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Abstract 

The growing demand for in situ detection and monitoring of (bio)chemical compounds has led 

to a great increase in research and development of portable, sensitive and reliable devices to 

satisfy current and new necessities of analysis. Biosensors emerged as versatile and convenient 

tools with excellent features and broad variety of possible applications. Within the medical 

sector, biosensors are mainly used in clinical and diagnostics, with major interest in point-of-

care testing. Particularly, methodologies based on immunoassays provide high sensitivity and 

selectivity towards most biomarkers with medical relevance. However, the miniaturization and 

integration in portable platforms is still a challenging task. This problematic inspired us to 

design and develop an electrochemical immunosensing platform with improved characteristics 

owing to the signal amplification methods and immobilization techniques. Enzymatic 

amplification has provided outstanding improvements in signal detection and amplification 

when combined with the modulation of nanomaterials’ properties. This strategy was applied 

to the detection of analytes with analytical interest by the in situ enzymatic growth or blocking 

of metal nanostructures such as Ag/Ag2S and CdS nanoparticles and/or quantum dots by 

products of enzymatic reactions. The biocatalytical activity was measured by optical and 

electrochemical readout techniques, the latter showed better performance and suitability for 

integration in lab-on-a-chip platforms. Parallelly, we investigated the improvement of 

immobilization techniques on polystyrene surfaces. Chlorosulfonation process enabled the 

activation of the surface and subsequent introduction of several functional groups such as 

amines or acids. This methodology allowed for the fabrication of a broad library of 

functionalities available for antibody immobilization through covalent links or physical 

adsorption. Finally, the combination of enzymatic detection and signal amplification with 

improved orientation of antibodies resulted in the development of a photoelectrochemical 

immunosensor lab-on-a-chip with potential analytical applications. 
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Resumen 

La sociedad actual se encuentra muy influenciada por los continuos avances tecnológicos en 

prácticamente todos los ámbitos de la vida cotidiana. La rapidez con la que se producen estos 

cambios hace indispensable la labor de investigación y desarrollo de nuevos dispositivos que 

cubran las necesidades emergentes. En concreto, una de las principales demandas en la 

mayoría de los sectores es la de herramientas de detección y/o cuantificación de sustancias 

(bio)químicas empleadas en un amplio abanico de aplicaciones. Para satisfacer estas 

necesidades, uno de los instrumentos más potentes y eficaces son los biosensores, dispositivos 

capaces de solucionar los problemas existentes y de adaptarse a las exigencias futuras. 

Los biosensores son instrumentos analíticos integrados por un elemento de 

biorreconocimiento y un transductor, que transforma los procesos biológicos en señales 

cuantificables y proporcionales a la concentración del analito a detectar. Desde los primeros 

diseños fabricados a mediados del siglo XX para la detección de oxígeno y la comercialización 

del primer biosensor de glucosa en años posteriores, la investigación y desarrollo en esta área 

ha crecido exponencialmente hasta nuestros días. En los últimos años, sus aplicaciones se han 

multiplicado en todas las áreas de interés analítico como en el sector salud, la industria 

agroalimentaria, el sector medioambiental, la seguridad y la defensa. Su éxito se basa en los 

progresos obtenidos en los campos de la biotecnología, nanociencia y microfabricación, que 

posibilitan el diseño y la producción de aparatos portátiles, de lectura rápida, sensibles y de 

fácil manejo. 

En la actualidad, las aplicaciones biomédicas lideran el mercado de los biosensores, sobre todo 

para su empleo en la detección y monitorización de analitos de interés como la glucosa, 

marcadores de cáncer, medicamentos y otros metabolitos. Esta tendencia se justifica por la 

creciente demanda de dispositivos rápidos, robustos y de alta precisión y sensibilidad para su 

uso en diagnóstico y seguimiento rutinario de enfermedades, fundamentalmente. Dentro de la 

amplia gama de los diferentes instrumentos, el mayor porcentaje de dispositivos 

comercializados está representado por biosensores para aplicaciones en puntos de cuidado o 

lugares de atención al paciente (point-of-care, POC). Estos dispositivos son portables, 

automáticos, permiten la descentralización de las medidas a tiempo real y son fácilmente 

manejables por personal no cualificado. Para cumplir con estas características generalmente se 

requiere de la tecnología Lab-on-a-Chip (LOC), que integra los conocimientos de las ramas de 
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la química, física, biología e ingeniería para llevar la investigación técnica y básica a 

aplicaciones reales. 

Una plataforma LOC incorpora una o varias tareas de laboratorio en un único dispositivo de 

pequeño tamaño, normalmente de milímetros a centímetros cuadrados. Estos sistemas 

miniaturizados permiten la reducción de los volúmenes de muestreo y reactivos requeridos, 

minimizan la manipulación de materiales peligrosos, permiten la detección de múltiples 

analitos y mejoran la detección. Estas propiedades se ven incrementadas cuando se combina 

con tecnologías como la nanotecnología y la microfluídica. La integración de nanomateriales 

en sistemas LOC aporta una ventaja adicional en cuanto a sensibilidad y miniaturización, 

además de la versatilidad en cuanto a diseño y aplicaciones. Por otro lado, la microfluídica 

permite abordar problemáticas tales como el transporte y la mezcla de muestra y de reactivos 

en sistemas miniaturizados. Todo esto hace del LOC el candidato más adecuado para 

aplicaciones POC. 

Como biosensor, estos dispositivos responden a la concentración de un analito de interés en la 

muestra analizada. En el caso del diagnóstico médico, este analito generalmente se llama 

biomarcador, y está relacionado con el estado médico del paciente. De entre los 

biomarcadores de interés, los más utilizados son las proteínas porque son las que 

normalmente están asociadas a las enfermedades más recurrentes. Hoy en día, la metodología 

más extendida para la detección de proteínas es el inmunoensayo. El uso de anticuerpos 

aporta ventajas adicionales como es la alta selectividad con el antígeno (la proteína) y la 

amplia variedad de anticuerpos disponibles. Actualmente, los inmunoensayos para POC con 

más presencia en el mercado están basados en ensayos de flujo lateral. Esta tecnología es 

rápida, barata y de lectura óptica, pero solo es eficaz cuando el analito se encuentra en 

grandes cantidades. Por otro lado, en laboratorios de rutina, la técnica más empleada para la 

detección de una gran cantidad de biomarcadores es el ensayo por inmunoabsorción ligado a 

enzimas (ELISA). A pesar de la alta sensibilidad de esta metodología, aún es minoritario el 

número de productos en el mercado que integren estos ensayos en sistemas portables debido 

al elevado número de etapas de su protocolo y a la detección óptica, que implica sistemas de 

lectura poco portables y más caros que, por ejemplo, los electroquímicos. 

Adicionalmente, existen varias estrategias para mejorar la detección y la sensibilidad de los 

procesos ELISA adaptados a sistemas miniaturizados: por un lado, el incremento del número 

de anticuerpos disponibles para el biorreconocimiento (técnicas de inmovilización) y, por otro 

lado, amplificación de la señal generada. Esta última metodología permite aumentar la señal 

producida como consecuencia del proceso bioquímico mediante la incorporación de 



Resumen 

- 5 - 
 

compuestos o estructuras adicionales. En el caso de los inmunoensayos, la técnica más 

empleada es el uso de anticuerpos marcados con enzimas. Estas son elementos ampliamente 

utilizados en bioanálisis ya que presentan una gran especificidad y una alta actividad 

enzimática lo que implica una amplificación de la señal. Además, recientemente se ha 

comprobado que los enzimas son capaces de modular el tamaño de ciertos nanomateriales 

mediante su actividad, lo que aumenta la variabilidad en la detección (fluorescencia, 

fotoelectroquímica) respetando la amplificación mediante cascada enzimática, que es 

fundamental para mantener límites de detección bajos en los inmunoensayos.  

Para abordar estas cuestiones, la presente tesis se centra en el estudio de la modulación 

enzimática de nanopartículas para su aplicación como estrategia de amplificación de señal en 

biosensores y su adaptación e integración en una plataforma LOC para el desarrollo de un 

inmunosensor electroquímico. Para el diseño de este último se platearon dos puntos clave a 

considerar: el incremento de la sensibilidad del inmunoensayo mediante estrategias de 

inmovilización y amplificación de la señal; y la miniaturización y adaptación a un sistema 

microfluídico. De esta forma, la tesis está estructurada en un primer capítulo de introducción a 

los biosensores haciendo hincapié en los inmunosensores electroquímicos para aplicaciones 

POC e integración en sistemas LOC (capítulo 1). A continuación, dentro de la parte 

experimental, en el primer bloque se han estudiado diferentes técnicas de amplificación de la 

señal mediante el uso de anticuerpos marcados con enzimas para la modulación enzimática de 

nanopartículas (capítulo 3). El segundo bloque se ha centrado en la mejora del proceso de 

inmovilización de anticuerpos y la miniaturización del proceso electroquímico para su 

integración en un LOC (capítulo 4). 

Dentro del capítulo 3 se han llevado a cabo tres estrategias diferentes para la modulación 

enzimática de nanopartículas. 

La primera parte titulada “Specific bioanalytical optical and photoelectrochemical assays for 

detection of methanol in alcoholic beverages“ describe la síntesis enzimática de  puntos 

cuánticos (quantum dots, QDs) y su aplicación en la detección de metanol en bebidas 

alcohólicas por espectroscopia de fluorescencia y por fotoelectroquímica (proceso en el cual 

algunos nanomateriales absorben un fotón de luz y tras su excitación y recombinación generan 

electrones que pueden ser detectados electroquímicamente). La síntesis de estos QDs de CdS 

se llevó a cabo en presencia de iones S2- y Cd2+, y cisteína, que actúa como estabilizante y 

favorece el efecto de confinamiento cuántico gracias a su grupo tiol que se une fácilmente a 

las nanopartículas semiconductoras. Sin embargo, la cisteína se oxida fácilmente a cistina en 

presencia de agentes oxidantes como el agua oxigenada (H2O2), perdiendo sus propiedades de 
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agente estabilizante. Este proceso se utilizó para la modulación del crecimiento in situ de QDs 

de CdS gracias a la actividad enzimática de la alcohol oxidasa (AOx) que es capaz de generar 

H2O2 a través de la oxidación de metanol. De esta forma, se pudo relacionar la cantidad de 

metanol en la muestra con la disminución en la cantidad de QDs de CdS. Además, se estudió la 

posible interferencia de etanol en el proceso y se comprobó que la enzima es selectiva solo 

para el metanol como sustrato. Para la detección de estos QDs se utilizaron dos técnicas: la 

espectroscopía de fluorescencia y la fotoelectroquímica. En ambos casos se optimizaron los 

parámetros de medida, se realizaron sendos calibrados y se determinaron los límites de 

detección en 0.21 mg L-1 y 0.16 mg L-1. Se comprobó que los dos protocolos propuestos son 

más sensibles que otras técnicas como la cromatografía y amperometría, incluso en presencia 

de los dos alcoholes. Para la validación de estos dos métodos se analizaron muestras de 

bebidas alcohólicas reales (vodka y sidra) y en ambos casos se obtuvieron resultados 

satisfactorios y en concordancia con los valores estipulados en la legislación vigente. 

La segunda parte se titula “Facile synthesis and characterization of Ag/Ag2S nanoparticles 

enzymatically grown in situ and their application to the colorimetric detection of glucose 

oxidase” y presenta la síntesis enzimática in situ de nanopartículas de plata y azufre (Ag/Ag2S 

NPs) para su detección por colorimetría. En este caso, la síntesis de estas NPs se produjo por la 

fuerte interacción entre los iones S2- y Ag+ en presencia de ácido cítrico como estabilizante. 

Debido a la baja constante de solubilidad de este compuesto el proceso es muy selectivo e 

inmediato en medio acuoso. El control del crecimiento de estas estructuras se consiguió 

mediante la actividad enzimática de la glucosa oxidasa (GOx), que al oxidar la tioglucosa 

genera los iones S2- necesarios para la formación de Ag/Ag2S NPs en presencia de plata. Estas 

presentan un color amarillo y se torna oscuro incluso marrón al aumentar la cantidad de las 

mismas en disolución. Mediante colorimetría se pudo seguir la actividad de la enzima y se 

pudieron determinar sus parámetros analíticos. Adicionalmente se validó este mecanismo a 

través de un ensayo competitivo del sustrato artificial y la glucosa natural. Aquí, la presencia 

de la glucosa disminuye la santidad de S2- y con ella la señal detectada. Este protocolo presentó 

un límite de detección de 176.21 µM para la glucosa. Conociendo sus propiedades analíticas se 

aplicó a la detección de glucosa en suero humano por la metodología de adiciones estándar. El 

valor obtenido de glucosa en suero correspondió a los valores normales (entre 2.8 y 7 mM), 

por lo que de esta forma pudimos comprobar su eficacia en muestras reales. 

La tercera y última parte de este bloque “Development of portable CdS screen printed carbon 

electrode platform for electrochemiluminescence measurements and bioanalytical 

applications” está enfocada al uso de productos enzimáticos para la modulación de la señal 
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electroquimioluminiscente (ECL) de las NPs de CdS. La ECL es una técnica donde la excitación 

de las NPs se realiza electroquímicamente y la detección de la señal generada, mediante 

técnicas ópticas. Gracias al empleo de diferentes fuentes de excitación y detección es muy 

sensible, ya que permite anular la señal de interferencia de fondo, además de presentar las 

ventajas inherentes de los sistemas electroquímicos. La fase sensora constó de un electrodo 

serigrafiado de carbono modificado con NPs de CdS generadas químicamente por interacción 

de iones S2- y Cd2+ en tampón tris-HCl. Al prescindir de agente estabilizante la estructura 

generada es una red de núcleos de CdS de 3.89 nm de diámetro con propiedades fluorescentes 

y electroquimioluminiscentes. A fin de poder llevar a cabo el proceso ECL, es necesario el uso 

de un cofactor que sea capaz de reducir las NPs de CdS electroquímicamente excitadas para 

producir la señal ECL como, por ejemplo, el H2O2. Este compuesto se produce de manera 

natural en muchas reacciones bioquímicas, por lo que pudimos combinar esta metodología 

con la reacción enzimática de la alcohol oxidasa y el metanol. De esta manera, se estudiaron 

los parámetros analíticos (límite de detección 61.46 µg L-1) y se validó el sistema para la 

detección de metanol en vodka. Se utilizó la técnica de adiciones estándar en la muestra y se 

comprobó que el nivel de metanol en vodka estaba dentro de los rangos normales. Por 

añadidura, se estudió otro sistema enzimático para comprobar la aplicabilidad de nuestro 

sistema: producción de H2O2 por acción enzimática de la glucosa oxidasa. Se comprobó que 

solo en presencia de la enzima y el sustrato se obtenía señal ECL. 

Otra estrategia para la modulación de la señal ECL es el uso de ciertos productos enzimáticos 

para el bloqueo de la superficie y la inhibición del proceso ECL. Los tioles presentan una gran 

afinidad por la superficie de las NPs de CdS y pueden ser generados enzimáticamente, por 

ejemplo, por la actividad enzimática de la acetilcolinesterasa con acetiltiocolina. De esta 

forma, al aumentar la concentración de sustrato aumenta la cantidad de tioles y disminuye la 

señal ECL de las NPs de CdS. Este proceso se validó con la detección de la enzima en suero 

humano con la metodología de adiciones estándar, pudiendo detectar un valor normal de la 

misma en la muestra real sin necesidad de realizar un pretratamiento. Por último, se estudió la 

posibilidad de detectar inhibidores de la enzima como el 1,5-bis-(4-allyldimethylammonium-

phenyl)pentan-3-one dibromide (BW284c51). Este inhibidor bloquea la actividad enzimática de 

la acetilcolinesterasa y por lo tanto la producción de tioles, incrementando la señal ECL. Esta 

metodología presentó un límite de detección para este inhibidor de 79.22 nM, similar a otros 

métodos más convencionales (fibra óptica o fluorogénicos). 

En este primer bloque pudimos demostrar la variabilidad y aplicabilidad de la modulación 

enzimática de nanopartículas como estrategia de amplificación de señal. Se estudiaron 
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diferentes técnicas de detección y se seleccionó la fotoelectroquímica como la más idónea 

para su integración en plataformas LOC. Por un lado, es una técnica muy sensible que permite 

trabajar sin interferencias de fondo debido a la diferente naturaleza de las fuentes de 

excitación y emisión, y por otro lado la detección es electroquímica, lo que permite una mayor 

facilidad de miniaturización e integración en sistemas portables a bajo coste. 

El segundo bloque de la parte experimental (capítulo 4) está centrado en el diseño y desarrollo 

de un inmunosensor fotoelectroquímico integrando la parte de amplificación de señal 

enzimática estudiada en el capítulo 3. 

La primera parte se titula “Modification of chlorosulfonated polystyrene substrates for 

bioanalytical applications” y aquí se estudiaron diferentes técnicas de inmovilización de 

anticuerpos en superficies de poliestireno. Este trabajo se realizó porque además de la mejora 

en la sensibilidad por técnicas de amplificación de señal, también es importante aportar 

estabilidad para favorecer el proceso de biorreconocimiento, por ejemplo, mediante la 

correcta inmovilización y orientación de los anticuerpos a los soportes utilizados. 

Normalmente los anticuerpos se inmovilizan por enlaces covalentes o por adsorción física 

asegurando por un lado la conservación la estructura del anticuerpo para evitar pérdidas de 

actividad y, por otro lado, la correcta orientación para permitir su interacción con el antígeno. 

En el método propuesto se modificaron sustratos de poliestireno con ácido clorosulfónico para 

la introducción de grupos reactivos fácilmente convertibles en otros grupos funcionales. De 

esta forma se puede obtener una amplia librería de sustratos con diferentes propiedades de 

hidrofobicidad y biocompatibilidad para cada anticuerpo. Se compararon las dos estrategias de 

inmovilización y su aplicabilidad frente a un kit comercial para albumina de suero humana 

(HSA). Se comprobó que el uso de poliestireno aminado para la adsorción física de anticuerpos 

proporcionaba una mejora en el límite de detección frente al kit comercial. Se validó así el 

protocolo propuesto de fabricación de sustratos de poliestireno funcionalizados para la 

correcta inmovilización de anticuerpos con potenciales aplicaciones en sistemas LOC. 

La segunda parte “Design of a photoelectrochemical lab-on-a-chip inmunosensor” integra los 

resultados obtenidos en el capítulo 1 (amplificación de la señal) y en la primera parte del 

capítulo 4 (inmovilización de anticuerpos) para el diseño y desarrollo de un inmunosensor 

fotoelectroquímico. De cara al diseño de dispositivos POC se requieren procesos rápidos, 

sencillos y ausencia de reactivos costosos y condiciones de reacción difíciles de conseguir en el 

punto de medida. Por ello, primero se estudió la miniaturización del inmunoensayo y su 

adecuación a las exigencias establecidas, es decir, la reducción de volúmenes, tiempos y 

etapas de reacción, así como la adaptación del proceso enzimático a condiciones ambientales. 
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A continuación, se validaron los electrodos seleccionados para su impresión en el sustrato del 

chip. Seguidamente, se diseñó la plataforma microfluídica integrando el poliestireno 

modificado y los electrodos serigrafiados. Finalmente, se validó el chip final comprobando su 

aplicabilidad para la detección de HSA fotoelectroquímicamente, obteniendo mejores 

resultados que el kit comercial en menor tiempo y de manera portable. 

Como conclusión, durante los trabajos realizados a lo largo de esta tesis se ha podido 

comprobar las ventajas de aplicar la actividad enzimática para la modulación de nanopartículas 

como estrategia de amplificación de señal para su integración en el proceso de detección en 

biosensores. Además, se ha establecido la clorosulfonación de poliestireno como una 

metodología versátil y eficiente en la inmovilización de anticuerpos, mejorando el proceso de 

biorreconocimiento y así, la sensibilidad del sistema. Finalmente, se ha logrado integrar ambas 

estrategias en una plataforma sensora obteniendo un inmunosensor fotoelectroquímico con 

potenciales aplicaciones bioanalíticas. Aunque el trabajo de esta tesis concluye con la 

demostración y validación del chip, la investigación continuará en esta línea para su 

optimización y aplicación en procesos reales. 
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1. BIOSENSORS 

A biosensor is an analytical device incorporating a biological sensing element that detects 

biological or chemical reactions by generating signals proportional to the concentration of an 

analyte.1 This concept of biosensor has evolved over the last century. At the beginning of this 

research activity, some authors considered the biosensor as an independent device able to 

respond to the concentration of a chemical species in biological samples. This concept didn’t 

refer to any biological active material involved in the device and thus, a simple physical or 

chemical sensor operating in biological samples was considered a biosensor. Nowadays it is 

accepted that biosensors integrate a biological sensing material and a transducer in a unique 

platform. Even now, the concept continues evolving and recent studies were reported in which 

biosensors were manufactured by replacing or mimicking the biological material with synthetic 

chemical compounds such as metal/metal oxides or smart polymers. 

The first “true” biosensor was conceived by Leyland C. Clark and co-workers in 1965 when they 

proposed to immobilize enzymes on electrodes to form “enzyme electrodes” for glucose  

detection.2 This discovery was followed by a large amount of research works until the first 

commercial biosensor for glucose detection was released in 1975 by Yellow Spring Instruments 

(YSI).3 Two decades later, optical transducers laid the establishment of a new line of 

investigation and since then, remarkable progress has been achieved in the field of biosensors 

thanks to the continuous technological breakthroughs. This field is now a multidisciplinary area 

were basic science meets with cutting-edge technologies resulting in a constant development 

and progress of the sector. In the present, the market of biosensors is continuously growing 

with a current turnover in excess of US$ 18 billion4,5 and a indexation in the database “Web of 

Knowledge” of more than 46000 reports on the topic “biosensor” in the last 10 years. 

The study of biosensors has always been motivated by a strong practical interest. Government 

agencies, private companies and public initiatives aim to drive the global market through the 

investment in R&D activities. The high demand for sensible and multi-detection devices, the 

rapid technological advances and the growing scope of applications explain the ongoing 

growth of the biosensor market. Key applications segments include industry, 

healthcare/medical (e.g., point-of-care, home diagnosis), monitoring of food toxicity, water 

quality, air composition, environment, agriculture, security and others.5 In present, much 

effort is invested in the development and discovering of non-invasive, miniaturized and 

affordable devices based on biosensing technologies. Within the biosensor market, current 
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trends face these demands mostly towards home and real-time monitoring to make them 

more accessible both for patients and general consumers. 

1.1. Structure and classification 

Biosensors typically consist of a biorecognition component for the selective or specific 

recognition of analytes and a transducer component for the conversion of the biochemical 

process to a measurable electric signal (Figure 1). The biological material can be, for instance, 

an enzyme, nucleic acid, cell, or antibodies that interact specifically with the target analyte to 

produce a physical, chemical or electrical signal. These readout signals are transformed into a 

more easily measurable and quantifiable electrical signal through the transducer and finally, 

collected and interpreted with the reader device. 

Figure 1. General schematic representation of a biosensor. 

The biochemical layer provides specific binding sites for the interaction with the analyte of 

interest giving sensitivity and selectivity to the biorecognition event. The development on the 

design of the receptive layer allows to improve the recognition process by using molecular or 

biomolecular recognition such as antigen-antibody binding,6 self-assembled monolayers7 or 

polymer coatings.8 Although notably advances have been made, there is still much work to do, 

especially to avoid non-specific interactions and improve the immobilization of the sensing 

component on the transducer surface. The transducer is in contact with the biological sensitive 

material and permits the interpretation of the biological process. The physical transducer often 

determines the limit of attainable detection seeking of new strategies for a better 

performance is constantly stimulated. Therefore, the development of outstanding materials to 

improve both biorecognition and transduction processes is key in manufacturing more 

sensitive, selective, rapid and detection devices with low limits of.9 
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As an analytical tool, biosensors must be validated to ensure their performance and 

demonstrate their reliability. This can be done by specifying their figures of merits.10,11 For 

biosensors, we can highlight the following points: 

 Selectivity: is the capability to select and measure only the analyte of interest without or 

minimal interference from the rest of species in the sample. This feature is the main 

consideration when choosing the bioreceptor for a biosensor. 

 Sensitivity (limit of detection): is the minimum amount of analyte that can be detected. 

This is an important property because in a number of applications the concentration of 

the analytes is in the range of ng mL-1 or fg mL-1. 

 Reproducibility and repeatability: according to the IUPAC, they refer to the agreement 

between the results of successive measurements carried out in the same (repeatability) or 

different (reproducibility) conditions related to operator, apparatus and laboratories. 

They are characterised by the precision and accuracy of the transducer and electronics in 

the biosensor. Precision is the ability to provide equal results every time the biosensor 

makes a measurement. Accuracy indicates how close to the true values are the results 

measured by the biosensor when detection is carried out several times. 

 Stability: characterizes the change in its baseline of sensitivity over a fixed period of time. 

It is also the degree of susceptibility to ambient disturbances that can cause drift in the 

output signals. This is the most important property to take into account when working 

with biosensors that requires long incubation times or in continuous monitoring. 

Furthermore, to ensure a high stability it is important to ensure a permanent strong 

interaction of the analyte with the bioreceptor as well as a low degradation of the 

bioreceptor over a period of time. 

 Linearity: also called dynamic range, is the concentration range over which the sensor 

reliably detects a perturbation in concentration of the analyte of interest. It is also an 

attribute that shows the accuracy of the measured response with respect to a straight 

line, usually represented as y = mc, where y is the output signal, m is the sensitivity and c 

is the concentration of the analyte. 

 Lifetime: is the time period over which the biosensor can be used without significant 

deterioration of properties and performance characteristics. It is dependent on the 

method of immobilization of the biosensing element. 
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 Response time: is the time required to indicate 63% of its final response due to a step 

change in analyte concentration. This feature is determined by the kinetics of the 

reaction. 

The vast amount of biosensors comes from the diverse possibilities available considering the 

different combinations of the sensing element and transducer (Figure 1). They can be generally 

divided regarding the detection technology into label-free and label-based biosensors (Figure 

2).12 Moreover, according to the structure of the biosensors they can also be classified on the 

basis of the nature of the biological entity used as the bioreceptor and by to the type of 

transducer employed.11,13 

1.1.1. Classification by labelling 

Label-based approaches rely on the specific properties of the labels used to mark the target 

analyte. These technologies use “tags” to detect the specific target against other species in the 

sample matrix. The most popular techniques are fluorescence,14,15 chemiluminescence16,17 and 

radioactivity.18 The labelling and purification processes often lead to a loss of sample, 

becoming critical when sample test quantity is limited. Moreover, there is frequently a lack in 

stability and functionality of final labels, especially of proteins and other biopolymers. Label-

free detection techniques can overcome these disadvantages due to the absence of labels. 

These techniques are suitable for the target molecules that are not labelled or the screening of 

analytes which are not easy to tag. Some label-free techniques are mass spectrometry,19 

surface plasmon resonance20,21 and optical methods.22,23 

Figure 2. Classification of biosensors by labelling technique. 
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1.1.2. Classification by type of bioreceptor 

Taking into account the wide range of possibilities, the choice of the recognition element 

depends exclusively on the target analyte. The interaction bioreceptor-analyte should be 

selective, with a high binging affinity and high stability. Classical recognition elements 

(enzymes, antibodies, nucleic acids) are most commonly used for designing a biosensor. 

Nevertheless, other bioreceptors such as phages, molecular imprinted polymers (MIPs) and 

affibodies have recently attracted the attention of scientific researchers due to their improved 

analytical performance regarding their rapid synthesis and easy integration with the 

transducers.24–26 Moreover, the combination of classical and modern sensing elements is 

getting interest for the improvement of the biosensors performance (e.g., antibodies linked to 

nanoparticles). 

 Enzymes 

Enzymes are proteins which show catalytic activity, so they are biocatalysts that catalyze 

chemical reactions. Enzymatic biosensors are based on the highly selective interaction 

between the enzyme and its substrate (analyte in the sample) generating a product that is 

afterwards directly determined by the transducer. Detection mechanism of enzyme-based 

biosensors is based on the activation or inhibition of their activity as a response towards 

the target analyte. This can be done by one of two ways: the enzyme catalyses the 

reaction with the substrate so that the signal measured is proportional to the catalytic 

transformation, or the analyte inhibits the enzyme so that the signal decrease with the 

decrease in its activity (decrease in product formation).  

