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Abstract

Abstract

Nanoclusters (NCs) have attained great attention in the last few years due to their size
dependent optical and chemical properties. Nowadays a large number of methods using
proteins as scaffold have been developed for NCs synthesis. Up to now any synthetic
method has been described using an antibody as scaffold. Its structure is composed of
four aminoacids chains connected by disulfide bonds between cysteine residues of
different chains. This structure makes antibodies suitable biomolecules to act as
templates for the incorporation of NCs. Usually the synthetic conditions for the synthesis
of NCs stabilized with proteins require extreme conditions of pH or temperature. These
conditions cause the denaturalization of the proteins and end up in the loss of their

biological functions.

In this work we present the first method for the synthesis of NCs using antibodies as
scaffold and the first immunoassays carried out using antibodies modified with NCs. The
synthesis of NCs embedded in antibodies is carried out under physiological conditions,
which do not affect the antibody structure. The resulting antibodies still maintain the
affinity for target analyte. These NCs have measurable properties that can be related

with the quantity of antigen that binds the modified antibody.

CdS was chosen as a suitable material because nanomaterials with this composition
exhibit photocatalytic activity and fluorescent properties. Bimetallic NCs composed by
Ag/Pt and Au/Pt are also adequate candidates for the modification of antibodies due to
its reported peroxidase-like activity. It was probed that after the introduction of the NCs
into the antibodies, they retain their affinity for target analyte, therefore the antibody

carrying NCs can be employed in immunoassays.

The bimetallic NCs-IgG can be used as detection antibody in a sandwich immunoassay
and the concentration of the target analyte can be related with the reaction rate of a
chromogenic substrate oxidation. In comparison with a conventional method using an
lgG labelled with HRP the LOD is improved up to 5 times using Ag/Pt NCs-IgG and 56
times greater with Au/Pt NCs-IgG. The CdS NCs-IgG were tested as energy donor in a

FRET-based homogeneous competitive immunoassay using their fluorescent properties.






Resumen

Resumen

Todos los sectores de la sociedad en la que vivimos se encuentran influenciados por el
constante avance de la tecnologia. La gran velocidad con la que estos cambios suceden
hace que la investigacion desarrolle técnicas que satisfagan las nuevas necesidades. Una
de las principales demandas actuales, es la deteccién de biomoléculas en diferentes
sectores. Los biosensores son los instrumentos mas eficaces para cubrir esta necesidad

emergente y las futuras.

Un biosensor es un dispositivo que integra un elemento biolégico que actia como
bioreceptor, como una enzima o un anticuerpo, con un transductor, que convierte un
cambio bioldgico en una sefial que es proporcional a la cantidad de analito que hay en
el medio. Esta transformacién se lleva a cabo generalmente, siguiendo los siguientes
pasos. Primero en la etapa de reconocimiento, el analito reacciona selectivamente con
el bioreceptor generando una sefal primaria. Mas tarde en la etapa de transduccién se
genera una sefial que puede ser dptica, eléctrica o magnética, entre otras. Finalmente,
durante el procesado de sefial se genera una seial eléctrica, facilmente interpretable
por el usuario final. Es importante sefialar que existen otro tipo de biosensores donde

la sefial dptica no se procesa vy la lectura es visual (ej. ensayos de flujo lateral).

El concepto de biosensor continta evolucionando desde su primera acepcién, que
consideraba un biosensor como un dispositivo capaz de medir la concentraciéon de un
compuesto quimico en una muestra biolégica. Esta definicidn no incluia ningun
bioelemento y, por tanto, un sensor quimico o fisico trabajando en una muestra
bioldgica era considerado un biosensor. Actualmente esta aceptado que un biosensor
debe integrar un elemento de deteccién de naturaleza biolégica y un transductor en el
mismo dispositivo. Incluso ahora, el concepto continda evolucionando y el auge de la
nanotecnologia ha creado materiales de escala nanométrica que pueden mejorar las
propiedades de los biosensores tradicionales. De la combinacién de la nanotecnologia
con los biosensores ha surgido el concepto de los nanobiosensores. Se pueden definir a
los nanobiosensores como un sensor que emplea nanomateriales para la deteccion de

un analito a través de interacciones bioldgicas.



Resumen

El sector de la salud y la biomedicina son actualmente el principal sector del mercado
interesado en el desarrollo de biosensores. De entre todos los biomarcadores
existentes, los mas empleados son las proteinas porque suelen estar relacionadas con
las enfermedades mds comunes. Actualmente la tecnologia mds utilizada para la
deteccion de proteinas son los inmunoensayos. El uso de anticuerpos presenta las
ventajas de una alta selectividad hacia su antigeno y la amplia variedad de anticuerpos
disponibles comercialmente. En laboratorios de rutina la técnica mas empleada para la
deteccion de proteinas empleando anticuerpos es el ensayo por inmunoabsorcién
ligado a enzimas (ELISA). A pesar de la alta sensibilidad de esta metodologia el uso de
enzimas naturales como marcadores tiene desventajas, como, por ejemplo, alta
susceptibilidad a variaciones medioambientales, tendencia a la desnaturalizacion y
ademas la preparacién y purificacidon es poco econdmica y requiere de mucho tiempo.
El bioconjugado se consigue incubando enzimas y anticuerpos con agentes de
entrecruzamiento y su posterior purificacion. La reactividad de las enzimas y los
anticuerpos con los entrecruzantes son diferentes y como resultado se forman no solo
heteropolimeros (anticuerpo-enzima) sino también de homopolimeros (anticuerpo-
anticuerpo y enzima-enzima) por entrecruzamiento aleatorio. En los heteropolimeros
en los que el anticuerpo no se encuentre completamente reactivo es probable que no
se puedan eliminar por procesos de purificacion convencionales y durante el
inmunoensayo pueden causar ruido de fondo y baja precisién debido a la absorcién no
especifica. Mientras que los homopolimeros no son Utiles para la deteccién de analitos.
Otro método para unir enzimas y anticuerpos utiliza la fuerte unién no-covalente entre
avidina y biotina. Una caracteristica de este método es la amplificacion de la sefial que
se logra mediante la introduccién de muchos residuos de biotina en los anticuerpos y la
posterior unidn de avidina unida a enzimas. La desventaja del método es que también

se amplifican las uniones no especificas.

En esta tesis se propone el uso de la nanotecnologia para superar las dificultades
vinculadas al uso de enzimas como marcadores en inmunoensayos y establecer una
metodologia universal para el marcaje de anticuerpos eliminando el paso de la reaccién
de entrecruzamiento. En concreto se plantea la sintesis de nanoclusters (NCs) con

propiedades Opticas y/o cataliticas usando anticuerpos como andamios estructurales
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Resumen

para su posterior uso en inmunoensayos. Los anticuerpos con NCs actuan como una
sonda que incorpora tanto el componente de reconocimiento (anticuerpo) y el
componente de transduccion (NCs). La introduccion de NCs en el elemento de
bioreconocimiento puede resolver las desventajas del uso de los complejos anticuerpo-
enzima y proporciona nuevas estrategias eficientes para el sistema de deteccién de
inmunoensayos. El avance mas alla del estado del arte es que durante la introduccién
de los NCs en la estructura del anticuerpo este no se desnaturaliza. La estructura de la
proteina permanece sin cambios y la afinidad por el analito no se ve afectada. En la
bibliografia se pueden encontrar muchos ejemplos de la sintesis de NCs empleando
proteinas como andamios estructurales, sin embargo, estos métodos se suelen realizar
en condiciones desnaturalizantes de pH, temperatura, entre otros, que causan la

pérdida de la estructura secundaria de las proteinas, asi como sus funciones bioldgicas.

De entre todos los nanomateriales mas empleados en el campo de los biosensores se
eligieron los NCs por sus dimensiones extremadamente pequefias, menos de 2 nm, que
hacen que tengan el tamano perfecto para introducirse dentro de la estructura de un
anticuerpo que tiene un tamafio de entre 12-15 nm. Sus propiedades los hacen
excelentes transductores para biosensores. Por un lado, los NCs pueden tener
propiedades fluorescentes y por otro pueden tener propiedades cataliticas e imitar el
comportamiento de las enzimas. Los nanomateriales que poseen este tipo de

comportamiento Se conocen como hanoenzimas.

Para abordar estas cuestiones, la presente tesis se encuentra estructurada en un primer
capitulo de introduccion a los biosensores haciendo hincapié en los inmunosensores
enzimaticos. También se discuten diferentes aplicaciones de la nanotecnologia en el
campo de los biosensores centrandose en el uso de NCs y de nanoenzimas (capitulo 1).
A continuacion, se exponen los objetivos e hipdtesis de trabajo realizado (capitulo 2). En
la parte experimental, se distinguen dos bloques. En el primero se describe la sintesis y
caracterizacion de NCs empleando un anticuerpo como andamio (capitulo 3). Para
finalizar, en el segundo bloque se estudian dos aplicaciones diferente en inmunoensayos

(capitulo 4). Para finalizar se presentan las conclusiones generales (capitulo 5).
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En el capitulo 3 se describen tres estrategias para la sintesis de NCs. En todas ellas se
usé como anticuerpo modelo una inmunoglobulina G policlonal para la deteccién de
albumina de suero bovino (Anti-BSA IgG). En la primera sintesis se introducen NCs
compuestos de sulfuro de cadmio (CdS NCs) en la estructura del anticuerpo. Se trata de
un proceso, en el que primero se pone en contacto la disolucién del anticuerpo con una
sal de cadmio y tras un corto tiempo de incubacion se afade gota a gota un precursor
de iones sulfuro e inmediatamente se forman los CdS NCs embebidos en la estructura
del anticuerpo (CdS NCs-IgG). En las siguientes dos sintesis se sintetizan NCs bimetalicos.
En un caso de plata y platino (Ag/Pt NCs) y en el otro de oro y platino (Au/Pt NCs). Para
la sintesis se afaden precursores de ambos metales a una disolucidn que contiene el
anticuerpo y tras un tiempo de incubacion se afiade NaBHs que reduce los iones
metalicos. La disolucién va cambiando de incolora a marrdn claro por la formaciéon de
los NCs (Ag/Pt NCs-lgG y Au/Pt NCs-IgG). Después del tiempo de reaccidon las
disoluciones se filtran para purificar los NCs-IgG y eliminar los iones que no han

reaccionado.

Los NCs resultantes se caracterizaron empleando diferentes técnicas. Primero se
evaluaron sus propiedades dpticas. Los CdS NCs presentan propiedades fluorescentes
con un maximo de emisién ancho entre 600 y 650 nm excitando a 315 nm. Los NCs
bimetalicos no son fluorescentes. Después se emplearon técnicas de microscopia
electrénica para evaluar el tamafo y morfologia de los NCs. En los tres casos
presentaron una morfologia esférica con un didmetro menor a 2 nm. El estado de
oxidacién de los NCs se estudido empleando espectroscopia fotoelectrénica de rayos X
(XPS). Para demostrar que los NCs estan unidos al anticuerpo se empled la técnica de
desorcién/ionizacion laser asistida por matriz con deteccion de masas por tiempo de
vuelo (MALDI-TOF). Se comparo el pico que aparecié en el espectro MALDI-TOF de los
NCs-IgG con los del anticuerpo sin modificar y se observd que el pico de los primeros
aparecia a masas mayores. Este resultado indica que efectivamente los NCs estan unidos

al anticuerpo.

Los tres NCs tienen propiedades cataliticas. En concreto los CdS NCs-IlgG poseen
actividad fotocatalitica y son capaces de oxidar el sustrato fluorogénico Amplex Red, que

cambia sus propiedades fluorescentes y cromogénicas, desencadenado por la
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exposicidon a luz UV. El sistema mostré una cinética de Michaelis-Menten, la velocidad
de reaccion aumentd con la concentracién de sustrato. Los NCs bimetdlicos poseen
actividad peroxidasa y son capaces de oxidar el sustrato TMB, que cambia sus
propiedades cromogénicas, en la presencia de peréxido de hidrégeno (H20;). En ambos
casos el sistema también siguid una cinética de Michaelis-Menten. Empleando la
ecuacion de Lineweaver-Burk se calculd la constante de Michaelis-Menten (K,,,), que es
un indicador de la afinidad de las enzimas hacia sus sustratos y se comparé con los de la
HRP. Menores valores de K,,, indican mayor afinidad de la enzima hacia su sustrato.
Ambos NCs tienen valores de K,,, hacia H,0, mayores que los de la HRP, indicando una
menor afinidad hacia este substrato. En el caso de los valores de K,,, hacia TMB, los
Ag/Pt NCs-IgG presentaron valores muy similares a los de la HRP. Los Au/Pt NCs-IgG
mostraron un valor 8,5 veces menor que el de la HRP, indicando una mayor afinidad

hacia el TMB. Se ha observado un comportamiento similar en otras nanoenzimas.

La estabilidad de la estructura del anticuerpo después de la sintesis se evalud
empleando diferentes estrategias. Primero se estudid la estructura secundaria
empleando la técnica de dicroismo circular (CD). No se observaron diferencias
apreciables en los espectros de CD del anticuerpo sin modificar en comparacién con los
NCs-1gG, por tanto, la estructura secundaria del anticuerpo no se ve afectada durante la
sintesis. También se emplearon microparticulas funcionalizadas con Proteina G para
estudiar si la regidon Fc del anticuerpo se veia afectada por la sintesis. Los NCs-IgG se
unieron de manera eficiente a las microparticulas, lo cual indica que no existe ningun
dafio en esta zona del anticuerpo. Finalmente se evalué si los anticuerpos con NCs
seguian teniendo afinidad por su antigeno, BSA. Para ello se llevd a cabo un
inmunoensayo directo en el que se inmovilizé BSA en la superficie de un pocillo de una
microplaca y se emplearon las propiedades fotocataliticas y cataliticas de los NCs-IgG
para du deteccidn. En todos casos se observé que el anticuerpo seguia teniendo afinidad
por su antigeno, aunque en el caso de los CdS NCs es menor que en la de los NCs

bimetalicos.

Se llevé a cabo un estudid mas profundo sobre la posicion del NC metalico en la
estructura del anticuerpo y su composicion en los Au/Pt NCs-1gG. Para elucidar la regién

del anticuerpo que estd implicada en la estabilizacién de los NCs, se produjeron
7
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diferentes fragmentos del anticuerpo usando las enzimas papaina y pepsina.
Posteriormente se sintetizaron los Au/Pt NCs empleando estos fragmentos y se
emplearon en un ELISA directo. Los resultados indican que los NCs muy probablemente
se encuentren en la region bisagra, lejos de la zona de reconocimiento. Para evaluar la
verdadera naturaleza bimetalica de los Au/Pt NCs se realizd6 un mapeo de un solo NC
empleando espectroscopia de Rayos X dispersiva en energia (EDX). El espectro de EDX
indica que efectivamente los NCs son bimetdlicos y que poseen un porcentaje atémico

de un 91 % de Pty un 9 % de Au.

La universalidad del método sintético de Au/Pt NCs-1gG se evalué empleando otros dos
anticuerpos policlonales obteniéndose resultados positivos. Sin embargo, no se
obtuvieron buenos resultados con anticuerpos monoclonales. Pese a que se observé por
TEM que se habian formado NCs y que ademds presentaban actividad catalitica, estos
no eran capaces de reconocer a su antigeno. Después de evaluar el estado de la
estructura secundaria del anticuerpo tras la sintesis, se comprobd que se habia
desnaturalizado, perdiendo asi sus funciones bioldgicas. Los anticuerpos policlonales
son mads robustos y estables a cambios en el pH y concentraciones de sales en el medio.
Los anticuerpos monoclonales son mas sensibles a los cambios en el medio y sus
propiedades de reconocimiento se ven facilmente afectadas. Sin embargo, hacen falta
mas experimentos para comprender este fendmeno y el uso de mas tipos de anticuerpos

diferentes.

Tras finalizar con la caracterizacidn de los NCs-IgG resultantes. Se evalud su desempeiio
en diferentes inmunoensayos que explican en el capitulo 4. En la primera parte de este
capitulo se emplearon los Ag/Pt NCs-IgG y los Au/Pt NCs-IgG como anticuerpos de
detecciéon en un inmunoensayo tipo sandwich. El rendimiento de los NCs-IgG se
compard en términos de sensibilidad con un inmunoensayo tipo sandwich tradicional
gue emplea un anticuerpo marcado con HRP como anticuerpo de deteccion. En todos
casos se uso el mismo anticuerpo para que los resultados fueran comparables. Primero
se optimizd la concentraciéon de anticuerpo de deteccion en los inmunoensayos y
posteriormente se obtuvo una curva de calibracidn para BSA. Empleando los Ag/Pt NCs-
IgG se mejoro el limite de deteccidn (LD) 5 veces en comparacion con el inmunoensayo

que emplea el anticuerpo marcado con HRP. Con los Au/Pt NCs-IgG se obtuvo una
8
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mejora alin mayor en el LD y este disminuyd mas de 56 veces. Eliminando la reaccion de
entrecruzamiento entre el anticuerpo y la enzima y empleando NCs embebidos en la
estructura del anticuerpo se consigue bajar el ruido de fondo, al haber menos absorcién

inespecifica. Al mejorar la ratio sefial/ruido también mejora la sensibilidad del método.

Los CdS NCs-lgG y sus propiedades fotocataliticas no se emplearon en este
inmunoensayo tipo sdndwich porque seria necesario usar una fuente de luz UV que hace
el ensayo técnicamente mas complicado. La misma cantidad de luz debe de alcanzar
todos los pocillos, por tanto, la posicidn de la microplaca respecto a la fuente de luz es
critica para la reproducibilidad del método. Debido a esto se obtendrian desviaciones
estandar muy elevadas que hacen que el método no sea adecuado. Las propiedades
fluorescentes de los CdS NCs se utilizaron para llevar cabo las primeras etapas de la
puesta a punto de un inmunoensayo competitivo basado en transferencia de energia de
resonancia de Forster (FRET) desde un donante de energia a un aceptor. El espectro de
fluorescencia del donante debe de superponerse con el espectro de absorcién del
aceptor. La FRET es un fenédmeno de proximidad que tiene lugar cuando dos compuestos
fluorescentes, donante y aceptor, se encuentran muy cerca. Por tanto, la transferencia
de energia solo tiene lugar cuando el anticuerpo se une a sus correspondientes
antigenos marcados con el elemento fluorescente. Cuando se introduce en el sistema el

antigeno sin marcar, este desplaza al antigeno marcado y la emisién FRET disminuye.

Como conclusién, durante los estudios realizados durante esta tesis se ha podido
comprobar que es posible la introduccion de NCs en un anticuerpo sin dafar su
estructura y sus funciones bioldgicas. Ademas, se han demostrado las ventajas del uso
de NCs como elemento de transduccidon en inmunoensayos, mejorando la sensibilidad
del sistema. La investigacion continua actualmente en esta linea para su optimizacion y

su aplicacidn para la deteccién de analitos de interés clinico.

Como resultado de esta tesis se publicaron dos articulos y una patente cuyo titulo es

Conjugados de nanoclusters-anticuerpos y usos asociados.
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Chapter 1

1. BIOSENSORS

1.1. Biosensors: historical overview, definition and applications

Known as the “Father of Biosensors”, Leland C. Clark developed the first sensor in 1954
for measuring dissolved oxygen. Clark used its experience as physiologist to adjust the
oxygen level in circulating blood in a visual manner and he was required in every surgery.
To achieve that his presence was not necessary in each operation, he developed an
oxygen sensor that could be inserted into the blood flow by reducing oxygen at a
platinum electrode. It was called the Clark electrode, which remains the standard
nowadays for measuring dissolved oxygen. To calibrate the Clark electrode, he
deoxygenated the solutions by adding the enzyme glucose oxidase (GOx) and glucose.
This enzymatic reaction consumes oxygen and generates hydrogen peroxide (H203).
Clark realized that this method could be also used for glucose sensing and he developed
the first biosensor by immobilizing GOx in the Clark electrode in 1956%. Since this
invention, the field of biosensing has been developing and growing until now. In Figure
1. is showed the historical overview of biosensors from 1954 to actually.

The International Union of Pure and Applied Chemistry (IUPAC) defines sensor as a
device that transforms chemical information, ranging from the concentration of a
specific sample component to total composition analysis, into an analytically useful
signal?. Particularly, a biosensor uses specific biochemical reactions mediated by a
biological element (isolated enzymes, immunosystems, tissues, organelles or whole
cells) to generate a signal, proportional to the concentration of analyte. The concept of
biosensor continues evolving since its first approximation that consider a biosensor as a
device able to respond to the concentration of a chemical compound in a biological
sample. This definition did not include any biological element in the device and
therefore, a chemical or physical sensor operating in a biological sample was considered
a biosensor. Currently it is accepted that a biosensor should integrate a biological
sensing element and a transducer in a unique system. Even now, the concept continues
evolving and the emerging of nanotechnology has created some materials at the
nanoscale that could improve the performance of traditional biosensors. In this thesis
nanotechnology is used to improve the sensitivity of some biosensors. In particular,

nanoclusters (NCs) embedded in the structure of immunoglobulins G (IgG) are used as
13
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detection antibody in immunoassays. The current state-of-the-art of the employment of

nanotechnology with biosensing purposes will be discussed later in this chapter.

Figure 1. Timeline of most important cornerstone in the development of biosensors.

1954

Invention of the oxygen electrode
(Clark)

Ty

1970

1956

First description of a biosensor: an
amperometric enzyme electrode
for glucose (Clark)

Invention of the lon-Selective Field- .
Effect Transistor (ISFET) (Bergveld)

1975

First microbe-based biosensor

First immunosensor: ovoalbumin on
a platinum wire

Invention of the pO2/pCO2 optode

1980

First fibre optic pH sensor for in vivo

1972

First commercial biosensor: Yellow
Springs Instruments glucose
blosensor

1976

First bedside artificial pancreas
(Miles)

blood gases (Peterson)

1983

Surface plasmon resonance (SPR)
immunisensor (Liedberg)

1982

First fibre optic-based biosensar for
glucose

1984

First mediated amperometric
biosensor: ferrocene used with GOx
for the detection of glucose

1987 .
Launch of the Medisense E
ExacTechTM blood glucose ’
biosensor .
1992

i-STAT launches hand-held blood
analyser

Invention of the oxygen electrode
(Clark)

1996

Glucocard launched
Abbot acquires MediSense for 867

1998 * million dolar
Launch of LifeScan FastTake blood
glucose 2000

Merger of Roche and Boehringer
Mannheim to form Roche Diagnostics

2001

LifeScan purchases Inverness
Medical’s

Commercialization of Glucowatch
for the continuous monitorization of
glucose

2000-2020

Nano-blosensors (test strips for HIV
detection by Abbot Laboratories)
and advanced wearable
biosensors platforms (Contact lens
biosensor by Google)
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The key applications of biosensors are in industry, healthcare, monitoring of food
toxicity, water quality, air pollution, environment, agriculture and chemical warfare,
among others. The European Biosensor Market is expected to register a CAGR of 5.9 %
during the forecast period 2021-2026 according by Mordor Intelligence. The application
with more importance nowadays is diagnosis. A great number of biosensors are now
commercially available for example, for glucose and cholesterol levels monitoring,
malaria, HIV, uric acid... In addition to these analytes, cancer and cardiac disease markers

also found great attention.
1.2. Components of a biosensor

Biosensors use the measurable properties generated by a biorecognition event on a
transducing device. The interaction of the analyte with the bioreceptor is converted in

an optical or electrical signal easily readable by the end user (Figure 2.).

Biological
Elements

Samples Transducer Signal Processing

1

P

Figure 2. Components of a biosensor.

15



Chapter 1

The components of a biosensor are the following ones*:

e Analyte: it is the substance of interest and it is located in the sample.

e Bioreceptor: it is a biological element, that specifically recognizes the analyte.
There are different kinds of bioreceptors such as enzymes, antibodies or
aptamers. When the biorecognition event takes place a signal in the form of light,
pH, electricity or heat is generated.

e Transducer: in the transduction step the biorecognition event is convert into a
measurable signal. This process of energy conversion is called signalization and

it is carried out by a transducer.

e Signal processing: the transduced signal is prepared for display by a complex
electronic system that amplificates and converts the signal from analogue to
digital. The information that appears in display can be for example a number a

graphic or an image depending of the requirements of the end user.

It must be highlighted that there are other kind of biosensors which do not follow
the conventional composition. These biosensors give qualitative information (the
absence or the presence of target analyte) and the result can be followed by the
naked eye. A known example is the pregnancy test which is a lateral flow

immunoassay.

Particle Conjugate
O A on conjugate pad
Sample Pad ) = Control Line
'_1[

Backin
- Test Line Nitrocellulose Membrane

Figure 3. Typical configuration of a lateral flow immunoassay test strip.

In a typical composition of these biosensors (Figure 3.), the sample pad is composed
of a material which allows the flow through it, for example cellulose. When the
sample start to run through the strip it arrives to the conjugate pad where a visual
marker, typically gold NPs, are conjugate to a specific biological component of the

assay, either an antibody or an antigen depending of the assay format. The analyte
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interacts with the conjugate and arrives to the test line where another specific
biological component of the assay has been immobilized. If the analyte was present
in the sample, it specifically interacts with the conjugate generating a colored line
easily seen by the naked eye. The test strip has also a control line which always
interacts with biological component conjugate to the colored compound in order to
guarantee the proper performance of the test. Therefore, one line means that the
result is negative, the analyte was not present in the sample. Two lines mean a

positive result and the analyte is in the sample.

1.3. Classification of biosensors based on biorecognition elements

Based in the classification of biosensors based on recognition elements it is possible to

find 2 classes, catalytic biosensors and affinity biosensors (Figure 4.) °.

