e sua col6nia mede em média de 1 a 2 mm (Licitra 2013) Figura 1A. A importancia
clinica deste micro-organismo em humanos e animais tem sido conhecida desde o seu

isolamento.

Figura 1: Imagens de colbnias e disposicdo de S. aureus A) tamanho aproximado de UFC de col6nia e
coloracdo aurea; B) coloracdo de gram e disposicdo em forma de Staphyle em cocos gram negativo; C)

imagem de microscopia eletrdnica evidenciando um €coco. (Fonte:
http://www.microbiologyinpictures.com/staphylococcus%20aureus.html Acesso em 24 margo 2016)
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A distribuicdo no ambiente do S. aureus é muito ampla, visto que essa bactéria é
significativamente capaz de resistir a dessecacéo e ao frio, podendo permanecer viavel
por longos periodos em particulas de poeira (Bannerman and Goldblum 2003, Tong et
al. 2015). Esse micro-organismo pode ser encontrado no ambiente de circulagdo do ser
humano, sendo o préprio homem seu principal hospedeiro, além de estar presente em
diversas partes do corpo, como fossas nasais, garganta, intestinos e pele. Desses sitios
anatdmicos, as narinas possuem o maior indice de colonizacdo, cuja prevaléncia € de
cerca de 40% na populacdo adulta, podendo ser ainda maior dentro de ambientes
hospitalares (Cavalcanti et al. 2005). De acordo com alguns estudos, 0 carreamento
nasal também contribui para a transmissdo da bactéria por disseminacdo aérea (Zoltner
et al. 2013).

O S. aureus esta associado a diferentes patologias de grande importancia para a
area da saude. Esse patdgeno pode causar infecgBes graves como bacteremia ou sepse,
endocardite e osteomelite (Bergin et al. 2015). O patégeno também é um importante
causador de mastite em bovinos leiteiros, estd entre os agentes etioldgicos mais
prevalentes nesta doenca e 0 mais importante em termos de frequéncia e gravidade
clinica, outros animais produtores leiteiros podem ser infectados sdo estes 0s caprinos e
ovinos. Como um agente de infeccBes intramamaria, 0 S. aureus pode contaminar o
reservatorio de leite a granel, e assim constituir um perigo bacteriolégico para o leite e
produtos lacteos consumidos (Bergonier et al. 2014). Algumas estirpes desta bactéria
produzem toxinas que podem causar intoxica¢ao alimentar principalmente por produtos
derivados do leite, com severos sintomas como nauseas, vOmitos, diarreia e
desidratacdo (Jamison 2001, Tong et al. 2015).

Os métodos de identificacdo desta bactéria passa pelo isolamento de coldnias

que sdo posteriormente classificadas através de testes bioguimicos. Os S. aureus séo
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aer6bio e anaerdbio facultativo, oxidase negativo, catalase positiva, ndo-mdveis,
fermentativo e ndo-formador de esporos de bactérias (Santos et al. 2007). Porém,
muitos destes testes bioquimicos possuem baixa especificidade e sensibilidade. O teste
para a producdo de hemdlise e pigmentacdo em placas de agar sangue, por exemplo,
representa uma pratica simples e rapida, mas, segundo Boerlin et. al., (2003), ndo muito
segura, pois existem isolados de S. aureus sem capacidade hemolitica e com
pigmentacéo varidvel, produzindo resultados falsos negativos.

O método para identificacdo de espécies do género Staphylococcus que utilizam
sistemas comerciais de teste em miniatura, baseados em imunoensaios e testes
bioquimicos, garantem uma maior precisdo na identificacdo de Staphylococcus
coagulase-positivo (Cercenado et al. 2012). Entretanto sdo testes que necessitam de
tempos longos para obtencdo dos resultados. Técnicas empregando biossensores, tais
como ressonancia de plasma de superficie (Nawattanapaiboon et al. 2015),
microbalanca de cristal de quartzo (Olsson et al. 2012), imunossensores piezoeléctricos
(Boujday et al. 2008), veem sendo estudadas para reducdo do tempo de detecgéo.

Embora uma variedade de diferentes biossensores tenha sido desenvolvida nas
ultimas duas décadas, ainda existe a necessidade de dispositivos miniaturizados e
descartaveis de baixo custo capazes de detectar rapidamente e identificar de maneira

precisa uma ampla gama de contaminantes, toxinas e agentes patogénicos.

2.2 Biossensores

Os biossensores estdo definidos pela “Union of Pure Apllied Chemistry”
(IUPAC - 2001) como “Um biossensor € um instrumento integrado que é capaz de
fornecer uma informacdo analitica especifica quantitativa ou semi-quantitativa atraves
do uso de um elemento de reconhecimento bioldgico (receptor bioquimico) que esta em

contato direto com o elemento transdutor”.
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Algumas etapas preliminares sdo cruciais e importantes no desenvolvimento de
um biossensor, destacam-se: a) a selecdo do componente bioldgico adequado, de modo
que haja um método de imobilizacdo passivel a ser aplicado a este, e de modo a manter
a seletividade do instrumento, e b) a selecdo de sistema de transducdo que permita
converter adequadamente o produto bioldgico gerado em um sinal elétrico mensurével e
confidvel (Lawal and Adeloju 2012). Diferentes transdutores podem ser empregados na
construcdo de um biossensor, tais como 6ticos (Long et al. 2013), magnéticos (Keat
Ghee et al. 2009), elétricos (Azzouzi et al. 2015) térmicos (Kopparthy et al. 2015) ou
acusticos (Crivianu-Gaita et al. 2016).

Os bio-compostos comumente utilizados no desenvolvimento da interface de
sensoriamento de sensores bioldgicos sdo: enzimas, cofatores, receptores, anticorpos,
células de micro-organismos, organelas e tecidos vegetais e animais. Assim, de acordo
com o elemento bioldgico utilizado para a sua construcdo, 0s biossensores podem ser
divididos em 3 classes; os enzimaticos (Hu et al. 2014), os quimiorreceptores (Zhang et
al. 2015) e os imunossensores (Garcia Marin et al. 2015).

Os imunossensores sao sensores que utilizam anticorpos como molécula de
reconhecimento. Os anticorpos sdo moléculas com alta especificidade e de grande
interesse na aplicacdo em diferentes técnicas analiticas devido a capacidade dos
anticorpos se ligarem ao antigeno de forma peculiar.

No sistema de reconhecimento de um biossensor temos na interface a parte que
entra em contato com o sistema e produz um sinal, a molécula de afinidade reconhece e
liga-se ao andlito de interesse, no caso de imunossensores sdo 0S anticorpos que
capturam o patégeno por uma regido especifica. Os anticorpos devem ser escolhidos e
validados, estes podem ser monoclonais ou policlonais. Outra etapa € a escolha do tipo

de transdutor a ser utilizado baseado nas propriedades fisicas destes, técnicas de
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imunoensaios podem entéo ser delineadas. Por fim, o imunossensor deve ser validado
quanto ao limite de detecgdo, linearidade e possiveis interferentes na amostra a ser
analisadas. Na Figura 2 estdo representadas as etapas para o desenvolvimento de um

imunossensor.

Biossensor- Anticorpo na
captura de patdégenos

y A 4
—{ Antigeno de identificagdo ‘4—) Anticorpo (——>‘ Transdutor |<—)| Imuno Ensaios |—

Capsula --2 —{ Captura diretado patégeno
={ \ K2 s o 8 \ -
} = Pollclonal A —_
| Outras pe spric térmico  Actstico \Try
Proteinas ’/( 3“ Elétrico
{ Opti - | Sanduich i
optico Y anduiche ensaio
‘-\\ /1 monu:lonalﬂ_,\ 9 @ )| 2\\} *
Polissacarideos * Magnético
A A A
Flagelo l > & = =
S Y Y ¥
Validagdo do anticorpo
escolhido
Biossensor
g ensaios -
|
[ 1 ]
Determinacéo do limite de deteccdo ‘ | Faixa de linearidade ‘ | Possiveis interferentes na analise |

Figura 2: Esquema das diferentes estratégias para o desenvolvimento de um imunossensor na deteccao
de patogenos. Inicialmente é necessario escolher um biomarcador na bactéria para depois escolher o
anticorpo que deve ser validado. Apés seleciona-se o transdutor a ser utilizado, seguido do ensaio
imunoldgico a ser desenvolvido. E, por fim, a validacao da operacdo do sistema.

Dispositivos de bio-sensoriamento que proporcionem uma resposta analitica
rpida sdo preferidas em diversas &reas. O desenvolvimento de biossensores para
deteccdo de patdgenos vem crescendo nos Gltimos anos (Lu et al. 2013, Abdalhai et al.
2014, Bandara et al. 2015). Ndo menos importante, a utilizacdo de anticorpo como
molécula de reconhecimento tem se tornado atrativo devido sua alta especificidade,
fazendo com que esses dispositivos sejam promissores para uma analise precisa, rapida

e sensivel. Estudos recentes utilizam técnicas experimentais com diferentes anticorpos
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como molécula de reconhecimento na deteccdo de patdégenos (Ahmed et al. 2013,
Chrouda et al. 2013, Barreiros Dos Santos et al. 2015) e permitem uma alta

performance no desempenho do dispositivo.

2.3 Anticorpos

Os anticorpos sdo glicoproteinas que pertencem a familia das imunoglobulinas.
Um anticorpo ¢ um homo dimero, ou seja, € composto por duas cadeias pesadas e duas
cadeias leves com um peso molecular de aproximadamente 150 kDa. As cadeias
pesadas sdo ligadas em conjunto por pontes dissulfeto, que também os vincula as suas
cadeias leves correspondentes. Cada anticorpo contém um dominio constante ou Fc (do
inglés “fragment constant”) e um dominio de ligacdo ao antigeno ou Fab (do inglés
“fragment antigen-binding”). A regido amino terminal do dominio Fab é hiper-variavel
e responsavel pelo reconhecimento do antigeno e contribui para a especificidade da
molécula (Abbas et al. 2011).

Os anticorpos monoclonais séo especificos e liga-se a uma Unica regido definida
ou epitopo do antigeno; enquanto que, as preparacOes de anticorpos policlonais,
consistem de uma mistura de anticorpos e podem reconhecer uma grande variedade de
antigenos ou epitopos mdultiplos em um mesmo antigeno (Abbas et al. 2011), e até
mesmo de um organismo.

Existem variantes na estrutura de anticorpos, sendo o fragmento variavel de
cadeia Unica scFv (do inglés “single-chain variable fragment”) 0 mais empregado em
imunoensaios devido a diversidade que apresenta. Estes podem ser gerados por
abordagens genéticas ou quimicas (Holliger and Hudson 2005). E possivel encontrar
uma gama de diferentes formas de "anticorpos-like”, também conhecidos como
anticorpos de dominio Unico (Sun et al. 2014). Estas variantes de menor porte podem

proporcionar algumas vantagens para estudos in vitro (Sun et al. 2014).
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O conhecimento das propriedades quimicas e funcionais de um anticorpo,
juntamente com a natureza quimica dos suportes solidos que serdo empregados para
imobilizacdo do anticorpo, sdo essenciais para a concepcdo de uma estratégia de
imobilizacdo adequada (Dixit et al. 2010). Os sitios de ligacdo ao antigeno das
moléculas de anticorpos devem ser preservados e essa protecdo pode ser conseguida
pela orientacdo da ligacdo do anticorpo as superficies de imobilizacdo (Holliger and
Hudson 2005, Shen et al. 2011). Estratégias de imobilizacdo de anticorpos devem ser

delineadas levando em conta a orientagdo destas moléculas sobre a superficie.

2.4 Estratégias de Imobilizagéo

A imobilizacdo do material bioldgico na superficie de biossensores constitui
uma das fases cruciais no seu desenvolvimento, pois os sitios ativos da molécula devem
ser mantidos, a fim de ndo prejudicarem a reacdo com a amostra de interesse
(Campanella et al. 2008). Diversos métodos de imobilizagdo do material biol6gico
podem ser usados: oclusdo (aprisionamento), micro encapsulamento (confinamento em
pequenas esferas), adsorcdo fisica (interacbes do tipo ibnica, polar, ligacdo de
hidrogénio), e ligacdo covalente cruzada e covalente simples. Rotineiramente,
compostos quimicos como glutaraldeido (ligacdo covalente cruzada), cistamina (ligacédo
covalente), polietilenoimina (PEI) e membrana de acrilamida (aprisionamento), séo

empregados (Arya et al. 2008).

2.4.1 Adsorc¢ao

A adsorcao é um processo de adesdo de biomoléculas sobre as superficies em
consequéncia da variagdo de energia livre (AG), que deve ser negativo em magnitude.
Isto pode ser conduzido pela entropia ou entalpia (Pace et al. 2011). A entropia, que é
regida pela segunda e terceira lei da termodinamica, € uma funcdo de estado de um

sistema termodinamico que descreve a desordem dentro da matéria. Além disso, a
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entropia € a medida da quantidade de energia que ndo pode ser usado para realizar
trabalho. De acordo com as leis que regem a termodindmica, a entropia de um sistema
isolado nunca pode diminuir assumindo que o sistema esta em seu estado de energia.
Portanto, termodinamicamente uma certa quantidade de entropia sempre é tida por um
sistema em qualquer momento, e isto regula a reatividade do sistema referido.
Considerando-se que a matéria estd no estado dinamico com o seu ambiente, a
quantidade de entropia em um dado sistema pode aumentar ou diminuir de acordo com
a natureza do sistema com a qual ira interagir (Cornish- Bowden 2002).

Entalpia € o teor total de energia de um sistema que é necessaria para manter a
sua forma fisica e quimica. A alteracdo na entalpia de um dado sistema regula a
estabilidade conformacional e funcional das proteinas no meio. H& sempre uma
compensacao entre entalpia e entropia. Esta compensacéao é a relagdo matematica entre
ambos os pardmetros termodindmicos e é descrito na equacdo de Gibbs como variacdo
de energia livre (AG) (Howard 2002).

AG = AH — TAS

Onde,

AG= Energia livre de Gibbs; AH= entalpia; T= temperatura e AS=entropia.

Pode ser visto, a partir desta equacdo, que um aumento linear na entalpia e
entropia ndo altera a energia livre do sistema, portanto, qualquer alteracdo na quimica
sera observada nos parametros fisicos. E um aumento da entalpia, sem mudar a entropia
do sistema, ira introduzir alteracBes estruturais e quimicas no sistema. Esta
compensacdo entalpia-entropia € a expressao termodinamica mais importante e basica
que regem todas as alteracdes fisicas ou quimicas de que a matéria sofre (Howard

2002).
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Um anticorpo em solucdo interage de forma continua com o solvente, superficies
e outras moléculas de anticorpos, atraves de ligaces hidrofobicas, de Van der Waals, e
ibnicas. As ligacGes de ponte de hidrogénio podem também estar presentes, dependendo
da natureza quimica do solvente (Abbas et al. 2011). Estas intera¢fes anticorpo e
solvente estdo em estado dindmicas onde novas ligacbes sdo continuamente formadas
em substituicdo das interagdes anteriores. Por conta da termodinamica do sistema, esta
dindmica de interacdo esta diretamente regulada pela entalpia e entropia (Roque et al.
2009). Portanto, pode-se inferir que as interagcbes dos anticorpos estdo em estado
dindmico com seu ambiente e ndo séo eventos isolados. Isto sugere que a entropia das
interagBes anticorpo com superficie poderia aumentar ou diminuir de acordo com a
temperatura, o pH, a natureza de solvente e a natureza dos produtos quimicos usados
(Scholtz et al. 2009).

Existem dois tipos diferentes de adsorcdo fisica ou quimica. Adsor¢do fisica
envolve principalmente interacBes fracas de Van der Waals e hidrofébicas. Interagdes
hidrofébicas ocorrem quando redes hidrofébicas sdo geradas em torno de grupos
pendentes ndo polares de um anticorpo solubilizado em &gua. A exposicdo de grupos
apolares a agua resultam em repulsdao dos grupos nao polares, devido a hidrofobicidade
(Irun et al. 2001, Yu et al. 2015). O mecanismo basico da adsorcdo quimica é
semelhante a adsorcdo fisica onde a interacdo anticorpo-superficie inicialmente é
controlada por forgas fracas (Putzbach and Ronkainen 2013). No entanto, no caso da
adsorcdo quimica, a estabilidade da interacdo anticorpo e superficie sdo alcancadas por
meio de reagdes quimicas realizadas em um determinado AG, que é descrito como o
potencial da reacdo (Irun et al. 2001). Imobilizacdo de anticorpos em superficies
carregadas positivamente, tais como filmes de polianilina ou poli-L-lisina, por meio de

interacdo eletrostatica, € um exemplo de adsorg¢éo quimica, como mostra na Figura 3.
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Figura 3: Interagdo eletroquimica do anticorpo com a superficie, em pH alto o anticorpo tem pl negativo
e interage com a superficie coberta com poly-L-lisina que torna a superficie positivamente carregada.

O ponto isoelétrico (pl) de uma proteina é o pH no qual ha equilibrio entre as
cargas negativas e positivas dos grupamentos i6nicos. Assim, a mudanca de pH do
tampdo pode gerar cargas positivas ou negativas na superficie da molécula gerando uma
alternativa na ligacdo destas moléculas em superficies. O pl abaixo do fisiologico
dificulta a imobilizacdo destas proteinas, tendo em vista que a maioria dos tampdes
utilizados estdo na faixa de pH fisioldgico. Os valores de pH baixos podem
desestabilizar compostos quimicos da superficie. Uma alternativa nestes casos é a
utilizacdo de ligantes, que serdo discutidos posteriormente.

Certos grupos funcionais de um anticorpo tais como tidis (-SH) e aminas (NH2)
tem capacidade de reagir inerentemente com metais ou superficies revestidas com
metais, esta reacdo é caracterizada como adsor¢do quimica (Kausaite-Minkstimiene et
al. 2010, Putzbach and Ronkainen 2013). Porém, as moléculas de anticorpos ficam

muito proximas a superficie podendo gerar impedimentos a ligagdo ao antigeno. Uma
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alternativa é a utilizacdo de agentes quimicos que servem como espacadores,
distanciando assim o Ac da superficie. Estas estratégia sdo obtidas por métodos de

imobilizagéo covalente.

2.4.2 Imobilizagdo covalente

Na imobilizacdo covalente, moléculas de anticorpo reagem quimicamente
através dos grupamentos amino e carboxilico com a superficie modificada, ou ndo do
sensor. Estratégias de imobilizacdo covalentes sdo geralmente classificadas de acordo
com as reagles quimicas utilizadas (Sassolas et al. 2012).

A importancia da imobilizacdo covalente de anticorpos na obtencéo de ensaios
de alta sensibilidade ja foi demonstrada em diferentes plataformas de diagndsticos
(Lakshmanan et al. 2007, Pei et al. 2010, Baniukevic et al. 2013). A melhora na
sensibilidade de deteccdo do analito pode ser atribuida, pelo menos em parte, a reducao
das perdas de proteinas, devido a lixiviagdo e 0 ndo blogueio do sitio de ligacdo, o que
poderia aumentar a cobertura da superficie com a molécula imobilizada (Makaraviciute
and Ramanaviciene 2013).

A captura quimica direta € uma técnica de imobilizacdo covalente que se
caracteriza pela reacdo de pelo menos um dos grupos funcionais da molécula de
anticorpo com a superficie. Essa reacdo ocorre rapidamente sem qualquer ativacdo ou
utilizacdo de mediadores. Estas estratégias sdo procedimentos de uma Unica etapa de
imobilizacdo (Makaraviciute and Ramanaviciene 2013), e sdo comumente utilizados
agentes como epdxidos e aldeidos.

Diferentes estudos que utilizam esses grupos para imobilizacdo s&o encontrados
na literatura (Abad et al. 2002, Liu et al. 2010, Freitas et al. 2014). Outra possibilidade
é a captura direta baseada na geracdo de grupos aldeidos, que podem ser obtidos pela

geracgdo de grupos aldeidos livres no anticorpo ou na superficie de captura. Os aldeidos
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ativos podem ser gerados no anticorpo por oxidacdo do grupo hidroxila (OH?) de
hidratos de carbono presentes na regido Fc, utilizando periodatos de metais alcalinos,
tais como os de sodio (NalO4) ou de potassio (KIOs). Os grupos resultantes desta
ativacdo podem ser capturados eficientemente em superficies funcionalizadas com
amina (Migneault et al. 2004, Migneault et al. 2004). No entanto, essa técnica tem
como desvantagem a oxidacdo do anticorpo associada aos produtos quimicos utilizados
que possuem alta reatividade e podem oxidar os aminodcidos, tais como metionina,
triptofano ou histidina em diferentes pontos do anticorpo. Superficies metélicas e
poliméricas sdo funcionalizadas com aldeidos para capturar anticorpos em aplicacbes
bioanaliticas (Makaraviciute and Ramanaviciene 2013).

A ligacdo de anticorpos em superficie quimicamente modificada é geralmente
mediada por ligantes. Os ligantes sdo espécies quimicas que contém radicais altamente
reativos em uma ou ambas as extremidades e, por consequéncia, sdo capazes de criar
ligagBes entre determinados grupos funcionais. Esta reacdo sera gerada pela ligacdo
destes grupos a grupamentos selecionados de um anticorpo, criando intermediarios
altamente reativos que podem posteriormente ser ligados aos grupos funcionais da
superficie. Estes ligantes podem ser categorizados como homo e heterobifuncional
(Wong 1991). Ligantes homobifuncional possuem grupos quimicamente reativos em
ambas as extremidades, enquanto que os ligantes heterobifuncionais possuem dois
diferentes centros reativos nas extremidades (Makaraviciute and Ramanaviciene 2013)
(Figura 4).

Uma variedade de tais agentes de reticulagdo encontra-se comercialmente
disponivel em diferentes combinagcbes (Wong 1991). Por exemplo, amina-amina e
sulfidril, sulfidrilas-homo-bifuncionais, e amino sulfidrila e amina-carboxilo ligantes

hetero-bifuncionais. Compostos amplamente utilizados como glutaraldeido e 1-etil-3
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(3-dimetilaminopropil) carbodiimida (EDC), representam categorias homo e hetero-bi-
funcional, respectivamente. (Hermanson 2008, Dixit et al. 2010). A rea¢do amina-

carboxilo obtida pelo agente de reticulagdo EDC esta representadas na Figura 4

NH, NH, NH,
/ - B Y
——————— —
"00-C -00 ~ Cr,

Figura 4: Esquema de imobiliza¢do utilizando agente reticulante EDC. A formagdo de uma amida na
ativacdo do grupo carboxila é ligada a superficie amino funcionalizada, por reacdo de ataque nucledfilo.
Adaptado e modificado de (Dixit et al. 2010).

Estratégias que orientam as moléculas do anticorpo na superficie sdo

normalmente preteridas pois geram respostas analiticas de alta sensibilidade.

2.4.3 Imobilizagdo covalente orientada

A imobilizacdo covalente orientada é baseada em proteinas de reconhecimento
de dominio (PRD), tais como proteina A e proteina G, estas moléculas apresentam
grande vantagem na orientacdo de IgG. As PRD tem avidez elevada e especifica por
dominios do anticorpo e se ligam fortemente, proporcionando orienta¢bes dirigidas
(Figura 5). Além disso, imobilizacdo covalente destas PRD em superficie aumenta a

homogeneidade na distribui¢do do anticorpo sobre a superficie (Kausaite-Minkstimiene
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et al. 2010) e minimiza a lixiviacdo da proteina e a variabilidade associada a interface

em imunoensaios (Makaraviciute and Ramanaviciene 2013).