 Antibodies 

Antibodies are the most popular affinity recognition elements used in biosensing. They 

are glycoproteins produced by the immune system in response to a foreign substance 

(antigen). These bioreceptors interact in a selective way with their specific antigen 

forming stable antigen-antibody complexes. Among the variety of antibodies, the 

monoclonal ones only bind to a unique epitope (binding site) on a specific antigen, 

whereas the polyclonal antibodies present affinity for various binding sites, therefore, the 

binding is stronger but can suffer from cross-reactivity. This biomolecular interaction 

provides a high selectivity and specificity and can be additionally improved in affinity and 

selectivity by designing new recombinant antibodies with genetic engineering. 
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 Nucleic acids 

DNA/RNA probes for detection of analyte DNA/RNA gain their sensitivity and specificity 

from the very strong base pair affinity between complementary bases in the nucleotide 

strands through stable hydrogen bonds. Moreover, recent works employed DNA/RNA-

aptamers, defined as small single-stranded DNA or RNA sequences used as an alternative 

to antibodies due to their high stability, specificity, low cost and simpler detection 

strategies. In this case, the specific interaction with the target molecules is caused by 

hydrogen bonding between DNA/RNA bases and target molecules. 

 Cells 

Cells express a wide variety of molecules (receptors) in different proportions, so they can 

not only yield quantitative response of specific stimuli, but they can also help in analysing 

more than one analyte at the same time. They provide a natural amplification of the 

signal due to the optimal activity and specificity of their enzymes and other molecules 

that are present in their native environment. 

 Phages 

Phages, or bacteriophages, are viruses that infect bacteria and display peptides or 

proteins on their surface, so they are employed as biorecognition elements to detect 

pathogens. They are environmentally more robust and can be stored for longer times, so 

longer shelf life times, with minimal loss of binding affinity. 

 Molecular Imprinted  Polymers (MIPs) 

MIPs are synthetic cross-linked materials with artificially generated recognition sites with 

a performance similar to the antibodies. They are synthesized by polymerization of 

functional monomers in a mixture with cross-linkers and template molecules that are the 

target analytes. After the removal of the templates, chemically-selective recognition sites 

are created in the matrix complementary in shape, size and functional groups to the 

template molecules (target analyte). This sensing elements have gained much popularity 

as affinity-based bioreceptors due to their high selectivity, stability, short time of 

synthesis, high thermostability and cost effectiveness.   
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 Affibodies 

Affibodies are small robust three-helical peptide, made up of few amino acids with no 

disulphide bonds in their structure. They are a new class of engineered affinity proteins 

that can reach considerable selectivity and affinity. Although they have been commonly 

used in imaging, diagnosis and therapeutics, their role as bioreceptors in biosensors is 

becoming a relevant strategy and has increased potential. 

1.1.3. Classification by type of transducer 

Biosensors can be also classified according to the principle used in the signal transduction: 

electrochemical, optical, piezoelectric and thermal.11,13,27 The selection of the transducer in the 

design of the biosensor is a key step that must consider some features such as the interaction 

between the analyte and receptor, the final application of the biosensor and the 

manufacturing cost of the device. 

 Electrochemical 

Electrochemical biosensors have been the most widely studied and utilized since the first 

enzymatic biosensor was produced in 1962. They present some outstanding advantages 

such as their cost-effectiveness, portability, high sensitivity and compatibility with modern 

microfabrication technologies. They are based on the basic principle that the biochemical 

interaction between the analyte and the bioreceptor involves the production or 

consumption of electrons that in turn produce some change in the electrical current or 

potential. The transducer detects these changes and generates an electrochemical signal 

proportional to the analyte concentration in the sample. A further classification can be 

done according to the type of measured signal. Potentiometric biosensors measure the 

difference in potential between the working and reference electrodes at a virtually zero 

current flow. They are based on the use of ion-selective electrode (ISE) where the 

electrodes are covered with an ion-selective membrane that selectively interacts with the 

target analyte resulting in a change in potential corresponding to the concentration of the 

analyte. Amperometric biosensors measure the current of the system during the oxidation 

or reduction of the electroactive reactant or product. The resulting current is directly 

correlated to the concentration of the electroactive species (production or consumption). 

They are more sensitive faster and more suitable for mass production than 

potentiometric ones. Conductometric biosensors measure the electrical conductivity of 

the solution between two electrodes. The ability of the analyte under study to conduct 
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electrical current is detected with this type of transducer. They are less commonly used in 

biosensing and they usually employ enzymes as bioreceptors. Transducers based on field-

effect transistors (ISFET) measure the change in the potential caused by the activity of the 

target ion in the sample. They are in essence a potentiometric system but with input 

transistor transposed into the solution. This increases the resolving power of the 

transducer and thus, the sensitivity of the biosensor. 

 Optical 

Optical biosensors are able to detect optical changes in the input light as a consequence 

of the presence of the analyte. The analyte-bioreceptor interaction produces a change in 

the light that can be quantified through its intensity or amplitude, which is correlated to 

the concentration of the analyte in the sample. They are characterized by their rapid 

detection, sensitivity, robustness and ability to detect multiple analytes. One of the most 

used technique is the surface plasmon resonance (SPR), which is able to detect changes in 

the refractive index as result of the analyte concentration, without the use of labelled 

molecules. Other techniques require employment of a label. Absorbance biosensors are 

simple and inexpensive and allow the direct detection of the analytes regarding their 

intrinsic absorption at a certain wavelength of light. Fluorescence biosensors detect the 

change in frequency of electromagnetic radiation emission caused by previous absorption 

of radiation and generation of excited states. Luminescence biosensors measure the light 

emitted spontaneously in a biochemical reaction as a consequence of the components 

excitation and return to the ground state. They are usually called chemiluminescent 

biosensors or bioluminescent biosensors when this process occurs within a biological 

organism.  

 Piezoelectric 

Piezoelectric biosensors, or mass-based biosensors, produce an electrical signal when a 

mechanical force is applied. In these biosensors the bioreceptor is coupled to a 

piezoelectric component, usually a quartz-crystal. The operation of this type of biosensors 

is based on the ability of the piezoelectric material to change its frequency of oscillation 

with the increase/decrease in mass due to the interaction of the bioreceptor on their 

surface with the analyte in the sample. 
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 Thermometric 

Thermal biosensors are also known as calorimetric or thermometric biosensors. They are 

able to measure the change in temperature resulting from the interaction between the 

bioreceptor and the analyte. They present some advantages such as no need of labelled 

reactants, robustness and no disturbances by electrical or optical properties of the 

sample. Although they are not very common and their use is limited, most of them are 

based on enzymatic reactions with a thermistor to detect the change in temperatures. 

1.2. Biosensor applications on the market 

Since the first advent of the first glucose biosensor on the market in 1975, the trade of these 

devices has exponentially growing up with a turnover of more than 18 billion US$ worldwide 

and it is expected to increase in revenues to reach 31 billion by the end of 2023.28 With around 

45 years of development, biosensors have evolved towards smart devices with great 

applicability in our daily life. 

Figure 3. North America biosensors market size by application 2015-2026 (USD Million), from 

www.grandviewresearch.com. 

Biosensors on the market can be classified by their application into medical, food 

analysis/toxicity, agriculture, industrial process control, environmental monitoring, defense 

and others.3,5 In the last years, medical applications have led the market where biosensors are 

considered an essential tool in the detection and monitoring of relevant analytes such as 

cancer markers, glucose, drugs and other metabolites (Figure 3).29 Their superior market 

presence is explained by the increasing demand for rapid, accurate and reliable devices mainly 

for clinical applications. Although much effort has been put into improving their performance, 

few biosensors show a real presence on the market. The most commonly known biosensing 

device is commercialized mostly as an enzymatic amperometric biosensor for glucose 
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detection.30–32 Other biosensors on the market with clinical applications are the human 

chorionic gonadotrophin (hCG) biosensor, also known as pregnancy test,33 biosensors for 

cholesterol,34 influenza A and B viruses,35 Helicobacter pyroli,36 human immunodeficiency virus 

(HIV),37 tuberculosis38 or malaria.39 

Despite the inherent difficulties associated with the diverse types of sampleshaving variable 

compositions in food industry, the implementation of advanced biosensors in this field has 

increased considerably. The principal aim in the design and development of these devices is to 

ensure a good quality control and safety of the products that is achieved in two ways: the 

detection of the components (food analysis) and the presence of microorganisms.40 Biosensors 

for food analysis are mainly based on enzymes or antibodies that confer a high selectivity and 

specificity for the analyte/microorganism of interest.41 They are used to guarantee an optimal 

status of the products as well as a proper control of the freshness and stability. Besides, it is 

important to ensure the safety of the products regarding the possible contamination with 

some microorganisms potentially harmful for humans and animals. Some examples of the 

most utilized biosensors are those for the detection of some pathogens like Escherichia coli,42 

pesticides43 or drug residues such as antibiotics.44 

Additionally, there has been a growing interest and development in other fields like 

agriculture, where the fast growth is associated with the technological improvement that 

provides rapid and specific devices for the detection of soil nutrients, moisture or nitrogen as 

well as fungi and plagues, avoiding the livestock and crops loss.45 Within the military sector 

there is a need for the design and application of biosensors in the field of defense. Some 

bacterial/viral agents, other organisms or toxins are considered biological warfare agents 

(BWA) that can be used as weapons in bioterrorism. The main value of these devices is the 

ability to selectively, sensitively and rapidly detect and identify BWAs in real time in order to 

avoid poison threat. Most of these biosensors are based on molecular techniques to recognize 

chemical markers from BWAs like biological entities such as Hepatitis C or Ebola viruses 

combined with different transductors (e.g., electrochemical, optical).46–48 Finally, 

environmental sector employs biosensors in the monitoring and detection of some pollutants 

and harmful chemicals present in soil, air and specially in water.49 Some of the most dangerous 

products are pesticides, herbicides, heavy metals and some pathogens. There is an extensive 

literature data regarding the design and development of biosensors with environmental 

applications, but only a small part of them have reached the market. Biological oxygen demand 

(BOD) is known as the amount of oxygen that aerobic organisms require in the presence of 

pollutants during de biochemical degradation of organic matter in water and wastewater. This 
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parameter is the most widely utilized in environmental applications and this is why the 

research and development of such devices are so advanced.50 

Attending to the end use of biosensors, their classification includes mainly point-of-care 

testing, home healthcare diagnostics, research laboratories, food industry and others, such as 

security and bio-defense. As can be seen in Figure 4, point-of-care (POC) testing represents 

almost half of the global market share by end use. These instruments enable real-time and 

remote health monitoring while keeping the inherent advantages of a classical biosensor. 

Some requirements to fulfil by POC systems are the high speed in giving the results, high 

accuracy and sensitivity comparable to bench-top analysers used in central laboratories, and 

easy-handling to ensure their use by non-trained personnel. 

Figure 4. Global biosensors market share by end use in 2018 (%). Source, Frost & Sullivan. 

The increased demand of POC testing devices relies on the need of rapid, reliable and easy-to-

use instrumentation for the detection and monitoring of several analytes of interest in 

biological fluids such as sweat, blood, saliva and urine. These platforms are aimed to be used 

as a complete diagnostic tool, although they are often considered as a fast and simple pre-

screening methodology, reducing considerably the cost of monitoring programs. Thanks to the 

technological advances in this field, some of the most common, costly and preventable health 

problems can be nowadays followed and monitored with POC systems (e.g., type 2 diabetes, 

obesity, cancer, stroke, heart diseases or arthritis). 

POC testing offers an affordable alternative to diagnostic platforms of centralized laboratories 

that can be used in the doctor’s offices, hospitals and patient’s homes by non-professionally 

trained individuals. While in developed countries both POC and sophisticated equipment are 

present in daily life, in developing countries there is still lack of equipment and laboratory 

infrastructure, trained personnel and state of the art apparatus, so the need of portable and 

reliable systems with medical/food/agriculture applications is yet a challenge to deal with. 
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Nevertheless, even in developed countries there is still a high demand for POC devices due to 

the need of accurate and rapid responses to new diseases/pathogens, regular monitoring or 

early diagnostics. 

POC systems present several benefits compared to bench-top laboratory facilities such as 

portability, automation, shorter response time and reduced cost. These features can only be 

improved by the strong collaboration among researchers from chemistry, physics, biology and 

engineering. Moreover, the current growth trend of POC devices is only possible thanks to the 

Lab-on-a-Chip (LOC) technology that brings the technical research to life applications. 

 

2. Lab-on-a-Chip technology 

A Lab-on-a-Chip (LOC) is a miniaturized device that integrates one or several laboratory 

functions on a single compact platform, usually ranged from millimetres to a few square 

centimetres in size (Figure 5).51,52 The main objective of these devices is to automatize 

standard and routine laboratory procedures and to conduct chemical and biochemical analysis 

in a miniaturized system. They present some advantages such as high throughput, cost-

efficiency, high sensitivity, lack of cross-contamination and multi-detection of analytes. 

Moreover, miniaturized LOC systems facilitate the use of reduced volumes, minimize the 

manipulation of dangerous materials and allow minute reagent and sample consumption as 

well as less waste generation. 

Figure 5. Representative scheme of a lab on a chip device. 
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The history of LOC is intrinsically linked to microfluidics, that is, the science and technology of 

systems that manipulate and control small amounts of fluids (10-9 to 10-18 litres) using 

networks of channels with dimensions from tens to hundreds of micrometres.53 From the late 

1950s, miniaturization techniques have been continuously shaping the microelectronic and 

microfluidic technologies in the search for smaller, faster and more efficient systems for a wide 

range of applications. In the early 1970s it was possible to fabricate the first microsensor in 

silicon which opened up a new field in material science called micro-electro-mechanical 

systems (MEMs).54 Thanks to the developments in these fabrication techniques, the first real 

LOC device for gas chromatography was created in 1979 by S. C. Terry at Stanford University.55 

However, it was not until the beginning of the 1990s when this technology started to grow and 

gain popularity among the scientific community. New concepts and functional elements were 

discovered and described including micro-pumps, switchers, valves, actuators, mixers, filters, 

separators, heaters, dispensers, etc. These elements were used in the adaptation of 

microfabrication processes for the production of polymer-based LOC. That was the time when 

Manz et al. established the concept of Micro Total Analysis System (µTAS).56 In this work they 

described a revolutionary instrument consisted of a silicon chip analyser that included the 

sample preteatment, separation and detection in a single microfluidic platform. This 

technology set the basis of miniaturized systems that integrated all the laboratory steps 

towards the chemical/biochemical analysis, from the sample collection to its separation and 

final determination.57,58 

In the subsequent years, a major effort was undertaken in microfabrication and development 

of new materials to cover a broader range of applications resulting in a new field in fabrication 

processes named soft-lithography.59 Thanks to the improvement of these techniques, in 1998 a 

rapid prototyping of microfluidic system in polydimethylsiloxane (PDMS) was released by 

Professor George Whitesides.60 This work proposed a fast and easy design and fabrication of 

microfluidic chips in a transparent material by using the photolithography technique. It had a 

great impact and pushed the development of more sophisticated techniques such as molding 

and self-assembly procedures, microcontact printing, paper-based fabrication method or 3D 

printing technology.61–64 All of these techniques were conceived and designed to fulfil the 

requirements for LOCs devices, basically with commercial purposes, that are: disposability, 

easiness to fabricate and low price per unit. This is the reason why special production 

processes and materials need to support mass manufacturing which means that 

thermoplastics should be used instead of glass and easy to scale methods like injection 

molding are preferably selected rather than microproduction processes. 
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Although first LOC devices didn’t achieve an important relevance, the need for rapid, small and 

versatile platforms to deal with new demands caused the rapid rise of this technology. 

Nowadays, the continuous technological advances are reflected by the increasing number of 

publications and patents of LOC devices with high impact in the scientific community as well as 

in the industrial sector with USA in the head of the countries with major influence.65,66 The 

multiple advantages of microfluidics applied to LOC devices has increased the growth of this 

market globally. In the beginning, the development of LOC devices was applied to genomics 

(capillary electrophoresis and DNA microarrays) and military defense (portable chemical and 

biochemical warfare detection systems),67 but the huge potential of LOCs resulted in their 

application to other fields. In the present, most LOCs are developed within the biomedical 

field, from basic research to commercial applications (e.g., drug delivery, immunoassays, DNA 

amplification, neuron manipulation, single cell analysis, tissue engineering).52   

The key biomedical market segments for LOC applications are: 

 Diagnostics and patient monitoring 

The miniaturization and adaptation of microfluidics to LOCs makes them suitable  for 

clinical diagnostics and “near to patient” or “point of care” (POC) testing. This is 

considered one of the highly competitive markets and it is expected lead the segment 

globally during the next forecast period owing to the growing demand for portable, fast 

and sensible diagnostics. As the global population grows, the number of patients with 

diseases increases as well as the demand for diagnosis and treatment of those diseases. 

POC systems provides instant and accurate detection of diseases helping in taking 

precautionary measures and thus, reducing the number of patients in the hospital. Not 

only should they give quick results, but they should also be easy to use, with no need of 

external equipment and no specific requirement of trained personnel. Many useful POC 

devices are already on the market with relevant improvement of the public healthcare: 

glucose testing, pregnancy tests, blood analysis, urine test, bacteria screening or HIV 

testing.68 Portability of POC devices provides a great advantage over classical benchtop 

technologies (e.g. core laboratory in a hospital) regarding the decentralization of medical 

testing. POC devices help doctors to provide results at a faster and more efficient rate, 

allowing them to aid the patients wherever and whenever it is needed. Some applications 

include the monitoring of regular metabolic parameters, e.g. glucose, or other more 

specific substances such as chemotherapeutic markers in cancer patients. 
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 Drug discovery 

LOCs are widely used in pharmaceutical industry in the development of new drugs and the 

improvement of their therapeutic effects. This is the second largest segment in the 

biomedical field market. Their principal application is the screening of drugs during the 

manufacturing process for their further validation.69 

Figure 6. Examples of some representative LOC: (A) commercial POC testing for whole blood profile, (B) 

lateral flow immunoassay of a pregnancy test: schematic representation of the assay’s mechanism and 

hCG strips with possible results,70 (C) scheme of a microfluidic array for drug screening: different 

concentrations of sensitizer and drug are generated in the diffusive gradient mixers sequentially to 

perfuse cells cultured in downstream microchambers, subsequently dyes are added to differentiate 

live/dead cells.71  

(A) 

(B) 

(C) 
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Focusing on diagnostics, POC testing devices present the most attractive and suitable 

technology to “bring the doctor to the patient”. These devices must fulfil some requirements 

such as a) high throughput in data generation to improve the response time; b) accuracy and 

sensitivity; and c) ease of handling by non-trained personnel, with minimum user 

interventions. Moreover, in the case of biomedical applications, POC systems must integrate 

the biosensor in its platform, which is achieved thanks to the new developments in material 

science, microfluidics and microelectronics. As a biosensor, POC systems respond to the 

concentration of the analyte of interest in the sample. When using POC for diagnostics, this 

analyte is normally called biomarker and refers to an objective indicator of the medical state of 

the patient.72 Usually, these are biomarkers from protein, cells, nucleic acids or metabolites 

and each of them will require different diagnostic principles, assays and operating systems. 

Among them, proteins are the most commonly used in POC testing because they often reveal 

the presence or status of diseases that are typically monitored or treated. For successful 

clinical applications, POC testing needs to be accurate for usual levels of protein as well as at 

elevated/reduced concentrations and they must be resistant to interference from nontargeted 

proteins. Today, most protein determination methods for POC are based on antibody assays 

due to the extensive library of antibodies against most proteins and the high selectivity of the 

immunoassay process.73 The best and well-known immunoassay widely used for protein 

detection is the enzyme-linked immunosorbent assay (ELISA). Although this technique is 

frequently used in diagnostic and hospital laboratories, there are very few examples of 

successful adaptations to POC platforms. On the other hand, most of the portable 

immunoassays on the market are based on the lateral flow technology that is able to provide 

results in a fast, low-cost and simple manner. Such immunoassays are very popular and are 

broadly used for several applications in biomedicine, but they require relatively high 

concentrations of the biomarker to be able to give an accurate result.70 On the other hand, 

ELISA protocols are more sensitive, even more when combined with other techniques to 

amplify the signal (e.g., enzymatic amplification).  

Regarding the transducer, POC immunoassays are usually optical or electrochemical. Lateral 

flow assays rely on the optical readout because this method is simpler and easier for 

integration into the biosensors. They are commonly called “dipsticks” and we can find them 

available on the market for a wide range of biomarkers (e.g., pregnancy hormones, cardiac 

markers, infectious diseases, etc.). However, electrochemical immunoassays have 

demonstrated a superior performance in terms of sensitivity and easier integration in LOC 

platforms because of its simpler miniaturization, economical production and lower power 

consumption.74 
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Electrochemical immunosensors 

Immunoassays represent one of the most selective and sensitive methodologies for the 

detection and quantification of pathogens, toxic elements, contaminants and metabolic 

analytes with a critical role in medical sector, and more precisely, with relevant interest in 

healthcare. Briefly, an immunoassay is a technique that employs antibodies to detect a specific 

antigen, generating a detectable signal that is afterwards quantified.75 To follow the reaction, 

either the antibody or the antigen should be properly labelled in order to provide a stable 

easily traceable signal. In the beginning, the antibodies were modified with a radioactive label 

(radioimmunoassays) because of the high sensitivity of radiation detection. Later, the use of 

radioisotopes was restricted, and new labels were introduced such as enzymes, 

chemiluminescent compounds and fluorophores. Among these, enzymes are the most widely 

used to label antibodies because of the variety of chemical reactions that they are able to 

catalyze producing generally optical or electroactive species that can be afterwards be 

detected and quantified.  

Electrochemical immunosensors use this enzymatic activity to detect the analytes of interest in 

the sample by measuring the electrical signal resulting from the binding event between the 

antibody and the antigen (Figure 7).76 The electrochemical procedure provides great 

advantages such as easiness of operation, possibility to miniaturize, use of reduced sample 

volumes, good performance and high sensitivity. In a standard protocol, the immunoassay is 

performed on the surface of the electrode and the last step involves the incubation of the 

enzyme with its substrate to produce the electroactive product that generates the electrical 

signal proportional to the analyte in the sample. 

 

Figure 7. Scheme of the basic components of an electrochemical immunosensor. 
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Since the first electrochemical biosensor for glucose released in 1962, research and 

development in the field has grown at a remarkable rate and it is expected to continue 

evolving in the next years towards the construction of more efficient devices. Initially, a variety 

of catalytic electrochemical biosensors based on the same principle as the glucose one 

(enzymatic process) were developed aimed at exploiting the specificity of the reaction 

between the enzyme and its substrate. These enzymatic biosensors were able to detect 

particular analytes in the sample by their specific and selective interaction with the enzyme 

immobilized on the surface of the electrode.77 In 1985, electrochemical immunoassays were 

first described by Heineman and Halsall.78 They employed voltammetric and amperometric 

techniques to detect and measure small molecules such as hormones via competitive and 

sandwich-type immunoassays. A few years later, in 1995, the description of the first 

electrochemical immunosensor where the antibodies were immobilized on the surface of the 

electrode was published.79 In the last years, trends in the field are moving beyond these 

technologies and new directions are being explored in the use of nanomaterials to amplify the 

signal, to seek for more efficient protocols to immobilize the antibodies, as well as the use of 

new capture agents such as aptamers or affibodies to simplify the detection schemes.80 

All of these technological advances can be applied to the design and fabrication of LOC devices 

for POC applications such as diagnostics. In order to obtain a suitable POC for diagnostics, 

there are several demands to be satisfied, among them, two key points to achieve a good 

sensitivity are: the correct immobilization of the recognition element and the amplification of 

the electrochemical signal. 

a) Immobilization procedures 

In electrochemical immunosensors, the electrochemical reaction is in general carried out with 

three-electrode system and the biorecognition element is immobilized on the surface of 

working electrode. The immobilization procedure plays a critical role in the achievement of a 

high performance of an immunoassay through the facilitation of the interactions between the 

antibody and the analyte. Immobilization strategies are focused on the seek of strong 

anchoring of the antibodies to the surface while preserving their activity.81 Selecting the 

proper immobilization approach is fundamental in the design of the immunosensor because it 

defines the stability and sensitivity of the biosensor (Figure 8). 
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 Physical adsorption 

It is the most common, simplest and easiest method for immobilization of antibodies on 

the selected surface. The physical immobilization is achieved by non-covalent interactions 

(electrostatic forces, ionic bonds or hydrophobic interactions) or by the physical 

entrapment of the proteins. Some examples are the direct immobilization on the 

carbon/graphene working electrode surface, on intermediate structures such as gold 

nanoparticles or on thin films or polymeric matrices to entrap the antibodies82–85. 

Although this is an easy and cheap way to immobilize the bioreceptor, it sometimes lacks 

stability, reproducibility or homogeneity.  

 Covalent binding 

This is another well-known technique based on the formation of covalent bonds between 

the antibody and the electrode surface. The covalent attachment provides a strong 

immobilization and high stability, even although in some cases they can modify the 

structure of the antibody leading to a loss of activity. Generally, electrode surfaces are no 

suitable for covalent bonding, so it is necessary to premodify them by introducing a 

specific functional group able to interact with some moiety of the antibody. For this 

purpose, some reagents such as glutaraldehyde, N-hydroxysuccinimide, carbodiimide 

succinimide ester or maleinimide can be used as crosslinkers, molecules that can react as 

bi-functional reagents connecting the surface of the electrode and the antibody.86,87 

Moreover, some works propose the use of an intermediate structure, for instance, a self-

assembled monolayer (SAM), gold nanoparticles or even polymers such as cellulose. 

These structures enable stable surface modification and allow for the introduction of a 

wide range of functionalities, which extend the possibilities for interaction with the 

different antibodies.88–90 

 Affinity immobilization techniques 

This approach is based on different bioaffinity interactions and is a promising strategy for 

obtaining high capture efficiency and well orientated antibodies. A number of affinity 

systems have been reported such as lectin-sugar, protein A or G, biotin-streptavidin 

interactions, His-Tag system, DNA-directed immobilization or affinity capture ligand 

system.91–96 All of these protocols increase the stability and orientation of the antibodies, 

while maintaining their activity, but they are often sensitive to the procedure conditions. 
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Figure 8. Classification of different antibody immobilization techniques (A) physical adsorption by 

antibody entrapment on polymer/thin film matrices,84,85 (B) covalent binging through introduction of 

crosslinkers such as glutaraldehyde86 or SAMs88 and (C) affinity techniques based on affinity processes 

by using His-Tag96 and DNA-directed immobilization proedures.95 
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b) Signal amplification 

In most cases the interaction between the antibody and its antigen doesn’t produce any 

detectable signal thus quantification of the process requires an extra compound/structure to 

produce a detectable signal and transform into an amplified electrochemical signal. The 

amplification strategies can be classified into two mayor sections. The first one employs 

innovative materials with improved properties as electrodes or supporting matrices. The 

second strategy includes a labelling step to introduce the appropriate compound to produce a 

detectable response proportional to the concentration of the analyte. 

 Functional materials as sensing platforms 

The choice of the electrode material is crucial when designing an electrochemical 

immunosensor because of it defines sensitivity, cost of the assay and the possibility to 

perform immobilization procedures.97 The electrode acts as a solid support for the 

immunoassay as well as the sensing part for the electrons produced in the course of the 

biological reaction. Generally, solid electrodes are made of inert metals such as gold and 

platinum and several forms of carbon including glassy carbon or graphene.98 Although the 

good performance and the wide application of these electrodes, they are not suitable for 

electrochemical immunosensing due to the large volumes required to perform the 

measurement and their production cost. Screen-printed electrodes (SPE) present a 

promising alternative in terms of cost-efficiency, use of low volumes (microliters), easy 

modification, mass production and better integration to LOC devices. 