Bioreceptor —GIRIED

~ Substrates
biosensors Inhibitors
ClCISSIfICCItIOI‘I Catalytic

IMMUNOSENSORS
—a Antigens
DNA

DNA SENSORS ——e Oligonucleotides

e Aptamers

Figure 4. Classification of biosensors based on bioreceptor elements.

e Catalytic biosensors: they use components able to specifically recognize

biomolecules and convert them by a chemical reaction. The most known
catalytic biosensors are enzymatic ones. These biosensors use natural enzymes
and combinations of them. Also, it was discovered that some DNA

polynucleotides, known as DNAzymes can mimic the behavior of enzymes. More
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recently the same effect was observed in nanozymes, which are nanomaterials
with catalytic properties. Catalytic biosensors besides of measuring the
concentration of substrates are also able to measure the inhibition rate of a
catalytic reaction and the catalytic activity. Catalytic bioreceptors catalyze
reactions in a very specific manner. The products generated by the reaction or
the reactants consumed can be directly detected if they have any measurable
optical or electrical property. In other cases, it is necessary to add a coenzyme or
a substrate which changes its optical properties or gives electrons during the
reaction.

o Affinity biosensors: they use the capability of a bioreceptor to recognize

an analyte. Depending on the nature of these bioreceptor it is possible to
distinguish between immunosensors and DNA sensors. The former uses the
specific interaction between an antibody and an antigen. The latter uses DNA or

aptamers specific interactions with DNA, proteins or other biomolecules.

Among the different types of biosensors based on biorecognition elements, the
immunoasays are described below with special emphasis due to its further use in the

experimental part of this thesis.

1.3.1. Immunoassays

The health and biomedicine sector are currently the main market sector interested in
the development of biosensors. Among all the existing biomarkers, the most employed
are proteins because they are usually related to the most common diseases. Nowadays,
the most used technique for protein detection are immunoassays. Immunoassays are a
type of analytical technique that uses the reaction between an antigen and its antibody
to determine the amount of antigen present in a sample. The use of antibodies has the
advantage of high selectivity towards its antigen. In immunoassays, a large number of
samples can be evaluated at once and extensive sample preparation is rarely required

due to the great specificity of immunoassay methods.
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1.3.1.1. Classification of immunoassays

Immunoassays use the capability of an antibody to specifically recognize an antigen. The

most used immunosensors are shown in Figure 5.

¥ ¥ v|v 7 -
v & Y| ‘
1Y Y Y
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Direct Competitive Sandwich Displacement Binding
Inhibition
w analyte \ V2 4 . analyte derivative
antibody JL labeled antibody
3— labeled analyte o Solid support

Figure 5. Types of immunosensors: direct (a), competitive (b), sandwich (c), displacement (d)

and binding inhibition (e).

e Direct Immunosensors: an unlabelled antigen binds to an unlabelled antibody.

The change in refractive index is measured. However, the change is small due to
the low mass of antigens and these kinds of immunosensors are not used often.

e Competitive Immunosensors: the unlabelled antigen and its labelled form

compete for a binding site of the antibody. This method can be also employed
for the detection of antibody concentration by immobilizing the antigen and
making a competition between the naked antibody and the labelled antibody.

e Sandwich Immunosensors: the antigen is trapped by the capture antibody. After,

a labelled antibody acting as the detection antibody is added and it bound to the
antigen. The signal given by the optical property of the detection antibody is
proportional to the concentration of antigen.

e Displacement Immunosensors: the capture antibody binding sites are saturated

with labelled antigen. The introduction in the media of the unlabelled antigen

causes the displacement of the labelled antigen.
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e Binding inhibition Immunosensors: an unlabeled analyte derivative is

immobilized on a surface. Then a labeled antibody is mixed with the sample
containing the antigen. In the absence of antigen in the sample, the labeled
antibody can bind the surface. The presence of the antigen blocks the paratopes

and the binding is inhibited.

Various immunoassays were evaluated in this thesis with different aim based on the
characteristics of antibodies containing NCs. The first immunoassay that has been tested
is a simple direct immunoassay to test if the antibody still has affinity for its antigen. The
analyte has been immobilized in the surface of a microplate and the catalytic properties
of the antibody carrying NCs were used to detect the analyte adsorb in the surface. The
second is a sandwich immunoassay to probe than the antibody carrying NCs are
potential candidates to be used as detection antibodies in commercial ELISA due to its
competitive performance. In this immunoassay a naked antibody is immobilized in the
surface of a well, this antibody specifically interacts with the analyte and finally the
detection is carried out using the catalytic properties of the modified antibody. Finally,
a competitive immunoassay based on FRET has been developed taking advantage of the
fluorescent properties of the antibody carrying NCs. FRET is a phenomenon which takes
place when two fluorescent compounds, donor and acceptor are very close. The
excitation of the donor leads to transfer energy to the acceptor which emits at a specific
wavelength. In this case the donors are the NCs and the acceptor a fluorophore bound
to the analyte. FRET emission depends on the distance between the two fluorophores.
Therefore, the energy transfer will only take place when the antibodies are bound to
their corresponding antigens. If the unlabelled antigen is introduced into the system, it

will displace their labeled analogues and the FRET emission will decrease.
1.3.1.2. Classical labelling strategies for immunoassays

To label a molecule means to carry out a chemical reaction between an analyte and a
reagent. As a result of the reaction a product, which makes possible the detection of a
biorecognition event, is produced. The classical labeling strategies for antibodies to be
used in immunoassays distinguish between the direct labeling strategies and the

enzyme labeling. In the former, we found radioimmunoassays and fluoroimmunoassays.
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Both labeling strategies have in common that the detection of the analyte is directly
possible after the binding. In the case of enzyme labeling a chemical amplification
reaction with a formation of a substance, with some measurable property, is needed for

the detection.

e Radioimmunoassay

The working principle of radioimmunoassays is based in the competition between
labeled and unlabeled antigen for corresponding antibody and the formation of antigen-
antibody complexes. The antigens are labeled with radioisotopes such as ?°| or 3H.
When the equilibrium is reached the radioactive complexes are separated from the
radioactive antigens free in solution. The ratio between the antibody-antigen
radioactive complexes and the free radioactive antigen (C/F) depends in the
concentration of nonradioactive antigen. The determination of the unknown unlabeled
antigen concentration is determined by comparing the ratio of (C/F) obtained by the
incubation with different known concentrations of nonradioactive antigen with same
quantity of antibody and then in the sample with unknown concentration of unlabeled

antigen®3.

The first radioimmunoassay was develop by Rosalyn Yallow and Solomon Berson in
1960'* for the quantification of insulin in plasma using insulin labeled with the
radioisotope 3. After, other radioimmunoassays were developed, for example for the
protein hormone leptin in human plasma. In this method the radioisotope '2°| was used
for the labeling of leptin. This method achieves accurate and sensitive measurements of
leptin with a limit of detection (LOD) of 0.5 pg/mL. The leptin concentration increased
in a linear manner with the body mass index in both men and women, however the

increasing was greater in women?>,

Radioimmunoassays found different applications because they were one of the most
sensitive and accurate methods and were used for a long period. Currently they are in
lack in use because its application has lot of problems. The major drawback is the
radioactivity, the duration of the antigens labeled with isotopes is short and during the

development of the immunoassy it is needed safety precautions and special laboratory
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equipment which results in high cost. Due to these problems other kinds of

immunoassays with competitive LOD have gain popularity?®.

e Fluoroimmunoassay

In this direct labelling strategy, an antibody or an antigen is labelled with a fluorescent
dye. Labelling antibodies with fluorophores combines the selectivity of antibody-binding
interaction with simple, sensitive, inexpensive and hazard-free fluorescent detection.
Two different kinds of fluoroimmunoassays can be distinguished the heterogeneous one
and the homogeneous one. In the former it is necessary to separate the bound from free
fluorescent dye. In the latter the separation is not required.

The first fluorophore used as dye in homogeneous assays and coupled to an antibody
without changing their specificity was a rhodamine’. Another fluorophores thoroughly
used are or Lucifer yellow VS or fluorescein®®. With this kind of labels detection limits
tends to be high due to background fluorescence and quenching problems.

In order to overcome the drawback of background signal, fluorophores excited in the
red or the IR-near region were employed?°. The other strategy was to use homogeneous
immunoassays such as FRET that improve the LOD of immunoassays, avoid washing
steps and also quenching problems. Although this last approach has reduced the LOD of
fluoroimmunoassays they are not as good as in the radioimmunoassys. In the case of
need an immunoassays in which moderate LOD need to be obtain, these immunoassays
would be a good choice due to the easy handling!®. Antibody carrying NCs with

fluorescent properties will be tested as candidates to act as donor in FRET immunoasays.

e Enzyme immunoassay

A big number of enzymes are currently used in bioassays with a variety of detection
systems such as fluorescence, UV-vis absorbance, electrochemical detection,
bioluminescence or chemiluminiscence. Enzymes in bioassays required high selectivity,
no contamination, pH optimum should fit with the conditions of the assay and a
competitive cost?. In Table 1. is showed a selection of most used enzymes in bioassays

with the detection system employed and substrate.
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Table 1. Enzymes used in bioassays.

Enzyme

Alkaline
phosphatase

B-D-Galactosidase

B-D-Glucose
oxidase

Luciferase

Peroxidase

Xanthine oxidase

Origin

Calf intestine

Escherichia coli

Aspergillus
niger

Photinus pyralis

Horseradish

Bovine milk

Molecular
mass
(kDa)

140

465

160

100

44

283

H .
P Detection
optimum

Fluorescence

9.8 UV-vis

Electrochemistry

Fluorescence

UV-vis

Fluorescence
5.5-6.5 .
UV-vis
7.5-7.8 Bioluminiscence
Fluorescence
Fluorescence

UV-vis
6.0-7.0
UV-vis

UV-vis
Amperometric
8.5-9 Chemiluminiscence

Substrate

2-(5’-chloro-2’-phosphoryloxyphenyl)-6-chloro-4-(3H)-
quinazolinone (ELF-97)??
p-nitrophenyl phosphate (pNPP) 23
Hydroquinone diphosphate (HQDP) 24
9H-(1,3-dichloro-9,9-dimethylacridin-2-one-7-yl) beta-d-
galactopyranoside (DDAOG) %°
7-B-D-Galactopyranosyloxy-9,9-dimetyl-9H-acrindin-2-
one?®
Homovanillic Acid 2’
3-methyl-2-benzothiazolinone hydrazone (MBTH) and 3-
(dimethylamino)benzoic acid (DMAB)?8
ATP 29
Polisulfane (HSnH) 3°
Amplex Red3?
2,2'-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS)3?

o-Phenylenediamine (OPD)33
3,3',5,5"-tetramethylbenzidine (TMB)3*
TMB 3
Luminol3®
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Enzymes are currently the most employed method for labelling antibodies or antigens
for its further use in immunoassays. The great acceptance of the method yields in the
competitive LOD achieved, similar to those obtained with radioimmunoassays and
because no radioactive substances are necessary anymore. The requirements for the
use of enzymes as labels in immunoassays are that the coupling of the enzyme to the
antibody or the antigen should not change the affinity properties of the antibodies and
the enzyme activity should not decrease. In the last step of the immunoassay the
enzyme catalyzes a reaction that yields in a measurable chromogenic or fluorescent

change in a substrate. The most used enzymes with this purpose are ALP and HRP.

Although the LOD improve and the problem of radioactivity is solved with the use of
natural enzymes as markers, the method has several disadvantages, for example high
susceptibility to environmental variations, easy denaturation and digestion, costly and
time-consuming preparation and purification 3. The enzymes and antibodies are
incubated with crosslinking reagents and then the conjugate is purified. Some of the
most used crosslinkers reagents are glutaraldehyde 32, periodate 3° or maleimide #°. The
reactivities of enzymes and antibodies with the crosslinkers are different, resulting in
the formation of not only heteropolymers but also homopolymers by random coupling.
Polymers in which antibodies are not full reactive may not be eliminated by conventional
purification processes and cause high background signals and low precision due to
nonspecific absorption of heteropolymers, while homopolymers (IgG-lgG and HRP-HRP)
are of no use at all for detection of analytes. These methods are not suitable for
ultrasensitive enzyme immunoassays *'. Antibodies and enzymes can be indirectly and
non-covalently crosslinked based on the strong affinity between biotin and avidin 42. A
feature of this method is amplification signals achieved by introduction of many biotin
residues into antibody molecules and subsequent binding of avidin linked to enzyme
molecules. However, nonspecific binding is also amplified. Therefore, a new kind of label
for biomolecules is needed, that gives better signals and retains enough biological
activity for use in immunoassays. The introduction of NCs with enzyme-like properties
in the structure of antibodies avoid the labelling drawbacks linked to the use of enzymes

as labels.
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1.4. Classification of biosensor based on transduction elements

Based on the transduction element used by a biosensor, it is possible to distinguish

between electrochemical, optical, mass-based, thermal and energy-based biosensor

(Figure 6.)

. Fluorescent | Piezoelectric |Thermometric FRET
Potentriometry
Colorimetr
Impedimetry Y QM Terahertz
SPR effect Energy
Conductometry Surface
FT-IR acoustic wave Th L metabolism
Amperometry erma
radiation

Figure 6. Classification of biosensors based on transduction elements.

Electrochemical biosensors: These kinds of biosensors are able to provide

analytical information by converting a biorecognition event to an
electrochemical transduced signal. These biosensors present the advantages of
high sensitivity, portability, low cost and simplicity of construction. It is possible
to distinguish between different electrochemical techniques. For example,
potentiometry, impedimetry or conductrimetry, among others.

Optical biosensors: they are well-established and have high sensitivity. Usually,

these biosensors measure an optical property or its change after the binding of
the analyte to the bioreceptors. They are immune to electromagnetic
interferences, capable of performing remote sensing and can provide
multiplexed detection within a single device’.

It is possible to distinguish between different optical biosensors depending of
the optical property that is measured. For example, surface Plasmon resonance
(SPR), Raman and Fourier transform (FT-IR) spectroscopy, fluorescence effects
or colorimetric effects®. The colorimetric biosensors relate the absorbance

intensity with the analyte concentration. The colored product can be noted by
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the naked eye or using a spectrophotometer. Due to the simplicity of the
technique and the inexpensive measurement setup it is widely used in the
fabrication of cost-effective biosensors, such as paper-based or chip-based
microfluidic devices®.

e Mass-based biosensors: these biosensors measure mass change during the

biorecognition event. There are 3 main classes mass-based biosensors, the
piezoelectric, the quartz crystal microbalance (QCM) and the surface acoustic
wave®,

e Thermal biosensors: the working principle of these biosensors is the

measurement of heat evolved or absorbed during a biochemical reaction. The
heat exchanged is proportional to the molar enthalpy and to the amount of
products generated during the reaction'®.

e Energy biosensors: they can be classified in biosensors based on energy

metabolism and Fluorescence Resonance Energy (FRET). In the former the
biosensors detect perturbations in the physiological state of living cells by
monitoring perturbations in metabolic activity. The molecule Adenosine
Triphosphate (ATP) is one of the most monitored in these systems'!. In FRET a
stimulated state donor transfer energy to a proximal ground-state acceptor by
resonance process. Energy transfer takes place at the emission wavelength of
the donor where the acceptor absorbs energy'?. Biosensors based on FRET
phenomenon could also be classified into optical ones because at the end, a

fluorescence signal is measured.

Here in this work a colorimetric biosensor and a FRET biosensor were developed, based
on the properties of the probe formed by the antibody and the NCs. In the case of the
bimetallic NCs, they exhibit peroxidase-like activity and are able to transform uncolored
compounds into colored ones, thus the transduction step is due through colorimetric
measurements. On the other hand, CdS NCs have fluorescent properties and the
transduction step of the FRET-based biosensor is due to an energy transfer and

measured by fluorescence spectroscopy.
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2. NANOTECHNOLOGY APPLIED TO BIOSENSORS

2.1. Nanotechnology of yesterday and today

Why cannot we write the entire 24 volumes of the Encyclopaedia Brittanica on the head
of a pin? ** With that question, Richard Feynman introduced his famous talk There's
Plenty of Room at the Bottom, which he gave at Caltech in 1959. Feynman is considered
the father of nanotechnology and suggested the use of small machines to make even
tinier machines, and so on down to the atomic level itself. But it was necessary to wait
until 1974 to hear for the first time a description of Nanotechnology. The definition of
Norio Taniguchi, of Tokyo science University still stands as the basic statement:
Nanotechnology mainly consists of the processing of separation, consolidation and
deformation of materials by one atom or one molecule**. However, the idea of
nanotechnology as it is currently understood is the brainchild of a Feynman’s student,
K. Eric Drexler who proposed in 1986 the conception of a nanoscale assembler which

would be able to build a copy of itself and of other items of arbitrary complexity°.

Before giving a definition of nanotechnology it is interesting to pay attention to the
etymology of the prefix nano. It comes from the Greek word vévoc and means extremely
small, exactly, 10° m, one thousand times smaller than a micron. Although the simplest
manner to define nanotechnology is as the technology on the nanoscale*®, since the
beginning of its appearance different definitions have been attributed to it.
Nanotechnology can be defined like an engineering discipline that will make possible to
build devices and structures in which every atom is in a known, selected position?’. Also
as the term used for the description of the creation and exploitation of materials with
structural features in between those of atoms and bulk materials, with at least one
dimension in the nanometer range®. As well the branch of knowledge, within a
subclassification of technology in colloidal science, chemistry, physics, biology, and

other scientific fields, encompassing the study of phenomena at the nanoscale?.

From the study of the objects at the nanoscale a new science arose, it is the nanoscience.
The emerging science of objects that are intermediate in size between the largest
molecules and the smallest structures, the science of objects with the smallest

dimensions °°. To summarize nanoscience studies are considered those that deal with
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matter that have at least one dimension less than 100 nm, have building block
properties and employ methodologies that illustrate the fundamental control of the

physical and chemical characteristics of molecular-scale structures?®.

Currently, materials at the nanoscale have important applications in electronics °2,
water treatment®® >4, photovoltaic®> °¢, batteries®” °8, sensing® ©°, biosensing®% 62 63,
theranostic® 6>, photothermal therapy® ¢, bactericides®® % or drug delivery’® 7%,
among others. This is due to its unique physicochemical properties in comparison with
bulk materials such as optical’> 7374, electrical’> 76 77, thermal’® 780, magnetic®\-82 8 or
catalytic properties®* 8 8 bpecause of the nanoscale effect. This effect consists in
dramatic changes in properties due to the increase of the ratio surface/volume®’. It is
easy to understand if we consider a cube of a side length of 10. The volume of the cube
is 1000 (10x10x10) and the surface area of the cube is 600 (6x10x10), then the ratio
surface/volume is 0.6. Next, we repeat but using a cube with a side length of 1. The
volume is 1 (1x1x1) and the surface area is 6 (6x1x1). The ratio surface/volume is 6,
greater than for the previous cube. Thus, smaller the size, greater the surface/volume

ratio.

A good example of this phenomenon is gold. This yellow metal is so appreciated in bulk
for the fabrication of jewels and prostheses because it is an extremely inert metal®.
However, when the dimensions of gold are reduced to the nanoscale its properties
drastically change. The yellow color disappears and it is possible to find gold at the
nanoscale in a wide variety of colors, depending of the size of the nanoparticles (NPs)®°
and it also lose its inert properties and became catalytic®®°L. Carbon in its allotropic form
graphite is composed by layers of hexagonal arrangement of atoms. One carbon atom
is forming a sigma bond with three other carbon atoms and there is a non hybridized p
orbital that forms a 1 valence band and a " conduction band with the p orbitals of
neighboring carbon atoms. Each layer is connected by weaker intermolecular bonds,
making graphite soft and malleable. It is also a heat and electric conductor due to
delocalized m electrons, which have a great mobility in directions parallel to the layers.
When graphite is exfoliated and a unique layer is achieved it is called graphene and it

has a dimension at the nanoscale. The planar structure of graphene makes its properties
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highly anisotropic. Graphene has unique properties of electrical and heating conduction

greater than those of graphite, due to the enhanced phonons mobility®2.
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Figure 7. Licurgus cup with reflected light (left) and transmitted light (right) (A), wings of
the butterfly T. opisena (B), toe of a gecko (C) and leaves of a Lotus plant (D) at the

macroscale (left) and the nanoscale (right).

Nanotechnology and nanoscience could look like such a very new field, however we can
find an ornamental example of the use of nanomaterials in the 4™ century in the Roman
age, the famous Lycurgus cup (Figure 7A.). This glass exhibit dichroism, it has a green
color when the light is reflected and a red one when white light is transmitted across
it%3. This particular effect has shocked scientist during centuries, until the presence of
NPs in the glass was discovered®. The red color is due to the presence of gold NPs and
the green one due to silver NPs®. Although, almost sure that Romans did not know
anything about nanomaterials they were able to use nanotechnology with a decorative

purpose a lot of years ago before nanoscience boom.

Neither butterflies, geckos nor leaves know anything about nanotechnology, but they
take advantage of it. The green color of the wings of the butterfly T. opisena is caused
by a nanostructured biophotonic gyroid material, presumably formed by the chitin
polymerization®® (Figure 7B.). Geckos are able to climb vertical walls due to hair-like

nanostructures of 200 nm placed on their toes(Figure 7C.). These nanostructures are
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formed by hydrophobic keratin and act as a bed of springs®’. The leaves of Nelumbo
nucifera, colloquially known as Lotus plant, stay always in a perfect state of cleanliness
even though are surrounded by muddy water. This effect of self-cleaning or Lotus-effect
is due to the presence of nanometric wax crystals that form 3D structures similar to
nipples (Figure 7D.). The presence of these nanostructures and the water repellent
properties of waxes gives the surface of leaves superhydrophobic properties with a
contact angle of a water droplet greater than 150°%%. The observation of nature inspire
scientist and copy these natural nanostructures. The nanostructures of the wings of
butterflies have been used as templates for the synthesis of 3D rutile nanostructures for
further use as coatings of high refractive index for particular optical devices applications
such as efficient waveguides or mirrors®. Other example is a new kind of dry adhesives
inspire in Gecko’s feet. This technology uses macroscopic arrays of vertically-aligned
multi-walled carbon nanotubes that showed adhesion forces 200 times higher than
those of geckos!®. Also the superhydrophobicity of Lotus leaves has been mimic for the
production of synthetic superhydrophobic materials such as surface modified ZnO NPs

for the production of superhydrophobic textiles°?,

As we can see nanomaterials have been around for longer than we think and much more
before than the words nanotechnology or nanoscience were coined. However, it was

necessary a lot of time to be able of see that there’s Plenty of Room at the Bottom.

2.2. Nanobiosensors: general overview

By the merging of nanotechnology with biosensors a new concept has emerged,
nanobiosensors. A nanobiosensor can be described as a sensor system that includes the

use of nanomaterials for the detection of an analyte via biological interactions.

There is a growing demand in medicine for rapid, reliable, and low-cost systems for
detecting, monitoring and the diagnosis of biological molecules and diseases. The ability
to detect related proteins, nucleic acid sequences, organelles, cell receptors, enzymes,
and other indicators linked with diseases and pathogens can give biological researchers

and physicians a complete understanding of disease processes and patient situation.
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However, many of the existing traditional tests are slow, require a considerable amount
of sample material, and might result in false positive or negative results. This demand
extends to other fields such as environmental pollutant monitoring, food pathogen
detection and so on. To address the needs in a range of fields, the next generation of
biosensors will require significant improvements in sensitivity and specificity. The
current state-of-the-art diagnostic biosensors are based on several technologies, often
including immunoassays. Nanobiosensor research intends to integrate nanomaterials
into low-cost, user-friendly, and efficient biosensors with applications in a variety of

sectors, including diagnosis and food analysis.

Although few sensors based on nanomaterials work at all in commercial applications,
they have fascinating prospects. The nanobiosensor market is expected to register a

CAGR of 10 %, during the forecast period 2021-2026 according by Mordor Intelligence.

There is no competition between significant companies and therefore the market is
neither fragmented nor consolidated. As a result, there will be a moderate level of
market concentration. To maintain their market dominance and form strategic
relationships, the top companies continue to innovate. ACON laboratories, Abbot Point

of Care, Agilent Technologies, Nanowear and AerBetic are the leading contenders.

2.3. Nanomaterials for biosensing purposes

The size constraints of nanomaterials provide them very special properties since they
have most of their atoms located at the surface. These properties highly differ from the
properties of the same material in bulk. Nanomaterials can play very efficient roles in
the sensing mechanism of biosensor technology'®3. Nanomaterials can contribute to
either the biorecognition element or the transducer or both, of the biosensor!®?, The

most employed ones and their key benefits are:

e Carbon nanotubes: they can serve as scaffolds for immobilization of
biomolecules at their surface. Also, combine several exceptional physical,

chemical, electrical, and optical characteristics properties which make them one
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of the best suited materials for the transduction of signals associated with the
recognition of analytes%4,

e Metallic nanoparticles: they show unique physicochemical properties, such as
ease of functionalization via simple chemistry and high surface-to-volume ratios,
that allied with their unique spectral and optical properties have prompted the
development of numerous biosensing platforms. They also provide an additional
or enhanced layer of application for commonly used techniques, such as
fluorescence, infrared and Raman spectroscopy. Additionally, catalytic behavior
and enzyme-like activity has been also found in this nanomaterial®>.

e Magnetic nanoparticles: these NPs are inexpensive to produce, physically and
chemically stable, biocompatible and environmentally safe. In addition,
biological samples exhibit no magnetic background, and thus highly sensitive
measurements can be performed?,

e Quantum dots: they exhibit unique properties due to quantum confinement
effects. Their most remarkable properties are broad excitation and narrow size-
tunable emission spectra, negligible photobleaching and high photochemical
stability. Fluorescence is a powerful tool in biological research, therefore the
optical and spectroscopic features of QDs make them attractive alternatives to
traditional fluorophores?’.

e Nanorods: their advantages include spectral tunability, strong enhancement of
the local electric field and the localized plasmons provide them improved
sensitivity in biosensing applications'%,

e Nanoclusters: they exhibit molecule-like properties, such as fluorescence
emission or catalytic activity, acting as nanozymes. NCs have higher
surface/volume ratio than bigger NPs, brighter emission and higher catalytic

activity in comparison with other nanomaterials of the same mass.