Sitios de ligacio na regido

Fec do Ac
SpA- Proteina A SpA adsorvida na superficie SpA ligada covalentemente na

superficie

Figura 5: Orientacdo de um anticorpo através da captura por proteina A adsorvida ou covalentemente
imobilizada.

No entanto, as PRDs devem ser corretamente orientadas sobre a superficie para
proporcionar captura adequada das moléculas de anticorpo. A utilizacdo de PRDs com
varios sitios de ligacdo aos anticorpos, tais como a proteina A e proteina G
recombinante, que possuem mais de um sitio de ligacdo a regido Fc do anticorpo,
podem minimizar os problemas associados a orientacdo destas PRDs. A aplicacdo desta
técnica € amplamente utilizada em diferentes bioensaios (Beyer et al. 2009,
Makaraviciute and Ramanaviciene 2013).

Uma vez conseguida a imobilizacdo da biomolécula a superficie deve ser
caracterizada quanto a densidade desta e sua orientacdo a superficie, bem como a

reprodutibilidade da técnica.

2.5 Caracterizacao da interface biologica por métodos de microscopia
A avaliacdo das superficies antes e ap6s a formacdo da interface de

reconhecimento permite gerar uma estimativa da densidade de imobilizagdo e
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morfologia dos compostos de reconhecimento. A microscopia de forga atdbmica ou AFM
(do inglés “atomic force microscopy’) é uma técnica amplamente utilizada na avaliacdo
da topografia e a disposic¢éo das moléculas sobre a superficie.

A técnica de AFM tem como base a interacdo da superficie com uma ponta
acentuada montada num cantilever, que funciona como uma mola e é suscetivel a
pequenas variagOes de forgas. Os modos de obtencdo das imagens de topografia (modos
de varredura) referem-se basicamente a distancia mantida entre a ponta de prova e a
amostra (Heinrich Horber 2002). Quando se pretende analisar materiais mais maleaveis
e facilmente deformaveis pela ponta, como € o caso de materiais bioldgicos, polimeros,
amostras muito rugosa, utiliza-se 0 modo intermitente (tapping). No modo intermitente,
o cantilever oscila a sua frequéncia de ressonancia e durante a sua oscilagdo, aproxima-
se da amostra ocorrendo o contato, que atenua a amplitude de oscilagdo do cantilever,
provocado pelas forgas repulsivas que estdo presentes no modo de contato (Torre et al.
2011). O modo tapping é amplamente utilizado na andlise de interfaces biologicas de
sensores (Farris and Mcdonald 2011, Kim et al. 2012, Marciello et al. 2014).

O AFM permite a medida da rugosidade de superficies a raiz do valor quadratico
médio ou RMS (do inglés root mean square) é um dos parametros utilizado para avaliar
a disposicdo de moléculas de anticorpo acoplados em substratos (Wang et al. 2012).
Outras técnicas como microscopia eletronica de varredura (MEV) permitem também a

avaliacdo da interface de reconhecimento.

2.6 Transdutores magneto-elasticos

Sensores magnetoelasticos sao dispositivos que utilizam como base materiais
com propriedadade magnetoel&stica que respondem a excitacdo magnetica variavel com
0 tempo o que produz uma onda elastica longitudinal no sensor que pode ser detectada

através de técnicas dpticas, acusticas ou magnéticas (Figura 6) (Grimes et al. 2011).
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Grimes et.al. (2002) apresenta um trabalho de revisdo abrangente da fisica operacional
destes sensores, abordando o processo de desenvolvimento e aplicagdo. Sensores
magnetoelasticos séo feitos de fitas metalicas amorfas ou fios, com uma frequéncia de
ressonancia caracteristica inversamente proporcional ao comprimento. A respota remota
de frequéncia de ressonancia esta relacionada a diferentes parametros fisicos, incluindo
a tensdo, pressdo, temperatura, velocidade de escoamento, viscosidade do liquido,
campo magnetico, e carga de massa (Grimes et al. 2011). As tiras (laminas com pouca
espessura) magnetoelasticas sdo produzidas a partir de ligas de material ferromagnético
amorfo. Sendo estas tiras fabricadas pelo processo de melt spinning, onde o material
metalico fundido é derramado em um disco de resfriamento com rotagdo controlada

(Diény 2005).

Bobina de campo AC Microfone
excitatoria ‘

Pick-up coil

sensor magnetoelastico | ]

Emissor laser Fototransistor

Figura 6: Representacdo de operacdo do sensor magnetoelastico. Adaptado e modificado (Grimes et al.
2011).
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2.6.1 Principios fisicos de funcionamento

A frequéncia de ressonédncia do sensor esta relacionada com a vibragdo elastica
do material e estda intimamente ligada as suas dimens@es, especificamente ao seu
comprimento. De acordo com Liang et. al. (2007), para uma fita de comprimento L,
largura w e espessura t, vibrando longitudinalmente, sua frequéncia de ressonancia
fundamental fo é descrita pela Equagdo 1, onde £¢é o modulo de Young, p é a densidade

de massa da fita e v é o coeficiente de Poisson.

1 E

fo=7

2L+l p(1-v)

(1)

O sistema tem seu funcionamento baseado no efeito magnetostrictivo e
magneto-elastico do material amorfo. A excitacdo das ondas longitudinais é efetuada
através de um campo magnético aplicado por uma bobina de Helmholtz e a resposta é
captada pela mesma bobina. Podemos usar bobinas diferentes para excitar e captar
sinais, dependendo da montagem e do que esta sendo medido.

Outro fator que deve ser considerado é aplicacdo de um campo DC uniforme na
direcdo do sensor. Obtem-se um viés no alinhamento dos dominios que se relaciona
com o mddulo de elasticidade, permitindo uma melhora no sinal de resposta. Existe um
ponto 6timo de operacdo, que depende do material do qual o sensor é feito e das
dimensdes envolvidas. Consequentemente, pode-se utilizar o campo DC para sintonizar
0 sensor em um ponto otimizado de operagédo, sendo que este campo DC uniforme

tambem influencia o efeito AE (Cullity 2011, Grimes et al. 2011).

2.6.2 Sensibilidade de massa
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De acordo com Grimes etal. (2002) e Shen et al. (2009), pequenos
carregamentos de massa 4m, uniformemente distribuidos sobre o sensor, por exemplo,
células de patdgenos alvos depositadas na superficie, resultara em uma diminuicdo da
frequéncia de ressonancia inicial fo para uma frequéncia de ressonancia final f em um
montante Af. Para um sensor de massa mo e frequéncia de ressonéncia fo, a resposta
esperada da frequéncia de ressonancia causada pelo aumento de massa na superficie do

sensor € dado por (Equacéo 2):

— _foam
Af = -G )
Onde mg é expresso na Equacdo 3:
mo=L*xwx*tx*p (3)

Sendo que a relacdo entre a massa depositada e a frequéncia de ressonancia é

chamada de sensitividade de massa Sm, que € expressa pela equacéo 4.

_ A1 E
Sm = ~m = 2pL2wt | p(1-v) )

Para sensores em que w = L/5 (relacdo 5:1) (Grimes et al. 2011), a equacao
pode ser ligeiramente simplificada (Equacdo 5):

5 E

Sm == 2pL3t+| p(1-v) ®)

Pode-se também determinar o limite de massa minimo detectavel (Ammin),
através da frequéncia de ressonancia minima detectavel (Afmin), que esta relacionada ao
limite do sistema de deteccdo (sensor e equipamento eletrdnico), expressa pela Equacao

6.
Afmin
Ammm = T (6)

Através da massa minima detectavel e da massa da célula do patégeno alvo,
seria possivel determinar a quantidade minima de células para obter a detecgdo. Porém,

geralmente relacionamos uma variagdo na frequéncia de ressonancia Af com a massa
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(das bactérias) depositada no sensor através da sensitividade Sm. E dificil conhecer o

valor correto de (Afmin).

2.6.3 Desenvolvimento e aplicacdo como biossensores

Biossensores magnetoelasticos utilizados na deteccdo biologica sdo baseados na
afinidade de compostos de reconhecimento, tal como um anticorpo, proteina receptora,
material biomimetrico, ou DNA na interface do transdutor de sinal, que juntos referem a
concentracdo de um analito a um sinal eletrénico mensuravel (Katz and Willner 2004).
Diferentes modelos de estudos baseados na imobilizagdo de elementos de bio-
reconhecimento vém sendo realizados (ZENG e GRIMES, 2007; XIE et al., 2009 e
CHAI et al., 2013Db).

Neste tipo de biossensor, a presenca dos micro-organismos € detectada por uma
variagdo gradual na frequéncia de ressonéancia conforme o aumento de massa sobre o
sensor. Li et. al. (2010) desenvolveu um sensor ME capaz de detectar Salmonella sobre
a superficie de tomates; que é baseado no principio de patdgeno alvo se ligando ao
elemento de bio-reconhecimento molecular neste caso um fagos. Um resumo do
funcionamento do sensor pode ser observado na Figura 7.

Porém, essa é uma plataforma de sensoriamento que necessita de maior pesquisa
dos efeitos da modificacdo biolégica na superficie, pois estes ainda sdo pouco
estudados. Recentemente Possan et.al. estudou o efeito da rugosidade das superficies de
sensores magneto-elasticos Metglas®2826MB3 demostrando que superficies lisas tém
um melhor desempenho (Possan et al. 2016). Diversas pesquisas com transdutores de
material magneto-elastico foram realizadas utilizando anticorpos como agentes de
captura. Estas partem do principio que a variacdo de massa sobre o sensor altera a
frequéncia de ressonancia (Berkenpas et al. 2006, Guntupalli et al. 2007, Zourob et al.

2007, Chen et al. 2014).
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Figura 7: Funcionamento de biossensor magneto-eléastico para deteccdo de patdgeno trabalho realizado
por Li et.al. (Li et al. 2010) no qual o sensor permite a deteccdo direta sobre os alimentos de Salmonella.
1) fagos (molécula de bio- reconhecimento) imobilizada na superficie do sensor com método de detec¢do
de sinal através de uma bobina; 2) uma solugdo foi adicionada sobre o alimento; 3) os Biossensores e um
sensor controle foram expostos a solucéo por 30 min; 4) a frequéncia foi medida novamente; 5) a captura
do patbgeno resultou na diminuicdo da frequéncia de ressonancia enquanto no sensor controle a
frequéncia se manteve estavel. Modificado e adaptado de (Li et al. 2010).

Diante do exposto, cabe salientar que sensores magneto-elasticos séo
ferramentas promissoras para desenvolvimento de dispositivos de deteccao rapida de
patdgenos. Na area de alimentos, métodos de deteccdo de contaminantes quimicos e
bioldgicos de alta sensibilidade e baixo custo, capazes de fornecer resposta da analise
em tempo real, tém impulsionado pesquisas nesta area. Na area médica, esses
dispositivos podem proporcionar uma reducdo nos gastos em satde diminuindo o tempo
de internacdo hospitalar e ou prevenindo agravos em quadros de infecgdes. A
necessidade de mais estudos sobre o efeito da modificacdo nas superficies de ME
sensores € necessaria para gerar sistemas estaveis e de Otimo desempenho. Esse

transdutor é propicio para desenvolvimento de testes de baixos custos, pois € um
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dispositivo barato, além de possibilitar o monitoramento sem fio o que é uma

caracteristica importante para diferentes testes analiticos em diversas areas.
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3. RESULTADOS E DISCUSSAO

Os resultados deste trabalho estdo apresentados na forma de capitulos os quais
correspondem a trés artigos cientificos. O primeiro artigo, uma revisdo intitulada
Antibody-based magneto-elastic sensor: potential device for detection of pathogens
and associated toxins, foi publicado na revista Applied Microbiology and
Biotechnology 14: 6149-6163 (2016). O segundo, um artigo intitulado
Biocompatibility and degradation of gold-covered magneto-elastic biosensors
exposed to cell culture foi publicado na revista Colloids and Surfaces B: biointerfaces
143: 111-117 (2016). E o terceiro, Effect of distinct antibody immobilization
strategies on the analytical performance of a magneto-elastic immunosensor for S.

aureus detection serd submetido a revista Biosensor and Bioeletronics.
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Abstract This work describes the design and development
process of an immunosensor. The creation of such devices
goes through various steps, which complement each other,
and choosing an efficient immobilization method that binds
to a specific target is essential to achieve satisfactory diagnos-
tic results. In this perspective, the emphasis here is on devel-
oping biosensors based on binding antigens/antibodies on par-
ticular surfaces of magneto-elastic sensors. Different aspects
leading to the improvement of these sensors, such as the anti-
body structure, the chemical functionalization of the surface,
and cross-linking antibody reticulation were summarized and
discussed. This paper deals with the progress of magneto-
elastic immunosensors to detect bacterial pathogens and asso-
ciated toxins. Biologically modified surface characterization
methods are further considered. Thus, research opportunities
and trends of future development in these areas are finally
discussed.
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Introduction

The interest in the development of functional sensors to
detect different analytes has emerged in the last decade.
Magneto-elastic (ME) sensors have been widely studied
as biosensors (Gao et al. 2009; Huang et al. 2008a;
Zourob et al. 2007) due to their ability to be queried
wirelessly, which brings a great advantage in the micro-
biology area (Grimes et al. 2011). This resonator is con-
structed from an iron-based, amorphous alloy with mag-
netostrictive properties. Magnetostrictive materials under-
go a change in shape when subjected to an applied mag-
netic field. If the magnetic field is aligned along the
length direction of the resonator and varied at the proper
frequency, the structure can achieve resonance (Garcia-
Arribas et al. 2014; Grimes et al. 2002). Upon contact
with the specific target bacteria, the biorecognition ele-
ment on the sensor surface captures the target bacterial
cells, causing the overall sensor mass to increase, which
results in a decrease in the resonant frequency. The reso-
nant frequency is remotely and wirelessly measured using
a pick-up coil (Chin et al. 2014; Guntupalli et al. 2007a).
Biosensor-based assay techniques depend on the interac-
tions of biological target with specific chemical groups or
macromolecules that are immobilized on a solid material.
The latter classes of molecules are affinity ligands, which
may be bonded (immobilized) to a solid material (stationary
phase) in a variety of ways (Arkan et al. 2015; Basu et al.
2015; Duangkaew et al. 2015; Guo et al. 2015). The fabrica-
tion of an immunosensor goes through various steps that com-
plement each other. Choosing an efficient immobilization
method, which can produce binding to a specific target, is
essential to achieve satisfactory diagnostic results.
Antibodies (Ab) are molecules of interest due to their high
specificity and affinity. An example is immunoglobulin G
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(IgG) that is widely used in immunosensors. The application
of antibodies is studied on different surfaces and covers dis-
tinct fields such as purification, immunoassays, and other di-
agnostic techniques (Mahara et al. 2014; Rocha et al. 2015;
Vashist et al. 2014b). These methods should respect the limi-
tations of the sensor as well as the chemical composition of the
surface and possible interference in the transducer signal. In
physical adsorption, for example, the antibody might be en-
capsulated in a porous polymer material (Butler et al. 1992).
However, this immobilization is poor and pH dependent, and
the buffer used to perform the test may remove the proteins.
Another widely used option would be entrapment in a molec-
ular electrodeposited polyphenol, polythiophene, or
polyaniline layer (Barton et al. 2009; Tully et al. 2008). In this
case, the molecules have to diffuse from inside to outside. For
this diffusion to occur rapidly, which accelerates the response,
thinner layers are preferred, leading to an improvement in the
detection efficiency.

The coupling of Ab to surfaces is possible using dif-
ferent strategies. Apparently, the covalent immobilizations
are preferred (Kausaite-Minkstimiene et al. 2010;
Mustafaoglu et al. 2015) since they allow the orientation
of the molecules. Different chemical compounds can be
used in covalent immobilization, such as cross-linking
molecules, which should not increase the chemical steric
hindrance around the fragment antigen-binding (Fab) an-
tigen recognition site nor reduce the recognition activity
of the IgGs. Furthermore, strategies should preferably
align the Fab regions for effective capture of the antigen
(Cohn et al. 2015; Kumar et al. 2015).

There are some limitations on the use of antibodies,
which are associated with loss of biological activity. One
of the main reasons for this loss is attributed to random
orientation of the macromolecules on the asymmetric sup-
port surfaces (Fuentes et al. 2005). Currently, there are dif-
ferent techniques that enable the characterization of these
molecules for guidance and validation of immobilization on
the surface: atomic force microscopy (AFM) (Jahanshahi et
al. 2014; Niu et al. 2015) and Fourier transform infrared
spectroscopy (FTIR-Raman) (Kengne-Momo et al. 2012),
for example. It is also important to evaluate the kinetics of
the immobilized protein in capturing antigens. Techniques,
such as surface plasmon resonance, (SPR) have been wide-
ly used in the evaluation of kinetics (Lee et al. 2013; Sohn
and Lee 2014). But techniques such as enzyme-linked im-
munosorbent assay (ELISA), radioimmunoassay, immuno-
fluorescence, and chemiluminescence can also be
employed to evaluate the performance of the immobilized
antibodies.

In this review, the stages of a biosensor development will
be addressed. Initially, an overview of the construction of an
immunosensor will be given, followed by a consideration of
antibodies as detection elements and strategies of IgG protein
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immobilization. Different techniques of characterization for
antibody conjugation will be explored and, finally, a
magneto-elastic immunosensor detection technique for cap-
turing pathogens and associated toxins will be presented.

Construction, structure, and operation of an
immunosensor

Biosensors can usually be placed into different categories,
based on the chemical interactions between the sensor and
the substance to be analyzed. Immunosensors are affinity-
based assays where the analyte identification is highly selec-
tive, and the capture is accomplished by high specificity be-
tween the analyte and the surface of the functionalized device.
These types of tests are based upon specific antigen and anti-
body interactions (Arlett et al. 2011).

When designing an immunosensor, the main challenge is to
achieve optimum performance for both metrics—Ilow analysis
time and sensitivity at the picomolar or lower level. A review
of different transducers and their performance has recently
been given by Arlett et al. (2011). Figure 1 offers a represen-
tation of the main steps in developing an immunosensor. This
device requires specific antibodies as biological recognition
elements to bind with antigens from the sample.

Other recognition elements have been reported with used in
pathogen detections biosensors. Poltronieri et al. (2014)
showed different biosensors for food pathogen detection,
and biomarkers application in infections has been recently
revised by Tegl et al. (2015).

Antigen
a g mmm) Sample
b Antibody as a biological
recognition element.
/|
Elétric  Temperature
u____-optic mmm) Transducer
™
Acustic Magnetic
d Microelectronics signal —) Processing unit

Fig. 1 Biosensor construction steps: a define the conditions to be
analyzed and possible interfering parameters in the sample; b should
read antibody as a biological recognition element; ¢ transducer type,
can be set by the sensitivity taking into account the type of sample to
be analyzed and; d signal processing unit, capable of amplifying the
signal emitted by the transducer, generating results
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Antibody as the detection element

The antibodies or immunoglobulins are divided into five clas-
ses or isotypes: IgG, IgA, IgM, IgD, and IgE (Schroeder and
Cavacini 2010). Immunoglobulin G (IgG) is the most abun-
dant in normal serum and most extensively used for
biofunctionalization of surfaces (Ahmed et al. 2013;
Escamilla-Gémez et al. 2008). The basic structure of an IgG
molecule consists of two identical light and heavy chains that
are linked together by disulfide bridges (see Fig. 2) having a
molecular weight of about 150 kDa and an average size of
14.5 x 8.5 x 4 nm® (Amit et al. 1986).

The light chains contain a variable region (VL) and a con-
stant domain (CL), whereas heavy chains have one variable
region (VH) and three constant domains (VL-VH).
Altogether, the four protein chains are assembled in such a
way as to present a ““Y-shaped” geometry. [gG are bifunctional
molecules, and the two antigen binding sites are located at the
end of the arms of the “Y.” These two antigen-binding ends,
also known as amino-terminal regions of the Ab molecule, are
called fragment antigen-binding (Fab) elements. The stem of
the Y or carboxyl terminal end is the fragment crystallizable
(Fc) region (see Fig. 2a). This region of the shank (Y) of the
molecule ensures that each antibody generates an adequate
immune response to a given antigen to trigger effector func-
tions. Ab binds to other components of the immune system
leading to different responses, such as complement-mediated
lysis, enhancing phagocytosis or allergy response mechanisms
(Amit et al. 1986; Braden et al. 1998).

There are fragment variants that can be produced in the
antibody structure, such as fragment antigen binding (Fab)
and single chain variable fragment (scFv), which may be gen-
erated by genetic or chemical approaches (Holliger and
Hudson 2005). It is possible to find a range of different forms
of “antibody-like” structures, also known as nanobodies and
single-domain antibodies (Sun et al. 2014). These unique do-
mains are usually obtained from camels and fish, especially
shark. Such structures present a smaller size compared to

Fig. 2 Structure of an antibody a
and its available groups. a
Structure of an immunoglobulin
and its Fc and Fab. b Model of a
typical IgG with their functional
groups. There are two heavy
chains (arrows) and two light
chains (arrows head). Each chain
has carboxyl (-COOH) and amine
(NH,) groups. The light chain is
linked to the heavy chain by one
disulfide bridge

whole antibodies, are naturally occurring, and have similar
affinities for the antigen molecule (Holliger and Hudson
2005). These smaller variants may provide some advantages
for immunosensors and in vitro studies (Sun et al. 2014). The
application and development of these antibody fragments
were recently reviewed by Conroy et al. (2009).

Knowing the structure and available chemical groups of
Abs is essential in setting up immobilization strategies.
Fig. 2 shows a schematic representation of the chemical
groups arranged in the functional areas of an Ab. Fig. 2a
presents the general structure of an immunoglobulin and its
constant and variable domains. The light and heavy chain of
an immunoglobulin has an amino group in the Fab region and
a carboxyl group at the opposite ends, which are linked by
disulfide bridges in the hinge region (Fig. 2b). Sulfhydryl
groups can be generated after reduction of disulfide bonds
with dithiothreitol (DTT) (Konigsberg 1972) or tris (2-
carboxyethyl) phosphine (TCEP) (Liu et al. 2010b).

The first step in proceeding an experimental design is
selecting an appropriate antibody, polyclonal or monoclonal.
Polyclonal antibodies are generally raised in rabbits, sheep, or
goats (Hanly et al. 1995), they are often selected according to
the immunosensor application for pathogen detection.
Polyclonal antibodies can recognize different epitopes in a
single cell. Monoclonal antibodies represent a large group of
recombinant proteins and present different advantagens using
CHO cells as reported by Kunert and Reinhart (2016).
However, sensitivity of an antibody must be evaluated to de-
tect and quantify a small amount of cells present in the path-
ogen. Also, the antibody should be able to distinguish specific
strains of interest, presenting a good specificity. Thus, the
selection of a highly specific epitope of the pathogen is an
important consideration, since many of the bacterial strains
share homologous proteins, which can lead to the detection
of multiple types of cells of a single antibody. Therefore, it is
recommended that a constitutively expressed antigen, which
is specific for the species be indicated (Byrne et al. 2015).
Wherever possible, the expression of the target antigen should
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not be highly dependent on pathogen growth phases. Finally,
the antibody must present high affinity properties and connect
with the target appropriately.