Several types of inks are available on the market along with customized structures and 

geometries designed and selected for each application. In terms of electrochemical 

immunosensors, the electrodes should fulfil some requirements such as excellent 

biocompatibility with biomolecules, sufficient electro-catalytic activity and acceptable 

electron transfer ability. Nanomaterials are materials with dimensions in the nanoscale 

range (1-100 nm) that present unique optical and electrical properties and a high 

surface/size ratio what means higher surface reaction activity and more conformational 

freedom for protein immobilization.99 Over the past decade, they have been incorporated 

in biosensor configurations providing an improvement in their limit of detection, 

sensitivity and reducing matrix effect. Furthermore, some nanomaterials present 

interesting properties of biocompatibility, conductivity, catalytic properties and good 

stability that make them an appropriate tool to increase the signal amplification as well as 

the electron transfer process.100 
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Metal nanomaterials are commonly used to increase the electron transfer and the 

effective electrode surface for the antibodies immobilization. Gold nanoparticles (AuNPs) 

are mostly commonly used in the field of electrochemical immunosensors. A simple and 

direct approach consists in the immobilization of AuNPs on the electrode surface for their 

further use as sensing platform. Besides, these nanoparticles can be modified in a 

previous step with proteins or combined with other materials to improve the electron 

transfer rate (e.g., graphene, carbon nanotubes).101–103 Other strategies employ 

nanoparticles such of silver, zirconia or IrO2.84,104,105 Although these nanomaterials 

demonstrate good properties, sometimes they are not suitable for high-performance 

analysis, so eventually they need to be combined with other structures forming nano-

composites. These structures improve the immobilization procedure and the long-term 

stability. Recently, several works have demonstrated the high performance of biosensors 

using polymers to entrap NPs in sol-gel, chitosan or dendrimers.106–108  

Carbon nanomaterials present unique physical and chemical properties such as excellent 

electrical conductivity, ultra-lightweight, highly ordered structures and high mechanical 

strength and surface area. These features are responsible for the increasing interest in 

their incorporation into electrochemical immunosensors. Carbon nanotubes (CNTs), 

graphene, carbon nanospheres (CNSs) or fullerenes are some carbon nanomaterials with 

different shapes used in the fabrication of these devices. Two strategies are generally 

followed for the introduction of these nanomaterials, the first one consists of the direct 

electrode modification with these structures by simple adsorption or through a covalent 

link. Herein, they act as the supporting platform for protein immobilization, for instance, 

CNTs or graphene modified with specific functionalities compatible with those from the Fc 

part from the antibodies.109,110 They can also be doped with metal nanoparticles such as 

AuNPs or metal oxide nanoparticles as electrocatalysts to enhance the sensing and 

biosensing performance for biomedical applications.111–113 The other strategy relies on the 

assembly of such nanomaterials with polymeric matrices like chitosan,114,115 

(polyamidoamine) dendrimers116 or nafion polymer.117 

Magnetic nanoparticles, commonly called magnetic beads (MBs), ranging in size from nm 

to µm are made of a paramagnetic o superparamagnetic core, mainly Fe2O3 or Fe3O4, 

covered with a thin shell of polymer that serves as the basis for further modifications.100 

They are biocompatible, with high surface area but their mayor advantage over other 

nanomaterials is the possibility to control their transporting by using a magnetic field. 

These structures provide an increase in the antibody loading per bead, reaching lower 
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detection limits, and a simpler manipulation during the immunoassay, reducing volumes 

and matrix effect. Moreover, they permit to amplify the signal by selectively 

concentrating the MBs on the surface of the electrode. MB are commercially available 

(functionalized or not-functionalized) and have been increasingly used in recent works for 

the development of electrochemical (magneto)immunosensors. Normally, MBs are used 

as supports in enzyme-labelled assays for the concentration of the biorecognition 

elements on the electrode surface and thus, the electrochemical signal.118,119  

Conducting polymers are convenient components to form an appropriate environment for 

protein immobilization while interacting with the electrode surface. They are generally 

electrodeposited on the top of the electrode surface and can be doped with metal 

nanoparticles to achieve better sensitivities. Most frequently used are polypyrrole, 

polythiol, polyaniline and PEDOT polymers.120–123 
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Figure 9. Different strategies of signal amplification based on the use of nanomaterials as sensing 

platform.103,104,110,114,118,120 
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 Labelling techniques 

Despite the importance of molecular orientation and immobilization strategies in signal 

amplification, a labelling approach based on various bioconjugation techniques can have a 

great influence on improved sensitivity. The vast majority of electrochemical 

immunosensors are based on the sandwich-type methodology: capture antibody is 

immobilised on the substrate and interacts with the antigen. Afterwards, a second 

antibody tagged with a signalling element binds to the captured antigen. Since 

immunoassays are usually applied to the detection of ultra-low analyte concentrations, 

few number of labels are captured per biorecognition event, resulting in low sensitivity. 

Thus, signal amplification by labelling techniques have attracted much attention in order 

to achieve better sensitivities and lower detection limits. Among the various signalling 

elements utilized in the last years, enzymes are still the most broadly employed 

biocatalyst to fabricate enzyme-labelled-based immunosensors.124 Enzymes are pivotal 

elements in bioanalysis due to their extremely high catalytic activity. In enzyme-labelled 

electrochemical immunosensors, the choice of enzymatic substrate is a key step when 

designing the assay because either the substrate or the product should trigger a traceable 

electrochemical signal. Popular enzymes are the horse-radish peroxidase (HRP) and the 

alkaline phosphatase (ALP) that can be easily found conjugated to a wide range of 

commercial antibodies. These enzymes are able to convert the biorecognition process 

into an electrochemical signal by two main ways. The first one is based on the use of 

natural or artificial redox species as an electron-transfer mediators. Redox mediators are 

electroactive compounds that facilitate the electron transfer between the enzyme and 

the electrode and thereby they can enhance the electrochemical response. Within this 

type of reagents, reversible redox species are able to carry out oxidation and reduction 

processes in a repetitive way with no loss of reactivity, so they are used in the so-called 

“redox cycling”. Some examples of cycling amplification are the oxidation of p-

aminophenyl by ALP with NADH as reductor, or the use of Ru(NH3)6
3+ complex as redox 

mediator in the glucose oxidation by using glucose oxidase.125,126 HRP is able to catalyze 

the oxidation of these compounds in presence of hydrogen peroxide yielding oxidized 

mediators that are afterwards electrochemically reduced on the surface of the electrode 

(e.g., TMB).127 The second way involves the conversion of electrochemically inactive 

compounds into a detectable electroactive products. ALP is one of the enzymes with such 

capabilities, one of the most common reactions is the conversion from p-aminophenyl to 

p-aminophenol that can be oxidized on the surface of the electrode.128 Other strategies 
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involve the conversion of 1-naphthyl phosphate to 1-naphthol and direct detection using 

differential pulse voltammetry.129 

Conventional enzymatic labels (HRP, ALP) have been used in electrochemical 

immunosensors over the years providing good performance and sensitivity. However, 

they are not suitable enough for ultrasensitive detection; therefore, they need to be 

coupled to some amplification techniques.  

Nanomaterials also present outstanding properties that make them a convenient choice 

for antibody labelling. The seek for more sensitive systems has led to the use of these 

structures due to their high stability and their efficiency becasue of their higher redox 

active sites-to-volume ratio.130 Inorganic nanomaterials such as AuNPs or Quantum dots 

(QDs) has proven their exceptional behaviour as electrochemical labels in a great range of 

applications.131,132 Direct measurement of inorganic labels are usually carried out by 

square wave voltammetry were the metal oxidation and reduction is measured on the 

surface of the electrode yielding a signal proportional to the amount of nanoparticles 

linked to the antibodies. Moreover, some structures present catalytic properties similar to 

the enzymes such as the nanostructure made of cuprous oxide nanowires functionalized 

with silver nanoparticles.133 Additionally, different nanomaterials have been used as 

nanovehicles or nanocarriers including AuNP, carbon nanotubes (CNT), graphene, 

liposome and their composites. Thanks to their large surface area they can be loaded with 

a higher amount of antibodies and signal tracers. This coimmobilization allows to increase 

the amount of sensing labels on the surface of the electrode resulting in a highly sensitive 

detection. AuNP, graphene and CNT can act as nanocarriers by themselves, but they can 

be also be combined in the same structure (e.g., CNT or graphene functionalized with 

AuNPs).114,134,135 Liposome is a unique nanocarrier capable of transporting different agents 

in their aqueous cavities.136 Nano-composites are also employed for signal amplification 

by combining nanoparticles with polymer nanospheres or even mesoporous silica 

nanoparticles.137–139 

Recently, the combination of enzymes and nanoparticles have attracted much attention 

as signal amplification strategy. Biosensing strategies based on enzymatic reactions and 

NPs provide highly sensitive and versatile approaches with enormous possibilities for 

electrochemical immunosensors. NPs properties strongly depend on their size that can be 

modulated by their physical and chemical environment. The products of enzymatic 

reactions can interact with them, resulting in modification of their measurable 
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properties.140 There are three principal ways to carry out these modifications: enzymatic 

growth or etching of NPs and interference by the products of enzymatic reactions. 

Enzymatic growth of NPs is based on the formation of NPs or QDs by using particular 

enzymatic product precursors and an additional reagent or seed. One example is the in 

situ formation of CdS QDs through the catalytic generation of PO4
3- and S2- using ALP for 

their further photoelectrochemical detection on carbon electrodes.141 On the other hand, 

AgNPs have been enlarged via deposition of Ag reduced by ascorbic acid resulting from 

the ALP reaction with ascorbic acid 2-phosphate using stripping voltammetry detection.142 

This methodology improves and decreases cost of procedure since no previous NPs 

synthesis is required. Moreover, it simplifies the overall process reducing assay steps and 

allows for the direct measurement of NPs grown in situ. 

Enzymatic etching of NPs, on the contrary, employs the enzymatic reactions to etch NPs 

or nanostructures contained in the system. Some enzymes generate oxidant products 

(e.g., H2O2) that can be employed in the NPs degradation leading to a change in their 

physicochemical properties. Glucose oxidase enzyme generate H2O2 in nature, so it has 

been employed in immunoassays for the etching of NPs other nanostructures, for 

example, the reducing/etching of MnO2 nanosheets doped with CdS QDs producing the 

reduction in photocurrent.143 

Enzymatic product interference strategy involves the use of enzymatic products in the 

modification and/or passivation of the NPs surface. As an example, HRP is able to catalyze 

the oxidation of 4-chloro-1-naphthol to produce a layer of insoluble precipitate and thus, 

causing a change in the impedance of the system.144 Besides, HRP can also induce 

biocatalytic precipitation of blocking species on CdS nanocrystals immobilised on carbon 

electrodes reducing the electrochemiluminescence signal.145 
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Figure 10. Labelling techniques for signal amplification based on the use of enzymes,126,129 

nanomaterials132,134,136 and enzymatic modulation of NPs.146–148  
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Motivation and objectives 

Biosensors are sophisticated devices with a growing presence in our daily life because of their 

application in almost every field focused on the detection and monitoring of relevant analytes. 

In the medical/healthcare sector they present a great advancement for clinical applications 

with an important impact in point-of-care testing. Nowadays, analytical methodology based on 

immunoassays is considered as one of the most powerful tools for the detection of the 

majority of biomarkers with clinical interest. Therefore, there is a great interest in research 

and development of miniaturized, portable and sensitive immunosensors suitable for rapid 

and reliable measurements. Nevertheless, there is often a need to improve the sensitivity and 

stability of the sensors, as well as to adapt them for application in miniaturized systems 

suitable for on-site applications. So far, there is still no evidence of a successful device on the 

market with electrochemical immunosensing applications. 

Motivated by this stimulating challenge, we decided to start this project based on a principal 

hypothesis: the use of the enzymatic activity to modulate properties of some nanomaterials 

leads to an improvement of the detection and signal amplification and can be integrated in a 

lab-on-a-chip platform for the development of a photoelectrochemical immunosensor. This 

proposal was made based on the strong scientific background from the laboratories of 

Biosensing Lab (CIC biomaGUNE) and Biomaterials (Tecnalia R&D). One research line of 

Biosensing Lab group (CIC biomaGUNE) is the design and application of enzymatic modulation 

of properties of nanoparticles and quantum dots for bioanalysis. Previously, the Biosensing Lab 

Group applied growth and etching of metal and semiconductor nanoparticles to the various 

assays based on optical, electrochemical and photoelectrochemical detection. On the other 

hand, Biomaterials group (Tecnalia R&D) has expertise in polystyrene surface modification for 

bioanalytical applications and has recently started a line of research focused on the design and 

development of miniaturized chips for immunosensing. 

Since I was motivated and keen on biosensor development, I decided to start this PhD thesis 

under the supervision of Dr. Nerea Briz (Tecnalia R&D) and Dr. Valery Pavlov (CIC biomaGUNE). 

The main goal of this work was to adapt enzymatic systems, which are used for detection and 

signal amplification, to fabrication of a miniaturized portable chip used as a 

photoelectrochemical immunosensor. 
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In order to achieve this, some specific objectives were proposed to be addressed: 

1. Evaluation of different enzymatic systems suitable for the detection and signal 

amplification in terms of sensitivity and detection limits. 

2. Selection of the best detection system for the design of the portable immunosensor. 

3. Study of the improvement of antibody immobilization on polystyrene substrates. 

4. Integration of both methodologies into a lab-on-a-chip platform. 

The first task of the work was to investigate possible enzymatic systems to enhance the 

detection and signal amplification processes. Here, we evaluated three different protocols 

(chapter 3): enzymatic modulation of CdS quantum dots growth for methanol detection in 

alcoholic beverages through fluorogenic and photoelectrochemical methods; enzymatic 

growth of Ag/Ag2S nanoparticles for glucose detection in human serum by colorimetry; and 

enzymatic blocking or enhancement of the electrochemiluminescence signal from CdS 

nanoparticles for the detection of methanol in alcoholic beverages and acetylthiocholine in 

human serum, respectively. From the different detection methods used, we selected the 

photoelectrochemical one as the most suitable for lab-on-a-chip applications because of the 

easiness of miniaturization, low cost of manufacturing and high sensitivity. 

At the same time, we went through the adaptation to our system of the polystyrene 

modification protocol developed by Biomaterials group. Herein, we studied the procedure for 

the modification of polystyrene substrates with a variety of functional groups for the 

immobilization of antibodies (chapter 4, first part). We explored different strategies to link the 

antibodies to the surface in order to achieve their ordered orientation ensuring an improved 

biorecognition and thus, increasing the sensitivity of the immunoassay. Additionally, this 

procedure allows for the integration of the active layer to a lab-on-a-chip platform. 

Finally, the last objective was to integrate the enzymatic reaction with the antibody 

immobilization into a portable platform for the photoelectrochemical detection. For this, 

several parameters had to be optimised such as incubation time, temperature, order of 

reaction steps, volumes and operational method (chapter 4, second part). Furthermore, it was 

also essential to improve the design, fabrication and printing of the electrodes to guarantee 

the electrochemical process and its validation against the commercial ceramic ones.
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CHAPTER 3: ENZYMATIC GROWTH OF 

NANOPARTICLES AND APPLICATIONS 

 

 

 Specific bioanalytical optical and photoelectrochemical 

assays for detection of methanol in alcoholic beverages 

 Facile synthesis and characterization of Ag/Ag2S 

nanoparticles enzymatically grown in situ and their 

application to the colorimetric detection of glucose 

oxidase 

 Development of portable CdS screen printed carbon 

electrode platform for electrochemiluminescence 

measurements and bioanalytical applications 
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SPECIFIC BIOANALYTICAL OPTICAL AND PHOTOELECTROCHEMICAL 

ASSAYS FOR DETECTION OF METHANOL IN ALCOHOLIC BEVERAGES 

Methanol is a poison which is frequently discovered in alcoholic beverages. Innovative 

methods to detect methanol in alcoholic beverages are being constantly developed. We report 

for the first time a new strategy for the detection of methanol using fluorescence spectroscopy 

and photoelectrochemical (PEC) analysis. The analytical system is based on the oxidation of 

cysteine (CSH) with hydrogen peroxide (H2O2) enzymatically generated by alcohol oxidase 

(AOx). H2O2 oxidizes capping agent CSH, modulating the growth of CSH-stabilized cadmium 

sulfide quantum dots (CdS QDs). Disposable screen-printed carbon electrodes (SPCE) modified 

with a conductive osmium polymer (Os-PVP) complex were employed to quantify resulting CdS 

QDs. This polymer facilitates the “wiring” of in situ enzymatically generated CdS QDs, which 

photocatalyze oxidation of 1-thioglycerol (TG), generating photocurrent as the readout signal. 

Likewise, we proved that our systems did not suffer from interference by ethanol. The PEC 

assays showed better sensitivity than conventional methods, covering a wide range of 

potential applications for methanol quantification. 

 

The work presented was previously published: Barroso, J.; Díez-Buitrago, B.; Saa, L.; Möller, M.; Briz, N.; 

Pavlov, V. Biosensors and Bioelectronics 2018, 101, 116–122. 
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1. Introduction 

The uncontrollable use of hazardous materials in food and beverages instigates the 

development of sensitive, affordable and simple assays and sensors for industrial laboratories, 

distributors and end users. One of the most toxic compounds is methanol. It can be found 

mainly in alcoholic beverages generated by natural fermentation or distillation. Humans do not 

tolerate methanol because of its conversion to formate which inhibits mitochondrial 

cytochrome C oxidase, causing hypoxia at the cellular level, and acidosis.1 It is well-known that 

the ingestion of methanol provokes disturbances in the central nervous system, affecting to 

the optical system and even death. The lethal dose of methanol lies between 30 and 120 mL 

(i.e. 1–2 mL kg-1 body weight of pure methanol). Usually, humans are exposed to methanol by 

oral ingestion of alcoholic beverages containing this simplest alcohol. Nowadays, strict 

regulations contribute to avoiding the deceptive practices of adulteration of alcoholic 

beverages. Fermentation of alcoholic beverages under standard conditions usually yields 

aqueous ethanol solutions with negligible concentration of methanol. Nevertheless, incidence 

of methanol contamination of traditionally fermented beverages is increasing globally due to 

activities of contaminating pectinase producing yeasts, fungi and bacteria.2 In addition, the 

alcoholic strength is altered using “extra” methanol as illicit alcohol.3 

Since the beginning of the last century, the development of methods for methanol detection in 

alcoholic beverages gained in importance.4 The standard detection methods are based on gas 

chromatography as the standard method.5 Among other physical techniques for methanol 

detection are Raman spectroscopy,6,7 Fourier transform infrared spectrometry,8–10 flow tube 

mass spectrometry,11 surface plasmon resonance,12 measurement of refractive index and 

evaporation rate,13 hybrid capillary electrophoresis,14 evanescent wave optical sensor,15 quartz 

tuning forks.16 Those published physical techniques require expensive devices to read out the 

signal and cannot be readily miniaturized. Electrochemical biosensors and analytical assays 

employing enzymes as recognition elements for selective determination of methanol in 

ethanol are not very common, and usually need at least two enzymes. For instance, a bi-

enzymatic analytical system was published, which consists of two biosensors, one based on 

alcohol dehydrogenase (ADH) that responds only to the ethanol and the second one based on 

alcohol oxidase (AOX) that responds to both methanol and ethanol. Bi-enzymatic biosensor 

responsive to both ethanol and methanol employing alcohol oxidase and horseradish 

peroxidase was reported.17 
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The development of new nanomaterials opens up new opportunities for detection of analytes 

using enzymes as biorecognition elements. Several enzymes can catalyze biocatalytic 

generation in situ of metallic nanoparticles (NPs).18–20 However, the reported use of metallic 

NPs for detection of enzymatic activities is restricted due to their low photocatalytic activities 

and fluorescent properties. As opposed, semiconductor nanoparticles (SNPs) exhibit quantum 

effects during a photoexcitation process, hence those particles are referred to as quantum 

dots (QDs) and are exploited extensively in bioanalytical applications. Combining 

electrochemistry with the light, photoelectrochemical (PEC) assays are an emergent technique 

for innovative detection.21–23 The PEC process transforms luminous energy directly into 

electrochemical energy. The presence of capping agent as stabilizer favours the quantum 

confinement effect. One of the efficient stabilizers is cysteine (CSH) that owing to its thiol 

functional group easily binds to SNPs.24,25 However, CSH is easily oxidized to cystine (CSSC) in 

the presence of redox mediator such as hydrogen peroxide (H2O2) produced during oxidation 

of methanol by alcohol oxidase from Hansenula sp. specific to only to methanol. The 

modulation of in situ growth of CSH-stabilized SNPs could be followed by fluorescence 

spectroscopy and PEC assays. The fluorescence readout signal is related to the rate of in situ 

formation of CSH-stabilized CdS QDs inhibited by H2O2. Likewise, we carried out PEC studies to 

evaluate the quantification of CdS QDs grown in situ. The amount of formed CdS QDs is related 

with the photocurrent generated in the system. Other factors defining the electrochemical 

response are applied potential, energy of photons, intensity of excitation light and rate of 

electron transfer between the electrode surface and QDs. Previous works based on PEC 

technology employed electrocatalysts deposited onto expensive electrodes.26 Nonetheless, 

PEC is a powerful tool that allows manufactured low-cost devices. In the present work, we 

employ disposable screen-printed carbon electrodes (SPCE) as simple and inexpensive 

disposable devices. To facilitate the electron transfer, a conductive polymer was employed to 

“wire” CdS QDs to the electrode surface. Previously, poly(vinylpyridine) osmium bipyridine (Os-

PVP) conductive polymer was used for “wiring” redox enzymes.27–29 Here, we modified 

disposable SPCE with Os-PVP complex to validate our fluorogenic and PEC approaches to the 

methanol quantification in real alcoholic beverages such as vodka and cider opening up a new 

opportunity for the manufacture of inexpensive and easy-handle mobile analytical systems. 
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2. Experimental section 

2.1. Materials 

Methanol specific alcohol oxidase from Hansenula sp., sodium sulfide (Na2S), cadmium nitrate 

Cd(NO3)2, 1-thioglycerol, methanol, ethanol and another chemicals were purchased from 

Sigma Aldrich. Different alcoholic beverages such as ciders and vodka were purchased in local 

market in San Sebastián (Spain). 

2.2. Apparatus 

Transmission electron microscopy images were collected with a JEOL JEM 2100F operating at 

120 kV. Axio Observer Microscope (Zeiss) controlled with Axiovision software was employed to 

take fluorescence images of CdS QDs on SPCE modified with Os-PVP complex. Fluorescence 

measurements were performed on a Varioskan Flash microplate reader (Thermo Scientific) 

using black microwell plates at room temperature. The system was controlled by SkanIt 

Software 2.4.3. RE for Varioskan Flash. 

Every electrochemical test was led in a Autolab Electrochemical Workstation (Model: 

PGSTAT302N, Metrohm Autolab, The Netherlands) furnished with NOVA 1.10 software. 

Disposable screen-printed carbon electrodes (SCPEs) were purchased from DropSens (model 

DRP-110). Electrical contact to workstation was finished with a special boxed connector 

provided by DropSens. The light source was a compact UV illuminator (UVP, Analytik Jena AG). 

All PEC measurements were performed at room temperature. All the potentials reported in 

our work were measured against Ag/AgCl. Unless otherwise specified, all experimental 

outcomes described here are averaged from three autonomous estimations (n = 3). 

2.3. Methods 

2.3.1. AOx assay 

Varying amounts of methanol or ethanol were incubated with different amounts of AOx in 

citrate-phosphate buffer (pH 7.5) for 40 min at room temperature, in the presence of CSH (7.5 

μL, 1 mM). After that, Na2S (10 μL, 1 mM) and Cd(NO3)2 (2.5 μL, 50 mM ) were added to the 

samples (87.5 μL). The emission spectra of the resulting CdS QDs were recorded after 5 min at 

λexc = 300 nm. 
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2.3.2. CdS QD-mediated determination of alcohol mixtures 

Different mixtures of methanol and ethanol were incubated with CSH (7.5 μL, 1 mM) in citrate-

phosphate buffer (pH 7.5) for 40 min at room temperature (taking into account that two 

alcoholic solutions with ethanol content of 40% and 6% were prepared). After that, Na2S (10 

μL, 1 mM) and Cd(NO3)2 (2.5 μL, 50 mM ) were added to the samples (87.5 μL). The emission 

spectra of the resulting suspensions were recorded after 5 min at λexc = 300 nm. 

2.3.3. Quantification of methanol in real samples 

Quantification of methanol in cider and vodka was performed by the standard addition 

method. Samples of alcoholic beverages were spiked with known different concentrations of 

methanol. Thus, the corresponding final concentration of methanol in mixtures was 

determined. The dilution factor of samples in the assay was 1:10000. 

2.3.4. Photoelectrochemical detection 

Before beginning the PEC assays, the SPCE were at first pretreated electrochemically by cyclic 

voltammetry (CV) at a potential range of 0 – 0.6 V in citrate-phosphate buffer (pH 7.5). 

Subsequently, a 40 µL drop of Os-PVP complex (1.375 mg mL-1) was dropcasted on the SPCE 

and electrodeposited by CV scanning (2 cycles at scan rate of 50 mV s-1). Afterwards, SPCE 

were flushed out with ultrapure water and dried under argon atmosphere. At last, 40 µL of 

sample were dropped on the SPCE and PEC measurements were carried out with an UV-

illuminator at 302 nm and a controlled potential of 0.3 V vs. Ag/AgCl. The reliance of 

photocurrent on time was measured at 5 minutes during 10 seconds. It is important to point 

out that it is necessary to add the reducing agent 1-thioglycerol (20 mM) to amplify the 

photocurrent response.  
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3. Results and discussion 

3.1. Fluorogenic assays 

We developed the fluorogenic assay for methanol using evaluation assessment of the 

enzymatic activity of AOx as represented in Scheme 1. First, the enzyme AOx catalyzes the 

oxidation of methanol with oxygen to yield hydrogen peroxide (H2O2). Second, hydrogen 

peroxide, resulting from the enzymatic oxidation of the target analyte, converts two molecules 

of cysteine to one molecule of cysteine. This process leads to conversion of two active thiol 

groups (-SH) into one inactive disulfide bridge (-SS-) which does not stabilize the growth of CdS 

QDs. Third, cysteine carrying one thiol group is a very efficient stabilizer for CdS QDs formed in 

situ from Cd2+ and S2- ions. Thus, the bio-catalytic process ending up in formation H2O2 

decreases concentration of the stabilizing agent cysteine, and consequently, the amount of 

CdS QDs formed in situ. 

Scheme 1. Fluorometric assay of methanol using alcohol oxidase. (A) Biocatalytic oxidation of methanol. 

(B) Oxidation of cysteine with hydrogen peroxide. (C) Formation of fluorescent CdS QDs stabilized with 

cysteine. 
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In previous works, it was demonstrated that CSH is able to stabilize CdS QDs under harsh 

experimental conditions that include high reaction temperatures (over 80 °C)30 or irradiation 

with γ-rays.24 Under our experimental conditions the growth of CdS QDs occurs under mild 

physiological conditions in aqueous buffer solutions. CdS QDs growth is time dependent as it 

can be seen in Figure 1. The fluorescence intensity increases up to 30 min and then it levels off. 

This increase could be due to the high amount of reagents in the media that provides a 

constant source of reagents up to their complete consumption. After 5 min of incubation more 

than 60% of maximum fluorescence intensity was observed. After 60 min the signal achieved 

100% of intensity, but this long incubation time will not be suitable for a point of care device or 

its use in clinical diagnosis that requires short procedure times. That is why we chose 5 min as 

the best time in relation with the signal obtained and the total time consumed. 

Figure 1. The effect of incubation time on the fluorescence intensity for CdS QDs obtained from CSH 

(0.075 mM), Na2S (0.1 mM), Cd(NO3)2 (1.25 mM). 

In order to verify the operating mechanism of described system, various control experiments 

were carried out as shown in Figure 2. The influence of oxygen on non-specific oxidation of 

cysteine was evaluated with the control experiment in which ions of Cd2+ and S2- were mixed in 

the presence of cysteine in citrate-phosphate buffer (pH 7.5). Fluorescent QDs were formed as 

one can see in curve 1. The reaction mixture containing CSH, AOx, Cd2+, S2- ions demonstrated 

emission peak characteristic of CdS QDs (curve 2). The mixture composed of CSH, methanol, 

Cd2+, S2- ions exhibited high emission peak too (curve 3). Curves 1, 2 and 3 are identical. 

According to Figure 1 the fluorescence of CdS QDs kept in open air doesn’t decrease with time. 

Thus, under our experimental conditions, oxygen is not able to oxidase cysteine non-

specifically. The presence of oxygen in the media is mandatory since it allows AOx to transform 
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methanol into formaldehyde. In the absence of oxygen the enzyme would not be able to 

catalyse the oxidation of methanol. 

The emission peaks of similar mixtures prepared without CSH, containing methanol, Cd2+, S2- 

ions (curve 5) or AOx, Cd2+, S2- ions (curve 6) were much lower. Fluorescence decreases only in 

the absence of the capping agent (cysteine) in open air (curve 5 and 6). The reaction mixture 

containing all components (AOx, methanol, CSH, Cd2+, S2- ions) exhibited low emission peak 

(curve 4). This can be explained by the decrease in CSH concentration caused by its oxidation 

with H2O2, produced in the course of enzymatic redox process according to Scheme 1. An extra 

control was also conducted to rule out the influence of AOx on the fluorescence signal in 

absence of alcohol, CSH, Cd(NO3)2 and Na2S. Under these conditions no fluorescence was 

observed (curve 7). 