Here in this thesis NCs are going to be used to the development of various
immunoassays. Due to their extremely small dimensions, lower than 2 nm, they have
the perfect size to be introduced in an antibody structure which is around 12-15 nm.
Their properties make them excellent transducers for biosensing applications. On
the one hand, the NCs can have nanozyme properties and can mimic the behaviour
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of enzymes. On the other hand, NCs can also exhibit fluorescent properties and act
as QDs in biosensing applications. Below, there are extensively discussed the

properties and applications in biosensing of nanozymes, QDs and NCs.

2.4. Nanozymes: definition, classification and applications

2.4.1. Definition and historical overview

Natural enzymes are used to catalyze the transformation of molecules, regularly these
reactions are performed under mild conditions due to its fragile nature. Enzymes are
used in different fields like industry, medical or biological due to its substrate specificity
and catalytic activities'®. In industry enzymes are used in food manufacturing, animal
nutrition, cosmetics, medication and as a tool for research and development. However,
enzymes are considered too delicate to survive the extreme conditions in real reaction
vessels!% Industrial catalysts should deal with harsh conditions such as high

temperature and pressure, organic solvents or extreme pH conditions!!?,

The intrinsic limitations of natural enzymes such as high cost for preparation and
purification, low stability, difficulty in storage, sensitivity of catalytic activity to
environmental conditions and difficulties in recycling and storage have stimulated the
emergence and development of enzyme mimics also called artificial enzymes *2. The

term artificial enzymes was coined by Ronald Breslow!!? in 1970.

Different materials can act as artificial enzymes such as cyclodextrins, cyclophanes,
palladium-artificial enzyme, hemin based organic phase artificial enzymes, Vitamin B12
or Ethyleneimine Polyethyleneimine!!4. In Figure 8. a short timeline for the development

of artificial enzymes is showed.

Among them the most promising materials are nanozymes, since the discovery of
peroxidase-like activity of FesO4 in 2007''>. Nanozymes are materials in the nanoscale
that can mimic the behaviour of an enzyme. In comparison with natural enzymes,
nanozymes have stable structure, adjustable activity and diverse functions, making

them potential substitutes for natural enzymes in many applications*®,
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2.4.2. Classification of nanozymes based on its enzymatic behaviour

Throughout the last years, different nanomaterials have been found to have unexpected
enzyme-like catalytic properties. The increasing interest in the field of nanozymes arise
from improve characteristics in comparison with natural enzymes and even with
conventional artificial enzymes. In Table 2. a nanozyme classification is exposed based
on the enzyme-like behaviour of nanomaterials. It is possible to find nanozymes with
glucose oxidase, laccase, sulfite oxidase, nitric oxide synthase, HRP, glutathione

peroxidase, haloperoxidase and catalase behaviour.

In this work three different types of nanozymes with peroxidase-like properties have

been developed.

2.4.3. Nanozymes in sensing and other applications

Due to its unique properties nanozymes have found a place in the field of sensing. Also,
it is possible to find examples of nanozymes in other applications such as environmental
treatment, antibacterial and antioxidation agents, imaging, cancer treatment or

biorthogonal catalysis (Figure 9.).

ENVIRONMETAL
TREATMENT

ANTIBACTERIAL

BIOORTHOGONA
CATALYSIS

APPLICATIONS
OF
NANOZYMES

CANCER
TREATMENT

Figure 9. Current applications of nanozymes

ANTIOXIDATION
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Table 2. Nanomaterials with enzyme-like behaviour and their application.

Enzyme-like activity

Glucose oxidase

Laccase
Sulfite Oxidase

Nitric Oxide Synthase

HRP

Glutathione peroxidase

Haloperoxidase

Catalase

Superoxide dismutase

Nuclease

Phosphatase

Nanomaterial
AuNPs
AuNPs@AuUNCs
CeO;
Graphitic carbon
nitride
CuNPs
MoOs
Graphene-hemin
Fe304 NPs
AuNPs
Au/Pt/Co NPs
Co/Fe-hemin
Fe304 NPs
Au Nanowires
Au@Co-Fe NPs
Co@ Fe304NPs
Au NPs
Se@Carbon QDs
CeO,.x Nanorods
Au NPs
Co304
Pt-C6 NPs
Au/Ag NPs
Mn304
Pt@Mn-MOF
Graphene oxide
CeO,

CeO,
AUNPs@POMD-8pe

Application
Sensing
Sensing

Sensing

Sensing

Degradation pollutants
Cytoprotection
Antithrombosis

Immunoassay
Immunoassay
Waterwaste decontamination
Detection SARS-CoV-2
Gelation
Glucose sensing
Antibacterial
Cancer therapy
Sensing
Antioxidant, imaging
Antibacterial
Antioxidant
Sensing
Cancer therapy
Antioxidant
Cytoprotection
Anti-inflammatory therapy
DNA cleavage
Sensing
Degradation of nerve agents

Alzheimer’s disease therapy

Ref

118

119

120

121

122

123

124

125

126

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

36



Chapter 1

e Sensing

The peroxidase-like activity of some nanozymes has led the successfully design of
nanozyme-based biosensors for the detection of ions, small molecules, nucleic acids or

proteins.

o Detection of ions: Heavy metal ions are not well metabolized by humans and

their accumulation in some organs can lead in serious health injuries. These metal ions
can achieve human organism by water or food; therefore, it is important to measure
their concentration. A colorimetric sensor was developed for the detection of As3* based
on the peroxidase-like activity of Pd NPs capped with dithiothreitol'#¢. These NPs are
able to oxidise the chromogenic substrate TMB from colourless to blue. The As** ions
chelate the sulfhydryl groups present in dithiothreitol generating a decrease in the
peroxidase-like behaviour of the Pd NPs. The concentration of As3*ions can be related
with a decrease in the absorbance signal due to TMB oxidation. For Hg?* ions detection
a portable smartphone sensor based on chitosan-functionalized MoSe; nanosheets has
been developed'#’. This nanozyme exhibit also peroxidase-like activity, however in this
case the presence of the heavy metal ion active the surface of the nanosheet enhancing
the oxidation of TMB. Moreover, nanozymes can be also used for the detection of
dangerous non-metal ions such as cyanide ion (CN°). This ion has strong affinity to
cytochrome C and it damage central nervous system. A visual detection method was
developed for CN- ions in water and laboratory wastes employing amorphous cobalt
hydroxide/oxide modified graphene oxide probe!*®. This nanozyme can mimic
horseradish peroxidase (HRP) and is able to oxidise non-fluorescent Amplex Red to

fluorescent Resorufin. CN™ ions inhibit the catalytic activity of the nanohybrid.

o) Detection of molecules: H;0; is a significant target for some diagnosis test

because it is a typical product formed by enzymatic reactions and a useful molecule for
cell signalling. H,O; detection is traditionally made using colorimetric methods based in
HRP. However, it shows the typical drawbacks associated to the use of enzymes. A
method that used bimetallic Au/Pt NPs with graphene oxide has been developed for its
detection'?®. The synergistic effect of both metals gives the nanozyme a strong

peroxidase-like activity toward the oxidation of TMB in the presence of H;0,. The
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detection was performed by the immobilization of the nanozyme on agarose
microbeads and packed in the surface of an electrode. TMB in the presence of H,0, can

be electrochemically reduced by the nanozyme.

Diabetes mellitus is one of the most spread disease in the world. It causes increasing
disability and reduced life expectancy. Glucose is a marker for the diagnosis of diabetes,
therefore is one of the most sensed analytes. Nanozymes can achieve the detection of
glucose by combining the enzyme GOx and a nanozyme with peroxidase-like properties.
For example, a colorimetric method for the analysis of glucose in fruit juice has been
developed using reusable VS, nanosheets'. This nanozyme exhibit peroxidase-like
activity and its able to oxidise TMB in the presence of H,0,. Enzyme-free systems for
glucose sensing have been also developed with the aid of nanozymes. An hybrid
nanosheet composed by AuNPs and a metallorganic framework (MOF) has been
developed for this purpose®>l. AuNPs exhibit GOx-like activity and oxidise glucose into
gluconic acid, the MOF have peroxidase behaviour and produces as final product H,0,.
Then H,0; oxidizes the no Raman-active leucomalachite green into the Raman-active
malachite green. In the presence of AUNPs selective surface-enhanced Raman scattering

(SERS) the determination of glucose is achieved.

Glutathione (GSH) is the most abundant intracellular thiols containing molecule. It has
an important role in many life processes. Especially GSH is a powerful antioxidant, it
participates in the detoxification of electrophilic compounds and peroxides via catalysis
by glutathione S-transferase and glutathione peroxidase. Moreover, GSH participates
also in the glyoxalase system, reduction of ribonucleotides to deoxyribonucleotides,
regulation of protein and gene expression'®2. Abnormal concentrations of GSH could
cause inflammation, cancer or cardiovascular diseases, therefore is important to control
GHS levels. MnO; nanosheets exhibit peroxidase-like activity and it have been used for
GSH sensing®3. The nanosheets could be decomposed by trace amounts of GSH and
therefore the peroxidase-like activity of the nanozyme decreases, leading to the

decrease of absorbance at 650 nm.

o) Detection of Nucleic Acids: The different affinity of nanomaterials for single-

stranded DNA and double-stranded DNA has been used to detect DNA hybridization. For

38



Chapter 1

example, AuNPs which exhibit GOx-like activity, have stronger affinity for single-
stranded DNA than for double-stranded DNA. The enzymatic activity of AuNPs is
extremely sensitive to surface properties, therefore the non-covalent coupling of the
AuNPs with the single stranded DNA reduce the GOx-like activity of the nanozyme.
When the GOx-like activity of AuNPs is coupled with HRP and the addition of the
chromogenic substrate ABTS it is possible to relate the DNA hybridization with the colour
change®*. Another method for distinguish the DNA hybridization use hemin-graphene
nanosheets, stabilised through m-nt interactions. This nanozyme have peroxidase-like
activity due to the presence of hemin on the graphene surface and it is also able to
differentiate between single-stranded DNA and double-stranded DNA. Single-stranded
DNA can be adsorbed by graphene due to n-it stacking interactions, in contrast double-
stranded DNA cannot stably adsorb on the nanozyme surface. Hemine-graphene
nanosheets precipitate in the presence of double-stranded DNA by adding the correct
amount of electrolyte, while single-stranded DNA inhibit the precipitation. After
centrifugation, by adding the colorimetric substrate TMB and H,O; to the supernatant it
is possible to distinguish by the naked eye the change in absorbance. Besides this DNA
sensor it is also able to differentiate single-nucleotides polymorphisms which are related

with tumour development!*.

o Detection of proteins: ELISA is one of the most important applications of HRP.

Due to the intrinsic shortcomings of natural enzymes, nanozymes with peroxidase-like
activity are attractive substitutes for HRP in this application. In Table 3. some nanozymes

used in ELISA are showed.

Many noble metals NPs, including AuNPs or PtNPs are used in biosensors. Both are able
to oxidise the chromogenic substrate TMB from colourless to blue in the presence of
H,0,. For example, AuNPs have been used to improve the LOD in a sandwich aptasensor
for C-reactive protein detection®®. The presence of high levels of this protein is related
with the risk of developing cardiovascular events. The AuNPs were synthesised by
chemical reduction using sodium citrate as reducing and capping agent. The AuNPs were
coupled to the sulfydryl modified C-reactive protein aptamer by activating the sulfhydryl

group with tris(2-carboxyethyl)phosphine).
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Besides ELISA applications, nanozymes with peroxidase-like properties can also be used
for sensing proteins using other strategies, for example, for the detection of
acetylcholinesterase. This enzyme regulates the level of acetylcholine by its
hydrolyzation generating thiocholine. Acetylcholine is a neurotransmitter which
participates in synapsis. An incorrect working of acetylcholinesterase is related with
neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s disease or
Huntington’s disease. MnO; nanosheets have peroxidase-like properties and are able to
oxidise TMB in the presence of H;0,. The presence of thiocholine trigger the
decomposition of the nanozyme causing a decrease in the catalytic performance of the

nanosheets and can be related with acetylcholinesterase activity®’.

o Detection of cancer cells: Besides the previously mentioned sensing applications,

nanozymes can be used for the detection of cancer cells. The folate receptor is
overexpressed on the majority of cancer cells, this fact has been used in various works
for the detection of this kind of cells. For example, folate conjugated CeO, NPs which
exhibit oxidase properties can selectively be attached to the overexpressed folate
receptor and the colorimetric detection of cancer cells is achieved!’2. Similar approaches
have been followed by using other nanozymes. For example, by using folic acid graphene
oxide-AuNCs'73, In this system lysozyme stabilized AuNCs are adsorb on the surface of
graphene oxide via electrostatic interaction. The composite exhibit peroxidase-like
properties and is able to detect cancer cells. In another example, AuNPs growth on the
surface of periodic mesoporous silica-modified reduced graphene oxide is conjugated to

folate acid and used for the colorimetric detection of cancer cells74.
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Table 3. Nanozymes used in ELISA assays as substitutes for HRP.

Type of nanozyme

Mesoporous SiO,/Au-Pt**®

Fe-MOF°

AuNPs'®
Prussian blue NPs'®°
AuNPs’¢!

Graphene-AuNPs!¢?

ZnFe,0,@WNT3

Ceria'®*

Ceria'®®

Pt nanocubes'®®

PtNPs'®’
Hemin-Au@MOF*©8
Cu-MOF'®®
PdNPs'’®
MnO,'"*

Type of ELISA

sandwich
Indirect
competitive
sandwich
sandwich
sandwich

direct
sandwich

sandwich
direct

sandwich
sandwich
sandwich
sandwich
sandwich

sandwich

Substrate

TMB/H.0;

TMB/H.0;

TMB/H.0;
TMB/H.0;
TMB/H.0;
TMB/H.0;

TMB/H.0;

TMB/H,0,
AmpIiqu/HzOz

TMB/H.0;
TMB/H.0;
TMB/H-0;
TMB/H-0;
CN/DAB/ H0;
TMB/H-0;

Analyte

Aflatoxin B1

Aflatoxin B1

C-reactive protein
HSA
Influenza virus
Norovirus

carcinoembryonic
antigen

CA15-3
EpCAM

PSA
HIV p24
o-fetoprotein
mouse IgG
PSA

o-fetoprotein

*LOD improvement in comparison with traditional ELISA.

Detection range

0.01-1000 ng mL?
0.01-20ng mL*

0.1-200 ng mL*
1.2 ng— 1000 ng mL?
5x107"° - 5x10°g mL*?

100 pg mL'-10 pg mL?

0.005-30 ng mL!

0.01 ng mL*-100 pug mL*
300-6000 cells

20-2000 pg mL*
1-10000 pg mL*
0.080-43 ng mL™
1-100 ng mL?
2-1200 pg mL*
6.25-400 ng mL*

LOD

5pgmL?
0.009 ng mL*

8 pg mL?
1.2 ng mL?
5x102g mL?
92.7 pg mL*

2.6 pg mL?

0.01 ng mL*
300 cells

0.8 pgmL*
0.8 pgmL*

0.020 ng mL?
0.34 ng mL*
0.67 pg mL
21.6 pgmL?!

LOD improvement *

600

20

51250

2000
112

77

10

10
13

110
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¢ Nanozymes in environmental treatment

In some occasions industry causes problems to the surrounding environment causing
the destruction of the ecological system. One example is the contamination of natural
water by organic pollutants such as lindane. Lindane is the gamma isomer of 1,2,3,4,5,6-
hexachlorocyclohexane (HCH) and it has been one of the most used pesticides. Only the
gamma isomer exhibit pesticide properties, the other isomers must be separate and
became waste. To produce 1 tonne of lindane, 8-12 tonnes of waste HCH isomers are
generated. Special attention was given to the huge contamination caused by the lindane
producer Inquinosa, which produced 140000 tonnes of HCH waster between 1947 and
1992 that were buried in several uncontrolled dumps in Sabifidnigo (Spain). The lindane
filtrate and contaminate the soil and the Gallego river. More than 20 years after the
Inquinosa company stopped its activity the population living at the border of Gallego
was warned of too high lindane concentration in their drinking water!’>, Natural
enzymes for water treatment and the decomposition of organic pollutant have been
used, the most used enzyme is HRP. It catalyse H.O; to generate OH radicals, which can
oxidise the pollutant organic compounds to insoluble precipitated products®. In order
to overcome the drawbacks associated to the use of natural enzymes, nanozymes as
enzyme mimics are used in environmental treatment. For example, N-doped TiO, NPs
exhibit photocatalytic activity triggered by the exposure to visible light and have been
used to degrade lindane in water'’®. Also, reduced graphene oxide-silver
nanocomposites are able to convert lindane in to AgCl and different isomers of
trichlorobenzene, which are adsorbed on the graphene substrate by n-it interactions.
The high conversion capacity of this nanocomposite and its recycling ability makes this

nanozyme a promising material for applications in sustainable water treatment?’’.
o Nazozymes as antibacterial

Infections caused by bacteria affect to millions of people and it still being a health
problem in all the world. The most used antimicrobial agents are antibiotic. The overuse
of antibiotics causes the increasing appearance of multi-drug-resistant bacteria;
therefore, it is necessary the development of new materials with antibacterial

properties. Nanozymes as antibacterial have become a promising alternative due to its
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broad band antimicrobial ability and a lack of resistance'’®. Nanozymes with oxidase and
peroxidase activity can convert molecules from the environment into toxic components
for bacteria, such as reactive oxygen species (ROS), causing the bacteria death.
Interestingly, Pd nanocrystals exhibit antibacterial properties generated by ROS, which
change with its crystalline structure. {100}-faceted Pd cubes have higher enzyme-like
activity than {111}-faceted Pd octahedrons. In Gram-positive bacteria, Pd nanocrystals
tend to accumulate on the surface of membrane, therefore {100}-faceted Pd cubes have
higher kill activity in this case. Nevertheless, in the case of Gram-negative bacteria {111}-
faceted Pd octahedrons exhibit higher penetration into bacterial membranes causing

higher damage to bacteria than Pd cubes'’®.

e Antioxidant

ROS, as 027, -OH and H,0;, are products of cell metabolism. They do not involve a risk
at low levels since they act as second messengers and participate in signalling processes.
However, when ROS are overexpressed, they induce oxidative damages to biomolecules
and can cause cell apoptosis by activating the enzyme caspase'®. Also, ROS are related
with neurodegeneration, cancer, diabetes, atherosclerosis, arthritis and kidney
diseases. In the cell system there are enzymes with antioxidant properties, such as,
catalase, superoxide dismutase or glutathione peroxidase!®. When ROS are
overexpressed, these natural enzymes are not enough to eliminate it. Nanozymes seem

promising materials to remove the overexpressed ROS.

Pt nanomaterials have been widely used as antioxidant agents since it is well known
their ability to reduce ROS levels. For example, citrate-capped Pt NPs exhibit dismutase,
catalase and peroxidase-like behaviour, with equal or even better performance than
natural enzymes and they have superior adaptability to environmental changes. Their
antioxidant properties were tested towards the Cerebral Cavernous Malformation
(CCM), which is associated to an increase in ROS levels. As expected, Pt NPs were able
to reduce ROS levels and restoring physiological homeostasis!®2. Another nanomaterial
that has been used for the scavenging of ROS are ultrasmall CuO NPs which can also
mimic the activity of the enzymes catalase, superoxide dismutase and glutathione

peroxidase'®3. Besides, this nanomaterial has rapid renal clearance and high
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biocompatibility. The cytoprotective effects appear at very low dosage of NPs and

improve the treatment in acute kidney injury, acute liver injury and wound healing.

The abnormal expression of ROS is a possible cause of Alzheimer’s disease. The
accumulation of amyloid protein in brain is an indicator of this disease and the presence
of amyloids causes mitochondrial dysfunction and the abnormal expression of ROS.
Therefore, protecting the mitochondria of oxidative damage could be adequate for
Alzheimer’s disease prevention and early treatment. Magnetite/ceria NPs decorated
with anti-amyloids antibodies have been used for the remove of amyloids in the blood
of transgenic mice'®*. The antibodies capture the amyloids and the magnetite NPs in the
core isolate it by using an external magnetic field. The ceria NPs placed in the shell, since
they have superoxide dismutase and catalase activity, are able of scavenging ROS
produced by the presence of amyloids. The transgenic mice undergo a decrease in
amyloids protein in the blood and the brain and also prevents spatial working memory

deficits.

e Imaging
Nanozymes can be used for targeting and visualising tumor tissues. A strategy is the use
of nanozymes with peroxidase-like activity, since cancer cells secrete a large amount of
endogenous H20;. FeWOx nanosheets with this enzymatic behaviour have been used
for tumor visualisation'®>, The nanozyme is loaded with TMB and it enables the
photoacoustic imaging of endogeneous H.0,. Also, ferritin-based cobalt nanozymes
specifically target and visualize hepatocellular carcinoma tissues, due to the
modification of the surface of ferritin with the SP94 peptide which specifically recognises
this tumoral tissue. This nanozyme has also peroxidase-like activity and it is loaded with
the substrate 3,3'-diaminebencidine (DAB) which gave a deep-brown colour if H,0; is

also present?!8®,

e Biorthogonal catalysis
Biorthogonal catalysis is a strategy for the in-situ generation of molecules unattainable
through natural biological processes. Transition metals are able to perform reactions

that cannot be accomplished by natural enzymes; however, its use is complicated due
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to poor biocompatibility, water solubility and stability. These problems can be solved by
loading the transition metals into nanomaterials. Biorthogonal catalysis has been used
for imaging bacterial biofilms. With conventional imaging agents the visualization of
biofilms is difficult due to the dense matrix and false positive/negative responses are
usual. Transition metal catalysts composed by Ru have been encapsulated in pH-
responsive sulphonamide-functionalized AuNPs. Since biofilms have an acidic
environment, the nanozyme is able to target the bacterial accumulation and to activate

a pro-fluophore and finally imaging the biofilm&’,

2.5. Quantum Dots in fluorescence-based biosensing

Biosensing methodologies based on fluorescence are one of the most employed due to
high sensitivity and simplicity. Fluorescent nanomaterials such as QDs have started to
replace classic organic fluorophores because they exhibit brighter fluorescence, wider
selection of excitation and emission wavelengths and higher photostability.

QDs are semiconductor nanocrystals composed by atoms of groups Il to VI (e.g., Cd, Zn,
Se, Te) or llI-V (e.g., In, P, As) in the periodic table. Due to their very small size (<10 nm)
the gquantum confinement effect causes wide UV-visible absorption spectra, narrow
emission bands and tunable optical properties by size, composition and shape!®8,
Compared to organic dyes, QDs have similar quantum yields but extinction coefficients
are 10-50 times larger and reduced photobleaching rates. The overall effect is that QDs
have 10-20 brighter fluorescence and 100-200 times better photostability®°.

Although QDs are a promising strategy to replace classical fluorophores, their surface
properties need to be improved for better solubility and stability. Also, toxicity of these
materials is a drawback for biomedical studies performed in vivo, although it is not a
problem in in vitro assays'®.

QDs have been widely used in FRET assays. FRET is a through-space dipolar coupling
interaction that allows electronic energy to be transferred from a donor to an acceptor.
The rate of energy transfer depends on the distance between the donor and the
acceptor, their relative orientations and the spectral overlap!®. This technique is very
sensitive to nanoscale changes in distance between molecules. Traditional FRET pairs

are organic dyes, currently QDs are used as energy donors. They exhibit narrow emission
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spectra and broad absorption which allow single-wavelength excitation of multiple
donors and avoid crosstalk with acceptor fluorophores'®®. However, they are not
adequate to be used as energy acceptors due to broad absorption spectra. QDs have
been employed as donors in FRET for DNA point mutations analysis, detection of

pathogenic DNA, construction of molecular beacons and immunoassays.
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Figure 10. FRET-based bioanalysis using QDs as donors. A sandwich assay for oligonucleotides
(A). Hybridization assay for oligonucleotides (B). A QD-based molecular beacon (C). An aptamer-
based binding assay for thrombin (D). An assay for proteases (E). An immunoassay for TNT (F).
A binding assay for maltose (G). The asterisks indicate the state in which efficient FRET occurs.
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In Figure 10A. a sandwich assay for nucleic acids is represented. A QD coated with
streptavidin emitting at 605 nm was paired with Cy5 as acceptor. A probe
oligonucleotide labelled with biotin complementary to one half of the target sequence
and a Cy5-labeled probe complementary to the other half of the target built the
sandwich. The interaction biotin-streptavidin binds the sandwich to the surface of the
QD. FRET between the QD and the Cy5 acceptor takes place. The assay has a detection
limit of 4.8 fM*%2,

In Figure 10B. is showed a system for the multidetection of two target nucleic acid
sequences diagnostic of spinal muscular atrophy and pathogenic Escherichia coli. The
sequences were labelled with Cy3 and Alexa Fluor 647, respectively. Complementary
sequences to these ones were coupled to a green QD and red one. The conjugation of
the probe oligonucleotides increased the QD fluorescence approximately twofold?3.
Molecular beacons can be constructed using a QD and a quencher (Figure 10C.). In the
presence of a complementary target an increase on the fluorescence of the QD is
observed. The conformational change increases the distance between the QD and the
guencher that causes a decrease in the quenching efficiency. A molecular beacon using
DABCYL as a quencher was prepared. The presence of complementary target increases
sixfold the fluorescence of the QD%4,

Thrombin has been analysed using FRET and employing its well-known aptamer (Figure
10D.). The FRET-based probe was constructed using a QD as a donor, the aptamer was
bound to a complementary sequence labelled with a quencher. When thrombin was
added, the sequence containing the quencher is displaced because thrombin is bound
to the aptamer and the fluorescence increases 19 times'®.