Western Blot and/or ELISA are the most commonly used
methods for determining the specificity and cross reactivity of
antibodies (Bordeaux et al. 2010; Mendonca et al. 2012;
Pennacchio et al. 2015). Both these methods identify antibod-
ies that detect partially or completely denatured proteins that
may or may not be good for capturing or detecting proteins on
biosensing platforms. The identification of a candidate anti-
body that satisfies these requirements will lead to a reduced
number of potential antibodies as candidate, with the best
affinity for the target epitope. This antibody can then be fur-
ther selected for incorporation into an immunosensor
platform.

Immobilization of immunoglobulins

The reaction between the biological molecule immobilized on
the sensor surface and the analyte in the solution phase is an
interfacial reaction. As a result, the way in which the recogni-
tion element and the interface are configured will play a large
role in the performance of the final device. The recognition
element on the interface must be maintained active on the
transducer surface to increase the system stability.
Reproducibility is also required once experiments are
processed.

The best strategies are those based on the process, the trans-
ducer surface, and performance in combination with the inter-
face (Escamilla-Gomez et al. 2008; Tran et al. 2012; Wang
et al. 2008). Different studies for immobilizing Ab have uti-
lized physical adsorption (Gao et al. 2011; Lu et al. 2012).
However, the covalent immobilization has the advantage of
orientation of the molecule. Strategies that choose specific
groups as targets allow supervision of biomolecule orienta-
tion. Different methods of immobilization can result in ran-
dom or specific orientations of Abs (Fig. 3) and are dependent
on the capacity for self-organization of immunoglobulins,
which can be controlled for specific reactive groups on the
surface. The specific Ab orientation is not easily achieved,
since antibodies usually carry several copies of reactive
groups.

Langmuir and Blodgett (Blodgett 1935; Langmuir 1917)
developed an advanced technique for forming thin layers of a
polymer, which accelerates the diffusion of molecules and
increases response. They employed layers or multi-layers of
molecular thickness to attach amphipathic molecules onto
glass or silicon surfaces. The Langmuir and Blodgett (LB)
film techniques for immobilizing proteins on a surface can
be suitable to associate with IgG surface-binding methods
(Cerrutti et al. 2015; Miyajima et al. 2011). However, some
proteins may be denatured when the film is dispersed in a
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water-air interface and tend to provide poorly defined and
fragile arrays of biomolecules (Davis and Higson 2005).

The terminal residues are limited in number compared
to the large total number of amino acids in the protein.
The more common functional targets for the immobiliza-
tion of protein molecules are the amine and carboxyl
groups. The amine group exists in the N-terminus of each
polypeptide chain (called alpha-amine) and the side chain
lysine residues (Lys, K) (called the epsilon amine). Due to
their positive charge under physiological conditions, pri-
mary amines are generally outwardly facing (Pauling
et al. 1951); so these are generally accessible for conju-
gation without denaturing the protein structure. The ami-
no groups are deprecated for immobilization of proteins,
but in Abs, this grouping is placed in an antigen recogni-
tion region. An alternative is to use carboxyl or carbohy-
drate groups in the Fc region.

Some microorganisms have as a virulence factor a pro-
tein capable of binding to the Fc region of antibodies,
resulting in the inhibition of immune response. Such pro-
teins may be used in surface immobilization of these mol-
ecules; one example is the protein A (PrA) present in
Staphylococcus aureus (Graille et al. 2000) that is widely
used in immunological assays.

Oriented immobilization for direct binding

Strategies using molecules that enable the capture through
specific locations on the Ab such as Protein A (PrA) or
Protein G (PrG) are interesting alternatives to bind to the Fc
immunoglobulin region (Bjorck and Kronvall 1984;
Gronenborn and Clore 1993). Guiding aldehyde groups intro-
duced to the carbohydrate moiety of the CH, domain via a
crosslinking agent (crosslinker) is widely used to search
targeted assets. Another possibility is to use these agents for
the carboxylic acid immobilization via the Fc portion of the
antibody (O’Shannessy et al. 1984).

The native Protein A is a cell wall component produced
by several strains of S. aureus, but the recombinant PrA is
produced in Escherichia coli. With a molecular weight MW
of ~46 kDa and isoelectric point (pI) of 5.16, it contains five
high affinity binding sites (Ka = 108 mol™"), which are
capable of binding to the Fc region of immunoglobulin G
(IgG) from several species such as rabbit and human (Yang
etal. 2003). Native PrA molecule can bind to a maximum of
two Abs due to spatial constraints (Graille et al. 2000).
However, Protein A and IgG binding is not equivalent for
all species and even for the subclasses of a particular IgG.
This orientation strategy results in a superior analytical per-
formance compared to protocols using exclusively IgG.

Similarly, Protein G is another molecule that binds to the Fc
region. This is a bacterial cell wall protein from group
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Q Antigen

Fig. 3 Possible coupling orientations of antibodies on surfaces for
random immobilizations. Antibodies can acquire different orientations
on the surface of the biosensor, binding laterally to the surface (a),
coupling exclusively to a heavy chain carboxyl terminal (b), or Fab

Streptococcus G. The native PrG has two IgG-binding do-
mains apart from sites for albumin and cell surface binding,
but these nonspecific binding sites have been eliminated from
recombinant Protein G (MW = ~22 kDa and pl = 4.5), pro-
duced commercially from E. coli. Protein G has higher affinity
than Protein A for most mammalian IgGs, but it does not show
any binding to human IgM, IgA, and IgD. The optimal bind-
ing of Proteins A and G occurs at pH of 8.2 and 5, respective-
ly, but is still sufficient at pH 7.0-7.6 (Kato et al. 1995).
Because of the inherent differences in the binding properties
of these Fc binding proteins, assessment of their binding to
specific capture Abs is a prerequisite for a particular
bioanalytical application. Indeed, this problem has been
solved by the production of Protein A/G, which results from
the gene fusion of the Fc-binding domains of Proteins A and
G. It binds to all human IgG subclasses with the exception of
IgA, IgE, IgM, and to a lesser extent IgD. Besides its stronger
affinity, the binding is less pH-dependent with optimum Ab
binding at a range of pH 5-8. Apart from the Fc binding
proteins A and G, Protein L (MW = ~36 kDa and pl = 4.5)
isolated from Peptostreptococcus magnus has been employed
as an intermediate protein (Kastern et al. 1992). Protein L
binds to the kappa light chains of a wider range of IgG classes
and subclasses without interfering with the antigen-binding
sites of the Ab (Nilson et al. 1992). Furthermore, it binds to
the Fab fragments and single-chain variable fragments.
Although these proteins have been widely used for direct
binding assays, they are not widely employed for convention-
al sandwich immunologic assay. Then, the secondary Abs can
bind to the vacant binding sites on these intermediate proteins,
which leads to a higher background signal and nonspecific
binding. The chemical modification of a surface may be ob-
tained through an organized nanomolecular layer with a de-
fined orientation for better reproducibility, durability, and ac-
curacy. These are aliphatic long-chain molecules that
functionalize metal or glass surfaces, forming stable covalent

antigen recognition region (¢) and, finally, lying over the surface in any
possible position (d). The orientation presented in “B” is considered the
best strategy for immobilization over 1gGs surface

bonds between their terminal grouping with metals, metal ox-
ides, or silicates (Culp and Sukenik 1994).

Self-assembled monolayer (SAM) chemical
functionalization

Self-assembled monolayers are important for the development
of biosensing interface because they provide a control at mo-
lecular level over how the interface is formed (Eggers et al.
2010), how the recognition molecule is immobilized, and how
other sample molecules can interact with sensing interface
(Mandler and Turyan 1996). The layers formed by SAMs
extend the chains of orthogonal hydrocarbons to the surface
(Fig. 4), this spontaneous molecular organization is referred to
as a SAM whose thickness depends on the length and orien-
tation of the hydrocarbon chain. Examples include mono-
layers of long-chain alcohols on glass, long-chain amines on
platinum (Nuzzo and Allara 1983), alkyl trichlorosilane on
silicon (Vuillaume et al. 1993), and long-chain thiols, thiones,
thioethers, and alkyl disulfides on gold surfaces (Bigelow
et al. 1947) (Fig. 4).

SAM application has been reported in recent publications
with biosensors (Liu et al. 2014; See et al. 2015; Tack et al.
2015). The method offers advantages in the assembly of a self-
organized layer of planar surfaces, which can be readily pre-
pared in the laboratory. The protocol consists in immersing the
substrate in a dilute organic molecule solution for a specific
period of time, followed by exhaustive washing with the same
solvent and final drying process. The formation of this layer
requires a very small amount of chemical, about
2% 107" g cm 2 (Davis and Higson 2005). Detailed reviews
of protocols for practical SAM preparation, as well as the
thermodynamics and kinetics governing the assembly process
are available (Love et al. 2005; Samanta and Sarkar 2011;
Schwartz 2001).
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Fig.4 The structure of a SAM surface interaction and binding groups for
immobilization of Abs. a SAM structure, comprised of an anchoring
group, alkyl chain and interacting group. b Anchoring group, different
chemical compositions (-SH, -OH, -NH, -SiCly) will present affinity for a
specific surface (gold, glass, platinum, silicon). ¢ Interacting group, at the
other end of the chain, which interacts with the functional groups on the

Silane SAMs on glass or silicon surfaces oxidized with an
active silanol group (Si-OH) was first reported by Sagiv
(1980). The covalent binding Ab is widely applied on silicon
surfaces, for example, silicates (Dugas and Chevalier 2003;
Hu et al. 2006) and antibodies covalently linked to monocrys-
talline silicon are highly stable and retain functional activity
for more than 3 months (Zaitsev et al. 1991). Similarly, highly
uniform Ab coupling was achieved on layers mounted with
APTES-functionalized glass (Gikunoo et al. 2014). To assem-
ble these layers, trichlorosilane is commonly used. This group
is highly reactive, which is incompatible with aqueous solutions
and their hydrocarbon straight chain is functionalized with -OH
or -NH,. In immobilization processes of antibodies, the sub-
strate can be modified using terminal amino silane (Ruan
et al. 2008) such as 3-aminopropyltriethoxysilane (APTES)
(Li et al. 2015; Vashist et al. 2014a, 2015), (3-aminopropyl)
dimethylethoxysilane (APDMES) (Yang et al. 2015) or termi-
nal thiol mercaptomethyldimethylethoxysilane silane (MDS)
(Carrigan et al. 2005), and 3-mercaptopropyltrimethoxysilane
(MPTMS) (Chiang et al. 2012). Recently, Vashist et al. (2014a)
reviewed the use of silanes for functionalization of analytical
platforms with antibodies and enzymes.

The SAMs on gold have a significant application in differ-
ent sensing devices. Gold is a material of great interest be-
cause of its chemical stability, biocompatibility, and unique
optical properties, together with a range of suitable processing
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antibody and is conjugated to different chemical groups (-SH, -COOH, -
NH,). Sufidril and carboxyl groups interact with the amine of the Fab
region. Sufidril and amine group interact of the Fc portion carbohydrate.
Amine groups interact with the carboxyl terminal of the Fc region in the
heavy chain and light chain

technology possibilities. Oxide-free surfaces can be easily
modified using thiols, not only in gas phase but also in liquid
media at ambient conditions. A SAM molecule consists of
three parts (Fig 4a): an anchoring group that forms a strong
covalent bond with the substrate, the hydrocarbon chain (var-
iable length), which stabilizes the SAM through Van der
Waals interactions, and the interacting group, which may have
different features (Allara and Nuzzo 1985; Gates et al. 2005).
A small change in the terminal group can be enough to alter
the physicochemical properties of the compounds (Allara and
Nuzzo 1985; Gates et al. 2005). Thus, CHz and CF3 make the
surface of the hydrophobic SAM metallophobic and highly
nonstick, while COOH, NH,, or OH produce hydrophilic sur-
faces with efficient protein binding (Burshtain and Mandler
2006; Toworfe et al. 2009).

The most important and studied SAMs placed on metal
surfaces are those of alkanethiols, and to a lesser extent, of
arenethiols, alkanedithiols, and arenedithiols (Love et al.
2003, 2005). The Van der Waals interactions existing between
adjacent groups guarantee the stability of the packaging and
allow wide monolayer applicability (Meyerson et al. 2014;
Newton et al. 2013; Vericat et al. 2005). Various techniques,
such as X-ray diffraction or Helium atom and X-ray photo-
electron spectroscopy, have resulted in the conclusion that
sulfur (S) binds to the gold surface forming possibly an RS-
Au thiolate (Ayyad et al. 2005), and with a hexagonal structure
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(L H Dubois and Nuzzo 1992). Adsorption occurs in places
where the S atom in coordination with three gold atoms from
the surface (Sek 2007).

Although SAMs based on thiol are stable when stored in an
ultra-high vacuum and in the absence of light (Noh et al.
2006), degradation has been observed after 1-2 weeks at room
temperature in air (Lee et al. 1998; Srisombat et al. 2011), and
more than 70 % of the surface thiol is lost by simple immer-
sion in tetrahydrofuran (THF) at room temperature for 24 h
(Schlenoff et al. 1995). The chemical stability of thiol SAMs
is one of the most serious problems for their application in
aqueous environments and environmental studies (Vericat
et al. 2010). Stability improvements were made by changes
in the nature of the gold surface (Vericat et al. 2008), the use of
longer chain thiols (Tam-Chang et al. 1995), and applying
additives (Yang et al. 2004). Also, films prepared from the
diazo compounds provide greater stability but, without good
control over the monolayer, deposition of a multilayer should
be required (Chinwangso et al. 2011). Recently, Crudden et al.
(2014) described the generation of carbene SAMs based on an
N-heterocyclic gold substrate, which showed considerably
higher heat resistance using chemical reagents based on thiol
structures. The increased stability observed was associated
with increased strength in gold-carbon bond in relation to a
gold sulfur bond.

Chemical modification of surfaces by SAMs is of great
value to the development of an immunosensor and has good
applicability in the transformation of different transducers for
biological sensing. Study of the behavior of its kinetic adsorp-
tion stability is fundamental for the standardization of surface
protocols for chemical functionalization. Recent reviews on
these molecules and their properties are available in the liter-
ature (Hasan and Pandey 2015; Vericat et al. 2014; Yan and
Evans 2014).

Cross linking antibody reticulation

Crosslinking agents are applied for binding Ab molecules on
chemically modified sensor surfaces (Crudden et al. 2014).
These linkers are chemical species containing highly reactive
radicals at one or both ends and, therefore, are able to create
linkages between certain functional groups. These ligands
have the characteristic of facilitating the reaction of groups
of an antibody by creating highly reactive intermediates,
which can then be linked to groups available on the surface.
The choice of the linker depends on the chemical reactivity of
the chemical grouping from the chosen antibody and the sur-
face. These ligands may be categorized as homo- and hetero-
bifunctional (Wong 1991). Homo-bifunctional linkers possess
chemically reactive groups at both ends and react with the
same target molecules, while the hetero-bifunctional linkers

have two different reactive centers at the end (Makaraviciute
and Ramanaviciene 2013).

For protein immobilization, it is necessary to main-
tain the native structure of the complex as previously
discussed, and the crosslinking is often the connection
used. The choice of agent should be based on connec-
tion type, pH, and buffer conditions that do not interfere
with the catalytic site, accordingly, the crosslinking pro-
cedure should be validated (Vashist et al. 2011).
Furthermore, the optimal molar ratios of crosslinker-
protein should be established. The degree of conjugation
is an important factor, for example, when preparing im-
munogenic conjugates of a high degree of conjugation.
Immunogenicity of the antigen should be increased.
However, a low to moderate degree of conjugation must
be optimized for an antibody or an enzyme, to maintain
biological activity of the protein. The number of func-
tional groups on the protein surface is also an important
factor to be considered. If there are numerous target
groups, a lower proportion of crosslinking agent in re-
lation to protein can be used. For a limited number of
potential targets, a larger proportion of protein-
crosslinker may be required. Furthermore, the number
of components should be kept to a minimum because
conjugates that consist of more than two components
are difficult to analyze and provide less information on
the spatial arrangement of protein subunits.

An example of a crosslinking agent for Ab widely used
is N-ethyl-N- (3-dimethylaminopropyl) carbodiimide
(EDC) in combination with N-hydroxysuccinimide
(NHS), which generates the NHS ester in the protein
(Hermanson 2008; Subramanian et al. 2006). These active
esters can be reacted with the antibody modified amino
support or amino-modified surface. These agents can also
be used for reaction surfaces containing carboxylic groups
with amine groups of proteins.

EDC is a crosslinking agent providing the connection of
carboxylic acid and amino groups, which first react with the
carboxylic group, and an o-shaped acylisourea intermediate
(Hermanson 2008). This intermediate rapidly reacts with an
amino group to form an amide bond and release an isourea by-
product. O-acylisoureia intermediate is unstable in aqueous
solutions and hydrolysis generating and releasing N-
substituted urea. Therefore, NHS or sulfo-NHS is necessary
to stabilize as they react with the unstable reactive intermedi-
ate acylisourea O-ester to form a semi-stable amino-reactive
NHS ester, which remains stable for several hours at pH 7.4.
The best results are obtained when the EDC-activated NHS
crosslinking antibodies are used immediately for the reaction
with the amine surface of the substrate (Wang et al. 2011).
Vashist (2012) tested EDC, EDC-NHS, and EDC-sulfo-NHS
for crosslinking anti-antibodies in HFA APTES-
functionalized platforms. Crosslinking of antibodies using
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EDC alone was more efficient in comparison to the EDC-
NHS and EDC-sulfo-NHS in pH 7.4.

Interface characterization techniques

Different techniques can be used to evaluate the surface
roughness before and after signaling and bioconjugation.
These techniques also allow an estimate of the immobilization
density and morphology. Atomic force microscopy (AFM)
provides useful assessments of medium height and roughness
of an organic film (Nilson et al. 1992). For biological testing,
contactless mode is frequently employed in the 3D structure
analysis of bound biomolecules (Ramanaviciene et al. 2012;
Tan et al. 2011). Although the biomolecular bonds can be
quantified, the AFM does not provide relevant information
such as an evaluation of the density of the biomolecules.
This information can be obtained by other techniques such
as surface plasmon resonance (SPR) (Tan et al. 2011) and
ellipsometry (Sun et al. 2015). The structure of the locking
interface can be confirmed by photoelectron spectroscopy
(XPS) (Liu et al. 2010a), since the homogeneous binding pro-
teins are usually probed by optical microscopy in the near-
field in reflection or fluorescence mode.

XPS can be used to identify and quantify the presence of
biomolecules immobilized on the film from the increased 1 s
signals in the regions C, C 1 s, and O 1 s. Measurements of
angle resolved XPS (ARXPS) can be used for protein deter-
mination (Stavis et al. 2011). Time-of-flight secondary ion
mass spectroscopy (TOF-SIMS) is another technique that
can be used for analysis of immobilized biomolecules. The
disulfide bond in TOF-SIMS signal is directly related to the
activity of the protein adsorbed coatings (Awsiuk et al. 2013;
Kosobrodova et al. 2015). The use of analytical techniques
AFM, ARXPS, and TOF (SIMS) can provide a relevant char-
acterization model structure vertically with respect to the orig-
inal surface density of biomolecules (Vashist et al. 2014a).
FTIR analysis can be useful for connecting to the probe meth-
od, surface coverage, and the efficiency of chemical
functionalization of surfaces (Bhadra et al. 2015; Kengne-
Momo et al. 2012).

Magneto-elastic sensor detection of pathogens
and associated toxins

Biosensors combine a biological recognition element with an
integrated transducer (Turner, 2000). The use of magnetic ma-
terials in sensor applications has a long history (Ripka and
Zaveta 2009; Kurlyandskaya et al. 2009; Garcia-Arribas
et al. 2014). Magnetic sensors based upon the Hall effect,
magnetoresistance, and fluxgate sensing have been in use for
some time (Ripka and Zaveta 2009). Biosensors employing
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magnetic particle labels and magnetoresistance technology
offer the possibility of studying interactions between single
molecules (Baselt et al. 1998). The more recent use of
magneto-impedance spectroscopy employs magnetic particle
labels but uses magnetic-field-induced changes in the skin
depth as a detection mechanism to construct very sensitive
magnetic field sensors and, specifically, biosensors (Garcia-
Arribas et al. 2014; Kurlyandskaya et al. 2015). The intimate
coupling between magnetization and stress opens the possibil-
ity of a mechanical perturbation modifying the magnetic prop-
erties of a material to allow remote detection (Grimes et al.
2002, 2011) in label-free magneto-elastic biosensors.

The principles of detection of magneto-elastic biosensors
are based on the Joule magnetostriction property of the mag-
netic material. When the material is subjected to a variable
magnetic field, a longitudinal vibration occurs, with a charac-
teristic frequency and an associated change in its dimensions
(Li et al. 2012). The presence of mass adhering to the sensor
surface also causes a variation in the frequency (Grimes et al.
2011). The advantage of using this method of detection is the
fact that the sensing is label-free and can be promoted without
using direct physical connections, that is, by wireless
monitoring.

The principle of operation of a magneto-elastic
immunosensor is shown in Fig. 5. The resonant frequency of
the sensor is related to the vibration of the elastic material, and
is closely linked to its dimensions, especially its length. The
material thickness should be much smaller than its length and
width to ensure vibrational modes in the longitudinal direction
(Liang et al. 2007).

Several papers on magneto-elastic biosensors using anti-
bodies as capture agents start from the principle that the mass
variation of the sensor changes the resonance frequency
(Berkenpas et al. 2006; Chen et al. 2014; Guntupalli et al.
2007a; Zourob et al. 2007). However, few studies characterize
the modifications of the surface structure and investigate bio-
logical effects using that sensing platform. Modifications of
the surface morphology of amorphous FesCo,0Si;sBiq rib-
bons subjected to human urine had previously been studied
using magnetoimpedance measurements (Kurlyandskaya and
Miyar, 2007). Recently, Possan et al. (2016) studied the effect
of surface roughness of magneto-elastic sensors on the capture
of E. coli using antibodies as recognition biomolecules. In this
study, antibodies were immobilized on the surface coated with
gold using a chemically modified thiol-SAM structure. It was
found that a smooth surface captures more bacteria while
rough surfaces captured them more quickly. The coating of
ME sensors with a gold layer was also studied by Huang et al.
(2008Db), a thin gold layer was deposited on the surfaces with-
out considerable changes in sensor responses. A gold cover
provides advantages in the modification of biomolecular im-
mobilization strategies due to the possibility of using SAM
thiolates. Menti et al. (2016) showed that applying coating
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Fig. 5 Operating diagram of the
magnetoelastic-based
immunosensor. a Mass loading
by direct capture of antigen by
antibodies, b generation of a shift
in the frequency, ¢ the
longitudinal oscillation of sensor
can be detecting by
phototransistor, acoustic wave,
and applied varying magnetic-
field
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of the ME alloys, improving the final analysis.