Figure 2. Fluorescence emission spectra of assay mixtures containing (1) Cysteine (CSH, 0.075 mM),  

Na2S (0.1 mM), Cd(NO3)2 (1.25 mM); (2) Cysteine (CSH, 0.075 mM), alcohol oxidase (AOx, 5 µg L-1), Na2S 

(0.1 mM), Cd(NO3)2 (1.25 mM); (3) Cysteine (CSH, 0. 075 mM), methanol (0.03 g L-1),  Na2S (0.1 mM), 

Cd(NO3)2 (1.25 mM); (4) Methanol (0.003 g L-1), AOx, 5 µg L-1, CSH (0.075 mM), Na2S (0.1 mM), Cd(NO3)2 

(1.25 mM); (5) Methanol (0.03 g L-1), Na2S (0.1 mM), Cd(NO3)2 (1.25 mM); (6) Oxidase (AOx, 5 µg L-1), 

Na2S (0.1 mM), Cd(NO3)2 (1.25 mM); (7) AOx (5 µg L-1). Incubation time 5 min, λexc = 300 nm. 

Time of incubation and CSH concentration were optimized. Different incubation times were 

tried in the presence and absence of methanol. The greatest difference between fluorescence 

signals registered in reaction mixtures with and without methanol was achieved when the 

incubation time was 40 minutes (Figure 3A). Hence, incubation time of AOx with cysteine and 

methanol was employed in the following experiments. Published protocols for the synthesis of 

CSH-stabilized NPs require much longer incubation time and harsh experimental 

conditions.24,25,30 Incubation was performed at varying concentrations of CSH. It was found that 

the optimum CSH concentration was 0.075 mM (Figure 3B). At this concentration, the 
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fluorescence readout signal showed the highest intensity, indicating the presence of higher 

amount of CSH-stabilized CdS QDs. 

Figure 3. (A) The effect of incubation time on fluorescence intensity for the system containing methanol 

(0.008 g L-1) and no methanol (0 g L-1). (B) Effect of cysteine concentration on fluorescence intensity of 

the reaction mixture composed of Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM). Incubation time 5 min, λexc = 

300 nm. 

The amount of AOx was also optimized using different concentrations of the enzyme in the 

presence of a fixed alcohol (methanol or ethanol) concentration (0.03 g L-1) as shown in Figure 

4A and 4B. In the presence of methanol fluorescence intensity was inversely related to the 

amount of AOx in the assay mixture Figure 4B (solid line) reaching saturation at 5 µg L-1 of this 

enzyme. According to the calibration plot this assay for enzymatic activity of AOx has a limit of 

detection (LOD) equal to 0.14 µg L-1 at a signal-to-noise ratio of 3 (S/N=3). The average relative 

standard deviation (RSD) calculated from the calibration plot was 8% (unless otherwise 

specified, RSD was always acquired utilizing no less than three independent measurements). 

When ethanol was used instead of methanol no response to increasing concentrations of AOx 

was observed (Figure 4B dashed line). Transmission electron microscopy was used to 

determine the morphological characteristics of obtained CdS QDs (Figure 5). TEM images 

confirmed the presence of spheroidal QDs with an average diameter of 2.03 ± 0.86 nm. CdS 

QDs could not be detected by TEM at saturating methanol concentration of 0.03 g L-1 (Figure 

5C). 
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The emission spectra of CdS QDs recorded at varying concentrations of a methanol or ethanol 

in the presence of a fixed AOx concentration of 5 µg L-1 are depicted in Figure 4C. In the case of 

methanol, decrease in the fluorescence signal is inversely proportional to methanol 

concentration as one can observe in Figure 4D (solid line). The response to increasing 

concentrations of methanol is typical for an enzymatic system governed by the Michaelis-

Menten kinetic model considering affinity of the enzyme to its substrate. Lower Michaelis-

Menten constant (KM) value means higher affinity of an enzyme to its substrate. The assay 

demonstrated a linear response up to 1.5 mg L-1 and asymptotically approaches its maximum 

starting from 5 mg L-1. The apparent Michaelis-Menten constant (KM) was calculated by fitting 

the experimental results to the equation I=Imax[Methanol]/(KM+[Methanol]). The value of 1.66 

mg L-1 correlates well with the literature data.31–33 Furthermore, the LOD was found equal to 

0.21 mg L-1 (6.8 µM) at S/N=3. The RSD calculated from the alcohol calibration plot was 10%. 

The fluorogenic assay showed a better sensitivity than classical chromatography tests5,34,35 and 

other fluorometric assays36 as can be seen in Table 1. The influence of ethanol on the 

performance of this fluorogenic assay was studied. In the presence of increasing amounts of 

ethanol (Figure 4D dashed line) the fluorescence signal did not decrease, remaining constant 

within the experimental error. 

Additional calibration was performed using aqueous 40% (v/v%) alcohol mixtures with 

different methanol/ethanol molar ratios ranging between 0.0 and 1.0. According to the 

experimental calibration plot (Figure 6A) LOD was equal to 0.047 (molar fraction) with RSD of 

8.15% (S/N=3). Thus, this simple fluorogenic assay based on enzymatic modulation of the 

growth of CdS QDs is able to determine methanol in the presence of high amounts of ethanol. 

Other previously published enzymatic optical assays based on AOx either are not able to detect 

methanol in the presence of ethanol37,38 or employ rare reagents which are not commercially 

available39 (Table 1). 
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Figure 4. (A) Fluorescence emission spectra of the system containing methanol (0.03 g L-1), cysteine 

(CSH, 0.075 mM), Na2S (0.1 mM), Cd(NO3)2 (1.25 mM) and different concentrations of AOx (0 to 5 µg mL-

1). (B) Calibration curves of AOx for methanol (dark line) and ethanol (dashed line) obtained using F540. 

(C) Fluorescence emission spectra of the system containing alcohol oxidase (AOx, 5 µg mL -1), CSH (0.075 

mM), Na2S (0.1 mM), Cd(NO3)2 (1.25 mM) and different concentrations of methanol (0 to 0.03 g L-1). (D) 

Calibration curves of methanol (dark line) and ethanol (dashed line) obtained using F540. 
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Figure 5. TEM image of cysteine (CSH)-stabilized CdS QDs in the presence of (A) Alcohol oxidase (AOx, 5 

µg L-1), CSH (0.075 mM), Na2S (0.1 mM), Cd(NO3)2 (1.25 mM); (B) Size distribution of previously 

described system. (C) TEM image of the system containing methanol (0.03 g L-1), CSH (0.075 mM), AOx 

(5 µg L-1), Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM). 

 

Table 1. Comparison of sensibilities, selectivities and more characteristics of different methodologies for 

alcohol detection in alcoholic beverages. 

Methodology Comments Sensitivity 

Gas 

chromatography 

Need of standards, differentiate between 

methanol and ethanol 

LOQ 62.42 µM5 

LOQ 156.05 µM40 

Time consuming, laborious pre-treatment LOQ 0.41 mM34 

Fluorogenic assays Indirect detection, selective to methanol LOD 1.3 µM36 

Review Only ethanol detection - 37 

Colorimetric assays 

 

No differentiation between ethanol and methanol LOD 156.05 µM38 

Expensive reagents, differentiation between 

methanol and ethanol 
- 39 

Amperometry 

Not selective to methanol but general alcohols, 

indirect detection 

LODEtOH 2.3 µM41 

LODEtOH 7 µM42 

Not selective for methanol 
EtOH linear range 

3.12 µM – 31.21 mM43 

Selective to methanol, indirect detection LOD 47 µM44 

Selective to methanol, laborious setup LOD 10 µM17 

Indirect detection, not selective to methanol LOD 1 mM45 
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Figure 6. Calibration plots of 40% (v/v%) of aqueous solutions of alcohols which different 

methanol/ethanol molar fractions obtained with (A) fluorogenic and (B) photoelectrochemical assays. 

The system contains AOx (5 µg mL-1), cysteine (0.075 mM), Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM). 

3.2. PEC assays 

3.2.1. Optimization of photoelectrochemical response 

Several parameters were optimized to obtain maximum performance of PEC measurements. 

We used Os-PVP conductive polymer complex immobilized on the surface of SPCE to “wire” 

CSH-stabilized CdS QDs generated during the assay. The efficient anchoring of osmium 

polymer on the electrode surface was achieved through electrostatic adsorption during CV. 

We optimized the protocol for the deposition of Os-PVP complex controlling the number of 

scans of CV. This methodology consists of ramping the potential linearly versus time in cyclical 

phases in the range between 0 and 0.6 V vs. Ag/AgCl. Final CV revealed redox reversible waves 

related to the central osmium atom.46 Another aspect of PEC assays is the employment of a 

reducing agent to neutralize holes generated in CdS QDs upon excitation of electrons by 

photons. We selected TG because it has high affinity to CdS QDs due to thiol functional group. 

Therefore, the electronic transfer rate between the surface of CdS QDs and TG is very high.47 

On the other hand, TG can be used as a capping agent.48–50 

Figure 7 shows the effect of TG concentration on photocurrent observed at SPCE modified with 

Os-PVP complex in the presence of fixed amounts of CdS QDs. According to this plot, 
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registered photocurrent achieved a plateau in the presence of 20 mM TG. This concentration 

of TG was selected for subsequent PEC measurements. 

Figure 7. Effect of the increasing 1-thioglycerol (TG) concentrations on photocurrent observed in the 

presence of CdS QDs at 0.3 V (vs. Ag/AgCl) and 300 nm excitation light. Concentrations of TG: a) 0 mM; 

b) 0.25 mM; c) 0.5 mM; d) 1 mM; e) 2 mM; f) 5 mM; g) 20 mM. The system contains Cd(NO3)2 (1.25 

mM), Na2S (0.1 mM) and cysteine (0.075 mM). The average relative standard deviation (RSD) calculated 

from the plot (obtained using at least three independent SPCE modified by Os-PVP) was 7%. 

Finally, the effect of applied potential on the anodic photocurrents was studied. The applied 

potential was optimized in order to minimize the small background photocurrent originated 

from nonspecific photoelectrochemical oxidation of TG on the electrode surface modified with 

Os-PVP complex in the absence of CdS QDs.  Photocurrents were registered in the presence 

(ΔIOs-PVP/TG) and absence (ΔIOs-PVP) of TG using SPCE modified with the redox polymer. The 

lowest ratio between both responses (ΔIOs-PVP/TG/ΔIOs-PVP) was achieved at 0.3 V vs. Ag/AgCl as it 

can be noticed in Figure 8. At this applied potential the ratio ΔIOs-PVP/TG/ΔIOs-PVP was close to 1.0 

indicating that nonspecific photoxidation of TG does not influence the response of the PEC 

assay. Hence the potential of 0.3 V vs. Ag/AgCl was used in the following experiments. 
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Figure 8. Selection of the applied potential based on the study of photocurrents registered in the 

absence (ΔIOs-PVP) and the presence (ΔIOs-PVP /TG) of 1-thioglyerol (TG). Plot demonstrates the (ΔIOs-PVP/TG / 

ΔIOs-PVP) ratio versus applied potential (E). 

3.2.2. Photocurrent response 

The operation of the developed PEC assay for methanol is based on the interaction between 

SPCE, osmium polymer and CSH-stabilized CdS QDs whose quantity depends on the enzymatic 

oxidation of methanol as illustrated in Scheme 2. Biocatalytic oxidation of MeOH catalyzed by 

AOx ends up in formation of hydrogen peroxide which oxidizes CSH. Concentration of the 

latter influences the rate of formation of CSH-stabilized CdS QDs in situ. A droplet of the assay 

mixture is placed on the surface of a SPCE (without drying) modified with Os-PVP complex and 

irradiated with a UV lamp. CSH-stabilized QDs absorb photons with energies upper than that of 

their band gaps, producing the excitation of electrons from occupied valance band (VB) to the 

empty conduction band (CB). Electron holes-pairs with enough long life are generated due to 

the charge separation. Holes on VB are neutralized by electrons originating from TG. Free 

electrons are transferred from CB to Os-PVP complex, and finally to the electrode surface. This 

flow of electrons is driven by the UV light with an emission peak at 300 nm and an applied 

potential of 0.3 V vs. Ag/AgCl. The influence on photocurrent of varying concentrations of AOx 

in the presence of a fixed alcohol (methanol or ethanol) concentration (0.03 g L-1) is shown in 

Figure 9A and 9B. The determination of AOx in using methanol as a substrate demonstrated a 

LOD of 0.01 µg L-1 (S/N=3) based on the calibration plot showed in Figure 9B. The RSD 

calculated from calibration plot was 6.3%. As before, the photocurrent was not affected by 

ethanol (Figure 9B dashed line).  
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Scheme 2. Photoelectrochemical assay for methanol through detection of CdS QDs “wired” by an Os-

PVP complex to the surface of a screen-printed carbon electrode. 

The presence CSH-stabilized CdS QDs in droplets of assay mixture placed on SPCE was 

corroborated by fluorescence spectroscopy as depicted in Figure 10. In the absence of 

methanol, the fluorescence is maintained (Figure 10A). When methanol was present in the 

assay mixture the registered fluorescence was significantly lower (Figure 10B). It should be 

noted that the osmium polymer is not fluorescent.  
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Figure 9. (A) Photocurrent response of the system containing methanol (0.03 g L-1), cysteine (CSH, 0.075 

mM), 1-thioglycerol (TG, 20 mM), Na2S (0.1 mM), Cd(NO3)2 (1.25 mM) and different concentrations of 

AOx (0 to 5 µg mL-1). (B) Calibration curves of AOx for methanol (dark line) and ethanol (dashed line) 

obtained at 0.3 V (vs. Ag/AgCl) and 300 nm excitation light. (C) Photocurrent response of the system 

containing alcohol oxidase (AOx, 5 µg mL-1), CSH (0.075 mM), TG (20 mM), Na2S (0.1 mM), Cd(NO3)2 

(1.25 mM) and different concentrations of methanol (0 to 0.03 g L-1). (D) Calibration curves of methanol 

(dark line) and ethanol (dashed line) obtained at 0.3 V (vs. Ag/AgCl) and 300 nm excitation light. 
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Figure 10. Fluorescence microscope images of assay mixtures placed on top of screen-printed carbon 

electrodes (SPCE) modified with osmium polymer (Ps-PVP complex) for the system containing (A) 

Alcohol oxidase (AOx, 5 µg L-1), cysteine (CSH, 0.075 mM), Na2S (0.1 mM), Cd(NO3)2 (1.25 mM) and (B) 

the same system in presence of methanol (0.03 g L-1). 

The photocurrent response to varying concentrations of alcohol (methanol or ethanol) using a 

fixed amount of AOx (5 µg L-1) are depicted in Figure 9A. The observed behaviour of PEC assay 

is similar to that of the fluorogenic assay. The photocurrent intensities decreased in the 

presence of increasing methanol amounts, remaining stable in the presence of ethanol (Figure 

9B solid and dashed line respectively). The PEC assay demonstrated a consistent KM value of 

1.88 mg L-1 similar to one obtained in fluorogenic assay. The LOD of PEC assay was 0.16 mg L-1 

(5 µM) at S/N=3. The average relative standard (RSD) deviation was 5.8%. The PEC 

methodology proved to be more sensitive by two times in comparison with previously 

published amperometric biosensor for methanol which is not able to detect methanol in the 

presence of ethanol.17,41–44 The previously published bi-enzymatic biosensor for determination 

of methanol in the presence of ethanol has worse detection limit (5 mM) 1000 time higher 

than the LOD of the present PEC assay45 (Table 1). It should be noted that the fluorometric 

assay is ten times less sensitive than the novel PEC method. It provides a simple and reliable 

method to determine methanol content in real samples. To best our knowledge this is the first 

PEC assay for methanol suitable for its determination in the presence of ethanol. 

PEC assay was also applied to detection of methanol in aqueous 40% (v/v%) alcohol mixtures 

with different methanol/ethanol molar ratios ranging between 0.0 and 1.0. According to the 

calibration plot (Figure 6B) LOD was equal to 0.017 (molar fraction) with RSD of 5.80%. This 

detection limit is less than that of the fluorogenic assay for methanol.  

In Table 2 there are some examples of the main reported techniques utilized to detect 

methanol. These procedures present some disadvantages like the need of standards or 

internal/external references, sophisticated or expensive apparatus or reagents, expert 

operators, long measuring times and sample pre-treatment. On the other hand, in our case 

both the optical and photoelectrochemical procedure are simpler and easier handling, they do 
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not need expensive reagents or apparatus and can be easily miniaturized. Moreover, no pre-

treatment nor standards or references are required. All these advantages make our 

procedures more suitable for methanol detection and its application in analytical laboratories. 

Table 2. Comparison of different techniques for methanol detection. 

Methodology Comments Sensitivity 

Specific gravities and 

refractive index 
Not sensible, laborious procedure LOD 1.23 M51 

Colorimetric assays 

Unreliable or too much time consuming and 

manipulation 
- 52 

Gas chromatography 
Time consuming, expensive apparatus, expert 

operators 
LOQ 156 µM53 

Raman spectroscopy Need of a standard and internal/external reference 
LOD >6.17 M6 

LOD 3.4 mM7 

Fourier transform 

infrared 

spectroscopy 

Need of references, time-consuming, sample pre-

treatment, harsh conditions 

LOD 12.64 mM8 

LOD 0.99 M9 

Lineal range 

2.46-246.88 M10 

Flow tube mass 

spectrometry 

Previous sample manipulation, sophisticated 

instruments, expensive reagents, expert operators 
LOD 312.11 mM11 

Surface Plasmon 

resonance 

Previous sample manipulation, complicated 

structures, laborious procedure 
LOD 0.37 M12 

Optical fiber with a 

photodetector 
Expensive equipment LOD 98.75 mM13 

Hybrid capillary 

electrophoresis 
Derivatization needed, complicated mechanism LOD 50 µM14 

Evanescence wave 

optical sensor 

Laborious setup - 15 

Quartz tuning forks Laborious setup and procedure, time consuming LOD 1.23 M16 
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3.3. Validation with alcoholic beverages 

3.3.1. Simulation of alcoholic strength 

It is well known that methanol is not suitable for humans. Thus, its content must be controlled. 

Alcoholic beverages are classified by the regulation 110/2008 of the European Parliament and 

of the Council (15 January 2008). It describes the definition, description, presentation, labelling 

and the protection of geographical indications of spirit drinks. We simulated two types of 

alcoholic beverages: cider and vodka. Our aim was to validate our fluorogenic and PEC assays 

using two aqueous solutions of different alcoholic strengths (6% and 40%, v/v%). In order to 

simulate cider, mixtures containing 6% of total alcohol were spiked with different 

concentrations (µg L-1) of methanol (Figure 11A and 11C). The protocol was slightly modified 

for alcoholic beverages with the higher alcoholic strength of 40% such as vodka. Fig. 4A and 4C 

represents the effect of varying concentrations of methanol spiked into 40% ethanol solution. 

As one can see the increase in the methanol concentration is linearly related with the decrease 

in the readout signal. 

The methanol content for different alcoholic beverages is described by regulation (EC) No 

110/2008. In case of vodka, the value should not exceed 100 mg L-1 (3.12 mM). For ciders, we 

take as the reference the royal decree 72/2017 by Spanish Government stating that the 

maximum content of methanol should be not higher than 200 mg L-1 (6.24 mM). We applied 

the standard addition method in order to validate the fluorogenic and PEC methods.  

3.3.2 Cider 

Three local ciders (Etxeberria, Gurutzeta and Izeta) were selected for this study. Different 

known methanol concentrations close to maximum allowed were added to ciders (added 

concentrations of methanol were 0, 1, 2, 3, 4 and 5 µg L-1). Thereafter, the fluorescence signal 

and PEC response were evaluated, plotting the concentrations of added standards on the x-

axis against their corresponding readout signal on the y-axis. The linear regression for each 

dilution was performed to calculate the intercept of the calibration lines with the x-axis, which 

represents the content of methanol in the dilute real samples (Figure 11B and 11D). Taking 

into consideration dilution factors of the ciders samples, we found out that the methanol 

concentration was under the limit established by law as depicted in Table 3. Both methods 

corroborated well the content of methanol. PEC method demonstrated better sensitivity. 
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Figure 11. Calibration curve of methanol obtained by (A) fluorescence and (C) photoelectrochemical 

(PEC) assays. Quantification of methanol in three different ciders with the method of standard addition 

for (B) fluorescence and (D) PEC methods. The system contained different known amounts of added 

methanol standards. Insets are amplified areas of added standard curves.3.3.2 Study of real samples. 

3.3.3 Vodka  

Vodka was chosen because it is the most popular alcoholic beverage in the Eastern European 

countries and Russia.54 So, a large number of potential consumers could be intoxicated by the 

adulterated vodka. The same procedure of added standards described in the above section 

was applied. Known quantities of methanol were added to vodka samples (Fig. 4B and 4D). By 

linear regression the amount of methanol was computed (Table 1) which was within the 

methanol levels specified by the corresponding legislation. 
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Figure 12. Calibration curve of methanol obtained by (A) fluorescence and (C) photoelectrochemical 

(PEC) assays. Quantification of methanol in vodka with the method of standard addition for (B) 

fluorescence and (D) PEC methods. The system contained different known amounts of added methanol 

standards. Insets are amplified areas of added standard curves. 

Table 3. Content of methanol in different alcoholic beverages quantified by fluorogenic and PEC 
methods. 

Methanol / mg L-1 Fluorescence / au PEC /  nA 

Etxeberria 134 ± 21 111 ± 25 

Izeta 124 ± 33 121 ± 30 

Guruzeta 145 ± 25 137 ± 20 

Vodka 18 ± 3 24 ± 5 
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4. Conclusions 

Adulterated alcoholic beverages with extra methanol drive the searching of new detection 

methods. This work opens a new concept based on the specificity of AOx to methanol 

producing H2O2, which influences in the concentration of the capping agent CSH, ending up in 

the modulation of in situ generated CdS QDs. The quantification of methanol was followed by 

classical fluorescence spectroscopy and emerging PEC process. The latter facilities the “wiring” 

of CdS QDs with disposable SPCE sensitized with Os-PVP complex. This strategy allows the 

reproducible fabrication of a very simple device. Both methods are more sensitive and more 

selective than the previously reported bioassays and biosensors. The present approach proved 

to be efficient for the fast monitoring of methanol in any alcoholic beverages. 
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FACILE SYNTHESIS AND CHARACTERIZATION OF Ag/Ag2S 

NANOPARTICLES ENZYMATICALLY GROWN IN SITU AND THEIR 

APPLICATION TO THE COLORIMETRIC DETECTION OF GLUCOSE OXIDASE 

This work describes a simple, fast and reproducible biochemical reaction to modulate the 

growth of silver/silver sulfide nanoparticles (Ag/Ag2S NPs) through the enzymatic activity of 

the glucose oxidase (GOx). This process occurs in aqueous buffered solutions at room 

temperature under physiological conditions with participation of inexpensive precursors. 

Oxidation of 1-thio-β-D-glucose is catalyzed by GOx yielding hydrogen sulfide. Direct 

interaction between silver nitrate and enzymatically produced H2S in the presence of citric acid 

as capping agent leads to the generation of Ag/Ag2S NPs with a spherical shape. UV-vis 

spectroscopy is employed to characterize absorbance spectra of resulting Ag/Ag2S NPs with 

the highest signal-to-noise ratio at 385 nm. Enzymatically produced Ag/Ag2S NPs are 

characterized by TEM, XPS, DLS and XRD. This new colorimetric method based on the 

enzymatic growth in situ of NPs was applied to the detection of enzymatic activity of GOx (LOD 

0.557 µg mL-1 and linear range up to 1.5 µg mL-1). The effect of D-glucose on the read-out 

signal has been studied to confirm the enzymatic mechanism of this process (LOD 176.21 µM 

and linear range up to 1.25 mM) and was applied to the detection of glucose in human plasma. 

 

The work presented was previously published: Díez-Buitrago, B.; Barroso, J.; Saa, L.; Briz, N.; Pavlov, V. 

ChemistrySelect 2019, 4 (28), 8212-8219  
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1. Introduction 

Nanomaterials exhibit very interesting electrical, optical, magnetic and chemical properties, 

which are not shown by their bulk equivalents. Nanoparticles have high surface area to volume 

ratios and their shape can be tailored by varying concentrations of their precursors and 

capping agents. In recent years nanomaterial based analytical assays have attracted much 

attention due to their versatility, high sensitivity and inexpensive fabrication of new devices for 

the detection of a wide range of analytes. Among the nanomaterials, both metallic and 

semiconductor nanoparticles (NPs) are considered to be the most broadly utilized structures in 

bioanalytical assays and biosensors. Their exceptional physicochemical properties, easy 

structure and shape determination and their nanoscale sizes similar to those of some 

biomolecules make them promising structures for their use as labels, transducers and 

amplifiers in biosensing.1 

Silver sulfide nanostructures such as NPs, quantum dots and nanostructured films possess 

unique optical and electrical properties. They have been intensively investigated in the recent 

years and their several applications such as infrared detectors,2 photoconductors, 

semiconductors in solar cells3 or fluorescent labels in biology and medicine4 were reported.  

Moreover, aqueous colloidal solutions of silver sulfide nanoparticles (Ag2S NPs) are considered 

to be much less toxic in comparison to other commonly used nanomaterials such as PbSe, PbS, 

CdS, and CdSe QDs, holding particular promise for biological applications.5  

Ag2S NPs have been prepared by numerous methods that include hydrothermal and sol-gel 

routes,6,7 solvo-thermal methods,8 hydrochemical bath deposition,9–11 micro-emulsion 

methods12 and electrochemical methods.13 A number of procedures are based on the strong 

interaction between silver and sulfide ions in aqueous/organic solutions that tend to form solid 

and stable structures in an easy and fast way. While a simple silver salt is typically used as 

silver source (i.e.: AgNO3), various organic and inorganic sulfides are used to provide sulfide 

ions, including H2S, alkyl thiols14 or (NH4)2S.15,16 Capping agents, on the other hand, are used to 

control particle size, shape and stability. Moreover, capping agents are an important factor 

also in controlling toxicity of Ag2S NPs. Different capping agents such as mercapto-

derivates,15,17,18 triton X-100,14 PVP and citrate9–11 have been used to stabilize NPs. Although, 

the above mentioned procedures present some advantages and produce particles with 

particular properties, they often require harsh preparation conditions, toxic solvents, they are 

time consuming, suffer from energy consumption and large size distribution. Hence, finding 
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routes for production of Ag2S NPs under physiological conditions compatible with biological 

proteins is a challenging task. 

The use of biological agents like enzymes in bioanalytical assays is receiving a lot of attention 

nowadays. Enzymes are proteins with catalytic properties and high specific activity. The 

products of enzymatic reactions can interact with nanomaterials, resulting in modification of 

their measurable properties.19 Normally two main approaches are followed: modulation of 

nanoparticles or growth in situ. On one hand, enzymatic reactions generate specific products 

that can enhance or decrease the NPs read-out signal as the result of their growth,20 

quenching21 or etching.22 This procedure presents some advantages such as high sensitivity 

and versatility, but it requires the previous synthesis of the NPs. To overcome this issue, the in 

situ formation of nanomaterials as a result of an enzymatic reaction is presented as the best 

alternative. Increasing number of publications in bioanalysis is dedicated to the use of enzymes 

for the in situ formation of nanoparticles as the read-out signal mainly due to their optical23 

and electrochemical24 properties. This approach maintains the advantages of the previous 

strategy and also avoids the need of pre-synthesized nanoparticles simplifying the bioassay. 

Enzymatic in situ production of silver containing NPs can find broad application in bioanalysis 

because enzymes are extensively employed for detection of analytes and amplification of the 

read-out signal. Given the fact that the silver containing NPs strongly absorb UV and visible 

light, the in situ formation, triggered by an enzyme, can be conveniently followed by UV-vis 

spectroscopy.  

In this work we propose a simple enzymatic method for the synthesis of Ag/Ag2S spherical 

nanoparticles in an aqueous solution in the presence of citrate ions as capping agent. This 

present system based on formation of Ag/Ag2S NPs was applied to the detection of enzymatic 

activity of glucose oxidase (GOx) and the detection of glucose in real samples. This system was 

selected considering glucose importance in clinical for diabetes management. During the last 

decades, glucose biosensor technology including point-of-care devices, continuous glucose 

monitoring systems and non-invasive glucose monitoring systems have been significantly 

improved25,26 and great efforts have been made to achieve better accuracy, precision and 

sensitivity by using different techniques (colorimetry,27,28 photoelectrochemistry,29 

electrochemistry30). Here we present an easy colorimetric method that could be integrated in 

a smartphone application for a rapid, easy and cos-effective determination of the desired 

analyte. Some recent studies have been developed in this direction for a wide range of 

bioanalytical substances.31–34 To the best of our knowledge, enzymatic assays based on 

biocatalytic generation of silver sulfide NPs have never been reported before. 
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2. Experimental section 

2.1. Materials 

Glucose oxidase type VII from Aspergillus Niger (GOx), 1-thio-β-D-glucose (analytical reagent), 

silver nitrate (≥99% AgNO3), sodium sulfide (analytical grade Na2S), citric acid anhydrous 

(analytical reagent) and sodium citrate tribasic dihydrate (≥99%) were obtained from Sigma-

Aldrich. Anhydrous D (+)-glucose (HPLC grade, ≥99%) was purchased from PanReac AppliChem. 