The recovery of QD fluorescence due to the displacement of quenching substances has
been used for the analysis of proteases (Figure 10E.). Quenching moieties can be bound
to the surface of a QD helped by a peptide sequence. The proximity of the quencher
causes a decrease of the QD fluorescence. In the presence of the correct protease the
peptide sequence is cleaved and the fluorescence increases. This strategy has been used
with AuNPs as quenchers bound to the surface of a QD by a peptide that is degrade by
collagenase®®®,

FRET has also been used in immunoassays, for example for the detection of

trinitrotoluene (TNT) (Figure 10F.). An anti-TNT antibody was assembled on the surface
47



Chapter 1

of a QD. The antibody binding site was occupied by TNT labelled with a quencher that
causes a decrease in the fluorescence of the QD. When the unlabelled antigen is was
added it displaces the labelled TNT and the fluorescence of the QD is recovered®®’.

Maltose has also been detected using FRET technology (Figure 10G.) using a QD bound
to the maltose binding protein (MBP). MBP can bind both maltose and cyclodextrin but
binds the former with much more affinity. Cyclodextrin labelled with a quencher was
able to quench the fluorescence of the QD through FRET. When maltose was added the
cyclodextrin labelled with a quencher was displaced and a recovery in the QD

fluorescence was observed!®.

2.6. Nanoclusters (NCs) as emerging tool in biosensing

2.6.1. Properties of NCs

Nanoclusters fill the gap between NPs and single atoms and are composed of few to
roughly several hundred of atoms, with sizes between 0.2 to 3 nm °%2%, NCs are
characterized by sizes comparable to the Fermi wavelength of electrons and exhibit
molecule-like properties, such as fluorescence emission or catalytic activity?°l. Due to
their unique properties, NCs find important applications in biodetection, biocimaging,

electronics and photovoltaic?°?

!T X
&;‘,ﬂv (%‘g ¢
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Discrete metal Molecular Atomic

Valence band energy band orbitals orbitals

Figure 11. Representation of the electronic structure of bulk silver, a silver nanoparticle, a cluster
of silver atoms and a single silver atom.
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NCs have higher surface/volume ratio than bigger NPs, brighter emission and higher
catalytic activity in comparison with other nanomaterials of the same mass. As the
diameter of the particle decreases the fraction of exposed surface sites increases,
resulting in an improvement of the catalytic activity. Also, the continuous valence band
of bulk metal starts to separate in a discrete states, similar to that of semiconducting

oxides?® (Figure 11.).
The band gap (6) can be expressed by:
6=4/3 & /N

where & is the Fermi level energy and N is the number of atoms in the particle. When &
is greater than the thermal energy, Kt, (k, Boltzmann constant; T, temperature), the
particle loses its metallic properties. For example, an icosahedral Au particle composed
by 309 atoms with a diameter of 2.2 nm possess a & of 5.51 eV, and each Au atom has
one free electron. Therefore, 6§ achieve a value of 2.38 x 102 eV which is higher than the

thermal energy, 2.35 x 102 eV at 0 °C2%3,

NCs can be synthesized using different methods, for example, the gas-phase method,
the template method, the photoreduction method, the sonochemical method, the
microemulsion method, the radiolytic method, the electrochemical method or the
microwave-assisted synthesis. The template method uses organic molecules,
dendrimers, DNA, gels or proteins as scaffolds for the synthesis of NCs, metallic salts as
precursors and usually it is necessary a reducing step. Here we are going to focus in

methods that use biopolymers as scaffold and its further application in biosensing.

2.6.2. Synthesis of NCs using biopolymers as scaffolds

Several types of biomolecules such as proteins, peptides or DNA have been used as
scaffold for the synthesis of NCs. Instead of using organic molecules as stabilizers and
reducing agents, such as sodium borohydride (NaBHa), these biomolecules have in their
composition natural stabilizing groups, like sulfhydryl groups, hydroxyl groups, carboxyl
groups, amines or nucleotides and reductant functional groups, for example, thiol,
tryptophan and tyrosine. The coordination chemistry between the metal surface that
composed the NCs and the biomolecules, the large steric hindrance and the reducing
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properties makes possible the controllable synthesis of NCs. Several techniques are
employed for the characterisation of the NCs capped by biomolecules: UV-Vis
absorption spectrometry, fluorescence spectrometry, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF), transmission
electron microscopy (TEM), X-ray crystallography (XPS), circular dichroism (CD)

spectroscopy or FTIR spectroscopy.
e Proteins

The first reported AuNCs synthesized using a protein as capping agent, employed BSA
as scaffold?%. The “green” synthesis procedure was inspired by the natural
biomineralization process, using an alkaline solution of pH 12 at 37 °C and HAuCl,4 as gold
precursor. At this basic pH the reducing properties of the phenolic groups of the 21
tyrosine residues are improved. The 35 cysteine residues of BSA serve to stabilize Au
ions through Au-S bonds. The AuNCs exhibit red fluorescence with a quantum yield (QD)
of 6 %. Since, this first green synthesis of AUNCs using a protein as scaffold, it is possible
to find in the literature lot of other examples using different proteins and metals

precursors (Table 4.).

As we can see in Table 4. by changing the temperature, the pH, the reducing
methodology and the reaction time it is possible to tune the AuNCs size and the
fluorescence emission?9> 206207 Also, the protein size and aminoacid content affect the
AuNCs formation. Four model proteins, BSA, pepsin, trypsin and lysozyme were
studied?®. The size of the proteins decreases in the order of BSA> pepsin> trypsin>
lysozyme. Except for BSA, the other proteins have similar cysteine content (between 7-
8 residues). However, there is a considerable difference on the amine-containing
residues wit 60, 14, 6 and 1 for BSA, trypsin, lysozyme and pepsin, respectively. In
comparison with BSA-capped AuNCs, the fluorescence emission of the other NCs exhibit
a shift towards shorter wavelengths, at least 60 nm. Also, a decrease in the intensity was
observed, in particular for pepsin. Pepsin with less amines residues but higher amount
of tyrosine/tryptophan produce larger AuNPs, with non-fluorescent properties. The few
amine residues are not able to complex Au ions. Furthermore, due to the high

tyrosine/tryptophan content, it strongly reduces the Au ions and produce larger NPs.
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Table 4. Protein-capped metal NCs: metal core composition, metal precursor, protein acting as scaffold, reducing agent, T2, pH, incubation time,

fluorescence emission and diameter.

Metal core composition
Auzs®®

Aus?®s

Au?®

Auzs%’

Au3?”’

Aus/ Aug?®’

Au208

Ag132%

PtZlO
cu211
cu212
cd213

Au/Pt?'

Metal precursor

HAuCla

HAuUCl4

HAuUCl4

HAuUCl4

AgNO3
H2PtCls
Cuso4
CuSO4
CdClz
HAuCls/H2PtCle

Protein acting as scaffold

BSA

BSA

Pepsin

BSA
Pepsin
Trypsin

Lysozyme
BSA
Yeast extract

BSA
Papain

HSA

BSA

Reducing agent
Tyr residues

Ascorbic acid

Tyr residues

Tyr residues

Tyr residues

Tyr and NaBH4
Tyr residues
Tyr residues

N2H4

Tyr residues

Tyr residues

T2/pH/Incubation time

37°C/12/24 h
37°C/8/24 h
37°C/12/12h
37°C/12/2h
37°C/1/100 h
25°C/9/24h

RT/12/1h

-/12/1h
100 °C/-/12 h
55°C/12/6-8 h
37°C/12/2 h
55°C/12/3 h
70 °C/12/20 min

Fluorescence emission

620 nm
425 nm

604 nm

670 nm
510 nm
402 nm/480 nm
705 nm
620 nm
643 nm
640 nm
625 nm
448 nm
410 nm
620 nm
485 nm
640 nm

Diameter
2.5nm
1.9nm

0.233 nm

=1-2nm
=1nm
=1nm

2nm
=6nm
=2 nm
=4 nm
<2nm

3+0.3nm
2.8+0.5nm
23+0.7nm
2nm

2.25+0.18 nm
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Lower cysteine content and the smaller size of the proteins caused blue shifts of the

fluorescence emission in the case of trypsin and lysozyme due to ineffective protection.

Moreover AuNCs, other metals have been employed for the synthesis of fluorescent
protein capped NCs. Such as Ag?®, Pt?10, Cu?!1?12  Cd?!3® and even bimetallic NCs

composed by Au and Pt?14,

And in addition to metal NCs, although there are few examples in literature,
semiconductor NCs have been also synthesised using proteins as scaffold. For example,
CdS NCs?!> and CdSe NCs?'® have been synthesized using BSA as capping agent. In both
cases, first the Cd precursor is mixed with the protein to sequester the ions. After the
incubation time the S precursor and the Se precursor were added, respectively, to form
the colloidal solution. As a result, fluorescent NCs appeared with emission at 509 for CdS

NCs and 433 nm for CdSe.
o Peptides and aminoacids

Peptides, composed from several to dozen of aminoacids residues, have been widely
used as capping agents for the synthesis of metal NCs, due to simple composition and
spatial structures. In Table 5. there are some examples of peptide protected NCs.
Glutathione (GSH) composed by three aminoacids, glutamate, cysteine and glycine (Glu-
Cys-Gly) is a classical thiolate peptide that has been used for the synthesis of metal NCs.
In the literature it is possible to find AuNCs?%’, AgNCs?8 or CuNCs?® synthesized using
this peptide, which act as scaffold. Other short peptides have been used for the
synthesis of metallic NCs, for example L-Cysteine (L-Cys) has been employed for the
synthesis of fluorescent CuNCs?%°, This aminoacid serve to encapsulate Cu ions from the
salt CuSO4 which act as precursor. Another example is the use of the dipeptide L-Cys-L-
Cys for the synthesis of high fluorescence emitting Au NCs??!. Besides thiol groups,
peptides containing carboxyl groups exhibit high affinity towards Ag ions. For example,
by using a dipeptide composed by Valine and Asparagine (Val-Asp) protected by Fmoc
forming an hydrogel®?2. Also, polypeptides have been used as etchants for the synthesis

of NCs. L-Cys can act as an etchant of larger AuNPs for the synthesis of AuNCs?%3,
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e DNA

DNA templates have been used for the synthesis of metal NCs, it is possible to find some
examples in Table 6. DNA exhibit a high affinity towards Ag due to the presence of
cytosine (C) and guanine (G) nucleotides in its structure. Ag NCs using an oligonucleotide
as scaffold were synthesized for the first time by Dickson et al??%. The fluorescence
emission of Ag NCs can be tuned by changing the DNA nucleotide sequence. Microarray
technology has been used for this issue and NCs emitting in the blue, green, yellow and
red region of the spectrum have been synthesized??°. Also, Ag NCs emitting in the near
infrared have been produced??®. Furthermore, DNA sequence templates containing
aptamers and fragments to act as scaffold for the synthesis of AgNCs have been
employed. For example, a sequence containing an aptamer for 8-
hydroxydeoxyguanosine (OHdG)??’. In addition, DNA templates can be used for the
synthesis of NCs composed by other metallic cores such as Au??® or Cu??® and even

bimetallic NCs composed by Ag and Pt23°,
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Table 5. Peptide-capped metal NCs: metal core composition, metal precursor, peptide acting as scaffold, reducing agent, T2, pH, incubation time,
fluorescence emission and diameter.

Metal core
composition

Au217

AgZS

cu219

CuZZO

Au221

Ag222

Au223

Metal
precursor

HAuCls

AgNPs

CuSO4

CuSQOq

HAUC|4

AgNO;

AuNPs

Peptide acting as
scaffold

GSH

GSH

GSH

L-Cys

L-Cys- L-Cys

(Val-Asp)

L-Cys

Reducing agent/ Other method

Reducing properties of aminoacids

GSH acting as etchant

Ascorbic acid

Reducing properties of aminoacids

NaBH4

Sun light

L-Cys acting as etchant

T2/pH/Incubation
time

70 °C/-/24 h
65 °C /-/1 day

65 °C /-/3 day
65 °C /-/8 day

85°C/12/7h

55°C/12/4.5h

RT/-/ 48 h

RT/7.4/ 3 min

100 °C/12/ 24 h

Fluorescence
emission

614 nm

450 nm

570 nm
720 nm

440 nm

480 nm

410 nm

634 nm

495 nm

Diameter

0.235 nm

<2 nm

2-3 nm

2-3nm

<1.5nm

2-3 nm

1.35 nm
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Table 6. DNA-capped metal NCs: metal core composition, metal precursor, DNA sequence

acting as scaffold, reducing agent and fluorescence emission.

Metal core
composition
Ag224

Ag225

Ag226

Ag227

Au 228

cu229

Ag/Pt230

Metal
precursor
AgNO3

AgNO3

AgNO3

AgNOs

HAUCl,4

CuSOg4

AgNOs and
K2PtCls

DNA sequence

5’-AGGTCGCCGCCC-3’
5’- CCCTTTAACCCC-3’
5’-CCCTCTTAACCC-3
5’-CCCTTAATCCCC-3’
5’-CCTCCTTCCTCC-3’
5’-CCCGGAGAAG-3’
5'GCGGGCGATCGGCG
GGGGGTGCGTGCGCT
CTGTGCCAGGGGGTG
GGACAGATCATATGG
GGGTGCTCCCCCCCCC

ccesy’

(Aptamer for OHdG)
5’HS(CH2)6GCACTGGT
CGGCCATGGGTAGCG
ACGGTCCCTAACGTTT
3’(Aptamer for MUC1)
STTTTTTTTTTTTTITTI
TTTTTTTTTTITTTITTITTT
TTTT-3'

5'_
CCCCCTAACTCCCCC-3

2.6.3. Biosensing strategies based on NCs

Reducing
agent/ Other
method

NaBH4

NaBH4

NaBH4

NaBH4

Dimethylamine
borane (DMAB)

Sodium
ascorbate

NaBH4

Fluorescence
emission

400-600 nm
485 nm
520 nm
572 nm
620 nm
721 nm

630 nm

650 nm

550nm-
650nm

NCs synthesized using biomolecules as scaffold find important applications in biosensing

due to their desirable selectivity and sensitivity, ease of fabrication, ultrafine

subnanometer size and high biocompatibility. It is possible to find sensing strategies

which take advantage of the fluorescent properties of NCs and there are others which

uses their catalytic activity.
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¢ Fluorescence sensing approach

NCs exhibit strong photoluminescence, combined with tunable fluorescence emission,
high photostability, large Stokes shift and good quantum yields?3!, making them
excellent probes for biosensing applications. Among the strategies which uses the
fluorescent emission of NCs, it worth highlight the “turn-on” and the “turn-off”
methods. It has been used for the sensing of ions, DNA, MicroRNA (MiRNA), proteins,
cells or small biomolecules?®?. For example, the great affinity of Au* towards Hg?* ions
have been employed for the sensing of the latter, using fluorescent AuNCs capped with
BSA. This NCs exhibit strong fluorescence that is quenched by the presence of Hg?* ions
in solution. The LOD of detection is 0.1 ppb which is lower than the maximum level (2.0
ppb) allowed by the Environmental Protection Agency (EPA) in drinking water?33, AgNCs
synthesized using DNA as scaffold have been employed as DNA detection probe. The red
fluorescence of this NCs is enhanced 500-fold when are near to DNA sequences rich in
guanine nucleotides, acting as a beacon. Using this methodology is possible to detect an
influenza target with an improvement of 5-fold than using a conventional molecular
beacon??*. Using the methodology of the florescence quenching a DNA sequence has
been synthesized for the detection of thrombin. This DNA sequence is composed by a C-
rich region and a thrombin aptamer in the opposite side. The C-rich region is used for
the synthesis of highly fluorescent Ag NCs, when thrombin binds to its aptamer a
structural change quenches the fluorescence?>. Proteases can be detected taking
advantage of their ability to hydrolize peptides bonds. The fluorescence of AuNCs
capped with BSA is quenched by the presence of proteases, because the protein shell is
degraded. The O molecules can penetrate through the shell and quench the

fluorescence of the Au core?3®.
e (Catalytic sensing approach

Many NCs synthesized using proteins as scaffolds have demonstrated to have enzyme-
like properties, principally peroxidase, oxidase and catalase, and are suitable candidates
to be used in biosensing applications. Due to their ultrasmall size, they exhibit greater

catalytic activity and better biocompatibility in comparison with larger nanozymes. In
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Table 7. it is possible to find some examples of NCs synthesized using proteins as

scaffolds and their application in sensing.

Table 7. Examples of protein-protected NCs with enzyme-like activity and their applications.

Protective

Catalytic

NCs biomolecule type Catalytic activity Application
H20; Km: 25.3 mM Colorimetric
TMB Km: 0.00253 detection of H,0>
AuNCs?%’ BSA Peroxidase mM (LOD: 2.10% M) and
(125 times lower xanthine (LOD: 5.10”7
than that of HRP) M)
H202 Kii: 2.46 mM Tumor molecular
AuNCs?8 BSA Peroxidase 1M Km: 0.00664 location and
(lower than that of diagnosis
HRP)
H,0; Km: 199.4 mM
AuNCs?*®  Apoferritin  Peroxidase TMB Ku: 0.097 mM Co.lorimetric
(4 times lower than ~ detection of glucose
that of HRP)
H,0, Km: 1.49 Mm
(2.5 times lower Colorimetric
AuNCs?¥  Protamine  Peroxidase than that of HRP) detection of Hg?*
TMB Km: 0.169
(LOD: 1.16 nM)
(much lower than
that of HRP)
H202 Ki: 41.8 mM Colorimetric
PtNCs?*! BSA Peroxidase TMB Ku: 0.119 mM detection of Hg?*
(3 times lower than (LOD: 7.2 nM)
that of HRP) Y
H202 Kw: 0.0089 mM Colorimetric
CuNCs?*? BSA Peroxidase (lghﬂ?nzz'lg\;\?:rltshin detection of xanthine
. -7
that of HRP) (LOD: 3.8.107 M)
Colorimetric
immunoassay for
AgNCs?43 BSA Oxidase - Listeria
Monocytogenes
(LOD: 10 cfu/mL)
Degradation of
PtNCs?**  Lysozyme Oxidase TMB Km: 0.63 mM methylene blue in
absence of H.0;
PtNCs2%° Ferritin Catalase H202 Kw: 420.6 mM -

(pH=12, 85 °C)
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This sensing approach was studied in this thesis by incorporating NCs with peroxidase-

like activity in the structure of an antibody. The conjugate will be used as detection

antibody in an immunoassay acting as the recognition element and the transduce

component.
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Motivation and objectives

Biosensors are nowadays all-over in biomedical diagnosis as well as a wide range of
other areas such as POC monitoring of treatment and disease progression,
environmental monitoring, food control, drug discovery, forensics, biomedical research
and healthcare. These last two are the main market sections interested in the
development of biosensors. At the present time, analytical methodologies based on
immunoassays are considered as one of the most powerful tools for these sectors,
because proteins are related with the most common diseases. Despite this, there is a
need of improving the sensitivity and stability of immunological assays. Traditional
methodologies for labelling antibodies for its further use in immunoassays involve a
chemical reaction between the antibody and an enzyme. As a result of the linking
process, some species are formed by random coupling. These species cause background
signal and nonspecific binding, which reduces the sensitivity of immunoassays. In this
thesis, we propose the use of nanotechnology to overcome these drawbacks and to set
up a universal methodology for labelling antibodies, eliminating the step of the chemical

reaction.

The hypothesis of this work is: the synthesis of atomic nanoclusters with optical and/or
catalytic properties using antibodies as scaffold without changing its affinity for target
analyte and their further use in immunoassays. The use of antibody carrying NCs
decreases the detection limit and improves the signal-to-noise ratio of the
immunoassay. Thereby, the antibody carrying nanoclusters incorporate both a
recognition component (to sense selective the interaction with the bioanalyte) and a
transduction component (to deliver the corresponding interaction). The incorporation
of the nanoclusters inside the biorecognition element may address the drawbacks
related with enzymes-label complex, and results in the development of new efficient
strategies for the detection system of immunoassays. The advance beyond the state of
the art is the non-denaturation of the antibody during the introduction of the NCs into
its structure. The protein structure remains unchanged and the affinity for target analyte
do not change. In the literature there are multiple examples of the synthesis of NCs using

proteins as scaffolds, however, these methods are performed under denaturing
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conditions and in most of the cases the proteins structure is altered, and it lose its

biological properties.

This research was made based on the wide knowledge from the laboratories of
Biosensing Lab group (CIC biomaGUNE) and Biomaterials group (Tecnalia Research &
Innovation) in the field of sensing. The Biosensing Lab group pioneered enzymatic
synthesis of nanomaterials and has applied it to the development of simple, sensitive,
and inexpensive bioanalytical assays. This enzymatic manipulation of nanomaterials has
been applied to detect different analytes in ELISA through the biocatalytic formation of
CdS QbDs in situ. In addition, the Biosensing lab has also experience in selection and
synthesis of DNA aptamers for a number of target proteins and has successfully
developed aptasensors for MnSOD and for a human herpes virus. On the other hand,
Biomaterials group in Tecnalia has expertise in the oriented immobilization of antibodies
for immunoassays based on polystyrene surface modification with different functional
groups such as amines, carboxylic acids, alquenes or epoxys. Also, there is a research
line focused on the design and development of miniaturized chips for biosensing and
they have developed the first miniaturized portable chip used as a photoelectrochemical

immunosensor.

Since | was interested on biosensor technology and passionate about nanoscience, |
decided to perform this PhD thesis under the supervision of Dr. Valery Pavlov (CIC
biomaGUNE) and Dra. Nerea Briz (Tecnalia Research & Innovation). The main goal of this
work was to develop an immunoassay based on the technology of antibody carrying
nanoclusters with an improved performance in terms of sensitivity and step processes
of that of a commercial kit. In order to achieve this, some specific objectives were

proposed:

1. Synthesis of nanoclusters with some measurable property (fluorescence,
photocatalytic or catalytic activity) using antibodies as scaffold without
changing their biological properties.

2. Development of immunoassays for the detection of biomolecules using the
optical, photocatalytic or catalytic properties of the antibodies carrying

nanoclusters; that improve conventional ELISA assays.
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The first task of the work was to set up the methodology for the introduction of NCs
inside the antibody structure without changing its secondary structure and neither its
affinity for target analyte. As a model antibody a polyclonal Anti-BSA IgG from rabbit
was selected. Three different types of materials were tested for this issue: CdS, Ag/Pt
and Au/Pt (Chapter 3). On the one hand, CdS was chosen for its fluorescent and
photocatalytic properties. On the other hand, the bimetallic materials were selected for
their peroxidase-like activity and ability to oxidise chromogenic substrates. The three
types of nanoclusters were successfully introduced in the polyclonal model antibody
without changing its affinity for BSA. The performance of the synthetic procedure was

tested in other polyclonal antibodies and in a monoclonal antibody.

Then, the model antibody carrying NCs was used as a probe, acting as the recognition
element and the transduce component, in different kinds of immunoassays (Chapter 4).
The bimetallic NCs were used as detection antibody in a sandwich immunoassay and its
performance was compared with the same antibody labelled with HRP. The
semiconductor NCs were tested as fluorescent donor in a FRET-based homogeneous

immunoassay.
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OF ANTIBODY-PROTECTED NANOCLUSTERS
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Synthesis and Characterization of Antibody-protected Nanoclusters

There is a large number of examples of the synthesis of NCs using proteins as scaffold.
Usually the synthetic conditions for the synthesis of NCs stabilized with proteins require
extreme conditions in terms of pHs or temperature. These conditions cause the
denaturalization of the biomolecules and end up in the loss of their biological functions.
Until now there are no examples of the use of antibodies as NCs stabilisers. In this
chapter we present the first method for the synthesis of bimetallic and semiconductor
NCs that employes antibodies as scaffold. A polyclonal IgG from rabbit was used as a
model antibody. The synthesis is carried out under non denaturing conditions, which do
not affect the antibody structure. The resulting antibodies-NCs conjugates still maintain

the affinity for target antigens and protein G.
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1. Introduction

Metallic and semiconductor NCs are composed of several atoms with a size smaller than
2-3 nm?! and demonstrate very peculiar optical, electronic and catalytic features. Due to
their unique properties, NCs find important applications in biodetection, bioimaging,
electronics and photovoltaic?. Their specific properties arise from their subnanometric
dimensions, comparable to the Fermi wavelength of electrons. The spatial isolation of
free electrons in NCs provide electronic transitions tunable with size3. Several
biopolymers like bovine serum albumin (BSA)*>®, lysozyme’®, GOx°® , HRP,
glutathione!’ or DNA? have been used as stabilizer for semiconductor and metallic
clusters of atoms. The harsh conditions employed during the synthesis of NCs, such high
temperature or extremely basic pH, with these biopolymers as scaffolds cause partial or
complete loss of their initial biological properties due to denaturalization. To the best of
our knowledge, antibodies, which play the important part in immune response of living
organisms, have never been employed as scaffolds for the synthesis of catalytic

semiconductor or metallic NCs.

In the present work a polyclonal IgG was used as scaffold for the synthesis of NCs
composed of different materials without changing its conformation and maintaining the
binding for its antigen by using mild conditions during the synthesis. As a model
antibody-antigen system BSA and corresponding antibody, anti-BSA IgG, were selected.
This system is commonly used as a model in research 3415 Albumin functions as a
carrier protein for steroids, fatty acids, and thyroid hormones in the blood and plays a
major role in stabilizing extracellular fluid volume by contributing to colloid osmotic
pressure of plasma. BSA is the most abundant protein in plasma and has very important
applications in cell culture, clinical diagnosis, electrophoresis chromatography and
immune biochemistry 1® and it is usually used as a standard protein. It is composed by a
single peptide chain protein composed of 582 amino acids and its sequence is similar to
that of human serum albumin (HSA)Y’. Three different materials were chosen for the
synthesis of NCs, semiconductor NCs composed by cadmium sulphide (CdS) and

bimetallic NCs composed by silver/platinum (Ag/Pt) and gold/platinum (Au/Pt). These

83



Chapter 3

materials have been selected due to their optical and catalytic properties for the further

use of the NCs-1gG conjugate in inmmunosensing applications.