Ruan et al. (2003) immobilized anti-E. coli antibodies
on a magneto-elastic cantilever through the construction

of a self-assembled monolayer (SAM). The principle of

this assay was the conversion of a substrate, 5-bromo-4-

chloro-3-indolyl phosphate (BCIP), to an oxidized and
insoluble blue precipitate via an AP-catalyzed reaction

Table 1  Performance of the magneto-elastic immunosensors for detecting different analytes using METGLAS® 2826 MB
Ref. Magneto-elastic Antibody Analyte Immobilizationtechnique Detection limit
platform and size
(Chen et al. METGLAS® 2826 MB Anti-OCS Octachlorostyrene Sensor surface: Bayhydrol 110 2.8 nM
2014) Size: 18 mm (0OCS) Gold nanoparticles interface by
gold-thiol técnica by thio-
ureia compound
(Guntupalli METGLAS® 2826 MB Rabbit polyclonal Salmonella Langmuir-Blodgett (LB) 5 x 10> CFU /mL
etal. 2007b) Size: 2 x 0.4 antibody anti- typhimurium technique
x 0.015 mm? Salmonella sp.
(Ruan et al. METGLAS® 2826 MB Anti-SEB Staphylococcal Thiol-gold surface 0.5 ng/mL
2004) Size: 6 mm x 2 mm enterotoxin B funcionalization. Glutaric
x 28 um (SEB) dialdehyde Antibody
immobilization
(Ruan et al. METGLAS® 2826 MB Anti-E. coli Escherichia coli Thiol-gold surface 6 x 107 cells/mL
2003) Size 6 mm x 1 mm O157:H7 O157:H7 funcionalization. Glutaric
x 28 um dialdehyde Antibody
imobilization
(Guntupalli METGLAS® 2826 MB Anti- Salmonella Antibody imobilization 5 x 103 CFU/ml,
et al. 2007a) Size: S. typhimurium typhimurium Langmuir-Blodgett (LB) 105 CFU/ml and
2 mm x 0.4 mm film technique 107 CFU/ml
X 15 pm; respectively
S mm x 1 mm depending
x 15 pm and upon size of
25 mm x 5 mm the sensor
X 15 pm
( Possan S mm x | mm Anti-E.coli Escherichia coli Cystamine 20 mM SAM 80400 ng/mL
etal. 2016) x 15 um polyclonal surface, antibody is connect
antibody on de surface by EDC reaction
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(secondary antibody). This product accumulated on the
sensor surface, and the resulting changes in resonance
frequency were recorded, facilitating the detection of
1 x 10% cells/mL of E. coli. Several studies with
magneto-elastic immunosensors based upon METGLAS"
2628 MB and their performance are listed in Table 1.

Bacteriophage-based probes have been combined with
various analytical methods. Li et al. (2010) immobilized
genetically modified E2 phage to express a peptide
against Salmonella typhimurium onto the surface of ME
resonators, using the modified ME biosensor to demon-
strate the real-time ability to track in situ S. typhimurium
levels on the surface of a tomato. The detection limit was
of the order of 5 x 10*> CFU/ml. In another study, Chai
et al. (2012) detected S. typhimurium on eggshells by
using wireless magnetoelastic biosensors METGLAS
2826 MB. The multiple E2 phage-coated biosensors were
placed on eggshells spiked with S. typhimurium. The de-
tection limit was 1.6 x 10> CFU/cm” in 30-min time. Shen
et al. (2009) immobilized the JRB7 phage, modified to
express a library against Bacillus anthracis spores onto a
ME resonator, and used the system to take real-time mea-
surements of in vitro biomarker concentrations from the
solution. Park et al. (2013) demonstrated in their study the
possibility of monitoring the growth of pathogens on the
surfaces of food.

Final considerations

Antibody-based sensors can provide robust, sensitive, and
rapid analysis. In most cases the key element is the quality
of the antibody used. Recombinant antibodies have many ad-
vantages, including the ability to be genetically modified to
improve selectivity and sensitivity. The use of thin films, es-
pecially self-assembled and gold-thiol monolayers, provides a
simple method for the functionalization of magnetoelastic sur-
faces using nanogram amounts of material. Different tech-
niques can give either highly ordered or amorphous films,
giving a high level of control of the environment. The great
advantage of using this method of detection is the fact that the
sensing can be promoted without using direct physical con-
nections, that is, by wireless monitoring.

Magneto-elastic sensors provide a promising possibility in
pathogen and toxin detection, generating much faster results
than conventional approaches, typically around 20 min.
Furthermore, literature reports advantages of detection limit
approximate to the real-time PCR usual detection technique.
Future directions and challenges for these systems should in-
volve a better understanding of the effect of different mole-
cules over the sensors and the consequent physical properties.
Alternative arrangements with multiple sensors to monitor the
presence of different pathogens in a real-time perspective are
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also being developed recently and should provide excellent
results. Therefore, choosing an efficient immobilization meth-
od, which can produce binding to a specific target, is essential
to achieve satisfactory diagnostic results.

Compliance with ethical standards

Funding This work is supported by Project 098,412—7 from Fundagdo
de Amparo a Pesquisa do Estado do Rio Grande do Sul (FAPERGS),
Project 403—-2500/12-5 from Secretaria de Desenvolvimento Econdmico,
Ciéncia e Tecnologia do Estado do Rio Grande do sul (SDECT/RS) and
Project 44,777/2014-9 from Conselho Nacional de Desenvolvimento
Cientifico e Tecnologico (CNPq). CM was supported by fellowships from
FAPERGS-CAPES, and FPM received partial support from CNPq. We
acknowledge support from FINEP (contract 01.13.0359.00).

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval This article does not contain any studies with animals
performed by any of the author.

References

Ahmed A, Rushworth JV, Wright JD, Millner PA (2013) Novel
impedimetric immunosensor for detection of pathogenic bacteria
Streptococcus pyogenes in human saliva. Anal Chem 85(24):
12118-12125. doi:10.1021/ac403253j

Allara DL, Nuzzo RG (1985) Spontaneously organized molecular assem-
blies. 1. Formation, dynamics, and physical properties of n-alkanoic
acids adsorbed from solution on an oxidized aluminum surface.
Langmuir 1(1):45-52. doi:10.1021/1a00061a007

Amit AG, Mariuzza RA, Phillips SE, Poljak RJ (1986) Three-
dimensional structure of an antigen-antibody complex at 2.8 A res-
olution. Science 233(4765):747-753. doi:10.1126/science.2426778

Arkan E, Saber R, Karimi Z, Shamsipur M (2015) A novel antibody-
antigen based impedimetric immunosensor for low level detection
of HER2 in serum samples of breast cancer patients via modification
of a gold nanoparticles decorated multiwall carbon nanotube-ionic
liquid electrode. Anal Chim Acta 874:66—74. doi:10.1016/j.aca.
2015.03.022

Arlett JL, Myers EB, Roukes ML (2011) Comparative advantages of
mechanical biosensors. Nat Nanotechnol 6(4):203-215. doi:10.
1038/nnano.2011.44

Awsiuk K, Budkowski A, Petrou P, Bernasik A, Marzec MM, Kakabakos
S, Rysz J, Raptis I (2013) Model immunoassay on silicon surfaces:
vertical and lateral nanostructure vs. protein coverage. Colloids Surf
B: Biointerfaces 103:253-260. doi:10.1016/j.colsurfb.2012.10.047

Ayyad AH, Stettner J, Magnussen OM (2005) Electrocompression of the
Au(111) surface layer during Au electrodeposition. Phys Rev Lett
94(6):066106. doi:10.1103/PhysRevLett.94.066106

Barton AC, Collyer SD, Davis F, Garifallou GZ, Tsekenis G, Tully E,
O’Kennedy R, Gibson T, Millner PA, Higson SP (2009) Labeless
AC impedimetric antibody-based sensors with pgml(—1) sensitivi-
ties for point-of-care biomedical applications. Biosens Bioelectron
24(5):1090-1095. doi:10.1016/j.bios.2008.06.001

Baselt DR, Lee GU, Natesan M, Metzger SW, Sheehan PE, Colton RJ
(1998) A biosensor based on magnetoresistence technology.
Biosens Bioelectron 13:721-729. doi:10.1016/S0956-5663(98)
00037-2


http://dx.doi.org/10.1021/ac403253j
http://dx.doi.org/10.1021/la00061a007
http://dx.doi.org/10.1126/science.2426778
http://dx.doi.org/10.1016/j.aca.2015.03.022
http://dx.doi.org/10.1016/j.aca.2015.03.022
http://dx.doi.org/10.1038/nnano.2011.44
http://dx.doi.org/10.1038/nnano.2011.44
http://dx.doi.org/10.1016/j.colsurfb.2012.10.047
http://dx.doi.org/10.1103/PhysRevLett.94.066106
http://dx.doi.org/10.1016/j.bios.2008.06.001
http://dx.doi.org/10.1016/S0956-5663(98)00037-2
http://dx.doi.org/10.1016/S0956-5663(98)00037-2

Appl Microbiol Biotechnol

Basu J, Datta S, RoyChaudhuri C (2015) A graphene field effect capac-
itive immunosensor for sub-femtomolar food toxin detection.
Biosens Bioelectron 68:544-549. doi:10.1016/j.bios.2015.01.046

Berkenpas E, Millard P, Pereira da Cunha M (2006) Detection of
Escherichia coli O157:H7 with langasite pure shear horizontal sur-
face acoustic wave sensors. Biosens Bioelectron 21(12):2255-2262.
doi:10.1016/j.bi0s.2005.11.005

Bhadra P, Shajahan MS, Bhattacharya E, Chadha A (2015) Studies on
varying n-alkanethiol chain lengths on a gold coated surface and
their effect on antibody-antigen binding efficiency. RSC Adv
5(98):80480-80487. doi:10.1039/C5RA11725A

Bigelow WC, Glass E, Zisman WA (1947) Oleophobic monolayers; tem-
perature effects and energy of adsorption. J Colloid Sci 2(6):563—
591. doi:10.1016/0095-8522(47)90058-5

Bjorck L, Kronvall G (1984) Purification and some properties of strepto-
coccal protein G, a novel IgG-binding reagent. J Immunol 133(2):
969-974

Blodgett KB (1935) Films built by depositing successive monomolecular
layers on a solid surface. ] Am Chem Soc 57(6):1007—-1022. doi:10.
1021/ja01309a011

Bordeaux J, Welsh A, Agarwal S, Killiam E, Baquero M, Hanna J,
Anagnostou V, Rimm D (2010) Antibody validation.
Biotechniques 48(3):197-209. doi:10.2144/000113382

Braden BC, Goldman ER, Mariuzza RA, Poljak RJ (1998) Anatomy of
an antibody molecule: structure, kinetics, thermodynamics and mu-
tational studies of the antilysozyme antibody D1.3. Immunol Rev
163:45-57. doi:10.1111/j.1600-065X.1998.tb01187.x

Burshtain D, Mandler D (2006) The effect of surface attachment on
ligand binding: studying the association of Mg2+, Ca2+ and Sr2+
by 1-thioglycerol and 1,4-dithiothreitol monolayers. Phys Chem
Chem Phys 8(1):158-164. doi:10.1039/b511285k

Butler JE, Ni L, Nessler R, Joshi KS, Suter M, Rosenberg B, Chang J,
Brown WR, Cantarero LA (1992) The physical and functional be-
havior of capture antibodies adsorbed on polystyrene. J Immunol
Methods 150(1-2):77-90. doi:10.1016/0022-1759(92)90066-3

Byrne B, Gilmartin N, Lakshmanan RS, O’Kennedy R (2015) 3 - anti-
bodies, enzymes, and nucleic acid sensors for high throughput
screening of microbes and toxins in food. In: Bhunia AK, Kim
MS, Taitt CR (eds) High throughput screening for food safety as-
sessment. Woodhead Publishing, Cambridge, pp. 25-80

Carrigan SD, Scott G, Tabrizian M (2005) Real-time QCM-D immuno-
assay through oriented antibody immobilization using cross-linked
hydrogel biointerfaces. Langmuir 21(13):5966-5973. doi:10.1021/
120503294

Cerrutti BM, Moraes ML, Pulcinelli SH, Santilli CV (2015) Lignin as
immobilization matrix for HIV p17 peptide used in immunosensing.
Biosens Bioelectron 71:420-426. doi:10.1016/j.bios.2015.04.054

Chai Y, Li S, Horikawa S, Park M-K, Vodyanoy V, Chin BA (2012)
Rapid and sensitive detection of Salmonella typhimurium on egg-
shells by using wireless biosensors. J Food Prot 75(4):631-636. doi:
10.4315/0362-028X.JFP-11-339

Chen L, LiJ, ThanhThuy TT, Zhou L, Huang C, Yuan L, Cai Q (2014) A
wireless and sensitive detection of octachlorostyrene using modified
AuNPs as signal-amplifying tags. Biosens Bioelectron 52:427-432.
doi:10.1016/j.bios.2013.08.026

Chiang PL, Chou TC, Wu TH, Li CC, Liao CD, Lin JY, Tsai MH, Tsai
CC, Sun CJ, Wang CH, Fang JM, Chen YT (2012) Nanowire
transistor-based ultrasensitive virus detection with reversible surface
functionalization. Chem Asian J 7(9):2073-2079. doi:10.1002/asia.
201200222

Chin BA, Cheng Z, Li S, Park MK, Horikawa S, Chai Y, Weerakoon K,
Best SR, Baltazar-Lopez ME, Wikle HC (2014) In-situ pathogen
detection using magnetoelastic sensors. Google Patents

Chinwangso P, Jamison AC, Lee TR (2011) Multidentate adsorbates for
self-assembled monolayer films. Acc Chem Res 44(7):511-519.
doi:10.1021/ar200020s

Cohn C, Leung SL, Zha Z, Crosby J, Teng W, Wu X (2015) Comparative
study of antibody immobilization mediated by lipid and polymer
fibers. Colloids Surf B: Biointerfaces 134:1-7. doi:10.1016/j.
colsurfb.2015.06.021

Conroy PJ, Hearty S, Leonard P, O’Kennedy RJ (2009) Antibody pro-
duction, design and use for biosensor-based applications. Semin
Cell Dev Biol 20(1):10-26. doi:10.1016/j.semcdb.2009.01.010

Crudden CM, Horton JH, Ebralidze II, Zenkina OV, McLean AB,
Drevniok B, She Z, Kraatz H-B, Mosey NJ, Seki T, Keske EC,
Leake JD, Rousina-Webb A, Wu G (2014) Ultra stable self-
assembled monolayers of N-heterocyclic carbenes on gold. Nat
Chem 6(5):409-414. doi:10.1038/nchem.1891

Culp L, Sukenik C (1994) Glass and metal surfaces derivatized with self-
assembled monolayers: cell type-specific modulation of fibronectin
adhesion functions. J Tissue Cult Methods 16(3—4):161-172. doi:
10.1007/BF01540644

Davis F, Higson SPJ (2005) Structured thin films as functional compo-
nents within biosensors. Biosens Bioelectron 21(1):1-20. doi:10.
1016/j.bios.2004.10.001

Duangkaew P, Tapaneeyakorn S, Apiwat C, Dharakul T, Laiwejpithaya S,
Kanatharana P, Laocharoensuk R (2015) Ultrasensitive electro-
chemical immunosensor based on dual signal amplification process
for pl6(INK4a) cervical cancer detection in clinical samples.
Biosens Bioelectron 74:673—679. doi:10.1016/j.bios.2015.07.004

Dugas V, Chevalier Y (2003) Surface hydroxylation and silane grafting
on fumed and thermal silica. J Colloid Interface Sci 264(2):354-361.
doi:10.1016/S0021-9797(03)00552-6

Eggers PK, Da Silva P, Darwish NA, Zhang Y, Tong Y, Ye S, Paddon-
Row MN, Gooding JJ (2010) Self-assembled monolayers formed
using zero net curvature norbornylogous bridges: the influence of
potential on molecular orientation. Langmuir 26(19):15665-15670.
doi:10.1021/1a101590b

Escamilla-Gomez V, Campuzano S, Pedrero M, Pingarréon JM (2008)
Electrochemical immunosensor designs for the determination of
Staphylococcus aureus using 3,3-dithiodipropionic acid di(N-
succinimidyl ester)-modified gold electrodes. Talanta 77(2):876—
881. doi:10.1016/j.talanta.2008.07.045

Fuentes M, Mateo C, Guisan JM, Fernandez-Lafuente R (2005)
Preparation of inert magnetic nano-particles for the directed immo-
bilization of antibodies. Biosens Bioelectron 20(7):1380-1387. doi:
10.1016/j.bi0s.2004.06.004

Gao X, Zhang Y, Wu Q, Chen H, Chen Z, Lin X (2011) One step elec-
trochemically deposited nanocomposite film of chitosan-carbon
nanotubes-gold nanoparticles for carcinoembryonic antigen
immunosensor application. Talanta 85(4):1980-1985. doi:10.1016/
j-talanta.2011.07.012

Gao X, Zhen R, Zhang Y, Grimes CA (2009) Detecting penicillin in milk
with a wireless magnetoelastic biosensor. Sens Lett 7(1):6-10. doi:
10.1166/51.2009.1002

Garcia-Arribas A, Gutierrez J, Kurlyandskaya GV, Barandiaran JM,
Svalov A, Fernandez E, Lasheras A, de Cos D, Bravo-Imaz I
(2014) Sensor applications of soft magnetic materials based on mag-
neto-impedance, magneto-elastic resonance and magneto-electricity.
Sensors (Basel) 14(5):7602—-7624. doi:10.3390/s140507602

Gates BD, Xu Q, Stewart M, Ryan D, Willson CG, Whitesides GM
(2005) New approaches to nanofabrication: molding, printing, and
other techniques. Chem Rev 105(4):1171-1196. doi:10.1021/
cr0300760

Gikunoo E, Abera A, Woldesenbet E (2014) A novel carbon nanofibers
grown on glass microballoons immunosensor: a tool for early diag-
nosis of malaria. Sensors (Basel) 14(8):14686—14699. doi:10.3390/
s140814686

Graille M, Stura EA, Corper AL, Sutton BJ, Taussig MJ, Charbonnier JB,
Silverman GJ (2000) Crystal structure of a Staphylococcus aureus
protein a domain complexed with the fab fragment of a human IgM
antibody: structural basis for recognition of B-cell receptors and

@ Springer


http://dx.doi.org/10.1016/j.bios.2015.01.046
http://dx.doi.org/10.1016/j.bios.2005.11.005
http://dx.doi.org/10.1039/C5RA11725A
http://dx.doi.org/10.1016/0095-8522(47)90058-5
http://dx.doi.org/10.1021/ja01309a011
http://dx.doi.org/10.1021/ja01309a011
http://dx.doi.org/10.2144/000113382
http://dx.doi.org/10.1111/j.1600-065X.1998.tb01187.x
http://dx.doi.org/10.1039/b511285k
http://dx.doi.org/10.1016/0022-1759(92)90066-3
http://dx.doi.org/10.1021/la0503294
http://dx.doi.org/10.1021/la0503294
http://dx.doi.org/10.1016/j.bios.2015.04.054
http://dx.doi.org/10.4315/0362-028X.JFP-11-339
http://dx.doi.org/10.1016/j.bios.2013.08.026
http://dx.doi.org/10.1002/asia.201200222
http://dx.doi.org/10.1002/asia.201200222
http://dx.doi.org/10.1021/ar200020s
http://dx.doi.org/10.1016/j.colsurfb.2015.06.021
http://dx.doi.org/10.1016/j.colsurfb.2015.06.021
http://dx.doi.org/10.1016/j.semcdb.2009.01.010
http://dx.doi.org/10.1038/nchem.1891
http://dx.doi.org/10.1007/BF01540644
http://dx.doi.org/10.1016/j.bios.2004.10.001
http://dx.doi.org/10.1016/j.bios.2004.10.001
http://dx.doi.org/10.1016/j.bios.2015.07.004
http://dx.doi.org/10.1016/S0021-9797(03)00552-6
http://dx.doi.org/10.1021/la101590b
http://dx.doi.org/10.1016/j.talanta.2008.07.045
http://dx.doi.org/10.1016/j.bios.2004.06.004
http://dx.doi.org/10.1016/j.talanta.2011.07.012
http://dx.doi.org/10.1016/j.talanta.2011.07.012
http://dx.doi.org/10.1166/sl.2009.1002
http://dx.doi.org/10.3390/s140507602
http://dx.doi.org/10.1021/cr030076o
http://dx.doi.org/10.1021/cr030076o
http://dx.doi.org/10.3390/s140814686
http://dx.doi.org/10.3390/s140814686

Appl Microbiol Biotechnol

superantigen activity. Proc Natl Acad Sci U S A 97(10):5399-5404.
doi:10.1073/pnas.97.10.5399

Grimes C, Mungle C, Zeng K, Jain M, Dreschel W, Paulose M, Ong K
(2002) Wireless magnetoelastic resonance sensors: a critical review.
Sensors (Basel) 2(7):294. doi:10.3390/s20700294

Grimes CA, Roy SC, Rani S, Cai Q (2011) Theory, instrumentation and
applications of magnetoelastic resonance sensors: a review. Sensors
(Basel) 11(3):2809-2844. doi:10.3390/s110302809

Gronenborn AM, Clore GM (1993) Identification of the contact surface
of a streptococcal protein G domain complexed with a human Fc
fragment. J Mol Biol 233(3):331-335. doi:10.1006/jmbi.1993.1514

Guntupalli R, Hu J, Lakshmanan RS, Huang TS, Barbaree JM, Chin BA
(2007a) A magnetoelastic resonance biosensor immobilized with
polyclonal antibody for the detection of Salmonella typhimurium.
Biosens Bioelectron 22(7):1474—-1479. doi:10.1016/j.bi0s.2006.06.
037

Guntupalli R, Lakshmanan RS, Hu J, Huang TS, Barbaree JM, Vodyanoy
V, Chin BA (2007b) Rapid and sensitive magnetoelastic biosensors
for the detection of Salmonella typhimurium in a mixed microbial
population. J Microbiol Methods 70(1):112—118. doi:10.1016/].
mimet.2007.04.001

Guo Y, Wang Y, Liu S, Yu J, Wang H, Cui M, Huang J (2015)
Electrochemical immunosensor assay (EIA) for sensitive detection
of E. coli O157:H7 with signal amplification on a SG-PEDOT-
AuNPs electrode interface. Analyst 140(2):551-559. doi:10.1039/
c4an01463d

Hanly WC, Artwohl JE, Bennett BT (1995) Review of polyclonal anti-
body production procedures in mammals and poultry. ILAR J 37:
93-118. doi:10.1093/ilar.37.3.93

Hasan A, Pandey LM (2015) Review: polymers, surface-modified poly-
mers, and self assembled monolayers as surface-modifying agents
for biomaterials. Polym-Plast Technol Eng 54(13):1358-1378. doi:
10.1080/03602559.2015.1021488

Hermanson GT (2008) Bioconjugate techniques, vol, 2nd edn. Salt Lake,
Academic

Holliger P, Hudson PJ (2005) Engineered antibody fragments and the rise
of single domains. Nat Biotechnol 23(9):1126-1136. doi:10.1038/
nbt1142

Hu X, Spada S, White S, Hudson S, Magner E, Wall JG (2006)
Adsorption and activity of a domoic acid binding antibody fragment
on mesoporous silicates. J Phys Chem B 110(37):18703-18709.
doi:10.1021/jp062423¢

Huang S, Ge S, He L, Cai Q, Grimes CA (2008a) A remote-query sensor
for predictive indication of milk spoilage. Biosens Bioelectron
23(11):1745-1748. doi:10.1016/j.bi0s.2008.01.036