2.2. Apparatus 

Absorbance measurements were performed on a Varioskan Flash microplate reader (Thermo 

Scientific) using transparent microwell plates at room temperature. The system was controlled 

by the SkanIt Software 2.4.3. RE for Varioskan Flash. The pH was measured using a Seven Easy 

pH meter (Mettler Toledo, Schwerzenbach, Switzerland) equipped with an InLab micro 

electrode (Mettler Toledo, Schwerzenbach, Switzerland). Transmission electron microscopy 

(TEM) images were recorded with a JEOL JEM 2100F microscope equipped with a high-angle 

annular dark field (HAADF) detector and an energy-dispersive X-ray spectroscopy system 

(EDX), operating at 120 kV. X-ray diffraction measurements were carried out using a D8 

Advance, Bruker AXS diffractometer. Measurements were carried out in the θ–2θ step scan 

mode using CuKα radiation and a step size of 0.05. X-ray photoelectron spectroscopy (XPS) 

experiments were performed in a SPCE Sage HR 100 spectrometer with a non-monochromatic 

X-ray source (Aluminum Kα line of 1486.6 eV energy and 253 W). Dynamic light scattering 

(DLS) measurements were carried out using a Malvern Instruments particle sizer (Zetasizer 

Nano ZS, Malvern Instruments, UK) equipped with a He–Ne laser (λ/nm 632.8) working in 

backscattering mode at a scattering angle of 2θ = 173°. The solutions were placed into 10x10 

mm plastic cuvettes.  

2.3. Methods 

2.3.1. Chemical synthesis of Ag/Ag2S NPs 

In a transparent 96-well plate, varying amounts of AgNO3 (from 0 to 8 mM) and Na2S (from 0 

to 1 mM) were incubated in citrate buffer (10 mM, pH 4) in a final volume of 200 µL for 3 min 

at room temperature. After that, the absorbance spectra were recorded. 
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2.3.2. Glucose oxidase assay 

In a transparent 96-well plate, varying amounts of 1-thio-β-D-glucose (from 0 to 1.2 mM) and 

GOx (from 0 to 7 µg mL-1) mixtures were incubated in citrate buffer (10 mM, pH 4) for 45 min 

at room temperature. Next, AgNO3 (3 µL, 66.67 mM) was added to the respective samples (197 

µL). After 3 min the absorbance spectra were recorded.  

2.3.3. Glucose assay 

In a transparent 96-well plate, varying amounts of glucose (from 0 to 5 mM) were incubated in 

the presence of 1-thio-β-D-glucose (0.5 mM) and GOx (19 µg mL-1) in citrate buffer (10 mM, pH 

4) for 45 min at room temperature. Next, AgNO3 (3 µL, 66.67 mM) was added to the respective 

samples (197 µL). After 3 min the absorbance spectra were recorded. 

2.3.4. Quantification of glucose in human serum 

The quantification of glucose in human serum (Sigma-Aldrich) was performed by the standard 

addition method. Samples of pooled human serum was centrifuged using an Amicon Ultra 

filter with a 3000 molecular weight cut-off. After filtering, the serum was spiked with varying 

known concentrations of glucose, and the respective glucose concentration in these mixtures 

was then determined as described above. The dilution factor of plasma in the assay was 1:100. 

3. Results and discussion 

3.1. Chemical synthesis of Ag/Ag2S NPs 

First, the optimal experimental conditions for the growth of Ag/Ag2S NPs from Ag+ and S2- ions 

in aqueous citrate buffer, suitable for operation of GOx, were determined. As it is known, 

citrate acts as a capping agent and stabilizer for inorganic NPs.9–11 The formation of Ag2S 

nanospherical moieties is almost instant in the presence of low concentrations of Ag+ and S2- 

ions in aqueous solutions as one can conclude from very low solubility product constant of 

Ag2S (Ksp = 6.3 x 10-50).35 Aqueous solutions of Ag/Ag2S NPs are coloured dark yellow. The 

intensity of colour depends on the amount of Ag/Ag2S NPs in the media and colour turns 

brownish at high concentrations of NPs (Figure 1A). The absorbance spectrum of the 

synthesized NPs agrees well with literature data showing a broad band between 350 and 400 

nm (Figure 1B).16,36 No absorbance of UV-vis light was observed in the spectra of aqueous 

solutions containing only AgNO3, Na2S or citric acid, respectively. This indicates that the 

absorbance spectrum of Ag/Ag2S NPs is not influenced by the optical properties of individual 

reagents. Next, the selection of optimal wavelength for optical measurement was performed 
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in order to obtain the best signal-to-background ratio of readings observed in the absence 

(Abs0) and the presence (Abs) of Ag/Ag2S NPs. According to the plot in Figure 1C, representing 

the ratio Abs/Abs0 vs. wavelength, the highest ratio of Abs/Abs0 was observed at the 

wavelength of 385 nm. 

Figure 1. (A) Change in colour of reaction mixtures with increasing sulfide concentration, (B) Absorbance 

spectrum of citrate buffer 10 mM pH 4 (dashed line) and synthesized Ag/Ag2S NPs (solid line), (C) Signal-

to-background ratio between absorbance spectra of Ag/Ag2S and citrate buffer 10 mM pH 4. 

To optimize concentrations of reagents, varying amounts of S2- and Ag+ were mixed up in the 

citrate buffer (10 mM, pH 4). The registered optical signals are directly related to the increase 

in the concentration of one of the precursors when the concentration of the other precursor 

was fixed, as depicted in Figure 2. In case of Na2S, the increase in its concentration causes the 

increase in the intensity of the absorbance peek, which asymptotically approaches maximum 

value starting from 0.5 mM (Figure 2C). For AgNO3 the saturation starts from 2 mM (Figure 2F). 

The absorbance intensity reaches a maximum at stoichiometric concentrations of reagents 

(AgNO3:Na2S, 2:1) in all cases. The initial solution was completely transparent and upon 

addition of the second reagent the mixture turned dark yellow. This change in colour is caused 

by the formation of colloidal Ag/Ag2S nano-spheres up to the stoichiometric relation, where 

one of the reagents is completely consumed. Beyond this point, there was no change in colour, 

reaching a plateau. In order to test the response of the system, a number of control 

experiments were carried out (Figure 2C and Figure 2F, red line). No absorbance was observed 

in the absence of one of the precursors hence it was confirmed that the appearance of colour 

is caused by the formation of colloidal Ag/Ag2S NPs in citrate buffer at room temperature. 
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Figure 2. (A) UV-vis absorption spectra and (B) Abs/Abs0 ratio of the system containing AgNO3 (1 mM) 

and different concentrations of Na2S: a) 0 mM, b) 0.1 mM, c) 0.25 mM, d) 0.5 mM, e) 1 mM, (C) 

Calibration curve of Na2S in absence (red) and presence (black) of AgNO3 (1 mM). (D) UV-vis absorption 

spectra and (E) Abs/Abs0 ratio of the system containing Na2S (1 mM) and different concentrations of 

AgNO3: a) 0 mM, b) 0.25 mM, c) 0.5 mM, d) 1 mM, e) 2 mM, f) 4 mM, g) 8 mM, (F) Calibration curve of 

AgNO3 in the absence (red) and presence (black) of Na2S (1 mM). 

The other parameter optimized was the concentration of citrate ions acting as capping agent 

and reductant of silver ions.37,38 The three carboxylate groups of citrate have a strong affinity 

to silver ions, favouring the stabilization of small Ag2S NPs and thus avoiding their 

agglomeration into large structures.9,10 On the other hand, the reducing capacity of citric acid 

is well known and used in a wide number of syntheses. For that reason it is crucial to 

determine the proper conditions for the growth of Ag/Ag2S nanospherical moieties and its 

possible reductant behaviour to form spherical Ag NPs. The influence of varying concentrations 

of citrate (from 0.25 to 10 mM) on the absorbance at 385 nm demonstrated by mixtures 

containing AgNO3 (1 mM) and Na2S (from 0 to 1 mM) is shown in Figure 3. The maximum 

absorbance signal, registered immediately after injection of all three components, was 

apparently reduced when citrate concentrations were increased reaching 25% drop in the 

signal intensity at 10 mM citrate concentration. Nevertheless, the solutions of Ag/Ag2S NPs 

prepared in the presence of 10 mM citrate demonstrated higher stability (data not shown). 

Taking into account the increased stability of Ag/Ag2S NPs in the presence of higher 

concentrations of citrate ions and the increased buffer capacity required for prospective 
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biological applications, 10 mM citrate was selected as an acceptable concentration of the 

capping agent and buffer for subsequent measurements.  

Figure 3. Ag/Ag2S NPs absorbance variation in the presence of AgNO3 (1 mM), Na2S (from 0 to 1 mM) 

and different concentrations of citrate buffer pH 4: a) 0 mM, b) 0.25 mM, c) 0.5 mM, d) 5 mM, e) 10 

mM. 

The effect of pH on the amount of Ag/Ag2S NPs formed in situ was studied too. As depicted in 

Figure 4, the increase in the absorbance is related with the decrease in pH from 5 to 3, 

enhancing the signal almost in 60%. Even though acidic media apparently favours formation of 

more Ag/Ag2S NPs in the assay mixture, low pH compromises stability of proteins and other 

biopolymers. Thus, citrate buffer at pH of 4 was used in the following experimental work. This 

value was also selected considering that the optimum pH range for the glucose oxidase is 

between 3 and 5. 
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Figure 4. Ag/Ag2S NPs absorbance variation in the presence of AgNO3 (1 mM), Na2S (from 0 to 1 mM) 

and different citrate buffer pH. 

Another aspect to point out is the stability on Ag/Ag2S NPs produced under physiological 

conditions. The effect of different incubation times on absorbance measured at varying 

concentration of S2- and fixed concentration of Ag+ was studied. As it can be seen in Figure 5, 

the absorbance remains almost constant even for incubation times up to 12 hours indicating 

that Ag/Ag2S NPs are stable in the 10 mM buffered citrate solution (10 mM, pH 4). It was 

decided to establish 3 min as incubating time for the all the following experiments.  

Figure 5. Ag/Ag2S NPs absorbance in the presence of AgNO3 (1 mM), Na2S (from 0 to 1 mM), citrate 

buffer 10 mM pH 4 and different measuring times: a) 3 min, b) 17 min, c) 30 min, d) 60 min, e) 120 min, 

f) 12 hours. 

Finally, optimization of Ag+ concentration needed for quantification of sulfide ions was carried 

out. As shown in Figure 6, the best signal/background ratio was achieved at AgNO3 1 mM. 
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Figure 6. Ag/Ag2S NPs absorbance variation in the presence of Na2S (from 0 to 1 mM), citrate buffer 10 

mM pH 4 and different AgNO3 concentrations: a) 0.5 mM, b) 1 mM, c) 2 mM. 

Considering the above-mentioned experimental data, the following optimal parameters for 

enzymatic generation of Ag/Ag2S NPs were used in subsequent experiments: AgNO3 1 mM, 

citrate 10 mM, pH 4, incubation time 3 min, measuring wavelength 385 nm.  

3.2. Ag/Ag2S NPs characterization 

TEM images displayed in Figure 7 confirmed the presence of spherical Ag NPs formed after 3 

min under physiological conditions at different concentrations of S2-. Even when the sulfide 

ions were not present in the reaction mixture, spherical Ag NPs were observed with a medium 

diameter of 9 nm (Figure 3A). When sulfide concentration was increased to 0.25 mM, NPs of a 

different geometry were observed. They are composed of two different materials since they 

present different contrast in TEM imaging. Once again spherical Ag NPs with higher contrast 

were detected with the medium diameter of 9 nm but they are connected to Ag2S moieties of 

the same diameter, and lower contrast (Figure 3B).  
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Figure 7. TEM images and size distribution of Ag cores obtained at different Na2S concentrations: (A) 0 

mM, (B) 0.25 mM. 

According to the histograms, diameter of the Ag NPs does not significantly change when 

sulfide concentration is increasing in the media. Under our experimental conditions, Ag NPs 

serve as crystallization centers for growth of Ag2S NPs attached to the surface of Ag NPs 

yielding Ag/Ag2S NPs. TEM images reveal the mechanism of Ag/Ag2S NPs formation. This is, 

some silver ions are immediately reduced by citrate ions forming seeding spherical Ag NPs, 

then sulfide anions and silver cations form Ag2S NPs on the surface of seeding Ag NPs. The 

resulting NPs have lengths up to 18-19 nm and an average diameter of 9 nm. This structure of 

silver cores interconnected through silver sulfide moieties has also been presented in recent 

works.39–41 

The NPs size in solution was determined by DLS measurements as it is included in Figure 8. The 

aggregation of Ag NPs in solution is appreciable when no sulfide is present in the media 

reaching diameter sizes of 115 nm or bigger. On the other hand, when adding sulfide smaller 

NPs are stabilized as the concentration is increased up to 30 nm as the concentration is 

increased. The slight change in diameter between TEM images and DLS measurements might 

be due to the different behaviour of the NPs in solution and in solid state regarding the 

hydrodynamic diameter. The presence of the capping agent leads to a stabilization of the NPs 

in solution, therefore, avoiding their agglomeration, as it has been previously demonstrated in 

literature.9–11 



Chapter 3 

- 96 - 
 

Figure 8. DLS measurements of Ag/Ag2S NPs in citrate buffer 10 mM pH 4 in the presence of AgNO3 (1 

mM), and different Na2S concentrations: a) 0 mM, b) 0.25 mM, c) 0.5 mM, d) 1 mM. 

3.3. Glucose oxidase assay 

Having optimized our colorimetric system for detection of sulfide ions based on rapid 

formation of Ag/Ag2S NPs we coupled it with an enzymatic system producing hydrogen sulfide. 

We used the oxidation of the artificial substrate 1-thio-β-D-glucose with oxygen catalyzed by 

GOx to produce D-gluconic acid and hydrogen peroxide. This enzyme has been widely used 

and studied since the early 1950’s42 due to its relatively low cost and good stability. GOx has 

seen large-scale technological applications in chemical, pharmaceutical, food, beverage, 

clinical chemistry, biotechnology and other industries.43 In addition, this enzyme is the mostly 

used biorecognition element in bioanalysis mainly for specific and sensitive determination of 

glucose. It operates in concert with other enzymes or nanoparticles44 and can be immobilized 

on different substrates in bioreactors and biosensors.45 In order to fabricate reproducible 

biosensors for glucose the initial enzymatic activity of GOx aqueous solutions should be 

quantified. According to the standard enzymatic assay for GOx from Sigma-Aldrich its activity is 

determined with an assay mixture containing an additional horseradish peroxidase (HRP) 

enzyme that is used for the detection of H2O2 produced by GOx in the course of oxidation of D-

glucose with oxygen. Our approach allows avoiding the use of HRP as described in Scheme 1. 

GOx catalyzes the oxidation of the artificial substrate 1-thio-β-D-glucose in presence of oxygen 

to gluconic acid and hydrogen sulfide. The latter readily interacts with silver ions in the 

presence of citric acid, acting as a capping agent, to yield Ag/Ag2S NPs in situ. UV-vis 

spectroscopy is applied to follow the growth of Ag/Ag2S NPs which strongly adsorb UV-vis light. 

The amount of generated Ag/Ag2S NPs and consequently the observed optical signal are 
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directly correlated with the enzymatic activity of GOx and concentration of 1-thio-β-D-glucose 

in the assay mixture. 

Scheme 1. Colorimetric GOx assay based on detection of Ag/Ag2S NPs formed enzymatically in situ. 

The effect of increasing concentrations of 1-thio-β-D-glucose on the observed absorbance 

spectrum was studied. Figure 9A demonstrates the ratios (Abs/Abs0) of the registered 

absorbance in the presence of varying concentrations 1-thio-β-D-glucose (Abs) to absorbance 

registered in the absence of 1-thio-β-D-glucose in the assay mixture (Abs0). The plots of 

Abs/Abs0 vs. wavelength reveal that the maximal ratio of the readout signal to the background 

signal was reached at 385 nm. Figure 9B depicts the influence of increasing 1-thio-β-D-glucose 

concentrations on the absorbance signal registered at 385 nm (Abs385nm). As one can notice in 

Figure 9B the increase in 1-thio-β-D-glucose concentration is directly related to the increase in 

the intensity of absorption peaks at 385 nm. This calibration curve shows linearity from 0 to 

0.5 mM and saturation starting from 0.55 mM of substrate concentration. It means that the 

number of Ag/Ag2S NPs generated is directly related with the quantity of 1-thio-β-D-glucose in 

the reaction mixture. According to the shape of the curve this biocatalytic reaction is 

consistent with typical Michaelis-Menten kinetic model. 
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Figure 9. (A) Abs/Abs0 ratio of the system containing AgNO3 (1 mM), GOx (95 µg mL-1) and different 

concentrations of 1-thio-β-D-glucose: a) 0 mM, b) 0.05 mM, c) 0.1 mM, d) 0.15 mM, e) 1.25 mM, f) 0.5 

mM, g) 0.75 mM, h) 1.25 mM in citrate buffer 10 mM pH 4. (B) Calibration curve of 1-thio-β-D-glucose in 

absence (red) and presence (black) of AgNO3 (1 mM). 

The experimental data were fitted by nonlinear regression method according to the Michaelis-

Menten equation Abs385=Absmax385[S]/(KM+[S]), where [S] is the concentration of 1-thio-β-D-

glucose and KM is the apparent Michaelis-Menten constant equal to 256.1 ± 1.02 mM. The 

IUPAC definition was used to determine the limit of detection (LOD).45 This enzymatic 

colorimetric assay for 1-thio-β-D-glucose detection showed a LOD equal to 4.82 µM. The 

average relative standard deviation (RSD) calculated from the 1-thio-β-D-glucose calibration 

plot was 8.46% (unless otherwise specified, RSD was always acquired utilizing not less than 

three independent measurements). The shape of the calibration plot in Figure 9B implies that 

the saturating concentration of 1-thio-β-D-glucose is 1 mM. This concentration of the artificial 

substrate was used to evaluate enzymatic activity of GOx by optical detection of resulting 

Ag/Ag2S NPs. 
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Figure 10. (A) Abs/Abs0 ratio of the system containing AgNO3 (1 mM), 1-thio-β-D-glucose (1 mM) and 

different concentrations of GOx: a) 0 µg mL-1, b) 0.28 µg mL-1, c) 0.57 µg mL-1, d) 0.95 µg mL-1, e) 1.42 µg 

mL-1, f) 1.9 µg mL-1, g) 2.85 µg mL-1, h) 6.66 µg mL-1 in citrate buffer 10 mM pH 4. (B) Calibration curve of 

GOx in the absence (red) and presence (black) of AgNO3 (1 mM). 

The effect of varying GOx concentrations on the absorbance response observed at saturating 1 

mM concentration of 1-thio-β-D-glucose is depicted in Figure 10. Figure 10A represents the 

ratios (Abs/Abs0) of the registered absorbance in the presence of varying concentrations GOx 

(Abs) to the absorbance recorded in the absence of GOx (Abs0) in the assay mixture vs. 

wavelength. Once again, the highest ratio was reached at 385 nm. Figure 10B demonstrates de 

calibration curve obtained by plotting the intensities of absorbance at 385 nm (Abs385nm) 

against GOx concentration. The LOD for GOx in the linear range (from 0 to 1.5 µg mL-1) was 

0.557 µg mL-1. The average relative standard deviation (RSD) calculated from the GOx 

calibration plot (obtained using at least three independent measurements) was 7.09%. The 

standard assay for GOx requires the second enzyme HRP for detection of the resulting 

hydrogen peroxide. Our method does not use the second enzyme allowing simplification and 

decreasing the cost of GOx assays. Moreover, no enzymatic in situ growth of Ag2S structures 

has ever been reported. 

In order to provide more experimental evidence that silver cations constitute NPs in the 

enzymatic system control experiments were carried out in the absence Ag+ cations. No 

absorbance was detected when the concentration of GOx was fixed and the concentration of 

1-thio-β-D-glucose was varied (Figure 9B, red curve), neither when the concentration of 1-thio-

β-D-glucose was fixed and the concentration of GOx was varied (Figure 10B, red curve).  
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TEM images displayed in Figure 11 shows the Ag/Ag2S NPs enzymatically synthesized. Ag cores 

appear with more contrast surrounded by an amorphous unshaped product with a final 

average particle size of 11.78 nm due to the formation of Ag2S moieties around the Ag cores. 

These results agree with the chemically synthesized Ag/Ag2S NPs structures previously 

described.  

Figure 11. TEM images and size distribution of enzymatically synthesized Ag/Ag2S NPs. 

Furthermore, we carried out HR-TEM and electron diffraction analysis to identify the phase 

forming the cores and the unshaped material. Figure 12 shows a HR-TEM image from 

enzymatically synthesized Ag/Ag2S NPs with the magnification of a selected nanoparticle and 

the interplanar distances from each moiety (A) and the electron diffraction pattern (B). From 

the HR-TEM images we can slightly distinguish two heteronanostructures containing two 

phases: monoclinic silver sulfide with α-Ag2S acanthite structure and metallic cubic Ag. The 

lattice fringe spacing of 2.33 Å is consistent with the (111) lattice planes of the cubic metallic 

Ag and the one of 2.46 Å is associated with the (111) planes of the acanthite, the natural 

structure of Ag2S at low temperatures.10,40,46,47 Electron diffraction analysis also showed the 

presence of crystalline Ag structures (reflection from (111) plane) and an amorphous shell 

associated to the Ag2S moiety containing the reflection from the (-113), (031) and (120) planes. 

Comparing spacing values of their respective crystal structures it is found that the lattice 

interplanar distances of the monoclinic Ag2S NPs are larger than those of the corresponding 

crystal planes of the fcc Ag NPs. Therefore, the increase in particle size from Ag NPs to Ag/Ag2S 

NPs can be explained by the enlargement of lattice d-spacings as the structure changed. 
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Figure 12. HR-TEM image of enzymatically synthesized Ag/Ag2S (a) and electron diffraction images (b). 

Moreover, the chemical composition of enzymatically synthetized Ag/Ag2S NPs was 

corroborated by EDX, XRD and XPS measurements. EDX spectra from enzymatically 

synthesized Ag/Ag2S have been acquired in a transmission electron microscope and the data 

analysis is shown in Figure 13. These results confirmed the presence of elements Ag and S in 

the sample once filtrated and concentrated, indicating that the elements found can only be 

localized in the Ag/Ag2S structures. 
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Figure 13. EDX analysis of enzymatically synthesized Ag/Ag2S. 

Figure 14 shows the results from the XRD analysis of concentrated and dried samples. It can be 

seen two broad peaks in the range of Ag and Ag2S signals attributed to the amorphous 

structure of the final material. These results agree with the HR-TEM and electron diffraction 

measurements confirming the presence of both crystalline and amorphous phases. 

Figure 14. XRD measurements of enzymatically synthesized Ag/Ag2S NPs compared to Ag and Ag2S 

reference signals. 

Figure 15 presents the XPS results of two samples in presence and absence of the enzyme 

showing intense peaks at around 160.7 and 161.8 eV associated to the 2p 3/2 peak of Ag-S and 

S2-, respectively.48 The peak area associated to Ag-S and S2- increase in the presence of the 

enzyme. On the other hand, the Ag peak 3d 5/2 shifts slightly at lower binding energies when 

Ag-S is formed. This shift corroborates the formation of Ag-S bonds only in presence of the 

enzyme. 
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Figure 15. XPS measurements of Ag/Ag2S NPs in citrate buffer 10 mM pH 4 in the presence and absence 

of GOx (Ag and Ag/Ag2S, respectively). 

3.4. Glucose assay 

To validate the proposed enzymatic mechanism of Ag/Ag2S NPs formation, the effect of the 

natural substrate D-glucose on the optical readout was studied. The natural substrate and the 

artificial one 1-thio-β-D-glucose compete for binding with FAD that is the active center of GOx. 

The influence of different amounts of D-glucose at fixed amount of 1-thio-β-D-glucose (1 mM) 

on absorbance is shown in Figure 16. The decrease in the readout signal is directly related to 

the concentration of glucose added to the system. The response shows linearity from 0 to 1.25 

mM and the LOD was found to be 176.21 µM. The average relative standard deviation (RSD) 

calculated from the glucose calibration plot (obtained using at least three independent 

measurements) was 2.08%. 
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Figure 16. Effect of glucose on the response of the assay mixtures containing of AgNO3 (1 mM), 1-thio-β-

D-glucose (0.5 mM) and GOx (19 µg mL-1) in citrate buffer 10 mM pH 4. 

Given the fact that the normal levels in human plasma vary from 2.8 mM (hypoglycemia)49 to 7 

mM (hyperglycemia),50 our method could be used in routine laboratories. Therefore, we 

applied our assay to the detection of glucose in human serum by employing the standard 

addition method. In this method, several serum samples of the same volume were distributed 

in separate eppendorfs and standard solution containing known glucose concentrations was 

injected. Thereafter, the same enzymatic reaction as before was followed and the absorbance 

was measured. The concentrations of respective standards (x-axis) were plotted against their 

corresponding absorbance signal (y-axis). A linear regression analysis was performed to 

calculate the intercept of the calibration curve with the x-axis, representing the concentration 

of glucose in the serum (Figure 17). Taking into consideration all sample dilutions, the 

concentration of glucose was stablished at 6.02 mM, which lies within the limits of normal 

glucose level in human serum. 
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Figure 17. Quantification of glucose in human plasma with the method of standard addition. The system 

contained AgNO3 (1 mM), 1-thio-β-D-glucose (0.5 mM) and GOx (19 µg mL-1) in citrate buffer 10 mM pH 

4. 

Although recent works have reported better limits of detection for glucose like some 

electrochemical29,30 or colorimetric methods,27,28 they usually require sophisticated devices or 

protocols, long procedure times, expensive reagents or the previous synthesis of the materials 

to use. Moreover, as it can be seen in Table 1, the majority of the colorimetric methods are 

based on the change of colour from a chemical substrate51,52 or due to a morphological change 

of nanoparticles.53,54 These procedures need the use of pre-synthesized structures and/or a 

second reactive as a read-out signal to be able to follow the reaction. In our case, our protocol 

does not require the previous synthesis of the nanoparticles because we synthesized them in 

situ, what makes it easier and enables to gain time. Moreover, the Ag/Ag2S nanoparticles serve 

as read-out signal themselves because of their intrinsic colour, so no additional colour-

sensitizer is required. Finally, the procedure proposed has demonstrated to be sensible enough 

for glucose detection in real samples with no pre-treatment needed. 
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Table 1. Comparison table of glucose detection methodologies and limit of detection. 

Detecting method Sensing method LOD [µM] 

Electrochemistry 

Graphene functionalized with metal oxide nanostructures. Non-

enzymatic. 
0.001-1230 

Photoelectrochemistry, in situ enzymatic CdS generation. Applied 

to real samples. 
2029 

Dendritic Cu-Cu2S nanocomposite electrodeposited on GCE. Non-

enzymatic reaction. Applied to real samples. 
0.3355 

Fluorescence 

Poly(vinyl alcohol)-pyrene-glucose oxidase polymer with 

fluorescence and oxidant properties. 
19056 

Non-enzymatic redox reaction between glucose and 

aminopropyltriethoxysilane and in situ formation of blue-green 

emitting silicon nanodots. Applied to real samples. 

757 

Glucose oxidase in situ CdS generation. Applied to real samples. 10029 

Colorimetry 

Glucose oxidase-conjugated graphene oxide/MnO2 nanozymes. 

TMB colour change read-out signal. Applied to real samples. 

 

17251 

Glucose oxidase immobilized on magnetite gold folate 

nanoparticles. ABTS colour change read-out signal. Applied to real 

samples. 

452 

Enzymatic oxidation of silver nanoparticles and graphene quantum 

dots. Change in nanoparticle colour as read-out signal. Applied to 

real samples. 

3053 

SPR change as read-out signal from Au@Ag etching with H2O2 

enzymatic generation. Applied to real samples. 
1054 

Enzymatic in situ generation of Ag/Ag2S as read-out signal. Applied 

to real samples. 

176  

(this work) 
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4. Conclusions  

In summary, a rapid and easy procedure for preparation of stable Ag/Ag2S spherical 

nanoparticles in an aqueous buffered solution under physiological conditions is reported. The 

mild conditions of this process allowed us to couple it to the biocatalytic oxidation of 1-thio-β-

D-glucose catalyzed by glucose oxidase. The resulting optical assay for enzymatic activity of 

GOx is much simpler and faster than the standard activity test relying on the second enzyme 

HRP and the dangerous carcinogenic substrate o-Dianisidine. GOx activity, limits of detection 

and dynamic range were determined showing similar or better results than fluorogenic and 

photoelectrochemical procedures previously developed. Moreover, we have demonstrated the 

applicability of this system for glucose detection in real samples.  