Most of the known nanozymes can play the catalytic role without special lighting
requirements. However, there are some that need to be stimulated by light to exhibit
enzyme-like properties. CdS was chosen for the synthesis of CdS NCs-IgG due to their
photocatalytic properties towards oxidation of N-acetyl-3,7-dihydroxyphenoxazine
(Amplex Red). CdS nanomaterials, as quantum dots (QDs) are photosensitive nanozymes
capable of generating reactive oxygen species (ROS), as hydrogen peroxide (H;0>)
triggered by the exposure to ultraviolet light (UV-light)®. When nanomaterials
composed by semiconductor materials such as CdS, CdSe, ZnS or TiO; are excited with
light energy greater than their band gap, electrons are promoted from the valence band
to the conduction band and the generated electron-hole pair can emit a photon or
undergo electron transfer with the environment. Due to the latter these materials
exhibit photocatalytic activity!® Photocatalytic activity of proteins conjugated with CdS
nanoparticles (NPs) has been demonstrated with the enzyme cytochrome P450
monooxygenase?%?1, cytochrome ¢ peroxidase and HRP?2. Moreover Amplex Red, CdS
nanomaterials can oxidize other typical peroxidase substrates, such as guaiacol, or 2,2'-

azinobis (3-ethylbenzthiazolin-6-sulfonate) (ABTS)%3.

CdS NCs also exhibit fluorescent properties and can be employed for sensing
applications. For example CdS QDs synthesized using D-penicillamine as capping agent
have been employed for the detection of cysteamine?*. Another example is the synthesis
of fluorescent CdS QDs using thioglycolic acid as scaffold, the presence of dopamine?®
guenches the QDs fluorescence and serve for its quantification. CdS QDs capped by
cysteine use the same quenching strategy for the sensing of trinitrophenol?®. CdS QDs
have been also employed for the multiplexed detection of three heavy metal ions(Cr3*,

Fe3* and Sn?*)?’.

NCs composed by Ag and Pt have been chosen for the synthesis of Ag/Pt NCs-1gG due to
their capacity to catalyze the oxidation of TMB in the presence of H,0;. Previously, Ag/Pt

bimetallic NCs, synthesized using a single stranded DNA as a template, demonstrated
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catalytic activity. This feature was used for the sensing of different analytes, for example

mercury ions?8, L-cysteine?® or thrombin,

Au/Pt NCs exhibit the same peroxidase behavior than Ag/Pt NCs and they have been
synthesized previously using GSH as scaffold and used for the sensing of glucose3!. Other
nanomaterials composed by gold and platinum also have peroxidase-like activity and
have been used in sensing applications. For example, Au/Pt NPs decorated on
molybdenum disulfide surface have been employed for the selectively colorimetric
analysis of cysteine3?. Nanohybrids with a core composed by gold and a shell by platinum
also present catalytic properties and can be used in a immunoassay for the

determination of the prostate specific antigen (PSA).

2. Experimental section

2.1. Chemicals and materials

Cadmium nitrate (CdNOs), sodium sulfide (Na,S), silver nitrate (AgNO3), chloroauric acid
(HAuCls), potassium tetracholoroplatinate (K:PtCls), BSA, polyclonal anti-BSA IgG
(developed in rabbit), monoclonal anti-vinculin IgG (developed in mouse), polyclonal
anti-mouse IgG (developed in rabbit), casein, TMB, Amplex Red, sodium borohydride
(NaBH4), phosphate buffer saline (pH 7.4) (PBS), sodium phosphate monobasic
(NaH2PO4), TWEEN and other chemicals were supplied by Sigma-Aldrich. One pum
diameter polyvinyl chloride microbeads decorated with Protein G (beadBALL-Protein G)
were obtained from Chemicell. Hydrogen peroxide (H,02) was supplied by Panreac.
Polyclonal rabbit anti-human prostate-specific antigen (PSA) I1gG was supplied by Dako.
PSA was commercially available from Lee BioSolutions. Human Interleukin-6 (IL-6)

Antibody Pair- BSA and Azide free and IL-6 were purchased from Abcam.
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2.2. Characterization of materials

Fluorescence and UV-visible

The spectra were performed on a Varioskan Flash microplate reader (Thermo Scientific)
at room temperature. The system was controlled by Skanlt Software 2.4.3. for Varioskan

Flash. The measurements were carried out using 96-wells black microtiter plates.

Transmission electron microscope (TEM) and scanning transmission electron

microscopy (STEM)

TEM and STEM images were recorded with a JEOLJEM 2100F microscope equipped with
a high-angle annular dark field (HAADF) detector and with a digital camera of type F-216
operating at 200 kV. The samples have immediately been prepared from the solution of
the freshly prepared assay by desiccating a tiny droplet of the solution on the
hydrophilized surface of a freshly glow-discharged treated ultrathin carbon film coated

Cu-grid.

Cryo-Transmission electron microscope (cryo-TEM)

Cryo-TEM images were taken after sample vitrification with a Vitrobot Mark Il (FEI
Company, USA). In the sample preparation chamber of the Vitrobot a temperature of 8
°C and saturated relative humidity have been maintained during the droplet deposition
and blotting phase. 4 microliters of sample solution have initially been deposited for 30
seconds onto freshly glow-discharge treated holey carbon film, and in order to end up
with a thin liquid film of typically bellow 100 nanometer film thickness, blotting with
absorbent standard filter paper was processed afterwards. The obtained thin liquid film
containing the sample was plunged into liquid ethane for receiving the vitrified TEM
sample. Sample holders of model 626 (Gatan, USA) have then been used for the cryo
transfer to and imaging at a cryo-TEM of type JEOL JEM-2200FS/CR (JEOL, Japan)
equipped with a UltraScan 4000 SP camera (Gatan, UK). Zero-loss energy filtering by the
in-column Omega filter of this 200 kV FEG-TEM could be applied for the enhanced image

acquisition.
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Energy-dispersive X-ray (EDX)

The elemental maps were obtained using a probe-corrected ThermoFisher Titan
electron microscope equipped with a Super-X detector, operated at 300 kV. Elemental
maps were acquired over the course of 40 min at 150 pA electron beam current and

analysed using Bruker Esprit software.

X-ray photoelectron spectroscopy (XPS)

The experiments were performed in a SPECS Sage HR 100 spectrometer with a
non-monochromatic X-ray source (Magnesium Ka line of 1253.6 eV energy and 252 W),
placed perpendicular to the analyzer axis and calibrated using the 3ds/; line of Ag with a
full width at half maximum (FWHM) of 1.1 eV. The selected resolution for the spectra
was 15 eV of Pass Energy and 0.15 eV/step. All measurements were made in an ultra-
high vacuum (UHV) chamber at a pressure around 8.10® mbar. An electron flood gun
was used to neutralize for charging. Samples were deposited on carbon adhesive tabs

and dried in a Desiccator Cabinet (Scienceware®) for 48 hours.

Circular dichroism (CD)

The spectra were measured using a JASCO J-815CD Spectrometer using a 1 mm path
length quartz cuvette. All CD spectra were recorded with a band-with of 1 nm at 1 nm

increments and 10 s average time.

Matrix Assisted Laser Desorption/lonization time-of-flight (MALDI-TOF)

The measurements were performed in a MALDI/TOF-TOF MS UltrafleXtreme IIl (Bruker)
with Flex Control 3.3. software. For the MALDI-TOF characterization the thin layer
method as approach for sample deposition and a mixture of two matrixes were used3.
For the thin layer, a saturated solution of a-cyano-4-hydroxycinnamic acid (a-CHCA) in
acetone was prepared. A 10 pl pipette tip was dipped in the solution, then the MALDI
target was touched by the pipette tip and deposit the a-CHCA solution. The matrix was
composed by a mixture 1:1 ratio (vol/vol) of 20 mg/mL of a-CHCA in acetonitrile (ACN)
and 5% formic acid (70:30, vol/vol) and a 20 mg/mL of 2,5-dihydroxybenzoic acid (DHB)
in ACN and 0.1% trifluoroacetic acid (TFA) (70:30, vol/vol). Finally, 0.5 pL of the sample
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was mixed with 0.5 pL of the mixture of matrix solution and deposited on the thin layer

previously deposited in the MALDI target.

2.3. Methods

Photocatalytic and Catalytic Activity Evaluation of NCs-IgG

The assays were carried out at room temperature in a 96-well NUNC Microwell plate.

The photocatalytic activity of the CdS NCs-IgG was quantified by photooxidation of the
commercially available fluorogenic substrate Amplex Red. The system was composed of
TRIS buffer (5 mM, pH=8.0) containing CdS NCs-IgG and Amplex Red (0.4 mM). The
fluorescence spectra were recorded after incubation under a 365 nm wavelength UV

lamp, using an excitation and emission wavelength of 530 nm and 590 nm respectively.

The peroxidase-like activity of Ag/Pt NCs-IgG and Au/Pt NCs-IgG was analysed by
calculating steady-state kinetic parameters. The assays were carried out at room
temperature in a 96-well NUNC Microwell plate. The catalytic activity of both NCs-IgG
conjugates was evaluated using the chromogenic substrate TMB. The system was
composed 100 pL of citrate buffer (10 mM, pH=4.0) containing Ag/Pt NCs-IgG or Au/Pt
NCs-lgG and varying concentrations of TMB at a fixed concentration of H,0; or vice versa.
The colour change of the substrate from colourless to blue was monitored along the
time at an absorption wavelength of 655 nm. The Michaelis-Menten constant (Km),

which is an indicator of enzyme affinity for its substrate was obtained by using

. 1 Km 1 1
Lineweaver-Burk plot: — = —
v Vinax [S] Vinax

Where v is the initial velocity, [S] is the concentration of the substrate, and V,,,,, is the

maximal reaction velocity.

Preparation of Polyvinyl Chloride Microbeads decorated with Protein G/ NCs-lgG

composites
Microbeads decorated with protein G (600 uL, 10 mg/mL) were added into a 1.5 mL

microcentrifuge tube and centrifuged (500 g, 1 min). The supernatant was discarded,
and the beads were washed with PBS (600 uL, pH 7.4) three times and resuspended in

PBS (600 pL). 100 pL of the beads were added to six different tubes. CdS NCs-IgG (100
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uL, 5 mg/mL) (referred to Anti-BSA IgG concentration), Ag/Pt NCs-IgG (100 pL, 0.33
mg/mL) (referred to Anti-BSA IgG concentration), Au/Pt NCs-1gG (100 pL, 0.33 mg/mL)
(referred to Anti-BSA IgG concentration), CdS NCs-BSA (100 pL, 5 mg/mL) (referred to
BSA concentration), Ag/Pt NCs-BSA (100 pL of 0.33 mg/mL) (referred to BSA
concentration) and Au/Pt NCs-BSA (100 pL of 0.33 mg/mL) (referred to BSA
concentration) were added to each tube respectively. After 15 minutes incubation at
room temperature (RT) under stirring the beads were washed three times with PBS/0.05

% (v/v) Tween (PBST) and resuspended in 100 uL of PBS.

Procedure for a direct ELISA based on the photocatalytic and catalytic activity of NCs-

1gG

The immunoassays were carried out in a 96-well plate Nunc MaxiSorpt. First, different
BSA concentrations (100 L) in PBS were added into the wells and incubated (overnight
(ON), 4 °C). Then, a solution of casein (100 pL, 20.5 mg/mL) was added as a blocking
agent and incubated (1 h, room temperature (RT)). CdS NCs-1gG (100 pL, 500 pg/mL),
Ag/Pt NCs-1gG (100 pL, 33 pg/mL) or Au/Pt NCs-1gG (100 pL, 33 pg/mL) were added and
incubated (1h, RT). Finally, the antigen concentration was related with the
photocatalytic activity of CdS NCs-1gG with Amplex Red (100 pL, 0.4 mM), the catalytic
activity of Ag/Pt NCs-lgG with 100 pL of TMB (200 uM) and H,0; (125 mM) or the
catalytic activity of Au/Pt NCs-IgG with 100 uL of TMB (200 uM) and H20 (250 mM)

After each step the wells were washed three times with PBST (100 pL).

Fab and F(ab’)2 fragments generation

Fab and F(ab’)2 fragments were prepared using Pierce™ Fab Micro Preparation Kit and
Pierce™ F(ab')2 Micro Preparation Kit (ThermoFisher Scientific), respectively, from
intact rabbit anti BSA IgG antibodies. For generation of Fab fragments, immobilized
papain digests IgG antibodies, and Fab fragments are purified using Protein A agarose.
For production of F(ab’)2, immobilized pepsin protease is employed. Fab and F(ab’)2
fragments were used for the synthesis of Au/Pt NCs, following the same protocol
described in Experimental Section for the intact Anti-BSA IgG antibody. Afterwards, the
resulting solutions were employed for detection of BSA in a direct ELISA assay, as

described in Experimental section.
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3. Results and discusion

3.1. Synthesis and characterization

Three different methods have been developed for the modification of polyclonal Anti-

BSA IgG (developed in rabbit) with NCs.

Ye—¥

Figure 1. Scheme of the synthesis of semiconductor NCs composed by CdS (A), bimetallic NCs
composed by Ag and Pt (B) and bimetallic NCs composed by Au and Pt (C).
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For the synthesis of CdS NCs-IgG (Figure 1A), a solution of CANOs (5 pL, 0.1 M) was added
to an Anti-BSA antibody solution (200 uL, 5 mg/mL). The mixture was gently stirred for
15 min at RT. Then, Na3S (5 pL, 0.05 M) was added dropwise, immediately fluorescent

NCs appeared. In Chapter 4 this synthesis was optimised by changing some parameters.

For the synthesis of Ag/Pt NCs-IgG (Figure 1B.), first AgNO3 (50 pL, 150 uM) and K;PtCls
(120 pL, 125 puM) were added to an anti-BSA antibody solution (100 pL of 1 mg/mL) in
phosphate buffer (10 mM, pH 7.0). The mixture was incubated for 30 minutes in the
dark. Then, a freshly prepared solution of NaBH4 (30 pL, 5 mM) was added under gently
stirring for initiating the reduction of the metal ions, until the colour of the mixture
changed from colourless to pale brown. The mixture was allowed to react for three
hours at room temperature.

Au/Pt NCs-1gG (Figure 1C.) were synthesized by mixing a gold precursor (HAuCls) and a
platinum precursor (K;PtCls) with a polyclonal anti-BSA antibody from rabbit in
phosphate buffer (10 mM, pH 7.0). The mixture was incubated for 30 min in the dark.
Then, a freshly prepared solution of NaBH4 was added under gently stirring for initiating
the reduction of the metal ions, until the colour of the mixture changed from colourless
to pale brown. The mixture was allowed to react for three hours at RT. Different
concentrations of the reagents were tested before choosing the optimal conditions for
Au/Pt NCs IgG (Table 1.) The optimisation was carried out based on the performance of
the catalytic Au/Pt NCs-IgG in a direct ELISA. In Figure 2. the reaction rate of TMB
oxidation is represented for each synthesis. The best reaction rate of TMB oxidation was

obtained with Synthesis 5. Further experiments were carried out using these conditions.

After the reaction time the reaction mixtures were filtrated (15 minutes, 10000 x g) using
a 0.5 mL Amicon with a molecular weight cut-off of 30 kDa. The filtration was performed
to separate the free ions from the atoms forming NCs. Control synthesis of the three
methods were carried out using BSA as scaffold instead anti-BSA antibody. CdS NCs-BSA,
Ag/Pt NCs-BSA and Au/Pt NCs-BSA were produced.
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Table 1. Different concentrations of metal precursors and reducing agent used for the synthesis
of Au/Pt NCs-IgG.

[Anti-BSA IgG] [HAUCI4] [K2PtCla] [NaBHa]

Synthesis1 100 uL, 1 mg/mL 50 pL, 150 uM 120 L, 125 puM 30 uL, 5 mM
Synthesis2 100 pL, 1 mg/mL 50 uL, 150 uM 120 pL, 250 uM 30 pL, 5 mM
Synthesis3 100 uL, 1 mg/mL 50 pL, 150 uM 120 L, 500 uM 30 L, 5 mM
Synthesis4 100 pL, 1 mg/mL 50 uL, 250 uM 120 pL, 500 uM 30 pL, 5 mM
Synthesis5 100 uL, 1 mg/mL 50 pL, 250 uM 120 pL, 500 uM 30 pL, 10 mM
Synthesis6 100 pL, 1 mg/mL 50 pL, 500 uM 120 pL, 1000 uM 30 pL, 10 mM
Synthesis 7 100 uL, 1 mg/mL 50 pL, 1000 uM 120 pL, 1000 uM 30 pL, 10 mM
Synthesis8 100 uL, 1 mg/mL 50 pL, 1000 uM 120 pL, 2000 uM 30 pL, 10 mM
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Figure 2. Reaction rate of TMB oxidation for each synthesis of Table 1.

Fluorescent properties of CdS NCs-lgG were evaluated after filtration. The fluorescence
emission could be easily seen by the naked eye under UV light and recorded by digital
camera (Figure 3A.). In Figure 3B. the fluorescence emission spectrum of CdS NCs-IgG is
shown. The maximum emission peak was observed at 610 nm using an excitation
wavelength of 315 nm. No fluorescence emission was observed for Ag/Pt NCs-IgG. The
absorption spectra of both NCs are shown in Figure 3C. Characteristic absorption band
for proteins appeared at 280 nm in all the NCs, also an absorption band appeared at 425

nm for CdS NCs-IgG.
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Figure 3. Image of CdS NCs-IgG under UV-light (365 nm) recorded by digital camera (A).

Fluorescence emission spectrum of CdS NCs-IgG (Aex= 315 nm) (B). Absorption spectra of CdS

NCs-1gG, Ag/Pt NCs-IgG and Au/Pt NCs-1gG (C).

The NCs composed by CdS and Ag/Pt were characterized by cryo-TEM, where the size

and the morphology of the cores were shown clearly. STEM was used to determine the

morphology and the size of the metallic cores of Au/Pt NCs. The images revealed that

the three types of NCs have a spherical morphology (Figure 4A, 4C, 4E). Based on the

statistics over 100 individual particles, the diameter of the CdS NCs-lgG was 1.74 + 0.30

nm (Figure 4B.). They have similar diameter as Ag/Pt NCs-IgG (Figure 4D.) and Au/Pt NCs-

IgG (Figure 4F.) with 1.83 £ 0.30 nm and 1.97 + 0.71 nm, respectively.
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Figure 4. Representative TEM image of CdS NCs-1gG (A), Ag/Pt NCs-IgG (C) and STEM image of
Au/Pt NCs-IgG (E). Size distribution of CdS NCs-1gG (B), Ag/Pt NCs-IgG (D) and Au/Pt NCs-IgG (F)
based on the statistics over 100 individual particles.

XPS measurements were performed to study the valence state of the cores of NCs-IgG.

Cd 3d peaks were fitted by two components (Figure 5.). One associated to CdS bond and

another one associated to Cd oxide or carbonate. The Cd 3ds/; energy band related to
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the presence of CdS bond usually appears at 411.8 eV and for CdO bond at 411 eV3®

which agree with the experimental results.

The Pt 4f spectra (Figure 5.) exhibit a doublet containing the Pt 47/, energy band at 71.1
eV and the Pt 4fs; at 74.3 eV which indicates the presence of metallic state Pt3’. In the
Pt 4f;/, spectrum, a broad peak was found. It was fitted by an asymmetric Lorentzian
curves in the case of Pt(0) (70.1eV) and Pt(ll) with a symmetric Gaussian-Lorentzian
curve (71.7). This suggest that both Pt(0) and Pt(ll) coexist as has been previously
reported in bimetallic NCs32. The ratio between Pt (0)/Pt (ll) was 1.1. The peaks of Pt
4f2 are usually found at 71 eV and 72.4 eV respectively. In this case they are slightly
shifted to lower binding energies. These results suggests electron transfer from Ag to Pt,
which is related to the perturbed electronic interaction between Pt and Ag atomic orbits
and forms an alloy®. The XPS spectrum of Ag (Figure 5.) showed a binding energy value
at 368.3 eV for Ag 3ds;2 and 374.4 for Ag 3ds/ confirming the presence of elemental
Ag(0), which agree with the results obtained with Ag NCs*?. The Ag 3ds/, centered at
368.3 eV is between the value for Ag(0) (368 eV) and Ag(l) (368.4 eV)*! which indicates

the presence of Ag(l) as has been previously reported*?.
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Figure 5. XPS spectra of CdS NCs-IgG and Ag/Pt NCs-IgG.
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Figure 6. shows the Pt 4f spectra of Au/Pt NCs-IgG. This spectrum is composed of two
energy bands. On the one hand the Pt 4f;/; energy band is evident and on the other hand
Pt 4fs;; energy band at 71.1 eV and 74.2 eV respectively can be seen. Such distribution
of bands is characteristic of Pt in metallic state 37. The Pt 4f;/2 spectrum was fitted to two
curves, one asymmetric Lorentzian curve in the case of Pt(0) (71 eV) and a symmetric
Gaussian-Lorentzian curve for Pt(ll) (72,4 eV). These peaks are usually found at 71 eV
and 72.4 eV, In the Au 4f region the spectra present characteristic doublet with the
4f7/2 and 4fs/; energy bands separated by 3.67 eV. The Au 4f7/; can be deconvoluted to
two curves, one for Au(0) (83.1 eV) and another for Au(l) (84.8 eV). These peaks usually
appear at binding energies of 84 eV and 85 eV respectively 4. The difference between
the widespread values and the NCs values suggest a strong interaction between Au and
Pt atoms with the consequent formation of Au-Pt alloys as will be demonstrated below.

This effect has been observed in other bimetallic NCs 31.
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Figure 6. XPS spectra of Au/Pt NCs-IgG.

MALDI-TOF measurements were carried out in order to make sure that the metallic
nanoclusters are bound to the IgG. In Figure 7. mass spectra (m/z*, z=2) for pristine Anti-
BSA 1gG, CdS NCs-1gG, Ag/Pt NCs-1gG and Au/Pt NCs-1gG are shown. A shift of the peak
corresponding to the NC-containing samples towards greater masses can be observed.
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From the analysis of the spectrum one can conclude that the NCs are bound to Anti-BSA
IgG macromolecules. Despite the appearance of the mass peak shift in the spectrum, it
is not possible to give an accurate mass evaluation of the metallic core due to several
issues such as, broad spectral peaks and contradictions between TEM and MALDI-TOF
results. The mass peaks of pristine IgG and modified IgG are broad due to the use of a
polyclonal antibody that has a polydispersed mass and the polydispersity of metallic
cores observed in TEM images (Figures 4A, 4C and 4E). TEM images show larger size of
NCs compared to that obtained in MALDI-TOF because during TEM measurements the
NCs can aggregate on the grids 7,**. The larger are NCs, the lower is the ionization

propensity. Hence larger NCs are not detected by MALDI-TOF 4°,%,
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Figure 7. MALDI-TOF spectra of Anti-BSA 1gG, CdS NCs 1gG, Ag/Pt NCs IgG and Au/Pt NCs IgG.

3.2. Photocatalytic activity of CdS NCs-lgG and catalytic activity of Ag/Pt

NCs-lgG and Au/Pt NCs-1gG
CdS NCs-IgG were able to oxidise Amplex Red to resorufin under UV-light (Figure 8B).
The substrate changes from colorless and non-fluorescent to pink and fluorescent (Aex =
530 nm, Aem = 590 nm). The colour change could be easily seen by the naked eye and
recorded by digital camera (Figure 8A). The photocatalytic activity of CdS NCs-IgG is

dependent of Amplex Red concentration. This dependence was measured while varying
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the Amplex Red concentration from 0 to 0.8 mM. The CdS NCs-IgG concentration was
kept constant to 500 pg/mL (referred to Anti-BSA IgG concentration). The solution
containing CdS NCs-1gG and Amplex Red was irradiated with UV-light (Aex=365nm) for 20
minutes and the fluorescent spectra were recorded (Figure 8C.). The system follows a
Michaelis-Menten kinetics, the reaction rate (fluorescence of Amplex Red) increases

with increasing substrate concentration (Figure 8D.).
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Figure 8. Colour change of Amplex Red due to the photocatalytic activity of CdS NCs IgG (A).
Scheme of Amplex Red oxidation to Resorufin by the photocatalytic activity of CdS NCs-lgG
under UV-light (B). Fluorescence emission spectra of the system containing the same
concentration of CdS NCs-IgG and different concentrations of Amplex Red (Aex =530 nm) (C).
Position of emission peak at different Amplex Red concentration (Aex =530nm, Aem =590 nm) (D).
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The stability of CdS NCs-IgG under UV light was studied, by measuring both the
fluorescence and the photocatalytic activity of CdS NCs-IgG after incubation of the
samples under UV light for different times. It was observed that while fluorescence is
decreasing with irradiation time, the photocatalytic activity of NCs remains stable and is

not affected by a previous UV light irradiation (Figure 9.).
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Figure 9. Effect of UV light irradiation time on emission and photocatalytic activity of CdS NCs-
IgG. The values of those parameters measured at initial time prior to irradiation were considered
to be 100%.