Huang S, Hu J, Wan J, Johnson ML, Shu H, Chin BA (2008b) The effect
of annealing and gold deposition on the performance of
magnetoelastic biosensors. Mater Sci Eng C Mater Biol Appl
28(3):380—386. doi:10.1016/j.msec.2007.04.006

Jahanshahi P, Zalnezhad E, Sekaran SD, Adikan FR (2014) Rapid immu-
noglobulin M-based dengue diagnostic test using surface plasmon
resonance biosensor. Sci Rep 4:3851. doi:10.1038/srep03851

Kastern W, Sjobring U, Bjorck L (1992) Structure of peptostreptococcal
protein L and identification of a repeated immunoglobulin light
chain-binding domain. J Biol Chem 267(18):12820-12825

Kato K, Lian L-Y, Barsukov IL, Derrick JP, Kim H, Tanaka R, Yoshino
A, Shiraishi M, Shimada I, Arata Y, Roberts GCK (1995) Model for
the complex between protein G and an antibody Fc fragment in
solution. Structure 3(1):79-85. doi:10.1016/S0969-2126(01)
00136-8

Kausaite-Minkstimiene A, Ramanaviciene A, Kirlyte J, Ramanavicius A
(2010) Comparative study of random and oriented antibody immo-
bilization techniques on the binding capacity of immunosensor.
Anal Chem 82(15):6401-6408. doi:10.1021/ac100468k

Kengne-Momo RP, Daniel P, Lagarde F, Jeyachandran YL, Pilard JF,
Durand-Thouand MJ, Thouand G (2012a) Protein interactions

@ Springer

investigated by the raman spectroscopy for biosensor applications.
Int J Spectrosc 2012:1-7. doi:10.1155/2012/462901

Konigsberg W (1972) [13] reduction of disulfide bonds in proteins with
dithiothreitol methods enzymol. Method Enzymol 25:185-188. doi:
10.1016/S0076-6879(72)25015-7

Kosobrodova E, Jones RT, Kondyurin A, Chrzanowski W, Pigram PJ,
McKenzie DR, Bilek MMM (2015) Orientation and conformation
of anti-CD34 antibody immobilised on untreated and plasma treated
polycarbonate. Acta Biomater 19:128-137. doi:10.1016/j.actbio.
2015.02.027

Kumar M, Khan I, Sinha S (2015) Nature of immobilization surface
affects antibody specificity to placental alkaline phosphatase. J
Immunoass Immunochem 36(4):405-413. doi:10.1080/15321819.
2014.973117

Kunert R, Reinhart D (2016) Advances in recombinant antibody
manufacturing. Appl Microbiol Biotechnol 100:3451-3461. doi:
10.1007/s00253-016-7388-9

Kurlyandskaya GV, Miyar VF (2007) Surface modified amorphous rib-
bon based magnetoimpedance biosensor. Biosens Bioelectron 22:
2341-2345. doi:10.1016/).b10s.2006.07.011

Kurlyandskaya GV, de Cos D, Volchkov SO (2009) Magnetosensitive
transducers for nondestructive testing operating on the basis of the
giant magnetoimpedance effect: a review. Russ J Nondestruct Test
45:377-398. doi:10.1134/S1061830909060023

Kurlyandskaya GV, Fernandez E, Safronov AP, Svalov AV, Beketov I,
Burgoa Beitia A, Garcia-Arribas A, Blyahkman FA (2015) Giant
magnetoimpedance biosensor for ferrogel detection: model system
to evaluate properties of natural tissue. Appl Phys Lett 196:193702.
doi:10.1063/1.4921224

Dubois LH, Nuzzo RG (1992) Synthesis, structure, and properties of
model organic surfaces. Annu Rev Biophys Biophys Chem 43(1):
437-463. doi:10.1146/annurev.pc.43.100192.002253

Langmuir I (1917) The constitution and fundamental properties of solids
and liquids. II. Liquids. 1. J Am Chem Soc 39(9):1848-1906. doi:10.
1021/ja02254a006

Lee J, Seo J, Kim C, Kwon Y, Ha J, Choi S, Cha H (2013) A comparative
study on antibody immobilization strategies onto solid surface.
Korean J Chem Eng 30(10):1934-1938. doi:10.1007/s11814-013-
0117-5

Lee M-T, Hsueh C-C, Freund MS, Ferguson GS (1998) Air oxidation of
self-assembled monolayers on polycrystalline gold: the role of the
gold substrate. Langmuir 14(22):6419-6423. doi:10.1021/
1a980724c¢

Li N, Wang Y, Cao W, Zhang Y, Yan T, Du B, Wei Q (2015) An ultra-
sensitive electrochemical immunosensor for CEA using MWCNT-
NH2 supported PdPt nanocages as labels for signal amplification. J
Mater Chem B Mater Biol Med 3(9):2006-2011. doi:10.1039/
C4TBO1695E

Li S, Horikawa S, M-k P, Chai Y, Vodyanoy VJ, Chin BA (2012)
Amorphous metallic glass biosensors. Intermetallics 30:80-85.
doi:10.1016/j.intermet.2012.03.030

Li S, Li Y, Chen H, Horikawa S, Shen W, Simonian A, Chin BA (2010)
Direct detection of Salmonella typhimurium on fresh produce using
phage-based magnetoelastic biosensors. Biosens Bioelectron 26(4):
1313-1319. doi:10.1016/j.bi0s.2010.07.029

Liang C, Morshed S, Prorok BC (2007) Correction for longitudinal mode
vibration in thin slender beams. Appl Phys Lett 90(22):221912. doi:
10.1063/1.2745262

Liu F, Dubey M, Takahashi H, Castner DG, Grainger DW (2010a)
Immobilized antibody orientation analysis using secondary ion mass
spectrometry and fluorescence imaging of affinity-generated pat-
terns. Anal Chem 82(7):2947-2958. doi:10.1021/ac902964q

Liu P, O’Mara BW, Warrack BM, Wu W, Huang Y, Zhang Y, Zhao R, Lin
M, Ackerman MS, Hocknell PK, Chen G, Tao L, Rieble S, Wang J,
Wang-Iverson DB, Tymiak AA, Grace MJ, Russell RJ (2010b) A
tris (2-carboxyethyl) phosphine (TCEP) related cleavage on


http://dx.doi.org/10.1073/pnas.97.10.5399
http://dx.doi.org/10.3390/s20700294
http://dx.doi.org/10.3390/s110302809
http://dx.doi.org/10.1006/jmbi.1993.1514
http://dx.doi.org/10.1016/j.bios.2006.06.037
http://dx.doi.org/10.1016/j.bios.2006.06.037
http://dx.doi.org/10.1016/j.mimet.2007.04.001
http://dx.doi.org/10.1016/j.mimet.2007.04.001
http://dx.doi.org/10.1039/c4an01463d
http://dx.doi.org/10.1039/c4an01463d
http://dx.doi.org/10.1093/ilar.37.3.93
http://dx.doi.org/10.1080/03602559.2015.1021488
http://dx.doi.org/10.1038/nbt1142
http://dx.doi.org/10.1038/nbt1142
http://dx.doi.org/10.1021/jp062423e
http://dx.doi.org/10.1016/j.bios.2008.01.036
http://dx.doi.org/10.1016/j.msec.2007.04.006
http://dx.doi.org/10.1038/srep03851
http://dx.doi.org/10.1016/S0969-2126(01)00136-8
http://dx.doi.org/10.1016/S0969-2126(01)00136-8
http://dx.doi.org/10.1021/ac100468k
http://dx.doi.org/10.1155/2012/462901
http://dx.doi.org/10.1016/S0076-6879(72)25015-7
http://dx.doi.org/10.1016/j.actbio.2015.02.027
http://dx.doi.org/10.1016/j.actbio.2015.02.027
http://dx.doi.org/10.1080/15321819.2014.973117
http://dx.doi.org/10.1080/15321819.2014.973117
http://dx.doi.org/10.1007/s00253-016-7388-9
http://dx.doi.org/10.1016/j.bios.2006.07.011
http://dx.doi.org/10.1134/S1061830909060023
http://dx.doi.org/10.1063/1.4921224
http://dx.doi.org/10.1146/annurev.pc.43.100192.002253
http://dx.doi.org/10.1021/ja02254a006
http://dx.doi.org/10.1021/ja02254a006
http://dx.doi.org/10.1007/s11814-013-0117-5
http://dx.doi.org/10.1007/s11814-013-0117-5
http://dx.doi.org/10.1021/la980724c
http://dx.doi.org/10.1021/la980724c
http://dx.doi.org/10.1039/C4TB01695E
http://dx.doi.org/10.1039/C4TB01695E
http://dx.doi.org/10.1016/j.intermet.2012.03.030
http://dx.doi.org/10.1016/j.bios.2010.07.029
http://dx.doi.org/10.1063/1.2745262
http://dx.doi.org/10.1021/ac902964q

Appl Microbiol Biotechnol

cysteine-containing proteins. J Am Soc Mass Spectrom 21(5):837—
844. doi:10.1016/j.jasms.2010.01.016

Liu T, Sin ML, Pyne JD, Gau V, Liao JC, Wong PK (2014) Electrokinetic
stringency control in self-assembled monolayer-based biosensors
for multiplex urinary tract infection diagnosis. Nanomedicine
10(1):159-166. doi:10.1016/j.nano.2013.07.006

Love JC, Estroff LA, Kriebel JK, Nuzzo RG, Whitesides GM (2005)
Self-assembled monolayers of thiolates on metals as a form of nano-
technology. Chem Rev 105(4):1103-1169. doi:10.1021/cr0300789

Love JC, Wolfe DB, Haasch R, Chabinyc ML, Paul KE, Whitesides GM,
Nuzzo RG (2003) Formation and structure of self-assembled mono-
layers of alkanethiolates on palladium. J Am Chem Soc 125(9):
2597-2609. doi:10.1021/ja028692+

Lul,Liu S, Ge S, Yan M, Yu J, Hu X (2012) Ultrasensitive electrochem-
ical immunosensor based on Au nanoparticles dotted carbon
nanotube-graphene composite and functionalized mesoporous ma-
terials. Biosens Bioelectron 33(1):29-35. doi:10.1016/j.bios.2011.
11.054

Mahara A, Chen H, Ishihara K, Yamaoka T (2014) Phospholipid
polymer-based antibody immobilization for cell rolling surfaces in
stem cell purification system. J Biomater Sci Polym Ed 25(14-15):
1590-1601. doi:10.1080/09205063.2014.936926

Makaraviciute A, Ramanaviciene A (2013) Site-directed antibody immo-
bilization techniques for immunosensors. Biosens Bioelectron 50:
460-471. doi:10.1016/).bi0s.2013.06.060

Mandler D, Turyan I (1996) Applications of self-assembled monolayers
in electroanalytical chemistry. Electroanalysis 8(3):207-213. doi:10.
1002/elan.1140080302

Mendonca M, Conrad NL, Conceicao FR, Moreira AN, da Silva WP,
Aleixo JA, Bhunia AK (2012) Highly specific fiber optic
immunosensor coupled with immunomagnetic separation for detec-
tion of low levels of Listeria monocytogenes and L. ivanovii. BMC
Microbiol 12:275. doi:10.1186/1471-2180-12-275

Menti C, Beltrami M, Possan AL, Martins ST, Henriques JAP, Santos
AD, Missell FP, Roesch-Ely M (2016) Biocompatibility and degra-
dation of gold-covered magneto-elastic biosensors exposed to cell
culture. Colloids Surf B. doi:10.1016/j.colsurfb.2016.03.034

Meyerson JR, Rao P, Kumar J, Chittori S, Banerjee S, Pierson J, Mayer
ML, Subramaniam S (2014) Self-assembled monolayers improve
protein distribution on holey carbon cryo-EM supports. Sci Rep 4:
7084. doi:10.1038/srep07084

Miyajima K, Itabashi G, Koshida T, Tamari K, Takahashi D, Arakawa T,
Kudo H, Saito H, Yano K, Shiba K, Mitsubayashi K (2011)
Fluorescence immunoassay using an optical fiber for determination
of Dermatophagoides farinae (der fl). Environ Monit Assess
182(1-4):233-241. doi:10.1007/s10661-011-1872-6

Mustafaoglu N, Alves NJ, Bilgicer B (2015) Oriented immobilization of
fab fragments by site-specific biotinylation at the conserved nucle-
otide binding site for enhanced antigen detection. Langmuir 31(35):
9728-9736. doi:10.1021/acs.langmuir.5b01734

Newton L, Slater T, Clark N, Vijayaraghavan A (2013) Self assembled
monolayers (SAMs) on metallic surfaces (gold and graphene) for
electronic applications. J] Mater Chem C Mater Opt Electron
Devices 1(3):376-393. doi:10.1039/C2TC00146B

Nilson BH, Solomon A, Bjorck L, Akerstrom B (1992) Protein L from
Peptostreptococcus magnus binds to the kappa light chain variable
domain. J Biol Chem 267(4):2234-2239

Niu LM, Liu F, Wang W, Lian KQ, Ma L, Shi HM, Kang WJ (2015)
Electrochemical behavior of paraquat on a highly ordered biosensor
based on an unmodified DNA-3D gold nanoparticle composite and
its application. Electrochim Acta 153:190-199. doi:10.1016/j.
electacta.2014.11.191

Noh J, Kato HS, Kawai M, Hara M (2006) Surface structure and interface
dynamics of alkanethiol self-assembled monolayers on Au(111). J
Phys Chem B 110(6):2793-2797. doi:10.1021/jp055538b

Nuzzo RG, Allara DL (1983) Adsorption of bifunctional organic
disulfides on gold surfaces. ] Am Chem Soc 105(13):4481-4483.
doi:10.1021/ja00351a063

O’Shannessy DJ, Dobersen MJ, Quarles RH (1984) A novel procedure
for labeling immunoglobulins by conjugation to oligosaccharide
moieties. Immunol Lett 8(5):273-277

Park M-K, Li S, Chin B (2013) Detection of Salmonella typhimurium
grown directly on tomato surface using phage-based magnetoelastic
biosensors. Food Bioprocess Technol 6(3):682-689. doi:10.1007/
s11947-011-0708-2

Pauling L, Corey RB, Branson HR (1951) The structure of proteins; two
hydrogen-bonded helical configurations of the polypeptide chain.
Proc Natl Acad Sci U S A 37(4):205-211

Pennacchio A, Varriale A, Esposito MG, Scala A, Marzullo VM, Staiano
M, D’Auria S (2015) A rapid and sensitive assay for the detection of
benzylpenicillin (PenG) in milk. PLoS One 10(7):¢0132396. doi:10.
1371/journal.pone.0132396

Poltronieri P, Mezzolla V, Primiceri E, Maruccio G (2014) Biosensors for
the detection of food pathogens. Foods 3(3):511. doi:10.3390/
foods3030511

Possan AL, Menti C, Beltrami M, Santos AD, Roesch-Ely M, Missell FP
(2016) Effect of surface roughness on performance of
magnetoelastic biosensors for the detection of Escherichia coli.
Mater Sci Eng C Mater Biol Appl 58:541-547. doi:10.1016/j.
msec.2015.08.029

Ramanaviciene A, German N, Kausaite-Minkstimiene A, Voronovic J,
Kirlyte J, Ramanavicius A (2012) Comparative study of surface
plasmon resonance, electrochemical and electroassisted chemilumi-
nescence methods based immunosensor for the determination of
antibodies against human growth hormone. Biosens Bioelectron
36(1):48-55. doi:10.1016/1.bi0s.2012.03.036

Ripka P, Zaveta K (2009) Magnetic sensors: principles and applications.
In: Buschow KHJ (ed) Handbook of magnetic materials vol. 18.
Elsevier, Amsterdam, pp. 347420

Rocha MC, Grady JP, Griinewald A, Vincent A, Dobson PF, Taylor RW,
Turnbull DM, Rygiel KA (2015) A novel immunofluorescent assay
to investigate oxidative phosphorylation deficiency in mitochondrial
myopathy: understanding mechanisms and improving diagnosis. Sci
Rep 5:15037. doi:10.1038/srep15037

Ruan C, Zeng K, Varghese OK, Grimes CA (2003) Magnetoelastic
immunosensors: amplified mass immunosorbent assay for detection
of Escherichia coli O157:H7. Anal Chem 75(23):6494—6498. doi:
10.1021/ac034562n

Ruan C, Zeng K, Varghese OK, Grimes CA (2004) A staphylococcal
enterotoxin B magnetoelastic immunosensor. Biosens Bioelectron
20(3):585-591. doi:10.1016/j.bios.2004.03.003

Ruan Y, Foo TC, Warren-Smith S, Hoffmann P, Moore RC, Ebendorft-
Heidepriem H, Monro TM (2008) Antibody immobilization within
glass microstructured fibers: a route to sensitive and selective bio-
sensors. Opt Express 16(22):18514-18523. doi:10.1364/OE.16.
018514

Sagiv J (1980) Organized monolayers by adsorption. 1. Formation and
structure of oleophobic mixed monolayers on solid surfaces. J] Am
Chem Soc 102(1):92-98. doi:10.1021/ja00521a016

Samanta D, Sarkar A (2011) Immobilization of bio-macromolecules on
self-assembled monolayers: methods and sensor applications. Chem
Soc Rev 40(5):2567-2592. doi:10.1039/c0cs00056f

Schlenoff JB, Li M, Ly H (1995) Stability and self-exchange in
alkanethiol monolayers. ] Am Chem Soc 117(50):12528-12536.
doi:10.1021/ja00155a016

Schroeder HW, Cavacini L (2010) Structure and function of immuno-
globulins. J Allergy Clin Immunol 125(2 0 2):S41-S52. doi:10.
1016/.jaci.2009.09.046

Schwartz DK (2001) Mechanisms and kinetics of self-assembled mono-
layer formation. Annu Rev Phys Chem 52(1):107-137. doi:10.
1146/annurev.physchem.52.1.107

@ Springer


http://dx.doi.org/10.1016/j.jasms.2010.01.016
http://dx.doi.org/10.1016/j.nano.2013.07.006
http://dx.doi.org/10.1021/cr0300789
http://dx.doi.org/10.1021/ja028692+
http://dx.doi.org/10.1016/j.bios.2011.11.054
http://dx.doi.org/10.1016/j.bios.2011.11.054
http://dx.doi.org/10.1080/09205063.2014.936926
http://dx.doi.org/10.1016/j.bios.2013.06.060
http://dx.doi.org/10.1002/elan.1140080302
http://dx.doi.org/10.1002/elan.1140080302
http://dx.doi.org/10.1186/1471-2180-12-275
http://dx.doi.org/10.1016/j.colsurfb.2016.03.034
http://dx.doi.org/10.1038/srep07084
http://dx.doi.org/10.1007/s10661-011-1872-6
http://dx.doi.org/10.1021/acs.langmuir.5b01734
http://dx.doi.org/10.1039/C2TC00146B
http://dx.doi.org/10.1016/j.electacta.2014.11.191
http://dx.doi.org/10.1016/j.electacta.2014.11.191
http://dx.doi.org/10.1021/jp055538b
http://dx.doi.org/10.1021/ja00351a063
http://dx.doi.org/10.1007/s11947-011-0708-2
http://dx.doi.org/10.1007/s11947-011-0708-2
http://dx.doi.org/10.1371/journal.pone.0132396
http://dx.doi.org/10.1371/journal.pone.0132396
http://dx.doi.org/10.3390/foods3030511
http://dx.doi.org/10.3390/foods3030511
http://dx.doi.org/10.1016/j.msec.2015.08.029
http://dx.doi.org/10.1016/j.msec.2015.08.029
http://dx.doi.org/10.1016/j.bios.2012.03.036
http://dx.doi.org/10.1038/srep15037
http://dx.doi.org/10.1021/ac034562n
http://dx.doi.org/10.1016/j.bios.2004.03.003
http://dx.doi.org/10.1364/OE.16.018514
http://dx.doi.org/10.1364/OE.16.018514
http://dx.doi.org/10.1021/ja00521a016
http://dx.doi.org/10.1039/c0cs00056f
http://dx.doi.org/10.1021/ja00155a016
http://dx.doi.org/10.1016/j.jaci.2009.09.046
http://dx.doi.org/10.1016/j.jaci.2009.09.046
http://dx.doi.org/10.1146/annurev.physchem.52.1.107
http://dx.doi.org/10.1146/annurev.physchem.52.1.107

Appl Microbiol Biotechnol

See WP, Heng LY, Nathan S (2015) Highly sensitive aluminium(III) ion
sensor based on a self-assembled monolayer on a gold nanoparticles
modified screen-printed carbon electrode. Anal Sci 31(10):997—
1003. doi:10.2116/analsci.31.997

Sek S (2007) Two metal-molecule binding modes for peptide molecular
junctions. J Phys Chem C Nanomater Interfaces 111(34):12860—
12865. doi:10.1021/jp073960h

Shen W, Lakshmanan RS, Mathison LC, Petrenko VA, Chin BA (2009)
Phage coated magnetoelastic micro-biosensors for real-time detec-
tion of Bacillus anthracis spores. Sensors Actuators B Chem 137(2):
501-506. doi:10.1016/j.sn1b.2009.01.027

Sohn Y-S, Lee YK (2014) Site-directed immobilization of antibody using
EDC-NHS-activated protein a on a bimetallic-based surface plas-
mon resonance chip. J Biomed Opt 19(5):051209-051209. doi:10.
1117/1.JB0O.19.5.051209

Srisombat L, Jamison AC, Lee TR (2011) Stability: a key issue for self-
assembled monolayers on gold as thin-film coatings and nanoparti-
cle protectants. Colloids Surf A Physicochem Eng Asp 390(1-3):1—
19. doi:10.1016/j.colsurfa.2011.09.020

Stavis C, Clare TL, Butler JE, Radadia AD, Carr R, Zeng H, King WP,
Carlisle JA, Aksimentiev A, Bashir R, Hamers RJ (2011) Surface
functionalization of thin-film diamond for highly stable and selec-
tive biological interfaces. Proc Natl Acad Sci U S A 108(3):983—
988. doi:10.1073/pnas.1006660107

Subramanian A, Irudayaraj J, Ryan T (2006) A mixed self-assembled
monolayer-based surface plasmon immunosensor for detection of
E. coli O157:H7. Biosens Bioelectron 21(7):998—1006. doi:10.
1016/3.bi0s.2005.03.007

Sun H, Qi C, Niu Y, Kang T, Wei Y, Jin G, Dong X, Wang C, Zhu W
(2015) Detection of cytomegalovirus antibodies using a biosensor
based on imaging ellipsometry. PLoS One 10(8):¢0136253. doi:10.
1371/journal.pone.0136253

Sun H, Wu GM, Chen YY, Tian Y, Yue YH, Zhang GL (2014)
Expression, production, and renaturation of a functional single-
chain variable antibody fragment (scFv) against human ICAM-1.
Braz J Med Biol Res 47(7):540-547. doi:10.1590/1414-
431X20143276

Tack L, Schickle K, Boke F, Fischer H (2015) Immobilization of specific
proteins to titanium surface using self-assembled monolayer tech-
nique. Dent Mater 31(10):1169—-1179. doi:10.1016/j.dental.2015.
06.019