This colorimetric method is cost-effective, allows for real-time measurements and does not 

require sophisticated instruments. To the best of our knowledge this is the first enzymatic 

synthesis in situ of silver containing NPs with analytical applications. 
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DEVELOPMENT OF PORTABLE CdS SCREEN-PRINTED CARBON ELECTRODE 

PLATFORM FOR ELECTROCHEMILUMINESCENCE 

 MEASUREMENTS AND BIOANALYTICAL APPLICATIONS 

In this chapter, a portable and disposable screen-printed electrode-based platform for CdS 

electrochemiluminescence (ECL) detection is presented. CdS nanoparticles were synthesized in 

aqueous media and placed on top of carbon electrodes by drop casting. The CdS spherical 

assemblies consisted of nanoparticles about 4 nm diameters and served as ECL sensitizers to 

enzymatic assays. The nanoparticles were characterized by optical techniques, TEM and XPS. 

Besides, the electrode modification process was optimized and further studied by SEM and 

confocal microscopy. The ECL emission from CdS was triggered with H2O2 as cofactor and 

enzymatic assays were employed to modulate the CdS ECL signal by blocking the surface or 

generating H2O2 in situ. Thiol-bearing compounds such as thiocholine generated through the 

hydrolysis of acetylthiocholine by acetylcholinesterase interacted with the surface of CdS thus 

blocking the ECL. Moreover, the inhibition mechanism of the enzyme was studied by using 1,5-

bis-(4-allyldimethylammonium-phenyl)pentan-3-one dibromide. On the other hand, the 

natural production of H2O2 from the oxidation of methanol by the action of alcohol oxidase was 

utilized to carry out the ECL process. The reported methodology shows potential applications 

for the development of sensitive and easy to hand biosensors and was applied to the 

determination of acetylcholinesterase and methanol in real samples. 

 

The work presented is submitted to: Díez-Buitrago, B.; Saa, L.; Briz, N.; Pavlov, V. Microchimica Acta 
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1. Introduction 

Electrochemiluminescence (ECL) is a robust analytical tool that combines the unsophistication 

of electrochemistry with its inherent sensitivity and the wide linearity of chemiluminescence 

method.1 ECL is the process whereby reactive species generated at electrodes undergo high-

energy electron-transfer reactions to form excited states that emit light.2–6 ECL is broadly 

applied in analytical chemistry, as well as in mechanism studies, as it provides not only the 

electrochemical information but also the spectrum data simultaneously, which gives very 

useful insight into the complex mechanisms.3 This technique presents unique advantages such 

as high sensitivity, excellent temporal and spatial controllability, simplified optical setup, low 

background signal and no need of an external light source.4,5 

In the past few decades, many novel ECL emitters were synthesized and used in ECL reactions, 

for example luminol and ruthenium complex, etc.4 Nanomaterials with different sizes, shapes, 

chemical components and unique properties have been extensively adopted as an alternative 

for biosensing applications.7 They offer several advantages such as the ability to enhance the 

efficiency of both biological element part and transducer part in many different ways within 

the biosensor platform.8,9 Compared with conventional molecular emitters, nanomaterials 

have some distinctive merits such as size/surface-trap controlled luminescence and good 

stability against photobleaching. Most noteworthy, semiconductor nanocrystals also known as 

quantum dots (QDs) with unique optical and electrical properties have opened promising fields 

for new ECL emitters.10 Since the first report on the ECL study of silicon nanoparticles,11 many 

elemental and compound semiconductor QDs have been developed to apply in ECL analytical 

techniques. Recent works indicated that water-soluble QDs were excellent luminescent 

reagents for ECL systems, avoiding using toxic organic solutions and complicated modifying 

electrode procedures.12,13 Previous works have demonstrated that ECL emission of QDs occurs 

via surface electron-hole recombination and is highly dependent on their surface state which 

can be tuned with desired element ratios and dopants to enhance the efficiency of the 

process.7,14,15 The need of new formulations and easy and friendly procedures to get more 

efficient nanomaterials for ECL applications aimed to develop outstanding nanomaterials and 

platforms suitable for biosensors set up. 

In electrochemiluminescence biosensors the light is only detected upon ECL reaction at the 

application of a specific potential for each system.4,6 Highly sensitive photon detection is 

required and this is achieved by high performance detectors and further development to more 

sensitive and smaller sensor systems. This detection system presents great advantages over 
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other optical techniques such as fluorescence. The mechanism doesn’t require an external 

light source so light scattering and the background signal are reduced, reaching higher signal-

to-noise ratios and lower limits of detection. Besides, ECL is highly localized and time-triggered 

detection method, since the reaction only takes places at the potential application.16  

ECL devices display great potential for miniaturization because of its few hardware 

requirements. The power source can be supplied with a battery,17 the electrodes can be design 

at a microscale size18 and the light sensors could be integrated via small photodiodes.19 This, 

combined with the advances in miniaturization systems could fulfil the current need of 

portable instruments for fast analytical determination in situ. Usually, ECL devices are 

controlled by an external potentiostat or an amperometric unit that establishes potential 

differences or electric current to the electrodes. The photon detector utilized will depend on 

the practical requirements of the final system. When no size restriction is applied, a good 

solution is the use of a photomultiplier tube (PMT) which presents a high sensitivity towards 

low amounts of photons, but they need very high voltage supply (up to thousands of volts) for 

a proper performance.20,21 Moreover, the large dimension of these detectors makes them 

inadequate for portable instruments. Another technique for light detection is the use of a CCD 

camera.22 Despite their good sensitivity, the main disadvantage of these devices is its 

complexity in their use and the need of low temperature working conditions to reach a good 

detection limit. On the other hand, photodiodes present features that make them appropriate 

for the design of a portable, miniaturized and hand-held devices. Photodiodes have a small 

size, lower power consumption, they present less complex opto-electronic systems and they 

are cost-effective.19,23 

In order to meet the needs for portability, sensitivity and friendly fabrication process of an ECL 

biosensor, we proposed a CdS screen-printed carbon electrode sensing platform combined 

with a Si-photodiode integrated in an ECL cell for bioanalytical applications. The ECL portable 

device integrates a potentiostat/galvanostat and a Si-photodiode (µSTAT ECL, DropSens). 

Screen-printed carbon electrodes (SPCE) enabled the use of reduced volumes making the 

system cost-effective and simpler than conventional three electrode cells. Moreover, the 

surface modification with CdS synthesized in aqueous solutions was carried out by simple but 

reproducible and stable adsorption. The applicability of our new CdS-SPCE ECL portable device 

was validated for the detection of acetylcholinesterase and methanol in real samples. For the 

best of our knowledge, it is the first time that this ECL commercial device is applied to a 

different system than expensive luminol/[Ru(pby)3]2+ ECL classical reactions. These 

luminophores are commonly used because of their high luminescent efficiency that makes 
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possible the use of less sensitive and portable detectors.24,25 In this work, facile synthesis of 

inexpensive CdS nanoparticles was carried out to fabricate CdS-SPCE that served as ECL 

efficient platform with high sensitivity towards enzymatic activity of some analytes of interest.  

2. Experimental section 

2.1. Materials 

Cadmium nitrate (Cd(NO3)2), sodium sulfide (Na2S), hydrogen peroxide, methanol (MeOH), 

ethanol (EtOH), alcohol oxidase (AOx) from Hansenula sp., acetylcholinesterase (AChE) from 

Electrophorus electricus sp., glucose oxidase type VII from Aspergillus Niger (GOx), 

acetylthiocholine chloride (ATCh), 1,5-bis-(4-allyldimethylammonium-phenyl)pentan-3-one 

dibromide (BW284c51), human serum (HS) and other chemicals were purchased from Sigma-

Aldrich. Anhydrous D (+)-glucose was purchased from PanReac AppliChem. The alcoholic 

beverage (vodka) was purchased in local supermarkets in San Sebastián (Spain). 

2.2. Apparatus 

Fluorescence measurements were performed on a Varioskan Flash microplate reader (Thermo 

Scientific) using black microwell plates at room temperature. The system was controlled by the 

SkanIt Software 2.4.3. RE for Varioskan Flash. Electrochemical and electrochemiluminescence 

measurements were recorded with a potentiostat/galvanostat (±4 V DC potential range, ±40 

mA maximum measurable current) and Si-photodiode integrated in the ECL cell, combined in 

one portable instrument (DropSens S.L., Spain). The ECL equipment was controlled by the 

specific software DropView 8400. Disposable screen-printed carbon electrodes (SPCE; DRP-

110; DropSens) were employed as the electrode surface throughout this work. Transmission 

electron microscopy (TEM) images were recorded with a JEOL JEM 2100F microscope 

equipped with a high-angle annular dark field (HAADF) detector operating at 120 kV. Scanning 

electron microscopy (SEM) images were recorded with a JEOL JSM-6490LV at 15 kV, running in 

a point by point scanning mode with a dual beam FIB-FEI Helios 450S microscope. Confocal 

microscopy was carried out with a Zeiss Axio Observer epifluorescence microscope. Images 

were acquired with a 20x (air, NA 0.8) objective, in reflection mode, using excitation 365nm 

LED at 48% power and an emission filter for DAPI (ex 335/383 and em 420/470nm). 

AxiocamMR R3 detector was used for acquisition, exposure adjust to 2 s. Microscope 

controlled with Zen blue software v2.3 also used for image processing. X-ray photoelectron 

spectroscopy (XPS) experiments were performed in a SPCE Sage HR 100 spectrometer with a 
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non-monochromatic X-ray source (Aluminum Kα line of 1486.6 eV energy and 253 W) placed 

perpendicular to the analyser axis and calibrated using the 3d5/2 line of Ag with a full width at 

half maximum (FWHM) of 1.1 eV. 

2.3. Methods 

2.3.1. CdS synthesis and CdS-SPCE fabrication 

Varying amounts of Cd(NO3)2 and Na2S were mixed up in tris-HCl 5 mM pH 8 for 5 min at room 

temperature. After that, the fluorescence spectra of the resulting CdS were recorded at 

λexc=280 nm. For the fabrication of the biosensor the SPCE were pretreated electrochemically 

by cyclic voltammetry (CV) at a potential range from 0 to 0.6 V in tris-HCl 5 mM pH 8 buffer at 

50 mV s-1. Subsequently, a 7 µL drop of CdS was drop casted on the SPCE and let dry at 37 °C 

during 1 h. Afterwards, CdS-SPCE were leave at room temperature overnight in dark. At last, 

SPCE were washed with distilled water, dried under argon atmosphere and stored in the 

fridge. 

2.3.2. Acetylcholinesterase enzymatic assay 

Different amounts of AChE and ATCh were incubated in citrate-phosphate buffer pH 7.5 at 37 

°C for 30 min. Next, a 40 µL drop was drop casted on the CdS-SPCE surface and let react at 

room temperature for 30 min. After that, CdS-SPCE were washed with buffer and dried under 

argon atmosphere. Finally, ECL measurements were recorded in a 60 µL drop of H2O2 10 mM in 

PBS with voltage scanned between 0 and -1.6 V at 50 mV s-1. 

2.3.3. Inhibition of acetylcholinesterase 

Acetylcholinesterase (5 mU mL-1) was incubated with different concentration of the inhibitor 

BW284c51 in citrate-phosphate buffer pH 7.5 at room temperature for 30 min. Next, a solution 

of acetylthiocholine chloride (5 µL, 5 mM) was added to the mixture (45 µL) and incubated for 

15 min at 37 °C. After that, 40 µL drop was drop casted on the CdS-SPCE surface and let react 

at room temperature for 30 min. Then, CdS-SPCE were washed with buffer and dried under 

argon atmosphere. Finally, ECL measurements were recorded in a 60 µL drop of H2O2 10 mM in 

PBS with voltage scanned between 0 and -1.6 V at 50 mV s-1. 

2.3.4. Alcohol oxidase enzymatic assay 

Varying amounts of AOx and MeOH were incubated in citrate-phosphate buffer pH 7.5 at room 

temperature for 30 min. After that, ECL measurements were recorded in a 60 µL drop of the 

mixture with voltage scanned between 0 and -1.6 V at 50 mV s-1. 
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2.3.5. Quantification of AChE and MeOH in real samples 

Quantification of AChE in human serum and MeOH in vodka were performed by standard 

addition method. Samples of pooled human serum were centrifuged using Amicon Eltra filter 

with a 3000 molecular weight cut-off. After filtering, the serum was spiked with varying known 

concentrations of AChE. The respective ACHE concentration in these mixtures was then 

determined. The dilution factor of plasma in the assay was 1:600. Samples of vodka were 

spiked with known different concentrations of methanol. Thus, the corresponding final 

concentration of methanol in mixtures was determined as described above. The dilution factor 

of samples in the assay was 1:10000. 

3. Results and discussion 

3.1. Properties and characterization of synthesized CdS 

In this work, CdS nanoparticles were synthesized by direct reaction of Cd(NO3)2 2 mM and Na2S 

0.5 mM in tris-HCl buffer at room temperature with no capping agent. The resulting 

nanoparticles presented a light-yellow colour with a maximum absorbance peak at 460 nm and 

a broad fluorescence peak with a maximum at around 700 nm (Figure 1). From the spectral 

absorption edge, the diameter of CdS nanoparticles could be calculated using Henglein’s 

empirical curve that relates the wavelength of the absorption threshold (λem) to the diameter 

of the CdS structures (2R) (2RCdS=0.1/(0.1338-0.0002345λem) nm).26–29  The mean diameters of 

the synthesized nanoparticles were calculated to be 3.86 nm. TEM and XPS data were further 

investigated to confirm the CdS structures. 

Figure 1. Absorbance and fluorescence spectra from CdS formed in presence of Na2S 0.5 mM and 

Cd(NO3)2 2 mM in tris-HCl 5 mM pH 8 at room temperature. 
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TEM images from Figure 2 shows the CdS nanoparticles with an average diameter of 3.89 nm, 

thus in agreement with the previous theoretical value. Even though there was no capping 

agent, sulfide and cadmium formed spherical nanoparticles aggregated in a big homogenous 

net as it has been demonstrated in the literature.15,29–32 Moreover, XPS analysis was performed 

to study the surface composition and the oxidation state of elements for solid state materials. 

As can be seen in Figure 3, almost all the cadmium and sulfide in the sample are forming Cd-S 

bonds. We also found some signals related to cadmium oxide and sulfide oxide on the surface 

as result of the easy metal oxidation in the air.30,33 

Figure 2. TEM images from CdS and size histogram. 
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Figure 3. XPS analysis of CdS synthesized. 

3.2. Properties and characterization of electrodes 

For the biosensor platform, the CdS nanoparticles synthesized were immobilized by simple 

adsorption on the surface of a screen-printed carbon electrode. The electrodes were first 

washed in buffer by cyclic voltammetry and dried under argon before their modification. 

Afterwards, a 7 µL drop of freshly prepared CdS was placed on top of the working electrode 

and let dry at 37 °C for 1 h. Finally, they were kept overnight in dark at room temperature. The 

following day, the CdS-SPCE were washed in buffer and dried under argon to ensure 

homogeneity and stored in the fridge for further utilization. SEM and confocal microscopy 

were carried out to characterize the resulting modified electrodes. SEM images evidenced the 

modification on the surface of the working electrode (Figure 4). In the images, the 

nanoparticles were homogeneously distributed all over the working electrode with no 

alteration of the rest electrodes even after the washing step. Carbon ink from the screen-

printed electrodes is porous and presents a rough surface, enabling the adsorption of the 

nanoparticles with high stability. This approach is the simplest and most straight forward for 

the modification of the electrode surface and has been widely used in electrochemical 

biosensors.20,34–36 
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Figure 4. SEM images of the modified electrodes: insulating area in white, working electrode (Ew) not 

modified in black and the modified CdS area in grey. 

In addition, confocal microscopy was performed to confirm the modification and stability of 

the modified electrodes. In Figure 5 the fluorescence spectroscopy images from the three 

different electrodes are displayed: one bare electrode, one electrode with CdS after 1 h of 

incubation at 37 °C, and the same electrode after washing step and stored for one day. The 

bare electrode didn’t show any fluorescence because carbon ink is not fluorescence (Figure 

5A). After the CdS deposition, the fluorescence signal appeared from all the modified surface 

of the electrode (Figure 5B). Subsequently, the fluorescence slightly diminished due to the 

washing step and the removal of the CdS excess on the surface (Figure 5C). The final electrode 

presented a homogeneous fluorescence signal coming from the CdS adsorbed on the carbon 

surface even after their washing and storage in the fridge, thus confirming their stability. 

Figure 5. Fluorescence microscope images of A) bare SPCE, B) CdS-SPCE before washing and C) CdS-SPCE 

after washing and storage. 
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3.3. Electrochemical and electrochemiluminescence behaviours of CdS-SPCE 

The ECL system presented is based on the light emission of the CdS nanoparticles, as they are 

one of the most popular ECL emitters of semiconductor NCs.28,37–40 This process was carried 

out in presence of the oxidant H2O2, an important coreactant in cathodic ECL 

emission.14,15,31,37,41 The proposed mechanism is described as follows. As the electrode 

potential was scanned to negative values, the CdS were reduced to (CdS)•- (eq 1) and the 

coreactant H2O2 was reduced to OH• (eq 2). Then, OH• could react with (CdS)•- producing 

excited state (CdS)* (eq 3). Finally, when (CdS)* decayed back to the ground-state CdS, an 

intense emission was obtained (eq 4). 

CdS + ne−  → n(CdS)•−                                 (1) 

H2O2 +  e−  →  OH− +  OH•                          (2) 

(CdS)•− +  OH•  →  (CdS)∗ +  OH−             (3) 

(CdS)∗  → CdS +  һν                                         (4) 

Figure 6 shows the EC and ECL behaviours of our CdS-SPCE and the bare SPCE (inset) in PBS 

containing 10 mM H2O2. Three cathodic peaks (P1, P2, P3) and one anodic peak (P4) were 

found at -0.46, -0.99, -1.29 and -1 V, respectively. Among them, P1 corresponded to the 

reduction of dissolved oxygen and P2 is assigned to the reduction of H2O2 as it can be seen in 

the inset of Figure 6 for bare SPCE in presence of H2O2.14,42 P3 and P4 were attributed to the 

reduction and oxidation of CdS14,15,38,40 that only appeared in the CdS-SPCE curve (Figure 6) and 

not for the control SPCE (Figure 6, inset). Regarding the ECL curve, one peak was detected 

when scanning to negative potentials corresponding to CdS* emission (Figure 6), but not when 

analysing the bare SPCE (Figure 6, inset) in presence of H2O2 10 mM. 

 

 

 

 

 

 

 

 



Chapter 3 

- 121 - 
 

Figure 6. Cyclic voltammetry and electrochemiluminescence signals from CdS-SPCE in presence of H2O2 

50 mM in PBS. Inset: CV and ECL curves from bare SPCE in presence of H2O2 50 mM in PBS. 

3.4. Optimization of ECL working conditions 

In order to achieve the optimal ECL response, the amount of cadmium for CdS formation, the 

deposition volume and incubation temperature, the concentration of H2O2 and the reagent 

controls were carefully studied (Figure 7). In Figure 7A the ECL signals for cadmium calibration 

curve are presented. ECL signal increased with the concentration of cadmium added to a well-

known sulfide solution (0.5 mM) reaching a plateau at 2 mM. The optimum volume for CdS 

deposition was set at 7 µL, considering the working electrode size (4 mm) and the viscosity and 

surface tension of the CdS solution. The incubation temperature for CdS adsorption on the 

working electrode was compared in Figure 7B. When incubating at 37 °C, the ECL signal 

obtained was more than three times higher than the one obtained when incubating at room 

temperature. Moreover, the concentration of the coreactant is one of the most important 

parameters for an optimum ECL signal. The ECL intensities from the calibration curve are 

shown in Figure 7C. The ECL signal increased when increasing H2O2 up to 10 mM. After that 

concentration, the ECL signal decrease because of the alteration on the surface due to the 

oxidant nature of the coreactant. Finally, we tested the ECL response of the SPCE modified 
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with CdS, Cd(NO3)2, Na2S and with no modification in presence of H2O2 10 mM in PBS (Figure 

7C). Only CdS-SPCE gave a high ECL signal and no significant peak was found for any of the 

controls. This result confirms the need of both reagents and a proper coreactant to yield an 

ECL signal. 

Figure 7. ECL signal from (A) Cadmium calibration plot, (B) CdS-SPCE modified at room temperature and 

at 37 °C, (C) H2O2 calibration plot and (D) control signals from individual reagents. 

The final values for the parameters studied were Cd(NO3)2 2mM, H2O2 10 mM in PBS, 37 °C for 

CdS adsorption and 7 µL CdS volume. If nothing specified, this were the parameters used 

throughout the work. 

3.5. ECL sensing application of CdS-SPCE 

The new CdS-SPCE fabricated were employed as ECL sensing platform for biosensing. ECL 

biosensor can be fabricated based on several approaches, such as generation or depletion of 

coreactant catalyst,43,44 modulation of the communication between the electrode and 

coreactants by impedance effect,45 and promotion of electron transfer by compositing 
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nanomaterials with ECL emitters.46 With the previous studies, CdS-SPCE were validated as 

sensitive ECL emitters by using H2O2 as cofactor regarding its good performance and suitability 

for ECL biosensors.47–50 Taking this into account, we followed two different strategies for their 

application: affinity and direct assays.  

Affinity assays were based on the interaction of the CdS nanoparticles with the analyte of 

interest and the subsequent variation on the ECL intensities. Thiols were selected as model 

analyte regarding their strong interaction with CdS surface.21,28,37,40,51–55 In the proposed 

procedure, enzymatic assays were defined for the production of thiol-compounds capable of 

interact with the surface of our CdS-SPCE. These thiols could link to the CdS conferring 

hydrophobic properties to the surface and blocking the interaction with the H2O2. Considering 

this mechanism, we could associate the decrease in the ECL intensity with the enzymatic 

activity. 

For the direct assays we took advantage of the natural enzymatic production of H2O2 of some 

bioassays to conduct the ECL process. This approach enables the direct use of enzymatic H2O2 

as it can act as a ready-made coreactant for ECL emissions without the introduction of 

exogenous coreactants which makes the system neat, green and facile.15,41,56,57 

Schemes 1 and 2 show the two applications of our modified electrodes. For the affinity assays, 

we used the enzymatic production of thiocholine from acetylthiocholine oxidation of 

acetylthiocholine taking advantage of our expertise on previous works from the group.54,58,59 

The incubation of the enzyme with its substrate leads to the production of thiocholine in 

solution. Afterwards, CdS-SPCE is kept in contact with the thiol solution and let react. After 

washing the electrodes, ECL measurements were carried out and the variation on the ECL 

intensity was related to the enzymatic activity (Scheme 1). For the direct assay, we selected the 

alcohol oxidase as model enzyme for H2O2 production.60–62 Thus, in presence of methanol, this 

enzyme is able to produce enough amounts of the coreactant to yield the ECL process. In this 

case, the increase on the ECL intensities were correlated to the enzymatic activity (Scheme 2). 
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Scheme 1. (A) Enzymatic generation of thiocholine and interaction with the CdS modified electrode. 

Blocking of the surface and diminution of the ECL signal. (B) Inhibition of AChE through BW inhibitor and 

increase of the ECL signal. 

Scheme 2. Enzymatic generation of H2O2 and ECL performance. 

3.5.1. Affinity assays: acetylcholinesterase enzymatic assay 

The effect of varying concentrations of ATCh on the ECL response was studied in presence of a 

fixed amount of AChE (50 mU mL-1). According to Figure 8A the response to increasing 

concentrations of ATCh is typical for an enzymatic system governed by the Michaelis-Menten 

kinetic model. One can notice the linear part of the calibration plot up to 0.05 mM of the 

substrate followed by the plot section approaching asymptotically the maximum response 

from 0.5 mM. The apparent Michaelis-Menten constant was calculated by fitting the 

experimental results to the equation ΔECL = ΔECLmax[ATCh] / (KM + [ATCh]). The value of 0.15 ± 

0.034 mM correlated well with the literature data.54,63,64 We calculated the LOD for ATCh 

(S/N=3) of 26.03 µM. This value was equal or even better than some amperometric 

procedures.65,66 For subsequent experiments we selected a concentration of ATCh equal to 0.5 
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mM. Figure 8B shows the response of the analytical system to increasing amounts of AChE at a 

fixed concentration of ATCh. The system demonstrated a linear decrease of the ECL signal from 

0 to 5 mU mL-1 and reached a saturation point at around 50 mU mL-1. The LOD for AChE was 

found at 0.73 mU mL-1 and it is lower than some amperometric67, fiber-optic68 and ECL69 

biosensors. 

In order to provide more evidence that the biosensor platform is sensitive to AChE detection, 

we employed the cholinesterase inhibitor 1,5-bis-(4-allyldimethylammonium-phenyl)pentan-3-

one dibromide (BW284c51), which has a mechanism of toxicity similar to organophosphorus 

nerve agents and is frequently utilized as an analogue of nerve gases.70–72 This inhibitor has a 

high selectivity for AChE and competes with the enzyme substrate for binding to the active site 

in an irreversible manner.72 Figure 8C represents the ECL signal when pre-incubating the AChE 

with different amounts of BW. We observed that increasing amounts of BW were associated to 

an increase in the ECL signal related to the inhibition of the enzyme and the subsequent 

diminution in the amount of thiols produced. According to S/N = 3, we calculated a detection 

limit for BW of 79.22 nM similar to other fiber optic73 and fluorogenic58 methods. 

Figure 8. Calibration curves of (A) ATCh from 0 to 0.5 mM in presence of AChE 50 mU mL-1, (B) AChE 

from 0 to 50 mU mL-1 in presence of ATCh 0.5 mM and (C) BW from 0 to 1 µM in presence of AChE 5 mU 

mL-1 and ATCh 0.5 mM, measured in PBS with H2O2 10 mM. 

Moreover, to validate the proposed system we used this method to determine AChE in 

commercially available HS. Different concentrations of the enzyme were added to diluted HS 

and the enzymatic activity was measured as previously described. We plotted the experimental 

data with the concentration of the standard (x-axis) against the ECL signal acquired (y-axis) 

(Figure 11A). A linear regression analysis was performed to calculate the intercept of the 

calibration curve with the x-axis, representing the concentration of AChE in the HS. Taking into 

consideration the dilution of the samples, the concentration of AChE was stablished at 5176 
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mU mL-1. This value is similar to that reported in the literature for human plasma (5675±195 

mU mL-1).54,74 

In addition, we also performed control experiments with different thiols to probe the 

mechanism of the presented system. We tested two pair of oxidized and reduced thiol 

compounds of interest in biosensing: cystine/cysteine (CSSC/CSH)  and glutathione/oxidized 

glutathione (GSH/GSSG). The interaction with the CdS-SPCE surface was conducted by drop 

casting a 7 µL of the thiol solution on the working electrode for 20 min. After the washing step 

we measured their ECL behaviours in PBS with H2O2 10 mM. Only the reduced forms of the 

thiols (CSH and GSH) were able to interact with the CdS on the outer layer and block the 

surface against the coreactant, thus decreasing the ECL signal (Figure 9). On the other hand, 

the oxidized forms (CSSC and GSSG) didn’t affect the ECL intensity of the CdS-SPCE. These 

experiments confirmed our previous hypothesis regarding the selective interaction of our CdS-

SPCE surface towards thiol groups and its blocking for the interaction with the coreactant, 

decreasing the ECL signal. 

Figure 9. ECL signals of CSSG 0.15 mM, CSH 0.15 mM, GSSG 10 µM and GSH 10 µM. 

3.5.2. Direct assays: alcohol oxidase enzymatic assay 

The influence on the ECL intensity of varying amounts of AOx in the presence of a fixed MeOH 

concentration (0.03 g L-1) is shown in Figure 10A. The ECL intensity increased with increasing 

amounts of enzyme in the range studied. The determination of AOx using methanol as 

substrate demonstrated a LOD of 6.59 ng mL-1 (S/N=3). In Figure 10B is presented the 

calibration plot of varying amount of MeOH and a fixed concentration of AOx (0.05 µg mL-1). 

The increased amounts of MeOH led to an increase in the ECL signal, as more H2O2 is produced 

in situ. The LOD for MeOH was calculated for 61.46 µg L-1 (1.92 µM). This ECL assay showed a 

better sensitivity than classical Raman spectroscopy75 and amperometric biosensors.76,77 
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Figure 10. Calibration curves of (A) AOx from 0 to 0.05 µg mL-1 in presence of MeOH 0.03 g L-1, (B) MeOH 

from 0 to 500 µg mL-1 in presence of AOx 0.05 µg mL-1, measured in PBS with H2O2 10 mM. 