It was found that Ag/Pt NCs IgG and Au/Pt NCs IgG had enzymatic peroxidase activity,
like the commonly used enzyme HRP. These NCs catalysed the oxidation of the
chromogenic substrate TMB with H,0, which changes its colour from colourless to blue
(Aabs=655 nm) (Figure 10B. and Figure 11A.). The colour change could be easily seen by
the naked eye and recorded by digital camera (Figure 10A.). The peroxidase-like activity
of both NCs is dependent on TMB and H;0;, concentration. To measure the dependence
of the initial reaction rate on concentration of both substrates, the concentration of one
of the substrates was fixed while the concentration of other one was changed. On the
one hand, the TMB concentration dependence was measured by maintaining the H,0;
amount fixed at 125 mM for Ag/Pt NCs-IgG and 250 mM for Au/Pt NCs-IgG and by
changing the TMB concentration. On the other hand, the H:0: concentration
dependence was measured by maintaining the TMB concentration fixed at 200 mM and

by varying the H,0, concentration. In all cases the Ag/Pt NCs IgG and Au/Pt NCs IgG
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concentration was kept constant to 33 ug/mL (referred to Anti-BSA IgG concentration).
In Figure 10C., 10D., 11B. and 11C. it is shown how the reaction rate of TMB oxidation
increases with the rise of substrate concentration following a Michaelis-Menten like
kinetics. With the Lineweaver-Burk equation the Michaelis-Menten constant (K,,,) was
obtained (Figure 10E., 10F., 11D. and 11E.). K,,, is an indicator of enzyme affinity to
substrates. Lower the K,,, stronger affinity and vice versa*” 8, In Table 2. the K,,, values
for Ag/Pt NCs-1gG, Au/Pt NCs-IgG and HRP* are shown. The K,,, value of Ag/Pt NCs IgG
was almost the same as that of HRP towards TMB, which indicates that Ag/Pt NCs-IgG
had similar affinity as HRP to TMB as a substrate, while the K,,, for Ag/Pt NCs IgG was
significantly higher than that for HRP towards H,0>, indicating that Ag/Pt NCs IgG had a
lower affinity for H,0, than HRP. In the case of Au/Pt NCs-1gG, the K,,value is more than
8.5 times lower than that of HRP towards TMB, which indicates that Au/Pt NCs-IgG has
a higher affinity than HRP to TMB as a substrate. While the value of K,,, for Au/Pt NCs
IgG is significantly higher than that for HRP to H,0,, indicating Au/Pt NCs IgG has a lower
affinity for H,O2 than HRP, which is the same effect that was observed with Ag/Pt NCs-

IgG. This phenomena has been also observed in others nanozymes>® >,

Table 2. Comparison of the apparent Michaelis-Menten constant (K,,,) between Ag/Pt NCs-IgG,
Au/Pt NCs IgG and HRP.

Catalyst Substrate K,, (mM)
Au/Pt NCs IgG TMB 0.0418
H20: 102.35
Ag/Pt NCs 1gG TMB 0.345
H20: 90.363
HRP TMB 0.362
H20: 0.522
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Figure 10. Colour change of the substrate TMB due to the catalytic activity of Ag/Pt NCs IgG (A).
Scheme of TMB oxidation by the catalytic activity of Ag/Pt NCs-IgG in presence of H,0, (B).
Intensity of absorbance peak (655 nm) at different TMB concentrations (C) and H,0;
concentrations (D). Double reciprocal plots of catalytic activity of Ag/Pt NCs IgG with TMB (E)

and H,0, (F)
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Figure 11. Scheme of TMB oxidation by the catalytic activity of Au/Pt NCs-IgG in presence of
H,0, (A). Intensity of absorbance peak (655 nm) at different TMB concentrations (B) and H,0,
concentrations (C). Double reciprocal plots of catalytic activity of Au/Pt NCs IgG with TMB (D)

and H,0; (E).

In order to evaluate the stability of the NCs, a fresh solution of the Au/Pt NCs-IgG was
prepared using the optimized synthesis procedure. Then, the peroxidase-like activity of
the resulting modified antibody was measured under the same experimental conditions
during several days after the synthesis. During this period of time, the solution of Au/Pt
NCs-1gG was kept at 4 °C in a fridge. According to this stability study (Figure 12.), the

half-life of the active bimetallic clusters was around 10 days. Such stability of Au/Pt NCs-
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IgG was sufficient to validate this nanomaterial in immunoassays because the
employment of modified antibodies in bioassays is usually limited to several hours. The
shelf-life of the produced Au/Pt NCs-IgG was studied in the absence of any stabilizers
because the optimization of storage conditions was not among the priorities of this
work. Potentially, the shelf-life can be extended by using more appropriate storage
conditions such as the addition of preservatives, lyophilization of Au/Pt NCs- IgG, and
oxygen elimination. Extension of the shelf-life of Au/ Pt NCs-1gG under optimized storage

conditions can become the main goal of a future investigation.
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Figure 12. Catalytic Activity of Au/Pt NCs-IgG as a function of time after synthesis.

3.3. Antibody Structure stability after the synthesis of NCs

Most of the methods described in literature about the synthesis of metallic NCs using
proteins as scaffold uses harsh conditions that causes the denaturation of the proteins
and the loss of biological functions %. The maintenance of the conformation of the
antibody is the key factor for future applications in immunoassays of the antibodies
carrying NCs. Different experiments were performed to test if the antibody structure is
changed in the course of NC synthesis.

CD spectroscopy was used to characterize the secondary structure and conformation

of proteins®2. In the far-UV CD spectra (180-250 nm) we found the predominant
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secondary structure for IgG, antiparallel B-sheet and random coil conformations®3. The
presence of B-sheets can be detected by the presence of a broad minimum at 218 nm
in the far-UV CD spectra >2. After the synthesis of NCs using an antibody as a scaffold its
secondary structure could be damaged or completely disappear. However, in the CD
spectra of the pristine antibody and the antibody carrying NCs shown in Figure 13., no
significant differences between plots are evident, so it can be concluded that the
introduction of Au/Pt NCs into the IgG structure does not cause any significant alteration

in the IgG conformation.
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Figure 13. Far-UV CD spectra of 1gG, CdS NCs-1gG, Ag/Pt NCs-1gG and Au/Pt NCs-IgG.

Protein G was used to check if the introduction of NCs inside of the antibody causes any
damage to the structure of the Fc region. The Fc region of an IgG binds specifically to
protein G. Polyvinyl chloride microbeads decorated with Protein G were incubated with
the antibodies carrying semiconductor and bimetallic NCs as described in the
experimental section. NCs of CdS, Ag/Pt and Au/Pt produced using BSA as scaffold were
synthesized in order to be used as controls. These BSA-stabilized NCs were characterized
by TEM and XPS, to ensure that they have similar properties to those stabilized in IgG.
(Figure 14. and Figure 15.). TEM images reveal than the both NCs have a spherical
morphology and a mean diameter between 1 and 3 nm. XPS measurements showed that
Ag/Pt NCs are composed by Pt in oxidation state 0 and 2 and demonstrate Ag-Pt

interactions. In the case of CdS NCs-BSA there were Cd-O and Cd-S interactions. This
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results indicates that the BSA capped NCs have similar size and chemical composition to

those synthesized using an IgG as scaffold.
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Figure 14. Representative TEM image of CdS NCs-BSA (A). Representative TEM image of Ag/Pt
NCs-BSA (B). Size distribution of CdS NCs-BSA (C) and Ag/Pt NCs-BSA (D) based on the statistics
over 100 individual particles.

30000 7, I/
Pt4f Ag3d Cd3d
2
‘®» 28000 Pt(0) | |——AgPt Cd-0
S Pt (i) -Cd-S
:E 26000
” )
o
X

1 N
24000- W

70 75 80 365 375 400 410

Binding energy (eV)

Figure 15. XPS spectra of Ag/Pt NCs-BSA (left and central panel) and CdS NCs-BSA (right panel).
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BSA does not have any affinity for Protein G, therefore any binding to the protein G
should be detected. The CdS NCs stabilized using BSA are fluorescent® and have catalytic
activity towards the oxidation of Amplex Red triggered by the exposure to UV-light
(Figure 16.). BSA carrying Ag/Pt NCs and Au/Pt NCS showed catalytic properties with
respect to oxidation of TMB in presence of H,0,. (Figure 17. and Figure 18.). In all cases
the system follows a Michaelis Menten Kinetics, the reaction rate increases with

substrate concentration. Similar results where obtained with the IgG capped NCs

revealing similar enzyme-like properties.
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Figure 16. Effect of Amplex Red concentration on photocatalytic activity of CdS NCs-BSA.

0.12
0.4-
0.10- B .
E =
& 0.08- £0.3-
S 3
2 0.06- @
o] 0 0.24
<
0.04-
0.1+
0.02-
0.00 : , , | , 0.04 , , , , ,
0 50 100 150 200 250 300 0 100 200 300 400 500
TMB (uM) H202(mM)

Figure 17. Effect of TMB (A) and H,0, (B) concentrations on catalytic activity of AgPt NCs-BSA.
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Figure 18. Effect of TMB (A) and H,0, (B) concentrations on catalytic activity of AuPt NCs-BSA.

The fluorescent properties of CdS NCs-1gG and the catalytic properties of Ag/Pt NCs-IgG
and Au/Pt NCs-1gG were used to verify that the IgG modified with NCs bind specifically
to Protein G microbeads while BSA carrying CdS, Ag/Pt and Au/Pt do not adsorb non-
specifically on protein G microbeads.

The fluorescence spectra of the CdS NCs-IlgG and CdS NCs-BSA incubated with the
microbeads were measured using an excitation wavelength of 315 nm. Also, the
fluorescence of CdS NCs-lgG and CdS NCs-BSA in solution without microbeads was
measured. The fluorescent spectra are showed in Figure 19A. The spectrum of CdS NCs-
IgG in solution is practically the same as the spectrum of Protein G microbeads after
washing which were pre-incubated with CdS NCs-IgG. When BSA carrying CdS NCs was
incubated with Protein G microbeads, practically no fluorescence was observed after
washing. Taking into consideration that BSA carrying CdS NCs show good fluorescence
in solution we conclude that fluorescence shown by Protein G microbeads modified with
CdS NCs-1gG is attributed to specific binding of CdS NCs-IgG to protein G and Fc region
of Anti-BSA 1gG modified with CdS NCs was not altered.

The catalytic activity with TMB in the presence of H,0, was used to probe the binding of
Ag/Pt NCs-IgG to Protein G microbeads. The microbeads were incubated with Ag/Pt NCs-
IlgG and Ag/Pt NCs-BSA. The supernatant was discarded and microbeads were washed
by centrifuging three times. Next, 100 pL of a solution of TMB (200 uM) and H,0; (125
mM) in acetate buffer (10 mM, pH=4.0) was added to pellets. The activity of free Ag/Pt
NCs-1gG and Ag/Pt NCs-BSA in solution was determined by the addition of the same

solution of TMB and H;0,. In Figure 19B. the absorbance spectra are showed. The
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catalytic activity of Ag/Pt NCs-1gG in solution is practically the same as that of the Ag/Pt
NCs-1gG incubated with Protein G microbeads. However, with Ag/Pt NCs-BSA incubated
with Protein G microbeads no catalytic activity was detected. Free Ag/Pt NCs-BSA in
solution demonstrates catalytic activity.

The same procedure was followed for Au/Pt NCs. Free Au/Pt NCs-1gG exhibit catalytic
activity in a bulk solution. Microbeads tethered to Au/ Pt NCs-IgG via Protein G also
demonstrated catalytic activity. Catalytic oxidation of TMB was observed in the presence
of free Au/Pt NCs-BSA. However, microbeads decorated with Protein G do not show
catalytic activity after incubation with Au/Pt NCs-BSA (Figure 19C.).

These results indicate that the Fc structure of the IgG was not changed during the
synthesis of CdS NCs-1gG, Ag/Pt NCs-IgG and Au/Pt NCs-IgG because the IgG still has
affinity for Protein G, moreover this binding is specific for IgG because no binding of CdS

NCs-BSA, Ag/Pt NCs-BSA and Au/Pt NCs-BSA to Protein G microbeads was observed.
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Figure 19. Fluorescence spectra (Aex=315 nm) of CdS NCs-IgG and CdS-BSA incubated with
microbeads decorated with Protein G and free in solution (A). Catalytic properties of Ag/Pt NCs-
IgG and Ag/Pt NCs-BSA with TMB in presence of H,0; incubated with microbeads decorated with
Protein G and free in solution (B). Catalytic properties of Au/Pt NCs-IgG and Au/Pt NCs-BSA with
TMB in presence of H,O, incubated with microbeads decorated with Protein G and free in
solution (C).
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3.4. Evaluation of Anti-BSA IgG affinity for its antigen after the introduction

of NCs in its structure

In order to know if the antibody maintains its affinity for target analyte after the
introduction of NCs in its structure three direct immunoassays were performed, using
the antibody carrying NCs as detection antibody.

Figure 20A. represents the method used to evaluate the binding of CdS NCs-IgG with
different amounts of BSA immobilized on the surface of microplates obtained by
incubation with varying concentrations of BSA (from 0 to 10 pug/mL) in PBS. The higher
was the amount of BSA adsorbed the greater photooxidation rate of Amplex Red to
Resorufin was observed. The calibration curve shows (Figure 20B.) that the fluorescence
emission at Aem=590 nm (Ae&x=530 nm) increases with BSA concentration. The
fluorescence values were recorded after 30 minutes of incubation of Amplex Red

solutions, placed in microplates wells, under UV-light (365 nm).

Amplex Red Resorufin

25 50 7.5 100
BSA (ug mL™T

Figure 20. Schematic representation of a direct immunoassay for BSA using CdS NCs-IgG as a
detection antibody (A). Calibration curve of BSA obtained in a direct ELISA assay based on CdS
NCs-1gG using Aex=530 nm and Aem=590 nm (B).

In Figure 21A. the direct immunoassay based on the catalytic properties of Ag/Pt NCs-
IgG is showed. The amount of BSA adsorbed was controlled by incubation with solutions
containing varying concentrations of BSA (0 to 1400 ng/mL). When the surface coverage
of BSA immobilized on the microplate increased, the oxidation rate of TMB increased

proportionally measured by UV-Vis spectroscopy (Aabs=655 nm). The calibration curve
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shows (Figure 21B.) how the initial TMB oxidation rate (measured for 4 minutes)

increased with increasing BSA concentration.
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Figure 21. Schematic representation of a direct immunoassay for BSA using Ag/Pt NCs-IgG as a
detection Antibody (A). Calibration curve of BSA obtained in a direct ELISA assay based on Ag/Pt
NCs-lgG using Asbs = 655 nm (B).

In Figure 22A., the scheme of the direct immunoassay based on the catalytic properties
of Au/Pt NCs-IgG is shown. Different BSA concentrations (0-500 ng/mL) were adsorbed
on a microplate. The calibration curve (Figure 22B.) demonstrates the dependence of
the initial oxidation rate of TMB, which was registered during the first 4 min, in the
increasing concentrations of TMB. According to the observed experimental data, IgG

carrying bimetallic nanoclusters still retains its affinity to its target analyte and can be

used as a detection antibody in a direct sandwich ELISA.
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Figure 22. Schematic representation of a direct immunoassay for BSA using Au/Pt NCs-IgG as a
detection Antibody (A). Calibration curve of BSA obtained in a direct ELISA assay based on Au/Pt
NCs-lgG using Asbs = 655 nm (B).
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Comparing the three immunoassays, the methods using metallic NCs showed several
advantages. First, they are faster, because only 4 minutes of catalytic oxidation of TMB
with H,02 were needed to calculate the initial oxidation rate. In case of assay based on
CdS NCs-lgG the photooxidation with Amplex Red required 30 minutes to produce
calibration plot. The use of the UV-light made the photocatalytic method technically
more complicated. The same intensity of light must reach all wells, so the position of the
microplate with respect to the UV-light source is critical for the reproducibility of the
method. Due to its use greater relative standard deviations were achieved with CdS NCs-

IgG.

3.5. Evaluation of the bimetallic Composition of the Au/Pt NC Cores and

their position in the antibody structure

In order to elucidate the region of the antibodies involved in the stabilization of Au/Pt
NCs, different antibody fragments were produced and used as scaffolds for the synthesis
of NCs. For generation of Fab fragments (50 kDa), immobilized papain digests 1gG
antibodies, and Fab fragments are purified using Protein A agarose. For production of
F(ab’)2 (110 kDa), immobilized pepsin protease is employed (Figure 23.). A
representative SDS-PAGE gel of the obtained fragments is shown in Figure 24.
Afterward, the performance of the resulting antibody fragments modified with Au/Pt
NCs in a direct ELISA assay for the detection of BSA was evaluated. Antigen binding
fragment (Fab) is a region on an antibody that binds to the antigens, and F(ab)2
fragments have two antigen-binding Fab parts bound by disulfide bonds. In the ELISA
assay, in the case of using Au/Pt NCs Fab fragments for stabilization of NCs, no
peroxidase activity was detected (Figure 25.), whereas this activity was detected in the
sample corresponding to the incubation with Au/Pt F(ab’)2 and the intact antibody.
These results suggest that the hinge region of the antibodies, rich in disulfide bonds,
could play an important role in the Au/Pt NCs stabilization. Only F(ab’)2 fragments form
composites with peroxidase-like activity show affinity to BSA, and Fab fragments cannot
yield such composites. This means that bimetallic NCs are not metalized within Fab
fragments in close vicinity to antigen-binding sites. Given the medium diameter of

bimetallic clusters of 1.8 nm and overall dimensions of IgG (14.5 nm x 8.5 nm x 4.0 nm),
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with antigen binding sites separated by 13.7 nm>* > it can be concluded that, most
probably, bimetallic clusters are located exactly at the hinge region of the antibodies,
sufficiently far away from binding sites. Therefore, in the majority of produced Au/Pt
NCs-1gG, metallization does not sequester active sites on antibodies due to the small size

of NCs and their well-defined position at the center of IgG macromolecules.

. 110 kDa
Pepsin

Cleavage

Papain
Cleavage

Fc
50 kDa 50 kDa

150 kDa

Figure 23. Antibody cleavage into F(ab’)2 fragment using pepsin or into Fab and Fc fragments
using papain.

Figure 24. Electrophoretic analysis (SDS-PAGE 4-12%) of the generated fragments of antibodies
under non-reducing conditions. (M): molecular weigth standards. (1): Anti-BSA IgG antibody.
(2): Fab fragments. (3): F(ab’)2 fragments.
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Figure 25. Reaction rate of TMB oxidation in the direct ELISA performed with Au/Pt NCs-IgG,
Au/Pt NCs Fab, and Au/Pt NCs F(ab)2 fragments in the absence (control) or presence of 200
ng/mL BSA.

In order to confirm that the catalytic activity of the Au/Pt NCs-IgG is related to the
presence of both metals, the synthesis of the NCs was carried out three times. One of
the synthesis was carried out without the addition of K,PtCls; therefore, monometallic
NCs composed of gold were synthesized (Au NCs-lIgG). The second synthesis was
performed without the addition of HAuCls in order to prepare monometallic NCs
composed of platinum (Pt NCs-1gG). The third synthesis of Au/Pt NCs-IgG was carried
out as usual (with both metal precursors). A direct sandwich ELISA was used to compare
the applicability to immunoassays of the next three modified IgGs: Au NCs-1gG, Pt NCs-
IlgG, and Au/Pt NCs-IgG. The reaction rate for each NC is shown in Figure 26. The
maximum reaction rate of TMB oxidation was found for Au/Pt NCs-IgG. Very low
catalytic activity was achieved with Pt NCs-1gG in comparison with that shown by Au/Pt
NCs-IgG, and no catalytic activity was observed with Au NCs-IgG. These results suggest
that the presence of both metal precursors is necessary during the synthesis to achieve
the formation of catalytic NCs. The synergistic effect between Au and Pt atom was

observed in other Au/Pt bimetallic NCs 3!
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Figure 26. Reaction rate of TMB oxidation of Au/Pt NCs-IgG, Au NCs-IgG, and Pt NCs-IgG.

EDX mapping of a single Au/Pt NC-IgG (Figure 27A.) was used to further confirm the
bimetallic composition of NCs. The red dots belong to Pt atoms and the green ones
belong to Au atoms (Figure 27B.) with an atomic percentage of 91 and 9%, respectively.
In Figure 28. the EDX spectrum of Au/Pt NCs-IgG is showed. The results of this

experiment effectively confirm that Au/Pt NCs-IgG have a bimetallic composition.

Figure 27. TEM image (A) and EDX mapping (B) of a single Au/Pt NCs-IgG.
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Figure 28. EDX spectrum of Au/Pt NCs IgG.

3.6. Evaluation of the universality of the synthetic method for catalytic Au/Pt NCs-
IgG using polyclonal antibodies and their application for various immunoassays

In order to evaluate the universality and robustness of the new route to antibodies with
peroxidase activity, the synthesis of bimetallic Au/Pt NCs was carried out with two
additional polyclonal IgGs acting as scaffolds for the synthesis of NCs: a polyclonal anti-
PSA 1gG and a polyclonal anti-mouse IgG. The synthesis of the Au/Pt NCs anti-PSA IgG
and Au/Pt NCs anti-mouse 1gG was performed as described in the Experimental Section
with little changes. In Figure 29. a typical TEM image of Au/Pt NCs anti-PSA IgG and size

distribution is showed. The concentration of 1gG was changed to 0.5 mg/mL.

1 2 3
Diameter (nm)

Figure 29. Typical STEM image (A) and size distribution (B) of Au/Pt NCs Anti-PSA IgG.
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The prepared Au/Pt NCs anti-PSA 1gG and Au/Pt NCs anti-mouse IgG exhibited
peroxidase-like activity with the chromogenic substrate TMB in the presence of H,0,.
Their catalytic properties were used in a direct ELISA to relate concentrations of PSA and
anti-vinculin IgG from mouse, respectively, with the reaction rate of TMB oxidation. To
perform these immunoassays, first, the surface of a MaxiSorp microplate was covered
with different concentrations of PSA or anti-vinculin 1gG from mouse and incubated
(overnight, 4 °C). Then, casein (100 pL, 20.5 mg/mL) was added as a blocking agent and
incubated (1 h, RT). Afterward, Au/Pt NCs anti-PSA IgG (100 pL, 16 ug/mL) or Au/Pt NCs
anti-mouse IgG (100 pL, 8 pg/mL) were added and incubated (1 h, RT). Finally, the
antigen concentration was related to the catalytic activity of the modified antibodies
with 100 pL of TMB (200 puM) and H,0; (250 mM). After each step, the wells were
washed three times with PBST (100 pL). In Figure 30A. and 31A. a schematic
representation for a direct ELISA for PSA and anti-vinculin IgG from mouse respectively,
are showed. In Figure 30B. and 31B., the calibration curves for the direct ELISA for PSA
and anti-vinculin 1gG from mouse are shown. The reaction rate of TMB oxidation
increases with enhancing PSA and anti-vinculin IgG from mouse concentrations. Thus,
Au/Pt NCs anti-PSA IgG and Au/Pt NCs anti-mouse IgG synthesized according to the
present method retain their affinity to target analytes. Therefore, immunoassays for the
guantification of PSA and anti-vinculin IgG can be built using the catalytic activity of

Au/Pt clusters.
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Figure 30. Schematic representation of a direct immunoassay for PSA using Au/Pt NCs-1gG as a
detection Antibody (A). Calibration curve of PSA obtained in a direct ELISA assay based on Au/Pt
NCs-lgG using (A = 655 nm) (B).
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Figure 31. Schematic representation of a direct immunoassay for Anti-vinculin IgG from mouse
using Au/Pt NCs-IgG as a detection antibody (A). Calibration curve of Anti-vinculin 1gG from
mouse obtained in a direct ELISA assay based on Au/Pt NCs-IgG using (A = 655 nm) (B).

3.7. Evaluation of the performance of the synthetic method for catalytic Au/Pt NCs-1gG
using monoclonal antibodies and their application in immunoassays
The synthesis of Au/Pt NCs was demonstrated using polyclonal antibodies. Then the
same synthetic method was employed with a monoclonal antibody. An antibody against
interleukin-6 (IL-6) was chosen as a model analyte because IL-6 is an analyte with high
research relevance. It is a protein that belongs to the glycoprotein-130 cytokine family
and it is composed by 184 aminoacids. In 1986 it was originally recognized as a regulator
of B-cell differentiation®. Different cells are able to synthesize this protein, such as
monocytes, macrophages, lymphocytes, fibroblasts, keratinocytes, endothelial cells and
some tumor cells®’. IL-6 participates in different biological processes like immune
regulation, hematopoiesis, inflammation and oncogenesis®®. The concentration of IL-6
in the plasma of healthy human adults is less than 10 pg/mL. However, newborns have
IL-6 concentrations between 18-26 pg/mL>°. Typically, IL-6 sensing is performed by

ELISA, chemiluminescent immunoassay among others (Table 3.)
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Table 3. Different assays for IL-6 sensing.

Type of assay Sensitivity Linear range Reference
ELISA 1 pg/mL 1 pg/mL-1 pg/mL 60
Chemiluminescence immunoassay 0.5 pg/mL 4.0-625.0 pg/mL 61
Electrochemical sensor 1 pg/mL 0.002-20 ng/mL 62
Surface plasmon resonance (SPR)  0.78 ng/mL 0.78-12.5 ng/mL 63
biosensors
SERS-based lateral flow assay 1 pg/mL 0.01-400 ng/mL 64
biosensor
Electrochemical impedance 0.01 fg/mL 0.01-100 fg/mL 65
sensor
Liquid-gated field-effect transistor ~ 1.37 pg/mL - 66
(FET) sensors
Graphene Oxide-based 4.7 pg/mL 4.7-300 pg/mL 67
amperometric sensor
Electrochemical immunosensor ~ 0.059 pg mL  0.1-100000 pg/ mL 68
Electrochemical 0.39 pg/mL 1.75-500 pg/mL 69
magnetoimmunosensor
Photoelectrochemical 0.38 pg/mL 1.0 pg/mL-100 70
immunoassay ng/mL
Label-free electrochemical 0.33 pgmL 1 pg/mL-15 pg/mL 71
aptasensor
Magnetic colorimetric 0.04 pg mL 0.0001-10 ng/mL 72
immunoassay

The majority have a good sensitivity and a wide linear range; therefore, the objective is
not to develop a more sensitive assay but to test the performance of Au/Pt NCs

synthesized using a monoclonal IgG as scaffold in an immunoassay.

The requirements for the detection of IL-6 using this strategy are:

1. To select a matched pair antibodies.
2. The detection antibody should be free of BSA or any protein as preservative.
Since the metallic NCs are formed due to the presence of some functional groups

present in aminoacid residues, the presence of other proteins would cause the
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indiscriminate formation of the NCs in the antibodies and the proteins used as
preservative.
All these requirements were accomplished by the Human IL-6 Antibody Pair- BSA and
Azide free from abcam (ab243973). Both capture and detection antibodies are rabbit

monoclonal antibodies.