Tam-Chang S-W, Biebuyck HA, Whitesides GM, Jeon N, Nuzzo RG
(1995) Self-assembled monolayers on gold generated from
alkanethiols with the structure RNHCOCH2SH. Langmuir 11(11):
4371-4382. doi:10.1021/1a00011a033

Tan YH, Schallom JR, Ganesh NV, Fujikawa K, Demchenko AV, Stine
KJ (2011) Characterization of protein immobilization on
nanoporous gold using atomic force microscopy and scanning elec-
tron microscopy. Nanoscale 3(8):3395-3407. doi:10.1039/
clnr10427f

Tegl G, Schiffer D, Sigl E, Heinzle A, Guebitz GM (2015) Biomarkers for
infection: enzymes, microbes, and metabolites. Appl Microbiol
Biotechnol 99(11):4595-4614. doi:10.1007/s00253-015-6637-7

Toworfe GK, Bhattacharyya S, Composto RJ, Adams CS, Shapiro IM,
Ducheyne P (2009) Effect of functional end groups of silane self-
assembled monolayer surfaces on apatite formation, fibronectin ad-
sorption and osteoblast cell function. J Tissue Eng Regen Med 3(1):
26-36. doi:10.1002/term.131

Tran QH, Nguyen THH, Mai AT, Nguyen TT, Vu QK, Phan TN (2012)
Development of electrochemical immunosensors based on different
serum antibody immobilization methods for detection of Japanese
encephalitis virus. Adv Nat Sci: Nanosci Nanotechnol 3(1):015012.
doi:10.1088/2043-6262/3/1/015012

Tully E, Higson SP, O’Kennedy R (2008) The development of a 'labeless'
immunosensor for the detection of Listeria monocytogenes cell

@ Springer

surface protein, Internalin B. Biosens Bioelectron 23(6):906-912.
doi:10.1016/j.bi0s.2007.09.011

Turner APF (2000) Biosensors sense and sensitivity. Science 290:1315—
1317. doi:10.1039/C3CS35528D

Vashist SK (2012) Comparison of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide based strategies to crosslink antibodies on amine-
functionalized platforms for immunodiagnostic applications.
Diagnostics 2(3):23. doi:10.3390/diagnostics2030023

Vashist SK, Dixit CK, MacCraith BD, O’Kennedy R (2011) Effect of
antibody immobilization strategies on the analytical performance of
a surface plasmon resonance-based immunoassay. Analyst 136(21):
4431-4436. doi:10.1039/c1an15325k

Vashist SK, Lam E, Hrapovic S, Male KB, Luong JH (2014a)
Immobilization of antibodies and enzymes on 3-
aminopropyltriethoxysilane-functionalized bioanalytical platforms
for biosensors and diagnostics. Chem Rev 114(21):11083-11130.
doi:10.1021/cr5000943

Vashist SK, Marion Schneider E, Lam E, Hrapovic S, Luong JH (2014b)
One-step antibody immobilization-based rapid and highly-sensitive
sandwich ELISA procedure for potential in vitro diagnostics. Sci
Rep 4:4407. doi:10.1038/srep04407

Vashist SK, Schneider EM, Luong JH (2015) Rapid sandwich ELISA-
based in vitro diagnostic procedure for the highly-sensitive detection
of human fetuin a. Biosens Bioelectron 67:73—78. doi:10.1016/].
bi05.2014.06.058

Vericat C, Benitez GA, Grumelli DE, Vela ME, Salvarezza RC (2008)
Thiol-capped gold: from planar to irregular surfaces. J Phys
Condens Matter 20(18):184004. doi:10.1088/0953-8984/20/18/
184004

Vericat C, Vela ME, Benitez G, Carro P, Salvarezza RC (2010) Self-
assembled monolayers of thiols and dithiols on gold: new challenges
for a well-known system. Chem Soc Rev 39(5):1805—1834. doi:10.
1039/6907301a

Vericat C, Vela ME, Corthey G, Pensa E, Cortes E, Fonticelli MH, Ibanez
F, Benitez GE, Carro P, Salvarezza RC (2014) Self-assembled
monolayers of thiolates on metals: a review article on sulfur-metal
chemistry and surface structures. RSC Adv 4(53):27730-27754.
doi:10.1039/C4RA04659E

Vericat C, Vela ME, Salvarezza RC (2005) Self-assembled monolayers of
alkanethiols on Au(111): surface structures, defects and dynamics.
Phys Chem Chem Phys 7(18):3258-3268. doi:10.1039/b505903h

Vuillaume D, Fontaine P, Collet J, Deresmes D, Garet M, Rondelez F
(1993) Alkyl-trichlorosilane monolayer as ultra-thin insulating film
for silicon MIS devices. Microelectron Eng 22(1-4):101-104. doi:
10.1016/0167-9317(93)90140-Z

Wang C, Yan Q, Liu H-B, Zhou X-H, Xiao S-J (2011) Different EDC/
NHS activation mechanisms between PAA and PMAA brushes and
the following amidation reactions. Langmuir 27(19):12058-12068.
doi:10.1021/1a202267p

Wang Z, Tu Y, Liu S (2008) Electrochemical immunoassay for -
fetoprotein through a phenylboronic acid monolayer on gold.
Talanta 77(2):815-821. doi:10.1016/j.talanta.2008.07.039

Wong SS (1991) Conjugation of protein to solid matrices. In Chemistry of
protein conjugation and cross-linking, 1 edn, Florida

Yan D, Evans DG (2014) Molecular crystalline materials with tunable
luminescent properties: from polymorphs to multi-component
solids. Mater Horiz 1(1):46-57. doi:10.1039/C3MH00023K

Yang G, Amro NA, Starkewolfe ZB, G-y L (2004) Molecular-level ap-
proach to inhibit degradations of alkanethiol self-assembled mono-
layers in aqueous media. Langmuir 20(10):3995-4003. doi:10.
1021/1a0499160

Yang L, Biswas ME, Chen P (2003) Study of binding between protein A
and immunoglobulin G using a surface tension probe. Biophys J
84(1):509-522. doi:10.1016/S0006-3495(03)74870-X

Yang Y, Lin R, Ge L, Hou L, Bernhardt P, Rufford TE, Wang S, Rudolph
V, Wang Y, Zhu Z (2015) Synthesis and characterization of three


http://dx.doi.org/10.2116/analsci.31.997
http://dx.doi.org/10.1021/jp073960h
http://dx.doi.org/10.1016/j.snb.2009.01.027
http://dx.doi.org/10.1117/1.JBO.19.5.051209
http://dx.doi.org/10.1117/1.JBO.19.5.051209
http://dx.doi.org/10.1016/j.colsurfa.2011.09.020
http://dx.doi.org/10.1073/pnas.1006660107
http://dx.doi.org/10.1016/j.bios.2005.03.007
http://dx.doi.org/10.1016/j.bios.2005.03.007
http://dx.doi.org/10.1371/journal.pone.0136253
http://dx.doi.org/10.1371/journal.pone.0136253
http://dx.doi.org/10.1590/1414-431X20143276
http://dx.doi.org/10.1590/1414-431X20143276
http://dx.doi.org/10.1016/j.dental.2015.06.019
http://dx.doi.org/10.1016/j.dental.2015.06.019
http://dx.doi.org/10.1021/la00011a033
http://dx.doi.org/10.1039/c1nr10427f
http://dx.doi.org/10.1039/c1nr10427f
http://dx.doi.org/10.1007/s00253-015-6637-7
http://dx.doi.org/10.1002/term.131
http://dx.doi.org/10.1088/2043-6262/3/1/015012
http://dx.doi.org/10.1016/j.bios.2007.09.011
http://dx.doi.org/10.1039/C3CS35528D
http://dx.doi.org/10.3390/diagnostics2030023
http://dx.doi.org/10.1039/c1an15325k
http://dx.doi.org/10.1021/cr5000943
http://dx.doi.org/10.1038/srep04407
http://dx.doi.org/10.1016/j.bios.2014.06.058
http://dx.doi.org/10.1016/j.bios.2014.06.058
http://dx.doi.org/10.1088/0953-8984/20/18/184004
http://dx.doi.org/10.1088/0953-8984/20/18/184004
http://dx.doi.org/10.1039/b907301a
http://dx.doi.org/10.1039/b907301a
http://dx.doi.org/10.1039/C4RA04659E
http://dx.doi.org/10.1039/b505903h
http://dx.doi.org/10.1016/0167-9317(93)90140-Z
http://dx.doi.org/10.1021/la202267p
http://dx.doi.org/10.1016/j.talanta.2008.07.039
http://dx.doi.org/10.1039/C3MH00023K
http://dx.doi.org/10.1021/la0499160
http://dx.doi.org/10.1021/la0499160
http://dx.doi.org/10.1016/S0006-3495(03)74870-X

Appl Microbiol Biotechnol

amino-functionalized metal-organic frameworks based on the 2-
aminoterephthalic ligand. Dalton Trans 44(17):8190-8197. doi:10.
1039/c4dt03927k

Zaitsev VN, Colomiets LI, Elskaya AV, Skopenko VV, Evans J (1991)
Covalent immobilization of immunoglobulin on a wafer surface for

immunosensor bioselective matrix construction. Anal Chim Acta
252(1-2):1-6. doi:10.1016/0003-2670(91)87188-D

Zourob M, Ong KG, Zeng K, Mouffouk F, Grimes CA (2007) A wireless
magnetoelastic biosensor for the direct detection of organophospho-
rus pesticides. Analyst 132(4):338-343. doi:10.1039/b616035b

@ Springer


http://dx.doi.org/10.1039/c4dt03927k
http://dx.doi.org/10.1039/c4dt03927k
http://dx.doi.org/10.1016/0003-2670(91)87188-D
http://dx.doi.org/10.1039/b616035b

3.2 Capitulo 11

59



Colloids and Surfaces B: Biointerfaces 143 (2016) 111-117

Contents lists available at ScienceDirect

COLLOIDS AND
SURFACES B

Colloids and Surfaces B: Biointerfaces

=

journal homepage: www.elsevier.com/locate/colsurfb

Biocompatibility and degradation of gold-covered magneto-elastic
biosensors exposed to cell culture

@ CrossMark

C. Menti?, M. Beltrami®, A.L. Possan®, S.T. Martins?, ].A.P. Henriques?, A.D. Santos¢,
F.P. Missell®, M. Roesch-Ely**

3 Laboratdério de Gendmica, Protedmica e Reparo de DNA, Instituto de Biotecnologia, Universidade de Caxias do Sul, Brazil
b Laboratério de Caracterizagio Magnética, CCET, Universidade de Caxias do Sul, Brazil
¢ Instituto de Fisica, Universidade de Séo Paulo, Séo Paulo, SP, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 4 December 2015

Received in revised form 17 February 2016
Accepted 10 March 2016

Available online 14 March 2016

Magneto-elastic materials (ME) have important advantages when applied as biosensors due to the possi-
bility of wireless monitoring. Commercial Metglas 2826MB3™ (FeNiMoB) is widely used, however sensor
stabilization is an important factor for biosensor performance. This study compared the effects of bio-
compatibility and degradation of the Metglas 2826MB3™ alloy, covered or not with a gold layer, when
in contact with cell culture medium. Strips of amorphous Metglas 2826MB3™ were cut and coated with
thin layers of Cr and Au, as verified by Rutherford Backscattering Spectroscopy (RBS). Using Inductively

gfg::r)r:iztibility Coupled Plasma-Optical Emission Spectrometry (ICP-OES), the presence of metals in the culture medium
CHO cells was quantitatively determined for up to seven days after alloy exposure. Biocompatibility of fibroblast
Magneto-elastic alloy Chinese Hamster Ovary (CHO) cultures was tested and cytotoxicity parameters were investigated by indi-
Au-coating rect means of reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) at 1, 2
MTT assay and 7 days. Cell death was further evaluated through in situ analysis using Acridine Orange/Ethidium Bro-
AO/EB staining mide (AO/EB) staining and images were processed with Image] software. lons from Metglas® 2826MB3™
ICP-OES

induced a degradation process in living organisms. The cytotoxicity assay showed a decrease in the per-
centage of live cells compared to control for the ME strip not coated with gold. AO/EB in situ staining
revealed that most of the cells grown on top of the gold-covered sensor presented a normal morphology
(85.46%). Covering ME sensors with a gold coating improved their effectiveness by generating protection
of the transducer by reducing the release of ions and promoting a significant cell survival.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Magneto-elastic (ME) sensors [1,2] have attracted considerable
interest within the sensor community as an excellent platform for
measuring a wide range of chemical and biological parameters.
From the detection of hydrocarbons [3] to the determination of
glucose in urine sample [4] to the evaluation of contaminants in
milk [5,6], ME sensors have proven their usefulness. ME materials
have advantages when applied as biosensors in the biomedical area
due to the possibility of wireless monitoring [7,8]. Amorphous ME
ribbons have been widely used in various studies, including deter-
mined efforts to detect food contaminants [9,10]. They have also
been used in several applications, like monitoring growth in cell

* Corresponding author at: Universidade de Caxias do Sul, Rua Francisco Getiilio
Vargas 1130, 95070-560 Caxias do Sul, RS, Brazil.
E-mail address: mrely@ucs.br (M. Roesch-Ely).
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cultures [11], evaluating cell behavior such as adhesion [12] and
controlling restenosis in peripheral artery stents [13].

The application of magnetic materials in biological problems
naturally leads to the question of the compatibility of the magnetic
material with the biological system under consideration. Magnetic
materials in the form of nanoparticles [14,15] or thin films [16]
have recently been examined from the point of view of possible
toxic or injurious effects which might be caused. This is a more
restricted form of biocompatibility and does not contemplate any
positive interactions between biological tissues and the magnetic
materials.

The ME amorphous alloy Metglas® 2826MB™, for example,
is readily available for use in the development of biomedical
devices, but requires special care, since ion release can promote
cell cytotoxicity [12,17]. That alloy has approximate composition
Fe45NigsMo3B7 and molybdenum and nickel are reported to have
harmful effects on organisms. Molybdenum has been associated
with various toxic effects on the body, causing damage to various
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organs such as kidney, liver and spleen [18,19]. Nickel is known
to be carcinogenic and toxic [20]. The dose-dependent cytotoxic
effect of nickel has been reported in cultured fibroblasts [21]. A
recent study showed that molybdenum nanoparticles (Mo-NPs)
induced cytotoxicity in mouse skin fibroblast cells (L929), with
decrease in cell viability and alterations in cell morphology [22].
The search for coatings that promote biocompatibility and stability
in ME alloys for biological systems has been recently reported [17].
However, the performance of a biosensor for the wireless mon-
itoring of biological samples can be affected by the application of
these coatings. Different types of analyte solutions, such as the ones
based on buffered salt solutions, which preserve living organisms,
can induce accelerated corrosion of the magneto-elastic material
and the release of toxic ions. The coating of these materials with
nanometric chrome and gold films provides a surface capable of
immobilizing the bioactive component. In addition, the preserva-
tion of the physical and mechanical properties of these sensors [23]
has been attributed to the presence of a gold coating.

In order to investigate cytotoxic effects of ions in cell cul-
tures, this study considered the effects of biocompatibility and
degradation of the Metglas® 2826MB3™ alloy, as well as the
effects of a gold covering layer, when in contact with cell cul-
ture medium. Cell cytotoxicity was evaluated through MTT, which
measures the reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) according to the methodology
described by Denizolt and Lang [24]. Cell death induction was
further evaluated through Acridine Orange/Ethidium Bromide
(AO/EB) staining. Finally a quantitative determination of the pres-
ence of metal ions in the cell culture medium was made. This
allowed an evaluation of the beneficial effects of the presence of
a gold covering layer on the ME material. It also allows us to deter-
mine the time scale for these effects.

2. Material and methods
2.1. Substrate preparation

The amorphous alloy Metglas® 2826MB3™ was supplied by
the Metglas Corp. of Conway SC, with approximate composition
in wt.% of Fess5NigsMo3B;. The alloy was supplied in the form of
2in. wide ribbons. The ribbons were first mechanically polished
on both sides using a Struers Tegramin 20 polishing system with
0.05 pm alumina and water. After 1.5 h of polishing, their thickness
was reduced to about ~15 pm. The debris or grease retained from
the polishing process was removed by cleaning the strips ultra-
sonically in 100% methanol for 30 min. After the cleaning process,
tapes were sputtered-coated (AJA, model ATC 2000) on both sides
with a protective layer of chromium and then with gold. The Au-
coated strips were cut to dimensions 5mm x 1 mm x 15 pm. Bare
alloy strips were cut to dimensions 5mm x 1 mm x 30 wm with a
microdicing saw. ME ribbons were sterilized at 200 °C for 120 min
before exposure to cell culture medium.

2.2. Substrate characterization

The thicknesses of the chromium and gold layers were evaluated
by Rutherford Backscattering Spectroscopy (RBS). Simulations of
the spectra associated with deposited layers were made with the
usual RUMP software routines [25,26]. The covered sensor surfaces
were examined using Scanning Electron Microscopy (SEM).

2.3. Cell culture
Chinese Hamster Ovary cell lines were purchased from Ameri-

can Type Culture Collection (CCL-61, ATCC). Cells were cultured in
Dulbeccois Modified Eagleis Medium (DMEM), supplemented with

10% of Fetal Bovine Serum (FBS) and 1% of penicillin-streptomycin
BRL; Life Technologies (Van Allen Way, Carlsbad, CA, USA). Cell lines
were kept in a humidified atmosphere at 37 °C and 5% of CO,.

2.4. Cytotoxicity assay

Cell cytotoxicity was assessed through MTT, an indirect cyto-
toxic test based on the formation and colorimetric quantification
of an enzyme reaction product, which evaluates the reduction of
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) according to the methodology described by Denizolt and
Lang [24]. Briefly, 8 x 10* cells were inoculated for analysis after
one day, 103 cells for analysis after two days, and 5 x 102 cells
after seven days exposure to the strip surface. Afterward cells were
seeded with 1 mL of supplemented culture medium in a 24-well
plate and incubated for 24h at 37°C. The ME alloy was placed
in the well for different incubation times (1, 2 and 7 days), while
the solution of MTT (1 mg/mL in serum-free medium) was added
for two hours after the incubation period. The formazan crystals
were dissolved with dimethyl sulfoxide (DMSO) for 30 min, and the
absorbance was measured using a microplate reader (Spectra Max
M2e, Molecular Devices) at 570 nm. The absorbance of the negative
control (cells without ME alloy) represents 100%. The percentage of
growth inhibition was calculated as: cell viability (%) = (absorbance
of experimental wells/absorbance control wells) x 100. Each exper-
iment was performed in triplicate.

2.5. Acridine Orange/Ethidium Bromide (AO/EB) staining and
image processing

The AO/EB technique is suitable to visualize viable cells and
cell death induction. Initially, 8 x 10* cells/well were seeded in
24 well plates and incubated for 24h with bare or Au-covered
magneto-elastic strips. After incubation, the strips were washed
twice with phosphate buffer saline (PBS). Cell death was evalu-
ated through a direct in situ analysis on the surface of the sensor
using Ethidium Bromide and Acridine Orange (Sigma-Aldrich). Each
surface received 2 pL of AO and EB (100 wg/mL). Images were
taken with a fluorescent light microscope (BX43—Olympus) with
10x and 40x objective magnification. The correlation between the
intensity of green and red pixels were analyzed using Image] soft-
ware v. 1.50 (http://rsb.info.nih.gov) and processed as described by
Mironova et al. [27]. Briefly, AO/EB images were divided into three
channels (R-red, G-green, B-black). Images of the green and red
channels were quantified and the correlation plot of co-localized
and non colocalized fluorescence was processed. Non-correlated
pixels looked green and red and were attributed to living and
dead cells, respectively. Correlated pixels looked yellow-orange
and were also attributed to dead cells. The percentage of live cells
was determined by dividing the number of green pixels by the
total number of red and green pixels. The threshold was fixed at
an intensity of 75, determined by the 8 bits extraction of channel
images.

2.6. Ions concentration in media culture

To evaluate ion detachment into the medium from the surface of
ME strips not covered with Au, the strips were placed in 160 mL of
DMEM. After 7 days, the strips were removed and weighed dry. The
incubation medium was sent for analysis by Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES) method. Analy-
sis was performed by the laboratory Greenlab® Andlises quimicas e
toxicologicas Ltda.
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Fig. 1. Rutherford backscattering spectrum (RBS) for layers of Cr and Au on a Si sub-
strate, with the simulated spectrum, taken from Ref. [30]. The simulation assumed
a Cr layer of 128 nm as well as a Au layer of 117 nm.

2.7. Resonant frequency analysis

The resonant frequencies of the sensors were measured using
a single pickup coil wound around a 250 pL Eppendorf tube,
together with an Agilent® E5061B impedance analyzer. Sensors
with dimensions 5mm x 1 mm x 15 pm, covered or not with gold,
were inserted into the tube with tube 200 wL of DMEM. The DC
current furnished to the pickup coil was varied to maximize the
signal received by the impedance analyzer. A measurement of the
S11 parameter allowed the resonant frequency of the sensor to be
determined. The resonant frequencies were measured for up to
70 h.

3. Results and discussion

The amorphous alloy Metglas® 2826MB3™ is an interesting
sensor candidate given its large saturation magnetostriction, high
magnetization, low anisotropy energy and low coercivity [28].
Recently, Holmes et al. studied the biocompatibility of a Metglas®
2826MB™ alloy and observed low compatibility in cell cultures
[17]. Biological compatibility has been under study for magneto-
elastic strips coated with materials that provide stability to the
sensor system [12,23].

The thickness of the coating layer on a Si wafer placed next to the
ME alloy surface during coating was evaluated by RBS analysis. RBS
revealed values of Cr and Au of 128 nm and 117 nm, respectively
(Fig. 1). In order to gain a perspective on these numbers, we note
that the diffusion of Ni through Au films is a problem that has been
studied in the area of microelectronics. The diffusion coefficient
for Ni atoms through bulk Au is five orders of magnitude smaller
than the grain boundary diffusion coefficient [29]. Abdul-Lettif [29]
found that the grain boundary diffusion coefficient for Ni in Au is
given by Dy, =(3 x 1074 cm?/s) exp (—0.94 eV/KT). Therefore, even
grain boundary diffusion is negligible at the temperatures of our
experiments. Thus we do not expect atomic diffusion through grain
boundaries in the Cr and Au films to occur in our experiments.

A typical spectrum is shown in Fig. 1 along with a simulation
of that spectrum. By means of the simulation, RBS provides a non-
destructive assessment of the quantitative concentration profiles
of the elements down from the surface. The simulation shown in
Fig. 1 assumed a Cr layer of 128 nm as well as an Au layer of 117 nm.
The layers are seen to be well-defined, with little or no mixing.

WD: 9.95 mm
Det: SE

SEM HV: 10.0 kV
._s. SEM MAG: 50.0 kx

Fig. 2. SEM image showing grain structure of Au-covered surface.

The determined thicknesses correspond to about 400-500 atomic
diameters. Au-covered surfaces were further analyzed using SEM
(Fig. 2), which showed a regular distribution of Au over the ribbon
surface.