Additionally, we applied this method to the detection of methanol in vodka. It is well known 

that methanol is toxic for humans and its content in alcoholic beverages must be controlled. 

Vodka was chosen as a model alcoholic beverage because of its high consumption, mostly in 

the Eastern European countries.78 The same procedure of standard additions was performed. 

Known quantities of methanol were added to vodka samples. By linear regression the amount 

of methanol was calculated as 13 mg L-1 (Figure 11B). This value was within the methanol levels 

permitted for alcohol beverages specified by the regulation (EC) No 110/2008, this value 

should not exceed 100 mg L-1. 

Figure 11. Quantification of (A) AChE in solutions containing different concentrations of added standard 

solution of AChE (from 0 to 5 mU mL-1), ATCh (0.5 mM) and diluted HS; (B) MeOH in solutions containing 

different concentrations of added standard (from 0 to 100 µg L-1), AOx (0.05 µg mL-1) and diluted vodka. 
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More evidence of the mechanism proposed was studied with a different enzymatic system. 

Glucose oxidase was selected because of its ability to produce H2O2.79 GOx is able to oxidize 

glucose in presence of oxygen yielding H2O2 that was used to carry out the ECL process. In 

Figure 12 is shown the ECL intensity results of GOx concentrations 3.5 mg mL-1 in presence of 

glucose (2 mM) and the controls of individual reagents. ECL was only generated when the 

enzyme and substrate were present in solution and interacted to produce H2O2 that was used 

as ECL cofactor. Increasing amounts of enzyme produced a higher H2O2 concentration that led 

to an increase on the ECL intensity. No significant signal was detected when the reagents were 

analysed separately. With this additional prove of concept we could confirm our second 

hypothesis: the enzymatic production in situ of H2O2 can be used as ECL coreactant for our 

CdS-SPCE, avoiding the use of an external reagent. 

Figure 12. ECL peaks of 1) GOx 3.5 mg mL-1 and glucose 2 mM, 2) GOx 3.5 mg mL-1, 3) glucose 2 mM. 
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4. Conclusions 

The need of portable, cheap and easy to hand devices for bioanalytical applications promotes 

the development of new strategies for its accomplishment. The present study shows a novel 

ECL platform based on CdS nanoparticles with real bioanalytical applications on the detection 

of analytes of interest. The easy screen-printed electrode modification and the direct, facile 

and aqueous friendly synthesis of the nanoparticles simplifies the fabrication process of the 

final CdS-SPE ECL platform. Two approaches were carried out to modulate the ECL emission: 

enzymatic generation of thiols to block the CdS surface and the in situ production of the H2O2 

cofactor needed to produce the ECL signal. First, acetylcholinesterase was employed to release 

thiocholine that interacted with the CdS thus decreasing the ECL signal. The inhibition 

mechanism of the enzyme was demonstrated by using the inhibitor BW284c51. On the other 

hand, alcohol oxidase produced H2O2 and promoted the ECL signal when increasing the 

amounts of enzyme and substrate. Both strategies were applied to the detection of AChE and 

MeOH in real samples with successfully results. The proposed procedures are uncomplexed, 

cost effective and highly sensitive. To the best of our knowledge, this is the first time that this 

commercial portable µ-STAT ECL device is employed for the direct detection of the CdS ECL 

emission. 
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MODIFICATION OF CHLOROSULFONATED 

POLYSTYRENE SUBSTRATES FOR BIOANALYTICAL 

APPLICATIONS 

This chapter describes the modification of polystyrene micro-well plates and their use as 

bioanalytical platform is described. A wet-chemical procedure was applied for the 

chlorosulfonation of these polystyrene substrates (PS) resulting in well-controlled and reactive 

surfaces. This method enabled the production of transparent and stable substrates under 

ambient conditions. The chlorosulfonyl moieties at the substrate surface were converted 

under mild conditions into different functional groups. The modification of PS served to 

increase the hydrophilic properties of the surface and thus, the improvement of interaction 

with biocompounds. The resulting substrates were characterized by contact angle 

measurements, X-Ray Photoelectron Spectroscopy and colorimetry. PS substrates modified 

with different functional groups and attachment approaches (covalent link and direct 

adsorption of the antibodies) were used as the platform for immunoassays and the results 

compared to a commercial Human Serum Albumin ELISA kit. Aminated surfaces gave better 

results than those with carboxyl, alkene or epoxy groups and even the commercial kit. 

 

 

The work presented is under review: Díez-Buitrago, B.; Fernández-SanArgimiro, F. J.; Lorenzo. L.; Briz, N.; 

Pavlov, V. Materials Science and Engineering: C 
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1. Introduction 

Biomaterials can be defined as materials that come into contact with biological environments 

produced by natural or synthetic materials.1–3 Biomaterials can be metals, ceramics, composite 

materials or polymers; and the way they interact with a biological environment is complex and 

depends on the physico-chemical properties of their surface. Therefore, great efforts are being 

made in the study and development of surface and interface science regarding the seeking of 

the appropriate properties for a specific application.3–6 Due to the extensive variety of 

biomaterials they present diversified structural, physical, chemical and mechanical properties 

and hence offer various alternative applications. Among these materials, polymer substrates 

are one of the most widely utilized materials in the bioanalytical sector.1,7–9 They may proceed 

from synthetic or natural sources and they offer a wide spectrum of physico-chemical 

properties due to the large variety in their structure and chemical composition which can be 

further altered by different surface treatment methods to achieve appropriate properties for 

each application.10 Polymers present some advantages over other classes of biomaterials such 

as ease to manufacture, availability, low cost and ease to modulate for final applications. 

Moreover, since they present high biocompatibility with many biological molecules and living 

cells, they are a good alternative for glass or silicon in most biotechnological applications. 

Hence, polymeric materials have increasingly gained importance as attractive support 

materials for biomedical applications,9,11–13 tissue engineering,14,15 textile,16,17 food industry,18,19 

biosensors20–24 and bioanalytical assays.25–27 

Polystyrene (PS) is among the most extended commercialized polymer materials in the 

bioanalytical sectorthat presents several advantages over classic materials such as silicon, 

metal or glass as the substrate material in bioanalysis like its excellent optical clarity, ease to 

mold, low cost and biocompatibility because of its excellent optical clarity, ease to mold and 

low cost.28–30 Moreover, it is often utilized in microscopic techniques, normally employed as 

detection method in immunoassays, due to its transparency. Furthermore, the machining, 

fabrication and shaping of this polymer is cheaper, scalable to mass production, less time-

consuming and allows the production of a wide variety products (films, multiwell plates, beads, 

etc.).This, combined with the relatively easy automatization of pipetting, washing and signal 

detection, has led to their multiple-well plates, nanostructures, films and slides having gained 

widespread acceptance as bioanalytical platform. Nonetheless, PS presents one important 

drawback: it is relatively hydrophobic and non-wettable, what hinders the attachment of cells, 

enzymes and other biocompounds. Surface modification with hydrophilic functional groups 
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prior to attachment of a bioactive compound is a way to circumvent this inconvenience. 

Physical or chemical treatments change the properties of the modified polymer but should be 

limited to the surface of the polymeric material, while the bulk should remain unaltered.10 

Direct attachment to the polymer surface through a covalent link is the shortest path to 

straight immobilization of the bioactive compounds. This method offers the advantage of a 

more stable and strong bond, and can be applied to most of the polymers, varying the final 

application in the nature of the substrate (poly(styrene), poly(dimethyl siloxane), poly(pyrrole), 

poly(ethylene terephthalate), etc.).31–33 Depending on the applications only minute percent of 

modification is required, or it might be necessary to increase the number of groups introduced 

per unit area. This can be accomplished by grafting a polyfunctional agent onto the surface or 

tethering the compound via spacer molecules in order to improve the bioactivity by reducing 

the steric interactions. Despite the covalent attachment, another frequently used method of 

immobilization is the adsorption via electrostatic interactions or ligand-receptor strategy. Non-

covalent adsorption is simple and convenient for certain applications such as drug delivery, 

antimicrobial textiles and bioanalysis. One of the most representative systems of this group is 

the biotin-avidin interaction, the strongest reported non-covalent bond,34 very attractive in 

surface bioconjugation due to the large number of biotinylated compounds normally used in 

biotechnology. Despite the final interaction between the surface and the biocompound, the 

intrinsic hydrophobic and inert nature of the polymer makes it necessary to functionalize the 

surface in order to introduce the desired type and quantity of reactive functional groups which 

will interact with the compound through a covalent bond or non-covalent interactions.  

Typical surface treatments of PS use plasma or corona discharge to introduce selected 

functional groups varying the plasma gas and operating parameters. This procedure modifies 

the top nanometer of the surface without using solvents or producing any waste and can be 

coupled to other techniques such as UV irradiation. Oxygen plasma is often used to create 

oxygen containing groups,35,36 carbon dioxide for carbonyl groups,37 air plasma to oxidize the 

surface38 and ammonia or nitrogen plasma have been used to aminate PS.39,40 In spite of the 

good results and variability of the process, this type of physical modification shows a 

disadvantage regarding the lack of selectivity and control, resulting in a large  number of 

different groups created on the surface. An alternative to circumvent this problem is the use of 

wet-chemical surface treatments that consist of treating the polymer with reactive organic 

solutions to generate functional groups on the surface. This classical approach is capable of 

penetrating porous three-dimensional substrates and allows for in situ surface 

functionalization of microfluidic devices. It has recently been shown that PS substrates can be 
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activated by a simple and economic wet-chemical treatment with chlorosulfonic acid at low 

temperatures providing surface selectivity with a tunable number of chlorosulfonic groups.41–43 

The chlorosulfonated species at the surface can be converted in a second step into a different 

functional group leading to the formation of specifically modified substrates under mild 

conditions. This protocol provides high control of the final amount of functional groups on the 

surface and stable samples in ambient conditions without losing their activity. Moreover, it 

enables the production of a wide range of chemistries while maintaining the transparency of 

the samples and can be applied to multiple substrates (films, micro-well plates, slides). Thus, 

the main objective of this work is to develop homogenous, well-defined and stable PS 

platforms with a specific reactivity for their use in bioanalysis. In our case the suitability of the 

substrate modification will be coupled with an immunoassay in order to test the best 

chemistry for the attachment of the antibodies and the improvement of a commercial kit. 

2. Experimental section 

2.1. Materials 

Chlorosulfonic acid and sulfuric acid were acquired from Panreac. If nothing else specified, the 

rest of reagents were purchased from Sigma. Polystyrene 96-well plates were purchased from 

Falcon. Transparent polystyrene sheets of 1.2 mm thickness were purchased from GoodFellow 

(England). The Human Serum Albumin detection ELISA set was purchased from R&D Systems. 

2.2. Apparatus 

Absorbance measurements were performed on a Synergy H1 microplate reader (BioTek) using 

transparent microwell plates at room temperature. Contact angle measurements were carried 

out using a DigiDrop GBX instrument at room temperature on polystyrene sheets. X-ray 

Photoelectron Spectroscopy (XPS) experiments were performed in a SPECS Sage HR 100 

spectrometer with a non-monochromatic X-ray source (Magnesium Kα line of 1253.6 eV 

energy and 251 W). 

2.3. Methods 

2.3.1. Chlorosulfonation of PS substrates 

In a thermostatable reactor polystyrene substrates (96-well plates or films) were immersed in 

chlorosulfonic acid at -10 °C. After 20 min the samples were taken out and washed with cold (-
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10 °C) concentrated sulfuric acid. Finally, they were washed in an ice/water mixture and dried 

at room temperature. 

2.3.2.Functionalization of PS substrates 

Amination. Chlorosulfonated substrates were brought into contact with 250 µL of different 

aqueous diamine solutions (0.33, 1.7 and 5 M) and reacted for 20 min at room temperature. 

After that, they were rinsed with water and dried at room temperature. Carboxylation. 

Chlorosulfonated substrates were brought into contact with 250 µL of different aqueous 

aminoacid solutions (0.05, 0.075 and 0.1 M) and reacted overnight at 70 °C. The following day, 

they were rinsed with water and dried at room temperature. Alkene addition. 

Chlorosulfonated substrates were brought into contact with 250 µL of a 10% aqueous solution 

(v/v) of allylamine and reacted for 15 min at room temperature. Next, the plates were rinsed 

with water and dried. Epoxidation. Alkene substrates were brought into contact with 250 µL of 

meta-chloroperoxybenzoic acid (mCPBA) and reacted overnight at 0 °C. The following day, they 

were washed with a 10% aqueous solution (v/v) of NaOH and kept at 0 °C. 

2.4. Characterization of modified substrates 

2.4.1. Colorimetry 

For the determination of the concentration of SO2Cl and carboxyl groups on the surfaces, a 

variation of the method previously described44 was used. Modified micro-plates were brought 

into contact with 250 µL of a 0.5 mM Toluidine Blue O (TBO) solution in water at pH 10 where 

it reacted overnight at room temperature. The following day, the samples were rinsed with 

water at pH 10 to remove uncomplexed dye. To desorb the complexed dye, the samples were 

brought into contact with 250 µL of 37 wt% hydrochloric acid for 15 min. The TBO 

concentration (which corresponds to the acid concentration of the surfaces) of the solution 

was colorimetrically determined at 697 nm. 

Amine groups were determined by a method described by Hamerli.45 Modified micro-plates 

were brought into contact with 250 µL of an 0.175 mg mL-1 Orange II solution in water at pH 3 

and reacted overnight at room temperature. The following day, the samples were rinsed with 

water at pH 3. To dissolve the adsorbed dye, the samples were brought into contact with 250 

µL of water at pH 12 and reacted for 15 min. The dye concentration (which corresponds to the 

amine concentration of the surfaces) was colorimetrically determined at 485 nm. 
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2.4.2. Contact angle 

Transparent polystyrene sheets were chlorosulfonated and modified with the different 

functionalities. Water contact angles (WCA) were determined by dropping distilled water (3µL) 

on the surface and calculating the angle between the surface and the edge of the drop. An 

average value of contact angle was calculated by measuring five replicates per sheet. 

2.4.3. XPS 

Transparent PS sheets were chlorosulfonated and modified with different functionalities. XPS 

analysis was performed with a non-monochromatic X-ray source placed perpendicular to the 

analyser axis and calibrated using the 3d5/2 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 2·10-8 mbar. An electron flood gun was used to neutralize for charging. 

2.5. Bioanalytical applications: ELISA assay 

A Human Serum Albumin (HSA) set was used to evaluate the bioanalytical application of the 

modified surfaces. Polystyrene 96-well plates were modified according to previous 

methodologies prior to the assay. All the surfaces were compared with a control surface 

provided in the kit. The bioassay was carried out following the protocol of the kit. 

3. Results and discussion 

3.1. Polystyrene chlorosulfonation and functionalization 

PS substrates can be easily chlorosulfonated by immersion of the polymeric material in a cold 

solution of pure chlorosulfonic acid.42 The PS substrate is first immersed in a solution of 

chlorosulfonic acid at -10 °C where the polymer suffers an electrophilic aromatic substitution 

(Scheme 1). The substrates are washed afterwards in cold sulfuric acid and then in water. The 

final substrates are stable and can be stored in ambient conditions for months without losing 

their reactivity.41–43 Moreover, PS modified samples show excellent transparency properties, 

essential for optical applications. Furthermore, this surface modification of PS substrates leads 

to the improvement of their hydrophilicity. PS is hydrophobic and shows low wettability, but 

by the addition of chlorosulfonic groups the surface becomes more hydrophilic (Figure 1) and 

makes it more suitable for the anchoring of biomolecules. 
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Chlorosulfonated PS substrates present high reactivity towards primary aliphatic amines. 

Therefore, α,-substituted amine-derivates are used to introduce different functionalities to 

the surface. The primary amine group is used to react with the chlorosulfonyl group forming a 

sulfonamide link leaving the other side of the chain unreacted with a specific functionality 

(Scheme 1). Experimentally, the PS substrates are immersed in the specific solutions where 

they react. This procedure generates specific homogenous products under mild conditions and 

short reaction times.  

 

 

 

Scheme 1. Polystyrene modification. 

3.2. Surface characterization 

Colorimetric measurements, contact angle studies and XPS analysis were carried out in order 

to characterize the surface of the modified PS substrates. The number of available functional 

groups on the surface has been determined by colorimetry using Orange II for amine and 

Toluidine O for acid groups. The method consists in the reversible formation of a salt complex 

between the functional group and the dye. When the complex is formed on the surface, excess 

dye can be washed off. Then the adhered dye is extracted by immersing the substrate in a 

fixed volume of basic water for amine groups and acidic solution for acid groups. Finally, the 

dye concentration can be determined photometrically. The colorimetric results are shown in 

Table 1. The absolute density of SO2Cl groups detected in the chlorosulfonated PS plates was 
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246 nmol cm-2, which is consistent with previous studies41–43 and corresponds to the number of 

reactive sites on the surface that can be modified. In the case of aminated surfaces, we 

compared three diamines with different chain length: ethylenediamine (C2), 1,3-

diaminopropane (C3) and hexamethylenediamine (C6). The highest degree of modification 

found was around 10 nmol cm-2 using the C2 amine while the C3 and the C6 amine lead to 1 

and 2 nmol cm-2, respectively. Apart from the concentration influence, this tendency can be 

explained considering the increased flexibility of the diamine with increasing number of 

carbons between the amines. Longer carbon chains favour the double interaction between 

one molecule and the surface. This double interaction from one single molecule with the 

surface results in a diminution in the final amount of available amines on the surface. 

Regarding the acids, we tested two acids with different chain length: β-alanine (C3) and 

undecanoic acid (C11). In this case, when increasing the chain length, the absolute density 

decreases from 192 to 186 nmol cm-2 approximately. This behaviour is related to the increase 

in reactivity and mobility when decreasing the size of the reagent. Hence, the higher carboxylic 

modification compared to the amines was justified considering the double interaction of the 

amines with the surface, that leads to a minor amount of free amines on the surface, and the 

high temperature and time of reaction in the case of acids, that can favour the modification. 

Table 1. Group density of modified polystyrene substrates. 

 
Conc. / M mean SD 

PS-SO2Cl - 246 42.0 

PS-(CH2)2-COOH 
0.075 205 14.2 

0.1 212 17.3 

PS-(CH2)10-COOH 
0.05 186 10.0 

0.1 192 23.8 

PS-(CH2)2-NH2 
1.7 2.5 0.2 

5 9.8 1.4 

PS-(CH2)3-NH2 
0.33 0.7 1.2 

1.7 1.1 0.6 

PS-(CH2)6-NH2 
1.7 1.4 0.7 

5 2.1 1.2 
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Another important parameter is the wettability of the PS substrates. The surfaces were studied 

using WCA measurements because it is the easiest and quickest method to examine surface 

properties. Non-treated PS is very hydrophobic and not suitable for the interaction with 

biological agents. This issue is addressed with the modification of the surface and the 

introduction of hydrophilic groups. WCA measurements give information about the wettability 

of a surface by measuring the angle of a water drop deposited on the surface studied. The 

results can be correlated to a major or minor hydrophobicity of the surface as follows: the 

higher the value of the contact angle, the more hydrophobic is the surface, and vice versa. In 

Figure 1 it can be seen that the most hydrophobic surface is that of non-treated PS with a 

contact angle of 82° that decreases to 58° when introducing the chlorosulfonic group making it 

more hydrophilic. The most hydrophilic surface is that of the PS-epoxy system with a contact 

angle of 40°. Between these values, PS- carboxylic gives a contact angle of 49°, PS-amine shows 

a contact angle of 55°, and PS-alkene a value of 58°. From these results we can conclude that 

all the PS modifications increase its hydrophilic properties, thus improving its wettability and 

suitability for biochemical applications. 

Figure 1. Contact angle of polystyrene modified substrates. 

XPS measurements were used to analyse more precisely the chemical composition of the 

modified PS surfaces (PS, PS-SO2Cl, PS-COOH C3 0.1 M, PS-NH2 C2 5M, PS-alkene, PS- epoxy). 

This spectroscopic technique can provide atomic composition information of the topmost 

surface layers of the modified PS. Table 2 shows the relative chemical composition of the 

samples and the ratios between the elements and Table 3 the results from the curve fitting of 
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the high-resolution peaks in each case to obtain further insight into the chemical bonds 

present on the surface.  

Table 2. Relative chemical composition of the samples from XPS analysis. 

Sample 

Chemical composition (%) 

C O S N Cl S/N O/N O/S 

PS 98.9 1.1 - - - - - - 

PS-SO2Cl 74.8 13.1 8.6 0.9 2.6 - - 1.5 

PS-COOH 78.3 11.7 6.7 3.2 0.1 2.1 3.7 1.8 

PS-NH2 73.9 13.3 9.3 2.4 1.2 3.9 5.5 1.4 

PS-alkene 73.1 13.2 7.5 6.1 0.1 1.2 2.2 1.8 

PS-epoxy 75.2 16.4 7.0 1.2 0.2 5.8 13.7 2.3 

Table 3. Peak position from the curve fitting of XPS results. 

C 1s 

sample 
Fitted position        

π-π* (eV)[at%] 

Fitted position  

C=O (eV)[at%] 

Fitted position                     

C-O/C-O-C/C-N/C-S 

(eV)[at%] 

Fitted position                

C-C/C-H/C=C 

(eV)[at%] 

PS 291.2 [5.3] 287 [1] 286 [1.5] 284.8 [92.2] 

PS-SO2Cl 291.2 [1.4] - 286.3 [8.1] 284.8 [90.5] 

PS-COOH 291.1 [0.7] 288[2.4] 286.4 [14.9] 284.8 [82] 

PS-NH2 291.3 [1.4] 287.0 [3.1] 286.2 [11.2] 284.8 [84.3] 

PS-alkene 291.3 [0.7] 287.6 [2.9] 286.3 [13] 284.8 [80.6] 

PS-epoxy 291.4 [0.8] 287.9 [1.2] 286.4 [14.2] 284.8 [82.9] 

O 1s 

sample 

Fitted position       

C-O-C/sulfonamide 

(eV) [at%] 

Fitted position              

COOH/C-O/SO3
2- 

(eV) [at%] 

Fitted position      

C=O (eV) [at%] 

PS 533.8 [24] 532.6[76] - 

PS-SO2Cl 533.5 [27] 531.9[73] - 

PS-COOH 533.5 [7.3] 531.9 [40.9] 530.7 [51.8] 

PS-NH2 533.4 [15] 531.9 [80] 530.4[5] 

PS-alkene 533.5 [17] 532 [89] 530.3[4] 

PS-epoxy 533.7 [10] 532.2 [88] 530.3[2] 
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S 2p3/2 

sample 

Fitted position    

S=O, S-Cl            

(eV) [at%] 

Fitted position   

SO3
2-/SO2              

(eV) [at%] 

Fitted position     

S-N/ S-H        

(eV) [at%] 

PS - - - 

PS-SO2Cl 168.1 [93] 166.0 [3] 163.8 [4] 

PS-COOH 168.2 [88] 166.3[7] 164.0 [5] 

PS-NH2 168.2 [87] 166.3 [10] 164.0 [3] 

PS-alkene 168.2 [88] 166.3 [9] 164.1[3] 

PS-epoxy 168.5 [91] 166.4 [7] 164.2[2] 

N 1s  Cl 2p3/2 

Sample 
Fitted position       

N-S (eV) [at%] 

Fitted position      

N-H, C-N              

(eV) [at%] 

Sample 

Fitted position       

S-Cl 2p3/2           

(eV) [at%] 

PS - - PS - 

PS-SO2Cl 402 [58] 400.1 [42] PS-SO2Cl 200.6 

PS-COOH 401.8 [10] 399.9 [90] PS-COOH 200.4 

PS-NH2 401.6 [9] 399.7 [91] PS-NH2 200.2 

PS-alkene 402 [12.7] 399.9 [87.3] PS-alkene 200.3 

PS-epoxy 402.1 [11.5] 400 [88.5] PS-epoxy 200.5 

 

Only carbon was detected on untreated PS and a small amount of oxygen probably due to 

some oxidation during the fabrication process. After chlorosulfonation we found a significant 

increase in oxygen, sulphur and chlorine that was consistent with the formation of SO2Cl 

groups. It was confirmed by the ratio O/S=1.5 and the high proportion of the S=O, S-Cl and 

SO3
2- bonds shown in Table 2 that agreed with previous work.42 In the case of carboxylation, a 

notable amount of nitrogen was found as result of the sulphonamide group formation as well 

as the increase in S and O. The ratios S/N=2, O/N=4 and O/S=2 were higher than the 

theoretical ones and the presence of S and O was higher than that of N, which is related to the 

presence of SO3
2- groups that don’t react with the amines. Moreover, the proportion of the 

bonds C-N, C=O, S=O and the low percentage of Cl confirmed the high degree of modification 

and is consistent with the results from the colorimetric studies. The aminated PS presented 

more Cl than the carboxylic ones due to the low reaction yield. This was also confirmed by the 

ratio S/N=4 and O/N=6 indicating the presence of unreacted SO2Cl. On the other hand, the 

peak positions and fitting of the N-H and S-N bonds demonstrated the presence of 

sulphonamide and amine groups in the sample. In the alkene PS we found a desirable ratio 

S/N=1, O/N=2 and O/S=2 that was consistent with a high yield in the formation of the 
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sulphonamide groups. These results confirmed the presence of  C=C and C-N bonds. Finally, 

the epoxy PS presented a high amount of O and S compared to N and thus the ratio didn’t 

match with the theoretical results. These data were explained by the presence of the oxidant 

meta-chloroperoxybenzoic acid (mCPBA). Complementary studies were carried out. 4-

(Trifluoromethoxy)benzoic acid (TFMBA) interacts with epoxy groups but not with alkene 

groups therefore it was used to chemically derivatize epoxy groups and XPS analysis was 

performed to determine fluorine. In Table 4 the theoretical and experimental results for 

alkene and epoxy PS are compared. We can confirm from the ratio F/N=1.5 that the TFMBA 

only reacted with the epoxy groups from the epoxy PS and no significant amount of fluorine 

was detected in alkene PS. 

Table 4. XPS results from the derivatization with TFMBA. 

Sample F (at%) N (at%) C (at%) O (at%) 
F/N 

theoretical 
F/N 

experimental 

PS-alkene 

0.1 3.9 79.4 16.7 0 0.03 

0.2 5.6 76.5 17.7 0 0.04 

0.2 1.7 70.5 27.7 0 0.12 

PS-epoxy 

0.6 0.4 93.3 5.3 1.5 1.50 

0.7 0.4 93.7 5 1.5 1.75 

1.1 0.7 92.6 5.6 1.5 1.57 

 

3.3. ELISA assays 

In previous works it has been demonstrated that it is possible to chorosulfonate and modify PS 

multiwell plates like those used for bioanalytical assays.41–43 In the present work we have 

studied the effect of different PS chemistries on the attachment of antibodies for the 

improvement of commercial immunoassays. Considering the interaction between the 

antibodies and the surface one can distinguish between a direct covalent bond 

(chemisorption) or physical adsorption (physisorption). Even though covalent bonds are 

stronger and more stable than electrostatic interactions, the attachment of the antibodies to 

the surface will depend on its surface, which can vary among different antibodies.46,47 In all 

cases the PS surface must undergo a first modification to introduce reactive groups for their 

further modification, which is achieved with the chlorosulfonation process. Subsequently, a 

double functional spacer is introduced to provide the final chemistry (amines, carboxylic acids, 

alkene, epoxy) as seen in Scheme 1. This spacer also allows to decrease the possible steric 

interactions between antibodies, maintaining their activity.  
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For the formation of a covalent bond between surface and antibody it is necessary to activate 

the functionalized PS surface prior to the reaction. In the case of amines we used the 

crosslinker disuccinimidyl suberate (DSS) in DMSO, for carboxylic acids, the well-known 

EDC/NHS protocol, and in the case of alkenes, we transformed the double bond into an epoxy 

group by using meta-chloroperoxybenzoic acid (mCPBA). The results of the immunoassays for 

the different substrates (PS, PS-SO2Cl, PS-COOH C3 0.1 M, PS-NH2 C2 5M, PS-alkene, PS- epoxy) 

and the commercial kit are shown in Figure 2. The commercial kit has a detection limit of 2.5 

ng mL-1 and very good linearity in the range 0-100 ng mL-1 (r2=0.9994). Even though aminated 

surfaces gave higher signals (red line), they also presented a higher detection limit (3.92 ng mL-

1) and good linearity (r2=0.9882) in the same range. On the other hand, carboxylic (blue line) 

and epoxy (green line) surfaces showed higher limits of detection (8.20 and 44.50 ng mL-1, 

respectively) and non-linear behaviour in this range (r2=0.9698 and r2=0.6148, respectively). 