The synthesis was performed as described in the Experimental Section with changes in
the antibody concentration. The concentration of IgG was reduced 10 times, from 1
mg/mL to 0.1 mg/mL. It was necessary this drastic shrinking of the antibody
concentration because of the little amount of antibody that was provided and the high
cost. If the concentration proposed in the Experimental Section was employed, the
synthetic method would not be economically viable. As a control, the synthesis using
the reduced antibody concentration was performed also with the polyclonal Anti-BSA
IgG from rabbit. This control was performed to be sure that if there are changes in the
performance of the synthetic method is due to the monoclonal nature of the antibody
and not to the decrease of antibody concentration during the synthesis.

In Figure 32. a typical TEM image of Au/Pt NCs anti-IL-6 IgG and size distribution is
showed. The metallic cores showed a spherical shape and a mean diameter of 1.76 +
0.24 nm. In Figure 33. a TEM image and size distribution of the control synthesis are

showed. The NCs have a mean diameter of 2.10 + 0.40 nm.

1,6 2,0
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Figure 32. Representative TEM image (A) of Au/Pt NCs-Anti-IL-6 1gG and size distribution (B)
based on the statistics over 100 individual particles.
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Figure 33. (A) Typical TEM image and (B) size distribution of Au/Pt NCs Anti-BSA IgG (control
synthesis with reduced volume of Anti-BSA IgG employed during the synthesis).

XPS measurements were performed to study the valence state of the cores of Au/Pt
NCs-Anti-IL-6 IgG (Figure 34.). This spectrum is composed of two energy bands for Pt,
the Pt 4f7and the Pt 4fs;at 71.1 eV and 74.2 eV respectively. Such distribution of bands
is characteristic of Pt in metallic state 3. In the Au 4f region the spectra present
characteristic doublet with the 4f;/; (83.1 eV) and 4fs;; (85 eV) energy bands usually

found for Au in oxidation state 0.
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Figure 34. XPS spectra of Au/Pt NCs-Anti-IL-6 IgG.

It was found that Au/Pt NCs-Anti-IL-6 1gG had peroxidase-like activity as expected. This
activity is dependent on TMB and H,0; concentration. To measure the dependence of
the initial reaction rate on concentration of both substrates, the concentration of one

of the substrates was fixed while the concentration of the other one was changed. In
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Figure 35A. and 35B. it is shown how the reaction rate of TMB oxidation increases with
the rise of substrate concentration following a Michaelis-Menten like kinetics. With the

Lineweaver-Burk equation the K,,, was obtained (Figure 35C. and 35D).
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Figure 35. Intensity of absorbance peak (655 nm) at different TMB concentrations (A) and H,0,
concentrations (B). Double reciprocal plots of catalytic activity of Au/Pt NCs-Anti-IL-6 IgG with

TMB (C) and H,0; (D).

In Table 4. the K,,, values for Au/Pt NCs-Anti-IL-6 IgG, Au/Pt NCs-Anti-BSA IgG and HRP*°
are shown. The value of K,,, for both bimetallic NCs is significantly higher than that of
HRP to H,0;, indicating that both nanozymes have a lower affinity for H,O, than HRP. As
it was showed previously, the K,,,value for Au/Pt NCs-Anti-BSA IgG is more than 8.5
times lower than that of HRP towards TMB, which indicates that it has a higher affinity
than HRP to TMB as a substrate. The same effect was expected to be found in the case
of Au/Pt NCs-Anti-IL-6 1gG, unfortunately the achieved K,, value is higher than that of

HRP indicating that the affinity towards TMB was not improved.
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Table 4. Comparison of the apparent K,,, between Au/Pt NCs IgG and HRP.

Catalyst Substrate K,, (mM)
Au/Pt NCs Anti-IL-6 IgG TMB 56.7
H,0> 107.4
Au/Pt NCs-Anti-BSA TMB 0.0418
H,0; 102.35
HRP#° TMB 0.362
H.0; 0.522

A direct immunoassay for IL-6 was performed employing the antibodies bearing NCs as
detection antibody to see if the affinity of the IgG for target analyte was maintained
after the insertion of NCs into its structure (Figure 36A).

The amount of IL-6 adsorbed was regulated by incubation with solutions containing
different amounts of IL-6 (0 to 500 pg/mL). After the blocking step with casein, it was
added 100 pL of a solution containing Au/Pt NCs-Anti-IL-6 1gG with a concentration 3.3
pug/mL. This concentration is referred to the concentration of Anti-IL-6 IgG. It is
important to highlight that the final concentration of IgG in the direct immunoassay is
10 times lower than the final IgG concentration employed in the direct immunoassay for
BSA in Figure 22.

The control synthesis of Au/Pt NCs using the reduced antibody concentration with the
polyclonal Anti-BSA IgG from rabbit was used also in a direct immunoassay (Figure 37A.).
The BSA concentrations employed range from 0 to 500 ng/mL. The concentration of
Au/Pt NCs-Anti-BSA IgG was 3.3 pg/mL, the same IgG concentration added of detection
antibody for the direct immunoassay for IL-6.

Another aspect to consider is that the amount of target analyte adsorbed is different in
these assays due to the performance of the matched pair antibodies selected. Thinking
about a further application as detection antibody in a sandwich immunoassay, of the
Au/Pt NCs-Anti-IL-6 1gG, a matched pair antibodies were selected (ab243973). The
optimal range for these antibodies in sandwich immunoassay is from 7.8 pg/ml to 500
pg/ml, this is why IL-6 concentrations in this range were used in the direct immunoassay.
It was expected that the oxidation rate of TMB increased proportionally with the IL-6
concentration. The calibration curve shows (Figure 36B.) that this assumption was not

correct and no TMB oxidation was observed with any IL-6 concentration. In the case of
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calibration curve for BSA the reaction rate of TMB oxidation increased with the analyte
concentration (Figure 37B). This result indicates that the bad performance of Au/Pt NCs-
Anti-IL-6 1gG in direct immunoassay it is not due to the decrease in concentration of the

IgG during the synthesis and the immunoassay.
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Figure 36. Schematic representation of a direct immunoassay for IL-6 using Au/Pt NCs-Anti-IL-6
IgG as a detection antibody (A). Calibration curve of IL-6 obtained in a direct ELISA assay based
on Au/Pt NCs-Anti-IL-6 1gG (A = 655 nm) (B).
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Figure 37. Schematic representation of a direct immunoassay for BSA using Au/Pt NCs-Anti-BSA
IgG as a detection antibody (control synthesis) (A). Calibration curve of BSA obtained in a direct
ELISA assay based on Au/Pt NCs-Anti-BSA IgG (A = 655 nm) (B).

In order to understand this result, it was decided to study the secondary structure of the

antibody carrying NCs and the naked antibody using CD spectroscopy (Figure 38.).
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Figure 38. Far-UV CD spectra of Anti-IL-6 1gG and Au/Pt NCs- Anti-IL-6 IgG.

The maintenance of the conformation of the antibody is the key factor for applications
in immunoassays. We discovered the major secondary structure for the monoclonal IgG
in the far-UV CD spectra, antiparallel B-sheets and random coil conformations. The
occurrence of a large minimum at 218 nm indicates the presence of B-sheets. The
synthesis of NCs employing an antibody as a scaffold may degrade or destroy entirely
the secondary structure of the IgG. This assumption was confirmed after measuring the
CD spectrum of the antibody carrying NCs. The loss of the secondary structure of the
antibody after the synthesis of the NCs explains the unexpected results of the
immunoassay. In the case of the IgG for BSA the introduction of Au/Pt NCs in the
antibody did not cause any significant alteration in the IgG conformation. The difference
in the 1IgG employed for BSA and for IL-6 is that, in the former a polyclonal antibody was
employed and in the later a monoclonal one.

The main differences between monoclonal and polyclonal antibodies are that polyclonal
ones are mixture of heterogeneous which are produced by different B cell clones in the
body. They are able to recognize different epitopes of a single antigen. On the other
hand, monoclonal antibodies are generated by identical B cells which are clones from a
single parent cell. Therefore, monoclonal antibodies have monovalent affinity and can
only specifically bind an epitope of an antigen. The homogeneity and consistency of
monoclonal antibodies are their main characteristics. Monoclonal antibodies are
effective for analyzing changes in molecular conformation, protein-protein interactions,

and phosphorylation states, as well as recognizing single members of protein families,
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because of their monospecificity. On the other hand, the monospecidicity of monoclonal
antibodies may limit their utility. Small changes in the structure of an epitope (due to
genetic polymorphism, glycosylation, or denaturation) might have a significant impact
on monoclonal antibodies function. As a result, monoclonal antibodies should be made
in the condition of the antigen to which they will eventually bind. Because polyclonal
antibodies are diverse and identify a variety of antigenic epitopes, changes to a single or
limited number of epitopes are unlikely to have a major impact’3.

Polyclonal antibodies are also more stable throughout a wide range of pH and salt
concentrations, whereas monoclonal can be highly sensitive to even little changes in
both. Antibodies that have been covalently linked to a fluorophore or other label may
have their binding properties altered. When employing polyclonal antibodies, which
recognize a wide range of epitopes, this potential is less of a problem, but it can be
substantial for monoclonal antibodies if the modification alters the monospecific
binding site’3. This phenomenon could be extrapolated to the introduction of NCs in the
antibody structure. Even if the conditions used during the synthesis, did not cause an
important change in the secondary structure of polyclonal antibodies and neither in its
binding properties. It seems to be very different in the case of monoclonal antibodies.
The synthesis conditions cause the denaturalization and loss of secondary structure of
the antibody and the disappearance of affinity for target analyte. The synthesis of
bimetallic NCs using a monoclonal antibody as scaffold have been only tried in the Anti-
IL-6 IgG used in this chapter. Further experiments will be required to fully understand

this phenomenon and the use of other monoclonal antibodies will be also necessary.

4. Conclusions

This study provides the first methods for the synthesis of semiconductor and bimetallic
NCs using polyclonal antibodies as scaffolds. The nondenaturing conditions used during
the synthesis cause the antibody structure to remain unalterable after the modification;
thus, antibody still has affinity for its target analyte and protein G. The CdS NCs-IgG show
fluorescent and photocatalytic properties, and they are able to oxidize the fluorogenic

substrate Amplex Red triggered by the exposition to UV-light. The Ag/Pt NCs-1gG and
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Au/Pt NCs-IgG exhibit peroxidase-like activity and oxidize the chromogenic substrate
TMB in the presence of H20,. Both reactions follow the Michaelis— Menten kinetics; the
reaction rate increases with substrate concentration. The position and the composition
of the metallic core in Au/Pt NCs-IgG was studied. EDX measurements showed that
effectively, the metallic core is composed of Au and Pt. The synthesis of Au/Pt NCs using
different antibody fragments as scaffold suggest that the presence of the hinge region
of the antibody composed by disulphide moieties is mandatory for the stabilization of
NCs. The synthetic route to Au/Pt NCs-1gG is robust and can be applied to the synthesis
of different polyclonal antibodies with catalytic activity. The same synthesis was
performed using a monoclonal IgG, resulting in the denaturalization of the antibody and
the loss of affinity of target analyte. This behaviour indicates that the method cannot be
extrapolated to monoclonal antibodies. The results obtained in this work suggest that
polyclonal IgG carrying NCs are potential candidates for be used in biosensing
applications. Their ability and performance to act as detection antibody in
immunoassays, providing the recognition element and the transduce component is

studied in next chapter.
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CHAPTER 4: APPLICATION IN IMMUNOASSAYS
OF ANTIBODY-PROTECTED NANOCLUSTERS

e Setting of sandwich-type immunosensor using

antibody-protected bimetallic NCs.

e First steps towards the development of a FRET-based
homogeneous competitive immunoassay using

antibody-protected CdS NCs.
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TME

Development of sandwich-type immunosensor using antibody-

protected bimetallic NCs.

Herein, the catalytic properties of bimetallic NCs embedded in antibodies presented in
the previous chapter are used in an immunoassay for the detection of target antigen.
The non-denaturing conditions used during the synthesis maintains intact the structure
of 1gG and its affinity for BSA. Bimetallic NCs exhibit higher catalytic activity than
monometallic NCs, due to the synergistic effect of two different atoms. This peroxidase-
like activity and the retained affinity to its antigen make Au/Pt NCs-lgG a suitable
material for its use as a detection antibody in a sandwich-type immunosensor. The mode
that the signal is generated is similar to that of HRP-based ELISA endowing our method
a promising approach for quantitative detection. Employment of bimetallic NCs-IgG
instead of 1gG labeled with horseraddish peroxidase in as detection antibody in

sandwich-type immunosensor allows to improve its LOD by 56 times.
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1. Introduction

Immunoassays are analytical techniques in which the selectivity and sensitivity are
provided by the specific interaction between an antibody and its target analyte 1. Among
all the immunosensors the colorimetric ones are the most popular. Enzyme-linked
immunosorbent assay (ELISA) takes advantage of enzymes attached to the antibody, like
HRP or alkaline phosphatase (ALP), and its ability to generate colour change in
chromogenic substrates. Usually, a simple microplate reader is enough for measuring
the signal. Furthermore, the colour change can be distinguished by the naked eye,
allowing the visual detection. It is possible to use smartphones to record and to analyse
the colorimetric response, making it very attractive for POC testing. For example, a POC
platform for the diagnosis of Zika? has been developed using a sandwich ELISA. The
detection was performed by measuring the saturation intensity of the developed colour
generated by TMB oxidation with the camera of a smartphone. A similar assay was
developed for the HIV p24 antigen detection3. In a typical sandwich ELISA, the target
analyte is bound to the capture antibody through the specific antibody-antigen
interaction and the antibody labelled with an enzyme is further attached to the
recognized analyte. The enzyme catalyses some chromogenic reaction providing a

colorimetric signal that can be related with the concentration of target analyte.

Natural enzymes as markers have several disadvantages, such as, high susceptibility to
environmental variations, easy denaturation and digestion, costly and time-consuming
preparation and purification . Therefore, new labels for biomolecules that give more
specific signal and facilitate retention of sufficient biological activity for use in bioassays
are needed. The discovery of nanomaterials with enzyme-like properties, the
nanozymes, provides a potential solution to overcome the above drawbacks. By using
nanozymes instead of natural enzymes, the immunosensor would have lower cost and
improved stability, extending the expiration date of the kits, along with comparable

sensitivity and selectivity®.

The bioconjugation step of nanozymes and enzymes to antibodies is a critical step for
the immunoassay development®. To increase the biocompatibility of nanozymes and to

make easier the bioconjugation, usually they are functionalized with molecules, such as
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histidine’, dextran’, 3-aminopropyltriethoxysilane (APTES)® or polyethylene glycol
(PEG)°. The most employed strategies for this bioconjugation are the glutaraldehyde,
the 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide (EDC/NHS)
methodology and the biotin-streptavidin system. The crosslinking using glutaraldehyde
allows the oriented coupling of carboxyl and amino groups. For example, Fes04 magnetic
NPs have been modified with APTES and linked to antibodies using glutaraldehyde®. The
resulting antibody has been employed for the detection of breast cancer cells. Other
analytes have been sensed using biomolecules conjugate to nanozymes using this
strategy, such as Mycoplasma pneumoniae'® or Human chorionic gonadotropin!. The
EDC/NHS enables amide bond between amino and carboxyl groups. For example, a MOF
has been conjugated to a secondary antibody by the EDC/NHS coupling!?. The probe
generated was used for detecting PSA. Other nanozymes such as Cu(OH),*3 and Fe304
NPs'# have been linked to biomolecules using the EDC/NHS coupling, for the sensing of
cyanobacterial hepatotoxin microcystin and Listeria monocytogenes, respectively. The
streptavidin-biotin non-covalent strong bonding has been also used with the purpose of
bioconjugation of nanozymes to antibodies. For example, 8-hydroxy-2’-deoxyguanosine
and PSA were detected using biotinylated antibody and streptavidin-coated AuNPs*®,
Also, other nanozymes such as, FesOs NPs'® and MnO; nanosheets!’ have been
bioconjugate to aptamers or DNA, using this strategy for the sensing of Streptococcus

mutans and Ochratoxin A, respectively.

The different reactivities of nanozymes and antibodies with crosslinkers result in the
formation of not only bioconjugates, antibody-nanozyme but also in the formation of
nanozyme-nanozyme and antibody-antibody conjugates. The former causes high
background signals and low precision due to nonspecific absorption and the latter are
not use at all for detection of analytes. With the biotin-streptavidin strategy the
amplification of signals is achieved by introduction of many biotin residues into antibody
molecules and subsequent binding of avidin linked to nanozymes. However, nonspecific

binding is also amplified.

The introduction of NCs with enzyme-like properties in the structure of antibodies avoid

the labelling drawbacks linked to the use of enzymes and nanozymes as labels. In the
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previous chapter three different NCs were described. Two of them were bimetallic NCs
and the other ones were CdS semiconductor NCs. The former exhibit peroxidase-like
activity and the latter photocatalytic properties triggered by the exposure to UV-light.
The use of a source of light made the photocatalytic method technically more
complicate. The same intensity of light must reach all wells, so the position of the
microplate with respect to the UV-light source is critical for the reproducibility of the
method. The results obtained for direct immunoassay in Chapter 3 reveal that greater
relative standard deviations were achieved with CdS NCs-IgG than with the bimetallic
ones. Due to better sensitivity for immobilized BSA, the lower standard deviations and
the possibility to perform the assay without the source of the UV-light, antibodies
wearing bimetallic NCs are used in this chapter to set up the methodology of sandwich
immunoassay. The possibilities of CdS NCs-IgG in immunoassay will be discussed in the

final part of this chapter.

2. Experimental section

2.1. Chemicals and materials

Silver nitrate (AgNOs), chloroauric acid (HAuCls), potassium tetracholoroplatinate
(K2PtCla), BSA, polyclonal anti-BSA IgG (developed in rabbit), casein, TMB, TMB liquid
substrate system for ELISA, sodium borohydride (NaBH4), PBS, sodium phosphate
monobasic (NaH2P04), TWEEN and other chemicals were supplied by Sigma-Aldrich.
Hydrogen peroxide (H.0;) was supplied by Panreac. Polyclonal anti-BSA IgG (developed

in chicken) was purchased from Abyntek. HRP conjugation kit was obtained from Abcam.

2.2. Methods

Labelling of Anti-BSA 1gG with HRP

For the labelling of Anti-BSA IgG (from rabbit) with HRP a kit purchased from Abcam
was used. Polyclonal Anti-BSA 1gG from rabbit (100 pL, 4 mg/mL) was mixed with the
modifier reagent (10 pL). Then, this solution was added directly onto the lyophilized HRP

and resuspended. The reaction mixture is allowed to react for 3 hours. After incubating,
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the quencher reagent (10 plL) was added. The conjugate does not require further

purification and can be used after 30 minutes.

Procedure for a direct sandwich immunoassay for BSA based on the catalytic activity of

Ag/Pt NCs Anti-BSA IgG and Au/Pt NCs Anti-BSA IgG

The immunoassay was carried out in a 96-well plate Nunc MaxiSorp. Capture antibody
from chicken (100 pL, 10 pg/mL) was immobilised on the surface of a microplate (2
hours, 37 °C) next the surface was blocked with casein (100 uL, 20.5 mg/mL) and
incubated (ON, 4 °C). The target analyte at different concentrations was added in
different wells and incubated (1 h, RT). Upon incubation, Ag/Pt NCs-IgG or Au/Pt NCs-
IgG (from rabbit) (100 pL, 33 pg/mL) was added and incubated (1 h, RT). 100 pL of TMB
(200 uM) and H202 (125 mM ) solution were added to the microplate in the case of Ag/Pt
NCs-1gG and 100 pL of TMB (200 uM) and H;0; (250 mM) in the case of Au/Pt NCs-IgG.
The change absorbance of the oxidised TMB at 652 nm was measured on the standard
plate reader during 4 min. The spectra were performed on a Varioskan Flash microplate
reader (Thermo Scientific). The system was controlled by Skanlt Software 2.4.3. for

Varioskan Flash. After each step the wells were washed three times with PBST (100 pL).

Procedure for a direct sandwich ELISA for BSA based on the catalytic activity of Anti-BSA

IsG/HRP (from rabbit)

The immunoassay was carried out in a 96-well plate Nunc MaxiSorp. Capture antibody
from chicken (100 pL, 10 pg/mL) was immobilised on the surface of a microplate (2 h,
37 °C) next the surface was blocked with casein (100 pL, 20.5 mg/mL) and incubated
(ON, 4 °C). The target analyte was added at different concentrations in different wells
and incubated (1 h, RT). 100 pL of antibody for BSA (from rabbit) labelled with HRP (using
the kit of Abcam for the labelling of antibodies with HRP) at different concentrations
was added and incubated (1 h, RT). Finally, 100 pL of TMB liquid substrate system for
ELISA was added. Then the absorbance of the oxidised TMB was measured on the
standard plate reader. After each step the wells were washed three times with PBST

(100 pL).
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3. Results and discussion

The performance of a novel direct sandwich immunoassay carried out using as detection
antibody, IgG carrying bimetallic NCs was compared with a conventional direct sandwich
ELISA performed using an 1gG labelled with HRP as detection antibody. First, we
obtained the calibration curve from the direct sandwich immunoassay carried out using
Au/Pt NCs Anti-BSA IgG and Ag/Pt NCs Anti-BSA IgG. Second, we studied the
performance of the conventional direct sandwich immunoassay using an antibody
labelled with HRP as a detection antibody. In the three assays the concentration of
detection antibody was optimised in order to get the best sensitivity. To optimise the
concentration of detection antibody in both immunoassays, first capture antibody was
immobilised on the surface of the well and then the surface of the well was blocked with
casein. After, the target analyte was added in a concentration of 0 and 200 ng/mL and
finally different concentrations of detection antibody were added. The reaction rate of
TMB oxidation was represented for the assays with and without the target analyte
(Figure 1.A., Figure 2.A. and Figure 3.A.) and also the ratio of the readout signals for each
Au/Pt NCs-lIgG (Figure 1.B.), Ag/Pt NCs-lgG (Figure 2.B.) and IgG-HRP (Figure 3.B.)

concentration.
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Figure 1. Reaction rate of TMB oxidation in the direct sandwich immunoassay performed with
Au/Pt NCs Anti-BSA 1gG as detection antibody with and without target analyte (A). The ratio of
readout signals with and without the target analyte (B).
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Figure 2. Reaction rate of TMB oxidation in the direct sandwich immunoassay performed with
Ag/Pt NCs Anti-BSA IgG as detection antibody with and without target analyte (A). The ratio of
readout signals with and without the target analyte (B).
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Figure 3. Reaction rate of TMB oxidation in the direct sandwich ELISA performed with IgG-HRP
as detection antibody with and without target analyte (A). The ratio of readout signals measured
with and without the target analyte (B).

The highest ratio between two signals observed with and without the target analyte was
16.31 for the system using Au/Pt NCs-IgG as detection antibody (Figure 1.B.), 5.23 for
the system using Ag/Pt NCs-1gG (Figure 2.B.) and 3.54 for the system using IgG-HRP as
detection antibody (Figure 3.B.). After optimization of the experimental conditions in
terms of detection antibody concentrations, the effect of various concentrations of the

analyte on the read-out signals was studied.
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Figure 4. Direct sandwich immunoassay for BSA quantification using Au/Pt NCs Anti-BSA IgG as
detection antibody (A). Calibration curve of the direct sandwich immunoassay system based on
Au/Pt NCs Anti-BSA 1gG using BSA as a target analyte (B).
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Figure 5. Direct sandwich immunoassay for BSA quantification using Ag/Pt NCs Anti-BSA IgG as
detection antibody (A). Calibration curve of the direct sandwich immunoassay system based on
Ag/Pt NCs Anti-BSA IgG using BSA as a target analyte (B).
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Figure 6. Direct sandwich ELISA for BSA quantification using Anti-BSA IgG-HRP as detection
antibody (A). Calibration curve of the direct sandwich ELISA system based on Anti-BSA IgG-HRP
using BSA as a target analyte (B).

In Figure 4.B., Figure 5.B. and Figure 6.B. the calibration curves for the three systems are
shown. The limit of detection (LOD) was calculated like three times of standard deviation
of negative control divided by the slope of regression line. A LOD of 0.93 ng/mL was
achieved for the system using Au/Pt NCs-IgG, 10.4 ng/mL with Ag/Pt NCs-IgG and 52.03
ng/mL with I1gG-HRP. The LOD was increased up to 5 times using Ag/Pt NCs and it was
56 times greater with Au/Pt NCs-1gG in comparison with IgG-HRP. In the three cases,
capture and detection antibodies were the same. In case of the immunoassays using the
IgG carrying bimetallic NCs, the antibody used for its preparation was the same as the
antibody employed for the labelling with HRP. This means that the comparison between
the three different assays was performed under the most similar conditions. To perform
the direct sandwich ELISA based on IgG-HRP, the commercially available kit from Abcam,
specifically designed and optimized for conjugation of antibodies with HRP was
employed for the bioconjugation. Nevertheless, the assay based on “Abcam modified”
antibodies showed a lower signal-to-noise ratio than that or our assays employing
bimetallic NCs. Such a difference between LODs shown by three immunoassays can be

explained by lower nonspecific adsorption of Au/Pt NCs-IgG and Ag/Pt NCs-IgG. The
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labelling of 1gG with HRP by the cross-linking reaction leads to the formations of by-
products prone to nonspecific adsorption and consequently to an increase in the
background signal. The best performance obtained with Au/Pt NCs-IgG than with Ag/Pt
NCs-1gG is due to the higher affinity towards TMB of Au/Pt NCs-IgG discussed in Chapter
3.