If the Mo and Ni ions cannot pass through the Au coating on
the ME strips, then it is easy to understand the cytotoxicity results.
Cytotoxicity assay with CHO cell lines was performed at different
stages (1, 2 and 7 days) using the MTT method and showed signifi-
cantreductionin cell survival after exposure to the strip not covered
with gold (Fig. 3). This was not observed with the Au-coated strip
compared to the control sample. Fig. 3 shows a decrease in the per-
centage of live cells compared to control over time for the uncoated
strip, with a greater reduction after 7 days. However, strips covered
with Au presented almost no statistical difference when compared
with the control.

Degradation products present in the culture medium during
cytotoxic analyses were determined over the course of one week
(Table 1). The ion concentration of elements from the uncoated
magneto-elastic alloy, after 7 days exposure, caused a ~50% reduc-
tion in cell survival. A similar time exposure of the Au-coated
magneto-elastic alloy presented no reduction in cell survival.

In the present study, cyto-incompatibility of Metglas®
2826MB3™ induced a degradation process in living organ-
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Fig. 3. Analysis of cell survival by MTT. Gold covered ME strip showed no signifi-
cant difference in cell survival when compared to controls. However, a significant
reduction in cell survival was observed in the uncoated strip from day 2. Results
were obtained from three independent experiments. Bars with * correspond to sta-
tistically significant differences using ANOVA-Tukey test (p <0.05) in comparison
to control.
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Fig. 4. In situ analysis of cell death through AO/EB staining: A and C—Au-covered strips with few cells stained by EB (red). Most of the cells presented normal morphology
and were stained by AO (green). B and D—uncoated strips showing EB (red) staining indicating membrane permeability in dead cells. E—Correlation plot for the image
presented in panel C. F—Correlation plot for the image presented in panel D. Dashed lines indicate thresholds of fluorescence at 75, taken from 8 bits extraction channel
images chosen empirically, that separates visible fluorescence from dark pixels. No correlation was observed between images obtained in green and red spectral regions.
Above these threshold pixel values, points were counted to evaluate the cell viability. The percentage of live cells was determined by dividing the number of green pixels by
the total number of red and green pixels. Cell viability for image E presented 85.46% green in comparison to death morphology with 13.97% red and 0.57% yellow-orange
fluorescence. No viable cells were observed in image F, corresponding to cells seen in panel D. Intensities from both green and red channels from below the threshold were
not quantified and are represented in black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Degradation products present during cytotoxicity analyses were determined over
the course of one week. The ion concentration in the culture medium after
magneto-elastic alloy exposure was evaluated by Inductively Coupled Plasma-
Optical Emission Spectrometry (ICP-OES) and is expressed in p.g/mL.

Sample Ion Concentrations (g/mL)

Day 7

Fe Ni Mo B
without Au 0.053 0.050 0.006 0.0066
with Au 0.000048  0.00005 0.0006 0.00026

isms, with the release of some of their atoms into the surrounding
medium. This effect is related to degradation of the bare strip and
the presence of metal atoms from the alloy, freely distributed in the
culture medium [31-33]. The toxicity of these metal ions has been
reported in different studies. Molybdenum has been associated
with various toxic effects on the body, causing damage to various
organs such as kidney, liver and spleen [18,19]. Furthermore,

nickel was shown to be carcinogenic and toxic [20]. Taira et al. [21]
demonstrated that nickel cytotoxicity shows a dose dependent
pattern as released in media culture.

Induction of cell death was also evaluated through AO/EB in situ
staining and showed significant reduction in cell survival and con-
sequent low cell adhesion on top of ME strips not covered with
Au, when compared to the Au-coated strip (Fig. 4). These results
demonstrated the efficacy of working with ME sensors in conjunc-
tion with a gold coating to protect living cells. In situ analysis of
samples not covered with gold showed a cell death pattern com-
patible with harmful cytotoxic effect (Fig. 4B and D) compared to
the surface covered with gold (Fig. 4A and C). Gold coating pro-
tected cells, maintaining morphologically normal characteristics,
with only a few cells presenting a pattern of cell death. Morpholog-
ical cell patterns from the Au-coated surface were further analyzed
through the Image] software in order to determine the number of
normal cells and cells presenting death patterns. The dual AO/EB
staining method generates color images, which were initially han-
dled through channels. Normal cells presented a green fluorescence
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Fig. 5. Effect on the resonant frequency of the bare Metglas® 2826MB3™ ribbon
compared to the Au-covered ribbon after 70 h exposure to the culture medium.
Note frequency decrease in the first hours of experiment for bare ribbon.

(OA) in contrast with dead cells that present a red fluorescence
(EB). The analysis of these result is presented in Fig. 4E. Most of the
cells grown on top of the gold-covered sensor presented normal-
like morphology represented by a green fluorescence (85.46%).
The remaining cells show a death pattern and exhibit red and
yellow-orange fluorescence (14.54%), with 13.97% red and 0.57%
yellow-orange. No viable cells were observed in Fig. 4F, correspond-
ing to cells seen in panel 4D.

Cytotoxicity of a biomaterial can be investigated using differ-
ent types of cells for the MTT assay [34,35]. The MTT analysis as
described by Denizot and Lang [24], measures mitochondrial activ-
ity of living cells and indirectly determines alterations in metabolic
activity. The LIVE/DEAD assay is used to determine cellular mem-
brane integrity since membrane-compromised cells are permeable
to ethidium homodimer-1, which binds to nucleic acids resulting in
nuclear-localized red fluorescence [36,37]. Several studies investi-
gate biocompatibility of material surfaces in biomedical application
by indirect analysis using the LIVE/DEAD assay [38-40]. Holmes
et al. [36] studied the effect of cell cytotocixity on 2 types of ME
materials, demonstrating qualitatively a lack of biocompatibility
for the Metglas® 2826MB™ material.

Cell death can be classified according to its morphological
appearance [41]. Two major cell death processes were considered
here. Necrosis is morphologically characterized by a gain in cell
volume, swelling of organelles, plasma membrane rupture and sub-
sequent loss of intracellular contents. For a long time, necrosis has
been considered merely as an accidental uncontrolled form of cell
death. Apoptosis or programed cell death is characterized as a death
pattern accompanied by rounding-up of the cell, with a progres-
sive condensation of chromatin that induces nuclei to shrink into
little single balls. In advanced stages of apoptosis, morphological
changes characterized by nuclear and cytoplasmic condensation
and cell fragmentation into membrane bound apoptotic bodies are
observed [42,43]. Here, cells were grown on the top of the ME strips
and analyzed trough AO/EB dual staining with discrimination of
live from dead cells on the basis of membrane integrity. Degrada-
tion of the bare strip caused release of metal atoms from the alloy
and induced cell death. Morphological cell changes could be eas-
ily observed from the monolayer of residual cells placed on sensor
surfaces without gold protection. In situ analysis through AO/EB
staining revealed red fluorescence from cells on top of the uncoated
sensor, indicating that ethidium bromide (red) staining entered
the cell because of membrane permeability. Cells presenting nor-
mal morphology, corresponding to most of those observed on the

Au-covered strips, are stained only for acridine orange (green)
staining, maintaining their membrane integrity. Image] analysis
was performed and could find few cells with correlated pixels that
looked yellow-orange, a condition also attributed to cell death. Cell
viability for the Au-covered ME alloy presented 85.46% green fluo-
rescence in comparison to the death morphologies on bare ME alloy
with 13.97% red and 0.57% yellow-orange fluorescence.

Degradation of strips not covered with gold can be visualized by
the instability of the resonance frequency, which is not seen on the
alloy covered with gold, as reported in the present study. Effects on
the resonant frequency of the bare Metglas® 2826MB3™ sensor are
compared to those on the Au-covered sensor after 70 h exposure to
the culture medium in Fig. 5. The resonant frequency of the bare
sensor showed a much more expressive decrease indicating a net
increase in mass, probably due to corrosion.

Exposing magneto-elastic material to a liquid medium may gen-
erate intermediate chemical reactions such as oxidation [44]. Iron
corrosion may occur along with the leaching of other alloy com-
ponents. The process of oxidation of metals has the characteristic
formation of products such as oxides, which can adhere to the
substrate base (magneto-elastic material) thereby increasing its
mass. Another process that should be considered is the loss of alloy
elements into the medium through leaching processes, causing
changes in the characteristics and properties of the magneto-elastic
material. The sum of these effects can be observed in the resonant
frequency, which presents a marked decrease over time for the bare
sensors, along with the amplitude of the signal response [2].

Coating surfaces of biosensors with gold layers is widely
applicable because of their ability to form covalent bonds with
spontaneous thiolates, facilitating bio functionalization via self-
assembled monolayers (SAM) [45,46]. Huang et al. [23] observed
qualitatively that coating Metglas® 2826MB™ ribbons with Au
(thickness ~125nm) maintains their physical properties and
increases their stability. The gold and chromium coatings used in
this study were found to have thicknesses of 117 nm and 128 nm
through RBS. The biocompatibility of Metglas® 2826MB3™ strips
was investigated here quantitatively through a survival assay in a
cell culture. The results suggested that strips covered with gold pre-
sented an expressive reduction in cell death with an increase of cell
surface adhesion. The percentage of living cells remained stable for
different exposure times compared to the non-covered strip, where
adecreased survival over time and a decreased adhesion of cells on
the surface were observed.

Despite the good availability of Metglas® 2826MB3™, the resul-
tant cytotoxicity from ion release should be carefully evaluated in
each study design. Protection of alloys with appropriate coatings to
ensure biocompatibility and avoid cytotoxicity has been explored
[12]. The fact that the sensor is produced on a magneto-elastic sub-
strate means that they have potential use in remote measurements
for medical applications [47] and monitoring of different parame-
ters in biological assays [11]. Gold is one of the most commonly
used noble metal coating materials because of its high corrosion
resistance, besides being very stable and inert. Another advantage
of the gold coverage is the possibility of chemical functionaliza-
tion with probes to recognize biomolecules. The present work has
shown that the gold coating has the additional benefit of reducing
cytotoxic effects due to ion release.

4. Conclusion

Wireless monitoring is an important plus when analyzing dif-
ferent biological processes. However, biological incompatibility of
the magneto-elastic substrate alloy may induce cytotoxic processes
due to the dissolution of Mo and Ni. Beside this, the ME sensor itself
degrades in contact with the solutions, causing the experimental
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results to be incorrectly interpreted. Applying coating materials like
gold increases biocompatibility and the stability of magneto-elastic
alloys, improving the final analysis. In this work, we have quantified
the biological incompatibility in a particular case and have sug-
gested a time scale for these effects. Experiments processed during
seven days with the Cr/Au protective layer have shown very good
signal stability of the sensor and high stability of the concentra-
tion of live cells, while, without the protective layer, during the
same period, a reduction of 50% in the live cells was registered.
Considering the huge variety of biological materials on numerous
substrates that may interact and generate different biocompati-
bility issues, further studies are required to elucidate the effect of
material degradation and potential effects generated after incuba-
tion in biological media.
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Abstract

Magneto-elastic (ME) sensors have a great advantage in microbiology due to
their ability to be queried wirelessly. Immunosensors are affinity-based assays where
the analyte is highly selective. The immobilization of antibodies (Ab) is an important
step in the development of such devices. This study compared the effects of two
antibody immobilization strategies on the analytical performance of a magneto-elastic
immunosensor: (1) random antibody covalent immobilization (CysAb) and (2) specific-
oriented antibody covalent immobilization (PrGAb). Immunosensors were exposed to
solutions containing S. aureus at different concentrations (10* to 10 CFU/ml) and
sensor resonant frequencies were measured. In order to confirm that the frequency shifts
were mainly caused by the binding of S. aureus to the sensor’s surface, scanning
electron microscope (SEM) and indirect immunofluorescence (I1F) images were taken
after bacteria exposure at 108 CFU/ml. Sensor surfaces were further monitored by non-
contact topographic atomic force microscopy (AFM) images. In the covalent-oriented
strategy, PrG was first bound covalently, to the surface, which in turn, then binds the
anti-S. aureus antibody in an oriented manner. Topographic AFM image indicate the
orientation of the antibody on the surface leading to an enhancement in the sensitivity of

the immunosensor. This immobilization strategy gave the highest anti-S. aureus
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antibody immobilization density. Therefore, the covalent-oriented strategy presented the

best performance for S. aureus capture, detecting 10* CFU/m.

1. Introduction

Magneto-elastic (ME) sensors (Grimes et al. 2011) have been widely studied as
biosensors (Gao et al. 2009; Huang et al. 2008a; Zourob et al. 2007) due to their ability
to be queried wirelessly, which brings a great advantage in the microbiology area (Gao
et al. 2009, Chin et al. 2014, Li et al. 2015). Upon contact with the specific target
bacteria, the biorecognition element captures cells, increasing the sensor mass and
decreasing the resonant frequency, which is remotely and wirelessly measured using a
pick-up coil (Chin et al. 2014, Rodriguez-Rodriguez et al. 2016). Sensitive and
selective sensors capable of rapidly and accurately detecting minute quantities of
pathogens are urgently required. The need for real-time detection of biological and
biochemical analytes is a major driving force behind the development of novel
biosensor technology (Chin et al. 2014, Li et al. 2015).

Staphylococcus aureus is one of the most common bacteria widespread in the
environment, and a major human pathogen related to numerous pathological processes
(Kluytmans et al. 1995). Some strains of S. aureus produce potent toxins and cause food
poisoning (Jamison 2001). So far, a large number of approaches for pathogen detection
have been proposed using traditional methods and most are time consuming, expensive
and fail to differentiate species. Polymerase chain reaction (PCR) is an alternative
created to amplify the target genes. However, PCR requires comparatively strict
template DNA preparation and hours of operating time to have enough end product for
detection (Xu et al. 2012). The development of a rapid method for detecting S. aureus is
critical for early diagnosis of infection and bacteria detection in several substrates.

Immunosensors for pathogen detection are affinity-based assays that present
high specificity between the analyte and the surface of the functionalized device. The
way in which the recognition element and the interface are configured will play a large
role in the performance of the final device. Immobilization of antibodies (Ab) is an
important step in the development of an immunosensor. Properly oriented antibodies
exhibit better antigen binding (Cecchet et al. 2007, Trilling et al. 2013) and,
subsequently, improved assay performance. Different methods of immobilization can
result in random or specific orientations of Abs, and are dependent on the capacity for

self-organization of immunoglobulins, which can be controlled for specific reactive
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groups on the surface. Strategies for oriented immobilization using molecules that
enable the capture through specific locations on the Ab, such as Protein A (PrA) or
Protein G (PrG), are interesting alternatives to bind the Fc immunoglobulin region
(Bjorck and Kronvall 1984, Gronenborn and Clore 1993).

Different techniques can be used to evaluate the surface before and after
bioconjugation and signaling (R. P. Kengne-Momo 2012, Bhadra et al. 2015). These
distinct experimental approaches also allow an estimate of the immobilization density
and morphology of the target organism. Atomic force microscopy (AFM) has been used
to surmise the physical characteristics of the antibody layers (Preiner et al. 2014, De
Thier et al. 2015). Non-contact atomic force microscopy is a logical method for
biological samples (Allison et al. 2010) and can be examined directly under ambient
conditions, with the resolution necessary to identify the position of the antibody on the
surface (Farris and Mcdonald 2011). Scanning electron microscope (SEM) is also an
important tool to evaluate differences in topographic distribution of bacteria captured on
biosensor-functionalized surfaces (Wang and Alocilja 2015)

Here, the effects of different immobilization techniques on the immunosensor
surface were investigated. Random antibody immobilization (CysAb) and oriented
covalent antibody immobilization (PrGAb) strategies were considered and evaluated
through variations of sensor resonant frequencies and topographical images of surfaces.
Furthermore, quality control of the selected antibody applied over the sensor surface
was investigated through immunodetection techniques and protein expression was
monitored in different growth phases of the bacteria though antigen-antibody specific
binding.

2. Material and Methods
2.1 Substrate preparation

The amorphous alloy Metglas® 2826MB3, with approximate composition in
wt.% of FessNissMo3B7, was used as the sensor platform. The alloy was supplied in the
form of 2 inch wide ribbons. The ribbons were first mechanically polished on both sides
using a Struers Tegramin 20 polishing system with 0.05 um alumina and water. After
1.5 hours of polishing, the thickness was reduced to about ~ 15 pum. The debris or
grease retained from the polishing process was removed by cleaning the strips
ultrasonically in 100% methanol for 30 min. After the cleaning process, tapes were
sputtered-coated (AJA, model ATC 2000) on both sides with a protective layer of
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chromium and then with gold. The Au-coated strips were cut to dimensions 5 mm x 1

mm X 15 pm.

2.2 Growth condition, bacterial identification and quantification

Staphylococcus aureus (ATCC 25923) was obtained from the Laboratory of
Medical and Human Microbiology at the University of Caxias do Sul. This stock strain
was frozen at -80° C. The cultures were grown for experimental analysis on Luria-
Bertan (LB) and samples were collected at different stages of growth. The
quantification and determination of the parameters at different stages of growth were
evaluated by optical density (OD) and colony counting, according to Aneja (2005) and
Rolfe et al. (2012), with modifications. The bacterial concentration was determined by
OD and colony count for magneto-elastic imunossensor analysis. The identification and

control of bacteria was performed by the Gram staining method and coagulase tests.

2.3 Antibody validation

2.3.1 Extraction of proteins from the membrane

Protein extraction of the membrane of the S. aureus (target sample) and S.
epidermids (negative control sample) was performed using 8M Urea, Tio Urea 2M, 40
mM Tris pH8, 5, 20 MM DTT, 4% Chaps, and 1% PMSF, 1 g of Glass beads® (Sigma)
and 0,01g/ml Lysozime. Here, 250 mL of sample was centrifuged and the pellet
obtained was resuspended in 500 ul of lysis buffer and incubated for 30 minutes at 4°C,
according to a modification of the methodology described by Nandakumar et al. (2005).

Protein quantification was performed by the method of Bradford (Bradford 1976).

2.3.2 Western blot

50 pg of total protein was determined by Bradford, and separated by
electrophoresis with polyacrylamide SDS-PAGE 12% during one hour, at 150 V. The
proteins were transferred to a PVDF membrane (Millipore®), for 1h , at 300 mA. For
immunological analysis, the membrane was blocked for 1h in 5% milk powder diluted
in TTBS, further incubated with monoclonal primary anti Staphylococcus aureus
(antibody 37644,1:2500 v/v), diluted in TTBS, containing 5% powdered milk. The
membranes were washed three times with TTBS followed by 1h incubation with
secondary anti mouse anti body 1gG in, diluted in 1:5000 v/v in TTBS, with 5%

powdered milk, as described by Nguyen 2010. After washing, a chemiluminescent
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substrate was added (Luminta-Millipore®) according to the manufacturer's instructions.
The bands were revealed by LAS500 ImageQuant (GE Healthcare®) and analyzed by
the program ImageQuantTL (GE Healthcare®).

2.3.3 Immunofluorescence assay

Cells at different concentrations and growth phases were fixed with 4%
paraformaldehyde in 10-well slides, and blocked with 2% serum for 1h. The cells were
incubated with the primary monoclonal antibody, anti-Staphylococcus aureus (ab37644,
1:250 v/v) for 1h, followed by incubation with secondary anti-mouse fluorescein
isothiocyanate (FITC) (Anti-mouse 1gG, Sigma, 1:150 v/v) for 1h. The slides were
analyzed with a fluorescence light microscope (BX43 — Olympus). The controls were

isolated from S. epidermidis and submitted to the same experimental conditions.

2.4 Synthesis of self assembled monolayer (SAM) on magneto-elastic sensor surface
Strips of size 5 mm x 1 mm x 15 um were washed in an ultrasonic cleaning bath
in a 1:1 solution of ethanol and methanol. After the rinsing, the substrates
were dried under a stream of dry nitrogen and then stored in a desiccator. The
application of cystamine hydrochloride (CYS) (Sigma) for the formation of the SAM
was processed using a 9:1 ethanol/water solution with concentration of 20 mM during
12 hours in orbited shaking at room temperature. Afterward, the sensor was washed
with a 9:1 ethanol/water solution to remove the CYS, unbound to the Au surface.

Finally, the ribbons were dried with streaming nitrogen and stored in a desiccator.

2.5 Anti-Staphylococcus aureus immobilization

Two different immobilization methods were applied and compared on the
magneto-elastic sensor: 1) random antibody non-covalent immobilization strategy
(CysAb): Amine groups on the SAM-coated sensor and antibody carboxyl groups were
conjugated by a bifunctional cross-linking reagent 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (Sigma), with 0.4 mg dissolved in 100 pl of
phosphate buffered solution (pH 7.4). The antibody (0.02 mg/mL) was activated with
EDC (4mg/mL) in 1:100 EDC/Ab solution for 15 min at room temperature (RT).
Afterward, the activated antibody was incubated on the SAM-modified sensor surface
for 1 h at 37 °C and washed five times with 0.1 M PBS (pH 7.4). Blocking of the non-
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specific binding surface was performed with 300 pl of 1% (vol/vol) BSA for 30 min at
RT; followed by five washings with PBS according to a modification of the
methodology described by Dixit et al. (Dixit et al. 2011). 2) specific-oriented antibody
covalent immobilization strategy (PrGAb): EDC was prepared as previously described.
The protein G (1 mg/mL) was activated with EDC (4mg/mL) at the ratio of 1:100 in an
EDC/PrG solution for 15 min at RT. Afterward the activated antibody in the SAM-
modified sensor surface was incubated for 1 h at 37 °C and washed five times with 0.1
M PBS (pH 7.4), followed by the antibody-immobilized surface block as described

above. Non-specific binding was blocked.

2.6 Immobilization detection

2.6.1 Magneto-elastic S.aureus sensor resonant frequencies detection

The resonant frequencies of the sensors were measured using a single pickup coil
wound around a 200 uL. Eppendorf tube, together with an Agilent ES061B impedance
analyzer. Solutions containing different concentrations of bacteria were in contact with
the sensor. Results were analyzed in triplicate at the controlled temperature of 22°C.
Dc current furnished to the pickup coil was adjusted to maximize the signal received by
the impedance analyzer. A measurement of the S11 parameter allowed the resonant
frequency of the sensor to be determined. During the testing process, the temperature

was controlled.

2.6.2 Electron and optical surface microscopy analysis
Confirmation of antibody—bacteria binding at the sensor surface was conducted
by SEM. Sensors were mounted for the SpGAb and CysAb interface and SEM images
were taken for the sensor after exposure to S. aureus at 108 CFU/ml. The sensors were
examined using a MIRA3TESCAN SEM, operating at 10 kV. Fluorescence analysis
with an optical microscope was performed on the bacteria-covered sensor with indirect

immunofluorescence staining according to the protocol described in section 2.3.3.

2.6.3 Non-contact topographic AFM images analysis

AFM analysis was performed in a Shimadzu Scanning Probe Microscopy (SPM)
9700 microscope. The magneto-elastic immunosensors were imaged in the tapping
mode using silicon cantilevers model NCHR10 under ambient conditions. Software

from the Shimadzu instrument SPM 9700 was used for data capture, and image
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modification was processed by Gwyddion 2.42 software. The substrate was probed on

three random 250nm spots.

3. Results and discussion

Before investigating the direct effects of different immobilization techniques on
the immunosensor surface, quality control of the selected antibody applied over the
sensor surface was evaluated through immunodetection techniques. Also, protein A
(SpA) expression was further monitored in different bacteria growth phases though
antigen-antibody specific binding. Therefore, the first step of this study was to validate
the antibody to be used throughout the project. When selecting monoclonal, polyclonal
or recombinant antibodies for the detection of pathogens, certain characteristics are of
great importance. Firstly, the antibody should be able to detect and quantify very low
concentrations of cells (sensitivity). It should be also able to differentiate specific strains
of interest (specificity). It is recommended that a constitutively expressed antigen,
which is specific for the species is targeted (Byrne et al. 2009). The antibody was tested
for its specificity and affinity by indirect immunofluorescence and Western blot assay
for S. aureus, and S. epidermidis was used as a negative control (Fig. 1E). In this case,
no FITC staining was visualized under the microscope, indicating the absence of this
microorganism and confirming the specificity of the antibody.

The different growth phases of S. aureus were determined by optical density
time experiments. For the first four hours it remained at the lag phase and after six hours
entered the exponential phase (Fig. 1 A). For analysis of SpA expression in the
different growth phases, Western blot technique was performed and samples were
collected in the lag and stationary phases (Fig. 1F and 1G). Western blot is a suitable
method to evaluate the expression of proteins in bacteria by a semi quantitative scale
technique. This has been reported in other studies (Jones et al. 2008, Lijek et al. 2012).

To date, some studies have presented a relation between the variation of protein
A and bacterial growth and function (Morrison et al. 2012). When assessing the
different stages of growth by optical density and colony counting, the bacteria showed a
higher expression of protein A during the lag phase. The level of this protein decreased
before the exponential phase was reached after 5 hours under the experimental
conditions. Similar behavior was also described by Soong et al. (2011) and Jones et al.
(2008). The identification of molecules that meet these requirements can be facilitated

through screening by immunologic analysis.
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Figure 1. Growth conditions and SpA expression: antigen expression in samples was collected at
different times of S. aureus growth and samples were processed through immunofluorescence and
Western blot techniques. (A) growth curve of S. aureus ATCC 25923 at 37°C in LB medium;
immunofluorescence of S. aureus cells at different times of growth: two hours (B), four hours (C), six
hours (D) and negative control using S. epidermidis (E); Western blot showing a decrease of SpA
expression in samples collected at different growth times for S. aureus (F); data acquisition was taken by
LAS500 ImageQuant and analysis by ImageQuantTL. Note that negative control using S. epidermidis
revealed no expression on panels E, F and G.

Here, the target SpA protein showed differential expression in all phases of S.
aureus growth evaluated, most importantly with expression in early stages of growth.
Based on this result, the monoclonal anti-S. aureus antibody here analyzed was shown
to be cost—effective and rapidly screened, therefore was selected as a candidate to be
applied throughout the investigation.

The second step of the study was to determine analytical performance of the
magneto-elastic sensor for the two different methods of antibody immobilization on the
sensor surface. In the development of biosensors some parameters are of great
importance to be evaluated. The direction, shape and detection of molecules coupled to

the solid phase are important to improve the sensitivity and binding capability to the
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analyte. The resonant frequency analysis was monitored to evaluate immobilization
efficiency on the surface of sensors. Fig. 2 shows the resonant frequency shift for the
CysAb and PrGAb immobilization processes and compared to control sample (sensor
covered exclusively with gold) after exposure to solutions containing S. aureus, with
different concentrations ranging from 10* to 108 CFU/ml. In order to confirm that the
frequency shift was a result of S. aureus binding to the sensor’s surface, SEM and
indirect immunofluorescence images were taken after exposure to S. aureus at 108
CFU/ml.

800 -
0 —®— PrGAb
—e CysAb
~ 600 - —a4— Control
5 -
& 500+
£ )
> - /
g " /j,,,,///
g 200 ] ./ ‘ )
- I |
100 - . ~
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Figure 2: The resonant frequency shift upon exposure to solutions containing S. aureus with different
concentrations ranging from 10* to 108 CFU/ml, using 5mm x 1mm x 15um sensors. On the right a
typical representation of the SEM images of S. aureus bound to an antibody immobilized by two different
methods (top panel — PrGAb; and bottom panel - CysAb). Note that specific-oriented antibody covalent
immobilization strategy (top right panel - PrGAb) reveals an uniform and more densely populated
distribution of S. aureus over the sensor surface compared to the random antibody non-covalent
immobilization strategy (bottom right panel — CysAb). The variation in the resonance frequency was
obtained during 1 hour incubation

Oriented immobilization PrGAb presented a larger frequency shift compared to
the CysAb random immobilization (Fig. 2). The lower antibody immobilization density
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for the random strategy was attributed to the irregular and uncontrolled binding of the
antibody over the surface, mainly by electrostatic and hydrophobic interactions
(Rusmini et al. 2007). However, the introduction of PrG molecules enabled the oriented
immobilization of antibodies in a site-directed fashion. The anti-S. aureus
immobilization density using PrG was greater than that of cystamine, since protein G
binds very strongly to the Au surface. A gold surface cover is used extensively for
biosensing applications in various biosensor formats (Cecchet et al. 2007, Trilling et al.
2013) and increases biocompatibility and the stability of the ME alloys, improving the
final analysis (Menti et al. 2016). The higher antibody immobilization performance of
the covalent-oriented strategy may be due to the fact that covalently bound PrG
molecules could resist leaching while maintaining their active conformation for binding
(Makaraviciute and Ramanaviciene 2013).

The control samples covered exclusively with gold (Fig. 2), without antibody
loading, showed some slight frequency effects at higher bacteria concentrations (>10°).
These effects might be due to the viscosity enhancement caused by the high bacterial
concentration in the media, since the sensor frequency is sensitive to viscosity
variations. Sensor viscosity sensitivity has been described in previous studies by Grimes
et al (2011). In order to complement and compare the results generated by SEM,
analysis of fluorescence on the sensor surface was performed using an optical
microscope (Fig. 3). The control samples showed no bacteria on its surface (Fig. 3A),
indicating that the variation in frequency at high concentrations should be related to
environmental factors, since sensors were exposed to bacteria at a concentration of 108
CFU / mL. Both immobilization strategies used here (CysAb and PrGAb) were also
evaluated through indirect immunofluorescence. Corroborating the images obtained by
SEM, the specific-oriented antibody covalent immobilization strategy (PrGAb) revealed
a more populated distribution of S. aureus over the sensor surface (Fig. 3B) compared
to the random antibody non-covalent immobilization strategy (CysAb), capturing few

copies of bacteria over its functionalized surface (Fig. 3C).
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Figure 3: Fluorescence optical microscopy images of the bacterial capture on magneto-elastic sensor
surface: A) control samples; B) CysAb and C) PrGAb immobilization strategy. Note that PrGAb
immobilization presents an increased density of bacteria over the sensor surface. The variation in the
resonance frequency was obtained during 1 hour incubation.

The intermittent contact mode of AFM in air was performed to visualize the bound
antibodies on the modified cystamine and protein G surfaces, according to the procedures
described in the experimental section (Fig. 4). Therefore, different immobilizations were
processed and evidenced as topography and 3D image of: gold covered surfaces (Fig. 4A),
modified with mixed cystamine SAM (Fig. 4B), with Anti-SpA on the Cys-activated surface
(Fig. 4C), with SAMs after soaking in the SpG solutions (Fig. 4D) and with a complex of
Cys-protein G and capture antibody (Fig. 4E). The 3D AFM image shows the surface of the
gold-coated ME sensor with two distinctive types of hills: first, homogenous, dense and low
hills resulting from amine groups and second, sporadic higher hills created by immobilized
antibody (Fig. 4E).
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Figure 4: Tapping mode AFM images of Cys and Cys-Ab anti-SpA on the gold surface. A) Gold covered
surface; B) Cys on the gold surface; C) Anti-SpA on the Cys-activated surface; D) Cys-protein G on the
gold surface; E) Complex of Cys-protein G and capture antibody.

Root mean square (RMS) values were extracted from topographic AFM images,
showing differences in surface roughness values from the interface formed (Table 1).
The RMS parameter represents the mean and standard deviation of surface heights

distribution. The mean line is the line that divides the profiles, so that the sum of the
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squares of the deviations of the profile height from it is equal to zero (Gadelmawla et al.
2002). The RMS parameter drawn by AFM topographic image (Table 1) shows
different patterns of roughness for the random and oriented immobilization strategies,
increasing with the addition of human IgG. This discrepancy may be due to both the
irregularity of the surface and to the difference in binding characteristics of the PrG ,
Cys and IgG compared to the gold surface of the magnetic elastic sensor. Similar
results are observed for the other studies (Farris and Mcdonald 2011, Wang et al. 2012).

Table 1: Root mean square (RMS) mean and standard deviation taken from topographic

AFM images.
Root mean Square (nm)
Mean SD
Cys 27 8
CysAb 57 17
CysPrG 32 3
PrGAb 36 4

Antibodies can become attached to the sensor surface in different orientations.
Some possibilities are (1) binding laterally to the surface, (2) coupling exclusively to a
heavy chain carboxyl terminal, or Fab antigen recognition region, and (3) lying over the
surface in any possible position (Menti et al. 2016). Immaobilization of the antibodies on
surfaces functionalized with SAM-thiol amino terminals such as cystamine has been
exploited for long time (Sharma et al. 2010, Chauhan and Basu 2015) . The coupling of
antibodies on gold surfaces using cystamine provides a random distribution of
molecules, that may generate low rate (e.g., 5 to 10%) of the active antibody density
compared to oriented antibody immobilization strategies (Schramm and Paek 1992).
From a quantitative and qualitative perspective, the results obtained in this report by
SEM, IIF and AFM showed that immobilization with oriented antibodies are most

favorable in capturing S. aureus and provide better sensor performance.
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Conclusion

We compared two antibody immobilization methods for convenient and
effective application in a ME sensor: direct antibody thiol-conjugated random
immobilization and protein G thiol-conjugated antibody-mediated methods for oriented
immobilizations. Staphylococcus aureus was used as a model target antigen and anti-S.
aureus IgG as a target antibody. Bacterial concentration ratios for antigen binding were
considered for analysis of frequency. The PrGAb oriented immobilization presented a
larger frequency shift compared to the CysAb random immobilization. AFM
topographical analyses of the two immobilization methods supports these observations.
We confirmed that protein G, which favors an orientation of the target antibody during
immobilization, showed a significantly higher antigen binding efficiency than that of
the direct thiol-conjugated strategy. Notably, an oriented immobilization strategy
showed the best target antigen binding efficiency based on same target antibody
amount. Thus, the oriented antibody immobilization methods using materials such as
protein G could be useful in different antibody-antigen interaction problems.
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4. DISCUSSAO GERAL

O presente estudo visa um melhor entendimento relacionado as técnicas de
modificacdo de superficies de fitas magneto-elasticas e o desenvolvimento de um
imunossensor para deteccdo de S. aureus. Assim, este trabalho esta dividido em
capitulos, os quais tratam de questdes relacionadas a sensibilidade, estabilidade e
desempenho de sensores magneto-elasticos.

Diferentes técnicas estdo disponiveis na literatura para a funcionalizacdo da
superficie de sensoriamento (Escamilla-Gomez et al. 2008, Makaraviciute and
Ramanaviciene 2013). Foi elaborada inicialmente uma revisdo da literatura que esta
apresentada no Capitulo I, com objetivo de melhor elucidar mecanismos que levem ao
aprimoramento de propriedades fisicas e quimicas na formacdo da interface de
reconhecimento. A partir desta revisdo foi possivel desenvolver estratégias
experimentais para montagem do biossensor.

No Capitulo Il foi avaliado a estabilidade e citotoxicidade de células
eucariodticas da liga magneto-eldstica. A deteccdo de analitos é obtida em meios
liquidos, geralmente agua ou solucdo salina, e sua estabilidade no meio é importante
para utilizagdo em monitoramento de contaminantes de amostras. Os transdutores
magneto-elasticos possuem caracteristicas fisicas que proporcionam grandes vantagens
no sensoriamento remoto (Grimes et al. 2011), estas propriedades impulsionam estudos
para aplicacbes em uma diversidade de areas. A citotoxicidade desta liga foi
inicialmente demostrada por Holmes et al. (2014), e é uma caracteristica que limita sua
utilizacdo em amostras que exijam seguranca bioldgica. Estes sensores podem ser
utilizados em contato com a amostra uma vez que ndo é necessaria sua conexao com
fios, desta forma a biocompatibilidade garante a seguranca quanto possiveis

interferéncias na amostra.
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A eficiéncia de coberturas de ouro pelo método de sputtering na estabilizacdo da
degradacéo da tira e diminuicéo dos efeitos citotdxicos quando em contato com amostra
bioldgica foram testadas (Capitulo Il). Os resultados do Capitulo Il referentes as
anélises de ICP-OES revelaram que ligas ME, quando expostas a meios liquidos,
liberam ions metélicos, os quais, promovem efeitos citotoxicos. Além disso, foi
observado que o contato direto das tiras com células induz mecanismos de morte celular
e diminui significativamente a adesdo celular na superficie desta liga. Em contrapartida,
ligas com recobrimento bilateral de ouro ndo mostraram comprometimento na adeséo
celular nem tampouco apresentaram citotoxicidade no periodo de 7 dias. Estes
resultados sugerem que a cobertura de ouro sobre o sensor foi eficiente para
estabilizacdo da fita quando em contato com a amostra biol6gica, contribuindo também
para um melhor equilibrio nas medidas de frequéncia aferidas pelo transdutor. Assim,
fatores que possam levar a degradacdo da superficie do sensor, tendem a promover
instabilidade nas medidas de frequéncia, o que pode ocasionar resultados falsos
negativos ou positivos. A cobertura bilateral com ouro pelo método de sputtering
apresentou melhoras satisfatérias quanto a estabilidade do dispositivo, com menor
indice de degradacao e liberagdo de ions.

Com propriedades mais estiveis alcancadas buscaram-se alternativas para
captura de S. aureus sobre a superficie do imunossensor. A escolha de um método de
imobilizacdo eficiente, que promova maior especificidade, é fundamental para
conseguir resultados satisfatérios de diagnostico. O Capitulo 11l desta dissertacdo
reporta 0 uso de moléculas de anticorpos na captura direta de S. aureus. Este capitulo
foca majoritariamente nos efeitos de diferentes estratégias de imobilizacdo quanto ao
desempenho analitico do imunossensor. Anticorpos s@o moléculas de grande interesse

no desenvolvimento de técnicas diagnosticas devido a sua elevada especificidade e
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afinidade por um grupo de moléculas presentes em amostras biologicas. A  aplicacdo
de anticorpos é estudada em diferentes superficies e abrange aplicagdes distintas em
diferentes imunoensaios (S.K. Vashist, 2014; S. Johnson, 2011; A. Mahara, 2014).
Algumas limitagcbes na utilizagdo de anticorpos estdo associadas com a perda de
atividade bioldgica. Uma das principais razGes para esta caracteristica é atribuida a
fixacdo, e consequentemente, orientacdo aleatoria das macromoléculas sobre as
superficies de suporte assimétricos (M. Fuentes, 2005).

E importante ressaltar que, quando imobilizados adequadamente anticorpos
exibem melhor desempenho de ligacdo ao antigeno (Trilling AK 2013; Cecchet F).
Diferentes métodos de imobilizagdo podem resultar em orienta¢cBes aleatdrias ou
especificas de anticorpos e sdo dependentes da capacidade de auto-organizacdo de
imunoglobulinas. A orientagdo do anticorpo de forma especifica, ndo é facilmente
conseguida, uma vez que 0s anticorpos possuem varias cépias de grupos reativos que
podem reagir com os grupamentos quimicos da superficie. Estratégias de imobilizacdo
que orientem a molécula de forma a proteger os sitios de ligacdo ao antigeno na regido
de reconhecimento sd0 consideradas promissoras no desenvolvimento de
imunossensores.

Desta forma, no Capitulo 111 deste documento, foi mostrado a importéncia de
delinear estratégias que permitam a captura molecular por locais especificos no
anticorpo, como o caso da Proteina A (SpA), ou Proteina G (SPG), que sdo alternativas
interessantes para promover ligacdo a regido Fc da imunoglobulinas (Barton et al.
2009). A sensibilidade do imunossensor em detectar S. aureus sobre a superficie do
dispositivo foi investigada, utilizando dois métodos de imobilizacdo: anticorpos ligados
diretamente a molécula de cistamina (CysAb) e captura dos anticorpos pela proteina G

(SpGAD) na superficie modificada.
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Os resultados mostraram que o biossensor com a imobilizacdo orientada PrGAb
apresentou uma diminuicdo da frequéncia de 545 Hz quando exposto a uma
concentragio de 108 UFC/mL. Na mesma concentragdo, a imobilizacdo randomica
CysAb mostrou uma variacgao de frequéncia de 272 Hz. Estes resultados indicam que a
imobilizacdo covalente orientada (PrGADb) aumentou consideravelmente a sensibilidade
do sensor. Outra observacdo € que 0s sensores em alta concentracdo de bactérias
apresentaram instabilidade, uma possivel explicagdo é o aumento de viscosidade do
meio. Grimes et. al; (2011) reporta que sensores ME podem ter amortecimento
relacionados ao aumento da viscosidade.

Ao observar os resultados de controle e amostras descritos no Capitulo 111, pode-
se notar que as medidas de ressonancia tornam-se mais estaveis em concentragdes
baixas, a partir de 10° UFC/mL, aumentando a estabilidade das medidas de frequéncia
do sensor. A imobilizacdo com PrGADb apresentou resultados promissores por conseguir
detectar bactéria em concentragbes de 10* UFC/mL, o que permite uma maior
confiabilidade no sistema, uma vez que foi possivel obter valores superiores a amostra
controle. Por outro lado, a imobilizagdo CysAb mostrou um limite de detecgdo de 10°
UFC/mL, o que inviabiliza a utilizacdo desta técnica, uma vez que observamos
interferéncias nas leituras em concentracdes superiores a 108 UFC/mL.

Imagens de microscopia eletronica de varredura mostraram um incremento na
captura de S. aureus utilizando a imobilizagdo PrGAb. Somado a isso, foi utilizado um
modo de contato intermitente com AFM que evidenciou alteragdes na imagem
topografica das diferentes modificagdes na superficie em estudo. Também foi possivel,
pela analise da rugosidade, estimar a orientacdo do anticorpo na superficie, o que

corrobora com o aumento do desempenho do sensor na detecgéo do patdgeno.
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Os sensores a base de anticorpo podem fornecer uma analise robusta, sensivel e
rpida. Diferentes alternativas na utilizacdo destas moléculas estdo disponiveis, tais
como 0s anticorpos recombinantes e 0s nano-anticorpos, que proporcionam alternativas
interessantes no desenvolvimento de imunossensores.

A utilizacdo de peliculas finas, especialmente monocamadas auto-montadas e
camadas compostas de ouro-tiol, fornecem um método simples para a funcionalizagéo
quimica de superficies magneto-elastica usando nanogramas de material. Diferentes
técnicas podem obter peliculas, altamente ordenadas ou amorfas, gerando um elevado
nivel de controle do ambiente.

Os sensores magneto-elasticos, por fim, proporcionam uma possibilidade
promissora para deteccdo de patdgeno e toxinas, gerando resultados muito mais rapidos
e sensiveis do que as abordagens convencionais. Os desafios futuros para construcdo
destes sistemas devem envolver uma melhor compreensdo do efeito de diferentes
moléculas sobre 0s sensores na resposta fisicas do mesmo.

Arranjos alternativos, 0s quais consistem na combinagdo de varios sensores com
capacidade multiparamétrica sdo perspectivas promissoras. Monitorar em tempo real a
presenca de diferentes patdgenos e toxinas podem proporcionar ferramentas que
gerariam consideravel impacto na &rea médica e de alimentos. Estas sdo perspectivas
que vem sendo desenvolvidas por este grupo, e resultados promissores sdo esperados

em um futuro préximo.
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5. CONCLUSAO
Este trabalho apresentou caracteristicas relevantes de fitas magneto-elasticas
para aplicacdo como biossensor. Sensores magneto-elésticos sdo ferramentas analiticas
promissoras e muito pesquisadas para aplicacdo nas mais diversas areas. Isso deriva de
suas caracteristicas vantajosas face aos dispositivos de sensoriamento disponiveis ou
seja: respostas rapidas (minutos); possibilidade de miniaturizacdo e aplicacdo sem
conex&@o de fios; menor custo operacional de projeto e para o consumidor final, entre
outras vantagens. A utilizacdo destes dispositivos na area bioldgica é relativamente
nova, dessa forma estudos que possibilitem o entendimento e melhorem as
caracteristicas fisicas e bioldgicas sdo necessarios. Os resultados obtidos neste estudo
permitiram concluir que:

v A cobertura de ouro sobre o sensor foi eficiente para estabilizacdo da fita quando
em contato com a amostra biolégica. A cobertura bilateral com ouro pelo método de
sputtering apresentou melhoras satisfatorias quanto a estabilidade do dispositivo, com
menor indice de degradacdo e liberacdo de ions. Ligas com recobrimento bilateral de
ouro ndo mostraram comprometimento na adeséo celular nem tampouco apresentaram
citotoxicidade no periodo de 7 dias.

v" A imobilizacdo orientada com PrGAb apresentou resultados promissores por
conseguir detectar bactéria em concentracdes de até 10* UFC/mL, o que permite uma
maior confiabilidade no sistema, uma vez que foi possivel obter valores superiores a
amostra controle. Por outro lado, a imobilizagdo randdémica com CysAb mostrou um
limite de deteccdo de 10° UFC/mL, o que inviabiliza a utilizagdo desta técnica, uma vez
que observamos interferéncias nas leituras em concentracdes superiores a 108 UFC/mL.

v' A analise topografica da superficie por contato intermitente com AFM

evidenciou alteracdes na imagem das diferentes modificacBes na superficie em estudo.
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Também foi possivel, pela analise da rugosidade, estimar a orientagdo do anticorpo na
superficie, o que corrobora com o aumento do desempenho do sensor na deteccdo do
patdgeno.

A pesquisa em biossensores € multidisciplinar e, portanto, para o
desenvolvimento de uma determinada aplicacdo, profissionais da area de Engenharia
Elétrica, Quimica, Fisica e Biologia sdo necessarias. A utilizacdo de transdutores
magneto-elasticos como biossensores € um campo de pesquisa relativamente novo e
com grandes prospecgGes, como a utilizagdo para monitoramento de analitos
convencionais que sdo questdes de salde publica, como é o caso da deteccdo rapida de
bactérias e toxinas. A busca de métodos que sejam de baixo custo, descartaveis,
portateis e com aplicacdo on-line é de interesse de muitos pesquisadores em Varios
paises. O grupo de pesquisa vem trabalhando para o0 melhoramento destes dispositivos
visando sua aplicacdo em testes rapidos e de alta confiabilidade na deteccdo de
patdgenos. Também ja estdo sendo desenvolvidas possibilidades de monitoramento de

maltiplos analitos.
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6. PERSPECTIVAS
A partir dos resultados obtidos neste trabalho, propdem-se as seguintes
perspectivas para continuidade deste estudo:
e Testes com sensores de dimensdes reduzidas, os quais deverdo apresentar

melhor sensibilidade.

e Desenvolvimento de arranjos alternativos para utilizacdo na identificacdo de
diferentes patogenos.

e Desenvolvimento de sensor para deteccdo de diferentes parametros quimicos e
bioldgicos.

e Elaboracdo de sensores combinados para analises multiparamétricas.
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