., Conclusions

After the metallization of bimetallic NCs inside a polyclonal anti-BSA IgG, the antibody
activity remains intact and the NCs exhibit high peroxidase-like properties. Both
characteristics make Au/Pt NCs-l1gG and Ag/Pt NCs-IgG potential candidates to act as a
detection antibody in a colorimetric sandwich-type immunosensor. The antibody
carrying NCs act as a probe and incorporate the recognition component and the
transduce component. The inclusion of the NCs inside the antibodies address the
drawbacks related with the tethering of enzymes and NPs to antibodies and results in a
new efficient strategy for immunoassays. By using antibody carrying bimetallic NCs, for
the detection of BSA, the LOD was improved by 56 times in comparison with a
conventional method that employs the same detection antibody but labelled with HRP.
The increase in the sensitivity of the method by employing NCs-IgG as detection
antibody can be explained by the formation of homopolymers during the 1gG-HRP
bioconjugation, which causes an increase in the background signal due to non-specific
absorption. By using bimetallic NCs-IgG the conjugation step is no longer necessary,

since the NCs are formed in the structure of the antibody.
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UV-light

FRET emission

First steps towards the development of a FRET-based homogeneous

competitive immunoassay using antibody-protected CdS NCs.

In this chapter are reported the first steps towards the development of a competitive
immunoassay based on FRET. The method is based on the measurement of FRET that
occurs from antibody carrying fluorescent semiconductor CdS NCs to a commercial
fluorophore labeled to target analyte. As a probe of concept BSA and corresponding
antibody were employed. The immunoreaction between Anti-BSA 1gG carrying CdS NCs
and BSA labeled with Alexa Fluor 647 (acting as receptor) brings the fluorophore in close
proximity to the NCs (acting as the donor) and this causes FRET to occur upon
photoexcitation of the CdS NCs. During the detection event BSA labeled with AF 647 is
displaced by higher affinity target analyte, creating a detectable FRET decrease due to
the distancing of the fluorophore from the NCs. This homogeneous competitive
detection scheme is simple and efficient, and it does not require separation steps and

neither washing.
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1. Introduction

Immunoassays are based on specific interactions between antibodies and antigens that
permit the precise detection of analytes. The most used assays in biosensing and
diagnostic are the heterogeneous assays ELISAs. These assays need various incubation
and washing steps making them time consuming. As opposed to homogeneous assays,
that are performed directly in solution without washing steps and it handle do not need
expertise by the user. The development of homogenous assays based on FRET provides
a single step, rapid and direct detection of analytes in a competitive and non-
competitive manner!. FRET allows a non-radiative energy transfer from a donor to a
fluorescent energy acceptor within a distance less than 10 nm. The absorption spectrum
of the acceptor must overlap the fluorescence emission spectrum of the donor.
Molecular binding events, such as those that take place in immunoassays between the
antibody and target analyte, change the distance between the donor and the acceptor
inducing FRET signals.

Organic dye molecules are traditional FRET fluorophore pairs. These dyes are
characterized by closely spaced and broad absorption/emission profiles. For FRET
applications these small Stokes shifts cause the direct excitation of the acceptor that
difficult the analysis?. There is a need of new materials to overcome the deficiencies of
organic fluorophores. Semiconductor QDs are one of the most promising nanomaterials
for fluorescence-based biosensing and can provide significant advantages concerning
multiplexing and sensitivity. Compared to classical organic fluorophores, QDs have
broad excitation bands with increasing excitation coefficients from the emission
wavelength down to the UV. This offers the possibility of exciting QDs at almost any
wavelength with effective Stokes shift. QDs have also high photostability and high
fluorescence quantum vyields3. They have been widely employed in competitive
immunoassays based on FRET from QDs labeled antibodies to organic fluorophores. For
example, for the detection of the mycotoxin Ochratoxin (OTA). The energy transfer
occurs from CdTe QDs covered with anti-OTA antibody to the dye Rho123%.

Despite the advantages mentioned above and the superior optical properties in
comparison with organic dyes, QDs have still not become standard labels for FRET
applications. The main drawback remains a conjugation method for the QDs to

151



Chapter 4

biorecognition element that allows taking advantage of the optical properties of the QDs
and the functionality of the probe®. Also, the use of QDs is still a challenge in terms of
solubility. Furthermore, the optimal FRET distance between fluorophores for the signal
development is between 2 and 6 nm®, in some cases the large dimensions of the
bioconjugates can restricted the use of QDs, due to particle size and steric hindrance®.
Antibody fragments such as Fab or F(ab), have been employed to overcome the size
limitation of full-length antibodies. This technique has been employed for the detection
of morphine in saliva samples®. An antibody fragment specific for the immune complex
composed by morphine and anti-morphine Fab fragment was selected from an antibody
phage display library. Both antibody fragments were labeled with organic dyes and
incubated with the saliva samples containing morphine. The detection is performed in a
non-competitive mode. The presence of the analyte gets close the fluorophores and
FRET emission takes place. Fab fragments exhibit a size smaller than 5 nm allowing the
development of sensitive immunoassays for small analytes. The use of antibody
fragments in FRET immunoassays has been employed also for the detection of
tetrahydrocannabinol (THC) from saliva samples 7, mycotoxins from wheat extracts & and
cyanobacterial microcystins and nodularins from water samples®.

QDs are becoming popular as strong energy acceptor, instead of donor, in combination
with lanthanide (europium, terbium) complexes as long-decay-time donors'®. The use
of QDs as FRET acceptors in conjunction with organic dyes has been limited due to
difficulties isolating QDs fluorescence emission because of FRET interactions caused by
large extinction coefficients and broad QD absorption'!. Also, the typical QD
photolomuniscence decay time is between 10-100 ns that is higher that the decay time
of most of organic dye donors (less than 5 ns). Thus, QDs are rarely in their lowest energy
state at the same time that organic fluorophores are in their excited state. In the case
of lanthanide complexes their decay time, between 0.1-1 ms, makes possible that the
QDs come to their ground state while the lanthanide complexes remains in their excited
state!?. Taking advantage of both, the use of antibody fragments and lanthanide-QDs
pairs, it is possible to find in the literature a highly sensitive assay for prostate specific
antigen (PSA) quantification. The analysis of the photophysical parameters of FRET

components and the effect of the size of the antibody used reveal that the highest assay
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sensitivity results with the Fab fragments conjugated with QDs and Terbium in
comparison to the whole antibody*3.

In this work it is proposed another strategy to overcome the drawbacks above
mentioned related with the use of QDs, the employment of fluorescent CdS NCs
synthesized using antibodies as scaffold as energy donor in a competitive immunoassay
based on FRET. With its use the conjugation step it is no longer necessary since the NCs
are embedded in the antibody structure. In addition, the dimensions of the
biorecognition system and the FRET distance are reduced due to the nanometric size of

the atomic clusters and its position in the hinge region of the antibody.

2. Experimental section

2.1. Chemicals and materials

Cadmium nitrate (CdNOs), sodium sulfide (NaS), BSA, polyclonal anti-BSA IgG
(developed in rabbit), phosphate buffer saline (pH 7.4) (PBS) and other chemicals were
supplied by Sigma-Aldrich. Bovine Serum Albumine conjugate with Alexa Fluor 647 (BSA-

AFea7) was purchased from ThermoFisher Scientific.

2.2. Characterization of materials

The fluorescence spectra were performed on a Varioskan Flash microplate reader
(Thermo Scientific) at room temperature. The system was controlled by Skanlt Software
2.4.3. for Varioskan Flash. The measurements were carried out using black 96-wells
microtiter plates.

The 3D fluorescence emission spectra were recorded with a Perkin Elmer LS 55
fluorescence spectrometer. The emission was recorded from 300 nm to 750 nm with a
scan speed of 250 nm/min and an excitation and emission slit of 5 nm. The excitation
started at 300 nm and 80 scans were performed with an excitation increment of 5 nm.
The measurements were carried out using a 1 mL quartz cuvette with 4 polished

windows.
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2.3. Methods

Procedure for FRET between CdS NCs-lgG and BSA-AFes7

For the evaluation of the FRET from CdS NCs-IgG to BSA-AFss7, some reaction mixtures
in PBS were prepared. After incubating the reaction for 2 minutes to ensure the
formation of the immuno-complex of the labeled BSA and the CdS NCs-IgG, the samples
were excited at 315 nm. The emission spectra were recorded in a range from 450 to 700
nm. The experiments were performed in black 96-wells microtiter plates with a final
volume of 100 uL. To evaluate the effect on FRET of increasing concentration of the BSA-
AFea7, different concentrations of this reagent were added, while the CdS NCs-lgG

concentration was maintained constant to 0.5 mg/mL.

Procedure for a competitive immunoassay based on FRET for BSA detection

To evaluate the ability of the system to detect BSA, a stock solution of 0.1 mg/mL was
prepared and different concentrations were added to a reaction mixture containing
fixed concentrations of CdS NCs-IgG and BSA-AFes7. Emission spectra of the samples
were recorded after incubating the reaction mixture for 2 minutes, at the same

conditions above mentioned.

3. Results and discussion

3.1. Improvement of the synthesis of CdS NCs-IgG

In Chapter 3 the synthesis of fluorescent NCs composed by CdS using Anti-BSA IgG as
scaffold was described. In this chapter some parameters of the synthesis were changed
to obtained NCs with higher fluorescence intensity. As described in Chapter 3, 2.5 pL of
CdNOs were added to an Anti-BSA antibody solution (100 pL, 1 mg/mL). The mixture was
stirred for 15 min at RT. Then, 2.5 pulL NaxS were added dropwise. Different
concentrations of CANOs and Na,S were tested to obtain brighter NCs. The final

concentration of CANOs and NazS employed for each synthesis are showed in Table 1.
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Table 1. Different concentration of CANOsand Na,S employed for each synthesis.

Synthesis CdNOs (M)  NazS (M)

1 0.01 0.005
2 0.025 0.005
3 0.05 0.005
4 0.01 0.01
5 0.025 0.01
6 0.05 0.01
7 0.01 0.025
8 0.025 0.025
9 0.05 0.025

The fluorescent properties of the CdS NCs-lgG were evaluated after the synthesis. In
Figure 1. the fluorescence emission spectra at the maximum excitation wavelength (315
nm) is shown for each synthesis. The maximum emission peak and the fluorescence
intensity can be tuned by changing the precursor concentrations. The ability of tuning
the emission wavelength of semiconductor nanomaterials, such as QDs, has been
already demonstrated. For large number of atoms, many wave functions are allowed
and there is almost no difference in their energies generating a bulk band structure.
When the crystal becomes smaller not all the wave functions satisfy the constraints this
causes discrete quantum confined states with a band gap that increases with decreasing
crystal size. This effect has been observed for CdSe QDs. The band gap can be tuned
from 1.9 to 2.8 eV and the fluorescence emission from 650 to 450 nm as the QD diameter
decreases from 7 nm to 2 nm*. A similar effect was observed by adjusting the
stoichiometry of ZnSe/ZnS QDs. The emission wavelength can be tuned in the range of
390-435 nm?'°. The same effect was also observed for CdSe/CdS'® 17 and CulnS2/ZnS*8
QDs.
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Figure 1. Fluorescence emission spectra of the different CdS NCs-IgG synthesis (Aex= 315 nm).

Here, the conditions of synthesis 5 were chosen as the optimal ones because the NCs
obtained exhibit the higher fluorescence at 650 nm (the maximum absorption
wavelength of AFss7). Thus, further experiments were carried out using the CdS NCs-IgG

synthesized under these conditions.

The manufacturing process has changed and to probe that the antibody presence is
mandatory for the formation of the NCs, the next experiment was performed. The
synthesis of CdS NCs-1gG was carried out as explained in the experiment above with and
without the anti-BSA IgG. Finally, the fluorescence emission spectra of both syntheses
were measured at 315 nm (Figure 2.). The CdS NCs-IlgG showed the predictable
fluorescent emission (orange line). However, the synthesis carried out without the IgG
(green line) just exhibit a residual fluorescence emission. These results suggest that the
presence of the antibody is needed to obtain fluorescent CdS NCs. It is required the
presence of a capping agent that act as scaffold for the NCs formation. In this case the

antibody is the scaffold. In the absence of the protein the NCs cannot growth and
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therefore no fluorescence was found in the sample. This result also guarantees the NCs

formation in the IgG structure and that there are not NCs outside the protein.
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Figure 2. Fluorescence emission spectra of a CdS solution in water (orange) and CdS NCs-1gG (Aex

=315 nm).

3.2. FRET between CdSNCs-IgG and BSA-AFsas7

AF are highly fluorescent commercially available compounds with different excitation
and emission wavelengths and they are widely used as fluorescent label in FRET assays'®
20, The excitation and emission spectra of BSA-AFes; is showed in Figure 3. This
compound exhibits the maximum fluorescence emission at 675 nm at an excitation
wavelength of 650 nm. It was noted that the fluorescence spectrum of CdS NCs-IgG
overlaps with the absorption spectrum of AFss7, which indicates that they are a good
FRET donor/acceptor pair. Thus, AFes7 was selected as the acceptor to label BSA and CdS

NCs-IgG were used as FRET donor.

The principle of FRET from CdS NCs-1gG to BSA-AFes7 is illustrated in Figure 4.
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Figure 4. Scheme of FRET transmission from CdS NCs-1gG to BSA labeled with AFea7.

BSA-AFes7 was incubated with a limited amount of CdS NCs-IgG to generate the
antibody-antigen immunocomplex. Due to the specific interaction between the anti-BSA
antibody and corresponding antigen, CdS NCs-IgG (energy donor) was placed very close
to the BSA-AFes7 (energy acceptor) in the immunocomplex, allowing FRET between
them. When the system is irradiated at the excitation wavelength of the NCs (315 nm),
the fluorescence intensity of the CdS NCs-1gG should decrease gradually with increasing
BSA-AFes7 concentrations, because of the energy transfer from de NCs to the

fluorophore. At the same time an increase on the fluorescence emission at 675 nm
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should be observed with increasing BSA-AFsa7 concentration, because the NCs exhibit

fluorescence emission at the excitation wavelength of the fluorophore (650 nm).

In a first experiment performed to produce FRET from the CdS NCs-IgG to BSA-AFea7,
both reagents were employed at equimolar concentration, with the purpose of taking
up most of the available binding sites of the antibody. In Figure 5. it is showed the
fluorescence emission spectra of a system containing CdS NCs-IgG and BSA-AFes7 (green
line), another system that only contains CdS NCs-IgG (purple line) and a last one with

only BSA-AFes7 (orange line).

1750
15001 —— CdS NCs-IgG
BSA-AFgy;

0+— T T T T — T
400 450 500 550 600 650 700
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Figure 5. Fluorescence emission spectrum of a system containing only CdS NCs-1gG (purple line),

CdS NCs-IgG and BSA-AFg47 (green line) and only BSA-AFss7 (orange line) (Aex=315 nm).

The three systems were excited at a wavelength of 315 nm (the excitation wavelength
of the CdS NCs-IgG). The fluorescence spectrum of the CdS NCs-lIgG showed the typical
fluorescence emission with a broad peak with a maximum emission at 650 nm (purple
line). The system containing both CdS NCs-IgG and the labelled antigen (green line),
exhibit a peak at 675 nm (the emission wavelength of AFes7) and no fluorescence
emission was found at 650 nm (the emission wavelength of the CdS NCs-1gG). At first it
might seem that FRET is taking place between the CdS NCs-lIgG and BSA-AFs47. Because
the emission peak of the NCs completely disappears (650 nm) and it appears the
emission peak of BSA-AFss7 (675 nm). However, when the emission spectrum of the
system that only contains BSA-AFes7 is showed it was revealed that this compound

exhibit intrinsic fluorescent at the excitation wavelength of the CdS NCs-1gG (315 nm).
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Thus, by using BSA-AFss7 at the same molar concentration of CdS NCs-lgG it is not
possible to see FRET emission of BSA-AFss7 due to its intrinsic fluorescence. The intrinsic

emission at 675 nm of BSA-AFea7 when excited at 315 nm was unexpected.

To check whether this peak is part of the fluorescence spectrum or a Raman signal,
several fluorescence spectrum of BSA-AFss7 were recorded at different excitation
wavelengths. Fluorescence and Raman scattering are fundamentally different processes
and respond in a different manner to changes in the excitation wavelength. The
fluorescence emission is independent of the excitation wavelength and the spectrum
will not shift if the excitation wavelength is changed. In contrast, Raman is a scattering
phenomenon and the wavelength of the scattered photons are proportional to the
wavelength of the excitation photons. As the wavelength of the excitation light
increased the wavelength at which Raman scatter appears will also increase and this can
be used to differentiate between Raman and fluorescence. Figure 6. shows the spectra
of BSA-AFess7 measured at three different excitation wavelengths where it can be seen
that the wavelength of the peak did not shift with excitation wavelength which reveals

that the peak is not due to Raman scattering.
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Figure 6. Fluorescence spectra of BSA-AFg47 at three different excitation wavelengths.

A 3D fluorescence spectrum was performed to obtain a spectral fingerprint of BSA-AFea7
(Figure 7.). The Signal 1 is due to elastic scattering or Rayleigh scattering. In this signal,
the energy of the photon is conserved and the wavelength of the scattered light is
therefore equal to the excitation light. The Signal 2 is the second harmonic and it is

dependent on the excitation wavelength. The Signal 3 is due to the characteristic
160



Chapter 4

fluorescence emission of AFes7 showing a maximum at 675 nm when excited at 650 nm.
Finally, the Signal 4 is another fluorescence peak, that also appears at 675 nm like Signal
3 but with a weaker intensity. The signal 3 is the fluorescence signal found above in
Figure 5. This signal appears when BSA-AFes7 is excited at 315 nm, the same excitation

wavelength of NCs.
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Figure 7. 3D fluorescence spectrum of BSA-AFea7.

After this result a lower BSA-AFe47 concentration was employed to reduce the emission
at 675 nm due to the intrinsic fluorescence of this compound at an excitation
wavelength of 315 nm and to favour the emission at 675 nm produced by FRET. Different
concentrations of BSA-AFes7 ranging from 0 to 15 pg/mL were prepared and incubated
with a fixed concentration of CdS NCs-IgG. In this case the BSA-AFe47 concentration was
not equimolar to the CdS NCs-IgG, it was lower. As shown in Figure 8A. the fluorescence
emission of CdS NCs-1gG decreased gradually with increasing BSA-AFe47 concentration at
en excitation wavelength of 315 nm. On the other hand, the fluorescence emission of
BSA-AFea7 (675 nm) increased due to FRET from CdS NCs-IgG. In order to assure that this
fluorescence increase is due to FRET, the fluorescence emission spectra of different

systems containing only BSA-AFs47 was measured (Figure 8B.).
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Figure 8. Fluorescence emission spectrum of a system containing a fixed concentration of CdS
NCs-lIgG and increasing concentrations of BSA- AFes7 (A). Fluorescence emission spectrum of
increasing concentrations of BSA- AFss7 (B). (Aex=315 nm).

Just a residual fluorescence emission was obtained at 675 nm indicating that at those
BSA-AFs47 concentrations there is not intrinsic fluorescence at an excitation wavelength
of 315 nm. Thus, the fluorescence emission observed at 675 nm in Figure 7A. is due to

FRET from the CdS NCs-IgG to BSA-AFeay.

3.3. FRET-based homogeneous competitive immunoassay for BSA detection

In this FRET-based homogeneous competitive immunoassay, the CdS NCs-IgG act as the
donor and the acceptor is the antigen labeled with AFess7. The analyte is the unlabeled
antigen. The extent of FRET decreases in the presence of the unlabeled antigen due to
the higher affinity of the antibody for this one than for the labeled one. A scheme of the
process is illustrated in Figure 9. On the one hand, the fluorescence intensity of the CdS
NCs-IgG donor should increase with increasing concentration of the unlabeled antigen
and by maintaining constant the concentration of the labeled antigen. On the other

hand, the BSA-AFss7 fluorescence should decrease due to its displacement by BSA.
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No FRET emission FRET emission

Figure 9. FRET-based homogeneous competitive immunoassay. The CdS NCs-IgG act as donor,
the antigen is labeled with an acceptor molecule. The analyte is the unlabeled antigen. The
extent of FRET decreases in the presence of the unlabeled antigen.

The ability of the immunoassay to detect and distinguish different target concentrations

was assessed (Figure 10).
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Figure 10. Fluorescence emission spectrum of a system containing a fixed concentration of CdS
NCs-1gG and BSA-AFgs7 with increasing concentrations of BSA (Aex=315 nm).
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In the control only CdS NCs-IgG were added. Then different BSA concentrations were
added to a solution containing constant concentrations of CdS NCs-1gG (0.5 mg/mL) and
BSA-AFes7 (15 pg/mL). A decrease in the fluorescence at 675 nm was expected with
increasing BSA concentrations, due to the displacement of the labeled antigen by the
unlabeled one. However, the exposure of the system to different BSA concentrations
did not produce any significant change in the fluorescence of the system. This result
could be explained by the molar ratio of CdS NCs-IgG and BSA-AFea7 (referring to protein
concentration in both cases). The concentration of CdS NCs-IgG in the system is 3.33 uM
and the BSA-AFea7is 0.22 uM. This means that the concentration of BSA-AFes7 is = 15
times lower than the CdS NCs-IgG concentration. If it is assumed that two antigen
molecules can bind to an antibody molecule, this means that every 30 available binding
sites only one will be occupied with a BSA-AFes7 molecule. Thus, it is not possible to
displace BSA-AFss7 by BSA because there are sufficient available binding sites and the
competition did not occur. On the other hand, as it was showed, before it is not possible
to increase the BSA-AFs47 concentration until the saturation of the binding sites. Thus, it
is not possible to achieve a FRET-based homogeneous competitive immunoassay for BSA

employing CdS NCs-IgG and BSA-AFea7.

4. Conclusions

The formation of the immunocomplex between the CdS NCs-IgG and BSA-AFsa7 causes
a change in the fluorescent properties of the NCs due to proximity effects. The
fluorescence of the NCs decreases with increasing BSA-AFs47 concentrations because of
the transfer of energy to the organic fluorophore. An increase in the fluorescence of
BSA-AFea7 was also observed due also to FRET effects. If both compounds are employed
at equimolar concentration, the unexpected intrinsic fluorescence of BSA-AFss7 at the
excitation wavelength of the NCs covers up fluorescence emission due to FRET effects.
Thus, the BSA-AFe47 concentration should be reduced to see a decrease in CdS NCs-IgG
fluorescence and an increase in BSA-AFss7 fluorescence. At this molar ratio most of the
binding sites of the antibody are free and thus when the unlabeled antigen was added,
there is not a competition for the binding sites between the unlabeled and the labeled

BSA and no changes in fluorescence took place. These results suggest that antibody
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wearing fluorescent nanoclusters are promising materials to act as energy donor in

FRET-based homogenous competitive immunoassays because it was possible to produce

FRET between the NCs and BSA-AFs47. However, BSA-AFs47 is not an adequate candidate

to act as fluorescence acceptor for a homogeneous competitive immunoassay for its

intrinsic fluorescence emission at the excitation wavelength of the NCs (315 nm). As a

future work other fluorescence acceptor would be search.
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General conclusions and future work

This PhD thesis presents the advancements in biosensing based on the use of antibodies
wearing nanoclusters which can be employed as a probe integrating the sensing element
and the transducer in immunoassays. The use of NCs embedded in the antibody
structure offer advantages in terms of sensitivity in comparison with the use of natural
enzymes as antibody labels and results in the development of new efficient strategies

for the detection system of immunoassays.

The main conclusions of the work conducted during this PhD thesis are summarised

below:

° It was found that it is possible to synthesized NCs of different materials using a
model antibody as scaffold (polyclonal Anti-BSA IgG from rabbit).

° The nondenaturing conditions used during the synthesis makes the antibody
structure remains unalterable after the modification. Moreover, the antibody still has
affinity for its target analyte (BSA) and protein G.

. Due to their reduced dimensions, the NCs have molecule-like properties. In
particular, the CdS NCs-IgG show fluorescent and photocatalytic properties. The
bimetallic NCs-IgG exhibit peroxidase-like activity.

° The synthetic route to Au/Pt NCs-1gG is robust and can be applied using different
polyclonal antibodies. Nevertheless, if a monoclonal antibody is used it results in the
denaturalization of the antibody and the loss of affinity for target analyte.

° The signals provide by the molecule-like properties of the NCs-1gG can be related
with the BSA concentration in an immunoassay. On the one hand, the bimetallic NCs can
act as detection antibody in a colorimetric sandwich-type immunosensor. The inclusion
of the NCs inside the antibodies address the drawbacks related with the tethering of
enzymes to antibodies and results in a decrease in the background signal and the
reduction of nonspecific binding. In the Figure below the Figures 4B, 5B and 6B of
Chapter 4 (Setting of sandwich-type immunosensor using antibody-protected bimetallic
NCs) are merge in a single one to show the differences in background noise.

It was found that it was higher in the immunoassay which uses IgG-HRP than in the

immunoassays which employ bimetallic NCs-IgG. This confirm the starting hypothesis of
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the improved signal-to-noise ratio by eliminating step of a crosslink reaction between
an antibody and the label. Moreover, by using antibody carrying bimetallic NCs, for the
detection of BSA, the LOD was improved by 56 times in comparison with a conventional

method that employs the same detection antibody but labelled with HRP.
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° CdS NCs-1gG were able to act as a donor energy in FRET. The formation of the
immunocomplex between the CdS NCs-IgG and BSA-AFss7 causes a change in the
fluorescent properties of the NCs due to proximity effects. The fluorescence of the NCs
decreases with increasing concentrations of BSA-AFss7 because of the transfer of energy
to the organic fluorophore. An increase in the fluorescence of BSA-AFss7 was also
observed due also to FRET effects. Although it was not possible to develop a FRET-based
homogeneous competitive immunoassay for BSA based on CdS NCs-lgG, they are

promising materials to act as energy donor in FRET assays.

As a general conclusion the introduction of NCs embedded in the structure of an
antibody results in an efficient methodology for the detection system of immunoassays.
This PhD thesis open the door to the next generation of efficient labels for antibodies
and further applications and advantages are still under research. Currently, the research
line is focused in the study the advantages in long term storage of Au/Pt NCs-1gG over
IgG-HRP. Furthermore, the use of antibody wearing NCs are being tested for the
detection of IL-6, an analyte with clinical relevance, employing the patent developed
during this thesis. This research is framed in the European Project DeDNAed (H2020-
FETOPEN-2018-2020) in which CIC biomaGUNE and Tecnalia Research & Innovation are

currently working together.
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