Figure 2. HSA ELISA results for covalent approach of PS-amine (red), PS-carboxylic (blue) and PS-epoxy 

(green) substrates compared to kit (black). 

In order to study the direct interaction between the antibodies and the surface through a 

passive adsorption, no previous activation of the surface was needed. In this case we used 

amines, carboxylic acids and alkenes to modify the surface and put it in direct contact with the 

antibody. The results of the immunoassays for the different substrates and the commercial kit 

are shown in Figure 3. Aminated surfaces gave again higher signals (red line) and in this case 

with better detection limit (2.26 ng mL-1) than the commercial kit (black line) with similar 

linearity (r2=0.9982). Furthermore, alkene surfaces (green line) presented a higher detection 

limit (5.74 ng mL-1) and good linearity (r2=0.9916), and carboxylic surfaces (blue line) didn’t 
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reach the kit signals giving a much higher detection limit (10.05 ng mL-1) and lower linearity 

(r2=0.9863).  

Figure 3. HSA ELISA results for passive adsorption approach of PS-amine (red), PS-carboxylic (blue) and 

PS-alkene (green) substrates compared to kit (black). 

From these results we can conclude that the best results for this immunoassay are obtained 

with aminated surfaces. Moreover, the direct adsorption of the antibodies on the aminated 

surfaces presented a better detection limit and similar linearity than the commercial kit. We 

should also point out that the covalent approach gave worse results than the physical 

adsorption, what can be explained by the nature of the bond. Although covalent bonds are 

stronger, it implies the non-reversible link to the antibody, which can modify its structure and 

affect its functionality. In this case the covalent bond to the antibody alters its good 

performance and is not suitable for the immunoassay. 

Considering the use of amines for the PS modification we studied the effect of the carbon 

chain length on the interaction between the surface and the antibody. First, we compared the 

two approaches previously mentioned: passive adsorption and covalent link between the 

antibodies and the surface aminated with ethylenediamine (C2) and hexamethylenediamine 

(C6). In Figure 4 we can see that the physical interaction of the antibodies with the non-

activated surface gave better results than the covalent approach. With both amines we 

achieved lower detection limits, 2.26 and 2.02 ng mL-1 for C2 and C6, respectively, and good 

linearity (r2=0.9922 and r2=0.9934, respectively). On the other hand, the activated surface 

didn’t give good results neither for the detection limit (3.92 and 33.74 ng mL-1 for C2 and C6, 

respectively) nor for the linearity (r2=0.9882 and r2=0.6142, respectively). Finally, in Figure 5 

we compared the effect of passive adsorption of the antibody on aminated surfaces with three 
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different amines: C2, C6 and 1,3-diaminopropane (C3). In all cases the aminated surfaces gave 

higher signals and lower detection limits (2.26, 1.27 and 2.02 ng mL-1 for C2, C3 and C6, 

respectively) and good linearity for C2 and C6 (r2=0.9982 and r2=0.9934, respectively) but not 

for C3 (r2=0.9640). 

Figure 4. HSA ELISA results for covalent (dash) and passive adsorption (plain) approach of PS-aminated 

surfaces with amine C2 (red) and amine C6 (blue) compared to kit (black). 

Figure 5. HSA ELISA results for passive adsorption approach of PS-aminated surfaces with amine C2 

(red), amine C3 (green) and amine C6 (blue) compared to kit (black). 
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4. Conclusion 

The wet-chemical treatment proposed is a simple and economic procedure that provides 

transparent and stable substrates selectively modified with chlorosulfonic groups with a very 

high reactivity. Chlorosulfonated PS substrates can easily be converted into different functional 

groups leading to a wide library of chemistries. This procedure enables the fabrication of PS 

platforms for the rapid and easy screening of the best surface for bioanalytical applications. 

ELISA assays were carried out on different 96-well polystyrene plates modified with these 

chemistries, and two approaches were followed for the attachment of the antibodies. From 

the ELISA assays we can conclude that, for the commercial HSA kit, the antibodies interact 

preferably in a passive way with PS modified substrates. This means that the pre-treatment of 

the functional groups with crosslinkers for the covalent attachment doesn’t improve the 

attachment of these antibodies to the surface. Nevertheless, the simple passive adsorption of 

the antibodies to the modified surfaces can improve the commercial kit for aminated PS. 

Varying the chain length of the amines doesn’t change dramatically the detection limits of the 

immunoassays although the C3 aminated surface shows lower linearity than the rest of 

substrates. 

Passive adsorption showed the best results when using aminated PS surfaces, giving better 

detection limits than the HSA commercial kit in the detection range 0-100 ng mL-1. These 

results show that the procedure can be applied to conventional materials used in bioanalysis 

giving the same or better characteristics. 
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DESIGN OF A PHOTOELECTROCHEMICAL LAB-ON-A-CHIP 

IMMUNOSENSOR BASED ON ENZYMATIC  

PRODUCTION OF QUANTUM DOTS IN SITU 

In this work we report the development and validation of a photoelectrochemical biosensor on 

the basis of alkaline phosphatase (ALP)-linked immunoassay for the detection of Human Serum 

Albumin as a model analyte. In this method, the antibodies are well orderly orientated on 

aminated polystyrene via physical adsorption. After the interaction with the analyte, ALP 

immobilised on surface through the sandwich immunoassay catalyses the hydrolysis of sodium 

thiophosphate (TP) to hydrogen sulphide (H2S) which in presence of cadmium ions yields CdS 

QDs. The current is generated in the photoelectrochemical process (PEC) during irradiation of 

the CdS QDs with UV LED (365 nm) on home-made screen-printed carbon electrodes modified 

with a conductive polymer. Reaction time, steps and volumes were optimized for the 

miniaturization of the process in order to develop a lab-on-a-chip platform. Microfluidics were 

design with optimised parameters for the immunoassay and PEC detection. The final system 

presents a sensitivity comparable to the commercial kit thanks to the signal amplification 

enabled by the enzymatic growth of CdS QDs in situ. This photoelectrochemical 

immunosensing strategy potentially opens a new avenue for detection of a wide range of 

analytes of interest due to the universal and effective enzymatic signal amplification method. 

Moreover, the developed protocol allows for a great reduction of time and reagents compared 

to current commercial assays, making it suitable for point-of-care applications. 

 

The work presented is in preparation: Díez-Buitrago, B.; Fernández-SanArgimiro, F. J.; Lorenzo. L.; Bijelic, 

G.; Briz, N.; Pavlov, V. 
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1. Introduction 

In the last decades the need of cheap, fast, and easy to use analytical tools have increased 

attention to the development of portable biosensors for the qualitative and quantitative 

determination of different analytes in environmental, clinical, agricultural, food, and security 

and defence applications.1–3 Biosensors have gained much interest because of their features 

that provide high sensitivity, specificity, ease for integration with other devices and portability 

for utilization at point of use. Among the different biosensors on the market, immunosensors 

have demonstrated to be a valuable tool for rapid detection of a wide variety of target 

analytes with enhanced sensitivity and selectivity.1,4–6 Despite the large amount of 

immunoassays developed in research laboratories, portable and miniaturized devices for rapid 

detection have not been successfully introduced in the market. The complexity of the process 

and the need of expensive detectors hinder their integration in portable devices and 

encourage the seek for new alternatives to address those drawbacks. 

Immunosensors are based on the specific interaction between the antibody and the 

corresponded antigen leading to the formation of a stable complex. Transduction of 

biorecognition event results in a change of some physical property that can be transformed 

into a measurable electric signal. Depending on the transducer and the detector, the 

immunosensors can use optical, thermal, piezoelectric or electrochemical transduction. 

Electrochemical biosensors have been the most successfully and widely used in biomedical 

field and most areas of analytical chemistry due to their simplicity, short response time, 

easiness to miniaturize and relatively low cost.6,7 Moreover, the biological recognition process 

provides high sensitivity and selectivity. Electrochemical biosensors offer some advantages 

over classical optical techniques such as the ability to directly perform electrical signal 

processing, higher signal-to-noise ratio, elimination of optical interferences and no need of 

expensive external equipment.8 Consequently, electrochemical transducers are suitable for 

construction of on-site detection devices. Photoelectrochemistry (PEC) is a promising 

technique that has gradually become a widespread analytical technique for biological assays. 

PEC offers the inherent high sensitivity of electrochemical procedures and the possibility of 

signal amplification with the suppression of the background signal thanks to the independent 

optical input signal and electrochemical output signal.9,10 So far, most of PEC immunoassays 

based on the amplified signal strategy are enzyme-labelled immunoassays.11,12 In these 

procedures the detection antibody is labelled with a natural enzyme such as HRP13,14 or ALP15 
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that are able to catalyze the formation of a particular product that is subsequently used to 

trigger the PEC response. 

The combination of signal amplification strategies with electrochemical methods (e.g., PEC) 

has recently gained considerable interest because it allows to develop high-performance 

analytical tools for the ultrasensitive detection of trace amounts of a wide variety of analytes. 

Currently, point-of-use devices are compact systems with a performance comparable with that 

of the laboratory tests which can be utilized by users without technical background. 

Furthermore, some requirements such as portability and automatization are essential in the 

design of new systems. The combination of microfluidic systems with biosensing devices 

resulted in advent of laboratory-on-a-chip (LOC) technology has demonstrated to be a key 

strategy to meet most of analytical needs.2,16 The integration of biosensors with microfluidic 

systems yields cost-effective miniaturized devices which are easy to handle. Miniaturization 

reduces volumes, dimensions and response time achieving better sensibilities and allowing the 

possible detection of different analytes with the same platform. The movement of fluidics can 

be precisely controlled electronically by pumps, valves or mixers17 through a software, or 

manually by using syringes or blisters.18 Miniaturization also makes the system more cost-

effective because it utilizes batch fabrication manufacturing processes and requires only small 

volumes of potentially expensive reagents. Additionally, screen-printing methods provide a 

cost-effective and easy to scale technology to convert electrochemical biosensors into point-

of-care devices.19–21 

The aim of this work is to design, fabricate, characterize and validate an integrated platform 

for the development of a photoelectrochemical immunosensor. The proposed system is based 

on the enzymatic growth of CdS QDs in situ and their subsequent photoelectrochemical 

detection on a screen-printed carbon electrode. The immunoassay was optimised by ordered 

immobilization of antibodies on aminated polystyrene, reduction of the reaction steps, 

incubation time and injected volumes. The amplification of signal was achieved with the 

photoelectrochemical procedure coupled to the enzymatic reaction of the immunoassay. 

Moreover, we designed and fabricated the screen-printed carbon electrodes and integrated 

them into the microfluidic system. The presented device showed a good performance and a 

sensitivity comparable to that of a commercial kit for Human Serum Albumin ELISA assay. 

Finally, it is important to highlight the great advantage that this system presents due to the 

possibility to apply it to any kind of immunoassay employing enzymatic amplification based on 

ALP. 
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2. Materials and methods 

2.1. Materials 

Alkaline phosphatase (ALP) from bovine intestinal mucosa, magnesium chloride (MgCl2), 

sodium thiophosphate (TP), cadmium nitrate (Cd(NO3)2), 1-thioglycerol (TG), Trizma® base and 

hydrochloridric acid (HCl) were obtained from Sigma. All water used was Mili-Q ultrapure 

grade. The electroconductive polymer was obtained by interaction of poly(vinylpyridine) with 

osmium ions (Os-PVP) according to the literature procedure.22 Chlorosulfonic acid (HClSO3) and 

sulfuric acid (H2SO4) were acquired from Panreac. Polystyrene 96-well plates were purchased 

from Falcon. Transparent polystyrene sheets of 190 µm and 1.2 mm thickness were purchased 

from GoodFellow (England). Conductive inks and insulating paste were acquired from Henkel 

and the adhesive from KIWO, Inc. The Human Serum Albumin detection ELISA set was 

purchased from R&D Systems. 

2.2. Apparatus 

Absorbance measurements were performed on a Synergy H1 microplate reader (BioTek) using 

transparent microwell plates at room temperature. Fluorescence measurements were 

performed on a Varioskan Flash microplate reader (Thermo Scientific) using black microwell 

plates at room temperature. The system was controlled by the SkanIt Software 2.4.3. RE for 

Varioskan Flash. The electrochemical tests were performed on an Autolab Electrochemical 

Workstation (model PGSTAT204, Metrohm Autolab, The Netherlands) furnished with NOVA 

2.1 software. Disposable screen-printed carbon electrodes (SPCEs) were purchased from 

DropSens (model DRP-110). Scanning Electron Microscopy (SEM) images were recorded in a 

FEG (Field Emission Gun) ESEM (Quanta 250, FEI), operated in the low vacuum mode. The 

beam voltage was set to 10 kV, the spot size was 5. Three different UV light source were 

employed: a compact UV illuminator Model UVLM-28 from EL Series UVB Lamp and two LED 

from Kingbright (ATS2012UV365 and ATDS3534UV365B). 

2.3. Methods 

2.3.1. Enzymatic assay 

Various amounts of ALP were incubated with TP 0.5 mM in tris-HCl buffer (50 mM, pH 9) 

containing MgCl2 (1 mM). After that, Cd(NO3)2 (2.5 mM) and TG (20 mM) were added to the 

samples. Finally, fluorescence or photoelectrochemical response were recorded. 
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2.3.2. Chlorosulfonation and modification of polystyrene substrates 

The chlorosulfonation procedure was carried out following a previous developed protocol.24–26 

In a thermostatable reactor polystyrene films of 1 mm were immersed in chlorosulfonic acid at 

-10 °C. After 20 min the samples were taken out and washed with cold (-10 °C) concentrated 

sulfuric acid. Finally, they were washed in an ice/water mixture and dried at room 

temperature. Afterwards, chlorosulfonated substrates were brought into contact with aqueous 

diamine solution 5 M and reacted for 20 min at room temperature. After that, they were 

rinsed with water and dried at room temperature. 

2.3.3. Electrode printing 

The electrodes were printed on the aminated polystyrene by a screen-printing technique. 

Silver/silver chloride ink (LOCTITE EDAG 965SS E&C) was used for vias, interconnections and 

the pseudo-reference electrode (Eref), carbon ink (LOCTITE EDAG 965SS E&C) was used for the 

working and counter electrodes (Ew and Ec, respectively). Initially, the silver paste was printed 

onto the substrate and dried at 80 °C for 40 min. Afterwards, the carbon ink was printed with 

the shape of the respective electrodes and dried at 80 °C for 40 min. This step was repeated 

for 3-5 times depending on the substrate. Finally, the connections were covered with an 

insulating layer leaving the active area of electrons accessible. 

2.3.4. Immunoassay  

A Human Serum Albumin (HSA) set was used to evaluate the bioanalytical performance of the 

system. Aminated polystyrene substrate was used as platform for the immunoassay and the 

bioassay was carried out following the protocol of the kit. The sandwich ELISA was coupled to 

enzymatic reaction catalysed by ALP resulting in formation of CdS QDs detected by PEC. 

2.3.5. Photoelectrochemical detection 

Before beginning the PEC assays, the SPCEs were cleaned by cyclic voltammetry (CV) in a 

potential range from 0 to 0.6 V at 50 mV s-1 in citrate-phosphate buffer (pH 7.5). After that, Os-

PVP polymer (40 µL drop of 2 mg mL-1) was electrodeposited by CV scanning (2 cycles at scan 

rate of 50 mV s-1 and a potential range from 0 to 0.6 V).23,27 Finally, the modified SPCEs were 

rinsed with water and dried under argon atmosphere. For PEC measurements, a 40 µL drop of 

sample was deposited on SPCEs surface and illuminated with a UV light emitting at 365 nm 

while applying a constant potential of 0.3 V vs. Ag/AgCl. For PEC measurements with the chip, 

UV light was irradiated to the channels with a powerful UV LED at 365 nm. 
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3. Results and discussion 

3.1. Characterization of screen-printed carbon electrodes 

The investigation of electrode surface texture was carried out using scanning electron 

microscopy (SEM) to evaluate the electrode surface effects on electrochemical response. 

Commercial SPCEs presented a uniform carbon layer with numerous fractures that may be due 

to the application of high temperature and time during the curing of the ink (Figure 1A and 

1D). Defects and cracks increase edge plane effect on the graphite surface with faster 

electrochemical reaction rate, which results in larger electron transfer.28 Home-made SPCE 

(190 µm and 1.2 mm thick) showed a rough structure with some gaps throughout the surface 

(Figure 1B, 1E and Figure 1C, 1F, respectively) typical from unpolished electrodes.29 This 

supports the increase of electrode active surface area and thus the higher current peak 

recorded (Figure 2). 

Figure 1. SEM images of commercial SPCE (A, D), home-made SPCE on PS 190 µm (B, E) and PS 1.2 mm 

(C, F) with a magnification of 500x and 6000x, respectively. 

The ferri/ferrocyanide redox couple was the redox system used for comparing the 

voltammetric behaviour of screen-printed electrodes. A comparison of cyclic voltammograms 

are presented in Figure 2. Resulting shapes of presented cyclic voltammograms obtained on 

SPCEs on polystyrene substrates are very similar to those recorded with a commercial SPCE. 
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Moreover, they exhibited a reversible behaviour towards the redox couple with an oxidation 

and reduction peaks well resolved and stable during at least 10 cycles (data not shown). 

Figure 2. Cyclic voltammograms of (A) commercial SPCE, (B) home-made SPCE on PS 190 µm and (C) 

home-made SPCE on PS 1.2 mm in presence of potassium ferro/ferrihexacyanide 5 mM in PB 10 mM pH 

7.4, scan rate 50 mV s-1 (black), 100 mV s-1 (blue) and 200 mV s-1 (red). 

In Table 1, peak separations increased from 76 mV for commercial SPCE, 156 mV for carbon 

electrodes screen-printed on PS 190 µm and 821 mV for those screen-printed on PS 1.2 mm, at 

scan rates ranging from 50 to 200 mV s-1. In all cases, ∆Ep were higher than 59 mV, expected 

for the Nernstian one-electron transfer. These results are typical for the heterogeneous 

process at the electrode materials caused by slower kinetics of partial electrode reactions. 

Nevertheless, the ratio anodic/cathodic peak current (Iox/Ired) was always close to 1. 

Table 1. Comparison of various carbon electrodes with potassium ferro/ferrihexacyanide redox couple. 

Electrode Scan rate / mV s-1 ∆Ep / mV Iox/Ired 

PS 190 µm 

50 156 0.86 

100 181 0.85 

200 217 0.83 

PS 1.2 mm 

50 821 1.42 

100 871 1.41 

200 957 1.39 

Commercial 

50 76 0.92 

100 81 0.92 

200 81 0.91 

A scan rate study of each electrode was done for further characterization (Table 2). Scan rate 

was varied from 50 to 200 mV s-1 and cyclic voltammograms were recorded (Figure 2). For all 

the electrodes a straight line was obtained on the plot of the peak currents vs. the square root 

of the scan rate. This linear relationship between the peak current density (both anodic and 

cathodic) and the square root of the scan rate demonstrated that the process was diffusion 
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controlled. Parameters of the individual equations of the linear regressions (k: slope; q: 

intercept) with corresponding correlation coefficient (R2) are represented in Table 2. 

Table 2. Parameters of equations obtained at various carbon electrodes under scan rate study. 

Electrode 

anodic cathodic 

k 

mA cm-2 / 

mV1/2 s-1/2 

q 

mA cm-2 
R2 

k 

mA cm-2 / 

mV1/2 s-1/2 

q 

mA cm-2 
R2 

PS 190 µm 0.376 3.050 0.992 0.484 3.215 0.993 

PS 1 mm 2.441 11.743 0.998 1.676 9.210 0.990 

Commercial 0.927 0.519 0.999 1.028 0.418 0.999 

 

3.2. Optimization of experimental conditions 

In order to adapt the studied system to the development of a miniaturized device some 

requirements must be fulfilled. Final volume, reagent concentration, incubation and reaction 

times should be optimized because they define the sensitivity and are the most important 

parameters to consider for miniaturization of the system. To produce fast and reliable device 

we optimised parameters regarding the photoelectrochemical detection (enzymatic reaction) 

and the immunoassay process with the aim of reducing time and volumes for further 

application in the miniaturized device. 

3.2.1. Enzymatic reaction 

Bovine ALP is widely used in bioanalysis as an enzymatic label in ELISA processes. ALP activity is 

routinely estimated by optical methods by using colorimetric substrates such as pNPP and 

fluorogenic ones like 4-methylumbelliferyl phosphate (4-MUP) coupled to expensive UV-vis or 

fluorogenic readers.30,31 In this work, a standard potentiostat was used to detect the enzymatic 

activity by measuring the photoelectrochemical signal. 

The mechanism of our enzymatic assay is based on biocatalytic hydrolysis of TP by ALP to 

orthophosphate (PO4
3-) and H2S. The latter reacts instantly with Cd2+ cations in Tris-HCl buffer 

generating CdS QDs stabilized by the buffer solution Trizma® base. The amount of resulting 

CdS QDs is quantified photoelectrochemically by using modified carbon electrodes and a UV-

illuminator source (Scheme 1). Carbon electrodes are modified with a conducting osmium 

polymer that “wires” the CdS QDs to the surface of the electrode when applying a positive 

voltage. PEC signal is recorded after the application of 0.3 V (vs. pseudo reference electrode of 

Ag/AgCl) for 200 s and UV irradiation (365 nm) in presence of TG that acts as redox mediator 
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generating an electron flow through the CdS NPs to Os-PVP complexes and finally, the 

electrode. 

Scheme 1. Detection of CdS QDs On screen-printed carbon electrode modified with an osmium polymer 

under UV irradiation. 

The influence of the incubation temperature on the enzymatic activity is shown in Figure 3A. 

The growth in photocurrent is directly related to the increase in the concentration of the 

enzyme in the studied range. According to PEC measurements, the activity of the enzyme is 

almost the same at room temperature (RT) and at 37 °C. We decided to continue experiments 

at RT because portable and point of care devices should be able to work at ambient conditions 

to simplify the operation of the device. We also evaluated the effect of different reaction 

volumes on the system response. The volume of the reaction mixture is an important 

parameter for adaptation of the enzymatic process to a microfluidic system regarding the 

homogeneity of the reaction mixture in terms of diffusion of reagents. The enzymatic 

production of CdS NPs was carried out at two different reaction volumes of 100 and 50 µL 

(Figure 3B). At these volumes the assay demonstrated a linear response up to 100 µg mL-1 of 

ALP and detection limits of 28 and 14 µg mL-1 for 100 and 50 µL, respectively, at a signal-to-

noise ratio of 3 (S/N=3). The decrease in volume to 50 µL improved the limit of detection by 

two times showing the same linearity as the process carried out in a volume of 100 µL. These 

results confirmed the improvement of the analytical properties by reducing the reaction 

volume making it suitable for the integration into a microfluidic system. Then, the dependence 

of the photocurrent response on the varying enzyme concentrations was studied. In ELISA 

experiments the amount of the captured enzyme is usually very low, so a high signal/enzyme 

ratio is desired. In Figure 3C it can be seen that a diminution of the PEC signal is observed 

when the enzyme concentration is decreased. Nevertheless, the linear response was still 

maintained as well as the detection limit, so we concluded that this system could be used with 

small amounts of enzyme needed for the immunoassay. Finally, we evaluated the effect of the 
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reaction time on the response value. PEC response was determined after 30, 60 and 90 min of 

TP incubation as can be seen in Figure 3D. These results demonstrate that the longer the 

incubation time, the more sensitive to ALP is the system. We selected 60 min as the best 

reaction time in order to achieve an agreement between sensitivity and reduced analysis time. 

Figure 3. Calibration plots reflecting the photocurrent response of CdS QDs in the system containing TP 

(0.5 mM), Cd(NO3)2 (2.5 mM), TG (20 mM) and variable ALP concentration at (A) different temperatures, 

(B) different final volumes , (C) variable ALP concentration at different range and (D) different TP 

incubation times. 

Considering the above-mentioned experimental data, the following optimal parameters for the 

enzymatic generation of CdS were selected: room temperature, 50 µL final volume and 60 min 

of TP reaction time. 

3.2.2. Immunoassay 

Sandwich immunoassays were performed following the protocol of the ELISA kit for detection 

of human serum albumin (HSA) at room temperature. In order to improve the immunoassay 

process we studied the effect of reducing the number of steps and the incubation time of the 
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assay. First, we evaluated the pre-incubation time of the antigen and the detection antibody 

prior to the interaction with the capture antibody immobilised on the aminated plate (Figure 

4A). The detection antibody was mixed with the antigen and let react for a selected time. Next, 

the detection part of the ELISA protocol was followed which consisted in the determination of 

the biotinylated detection antibody using labelling with biotinylated HRP through streptavidin. 

The conversion of reduced formed of TMB into oxidised blue formed of TMB was followed by 

UV-vis spectroscopy. Various pre-incubation times were used with no significant differences 

with respect to the time recommended by the kit provider (2 h). Therefore, we established 5 

min as the best pre-incubation time which showed similar results to the normal procedure of 

the kit but in 5 min instead of 2 h of step. 

Then, the effect of the incubation time with the capture antibody on the performance of the 

assay was studied (Figure 4B). First, the enzyme ALP labelled with avidin was mixed with the 

biotinylated detection antibody to ensure the antibody modification. Afterwards, the antigen 

was added and let react for 5 minutes (step previously optimized). In order to detect the 

activity of ALP immobilised on the surface of the microplates, the fluorogenic substrate pNPP 

was employed. A decrease in the in the signals height was obtained when reducing the 

incubation time from 2 h (kit recommendation) to 5 min due to the rate of the biorecognition 

reaction. Despite the decrease in the signal, the slope didn’t change dramatically which means 

that the system maintains the sensitivity even at incubation time of 5 min with the capture 

antibody. Thus, the incubation time of 30 min with the capture antibody was selected for the 

further development of the immunoassay in order to ensure a suitable sensitivity.  

Figure 4. (A) Calibration plot from HSA ELISA assay at different pre-incubation times. (B) Calibration plot 

from HSA ELISA assay at different incubation times. 
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From the results of this section it can be concluded that the regular standard ELISA kit can be 

easily adapted to perform analysis at lower incubation times. The new protocol allows 

reducing volume and incubation time, two important features for designing a lab-on-a-chip, 

with the performance similar to that of the commercial kit. 

3.2.3. Analytical performance 

We evaluated the analytical performance of the system with the optimised parameters using 

standard polystyrene microplates. The capture antibody was immobilised on the surface of 

aminated polystyrene microplates, then, the analyte was added and detected with the 

biotynilated detection antibody labelled with avidin-ALP conjugate. The enzymatic reaction to 

form CdS QDs was carried out in a final volume was of 50 µL, at room temperature and above-

mentioned pre-incubation times of HSA with antibodies. PEC detection was conducted using a 

UV lamp emitting at 365 nm in presence of TG 20 mM using home-made SPCEs modified with 

osmium polymer. 

The photocurrent response corresponding to varying HSA concentrations (from 0 to 200 ng mL-

1) is depicted in Figure 5A. The increase in the amount of HSA results in the growth of the 

detected photocurrent. Figure 5B shows the calibration plot corresponding to different HSA 

concentrations. The curve demonstrated a linear response up to 10 ng mL-1. The lowest 

amount of HSA that could be detected by this system was found to be 1.68 ng mL-1 (S/N=3). 

This value is lower than that of the commercial kit (2 ng mL-1) so it was confirmed that the 

photoelectrochemical process is suitable for the development of a photoelectrochemical 

immunosensor. 

Figure 5. Photocurrent responses and calibration plot from the of CdS QDs in the system containing TP 

(0.5 mM), Cd(NO3)2 (2.5 mM), TG (20 mM) and variable HSA concentration with PS film SPCE. 
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3.3. Chip design and fabrication 

The design of the microfluidic device was done considering the steps of the assay and the 

selection of the different optimised parameters mentioned above. As shown before, the assay 

is divided into two processes: an ELISA immunoassay and the PEC detection. For this reason, 

the chip contains two chambers separated physically by a connector (Figure 6). The chamber 

for the ELISA immunoassay presents an elongated shape to ensure the maximum reactive 

surface available during the assay with a standard width for the connectors. This design is 

important when working with microfluidics because the increase in the surface area to volume 

ratio allows make material transport more efficient.32 

Figure 6. Top view of the design and dimensions of immunoassay (rectangle) and PEC (round) chambers. 

Lateral view of the inlets and outlets. 

On the other hand, the chamber for PEC detection was round in order to cover the whole 

surface of the SPCE. In both cases the liquids are introduced and took out manually with a 

syringe and the final volume was selected as 50 µL so the height and width of the channels 

were calculated to meet all the requirements. The final microfluidic design pattern was drawn 

using SolidWorks modelling software. The dimensions of the channel for the immunoassay 

were 5x0.4x25 mm for width, height, and length, respectively and the chamber for PEC 

detection has a diameter of 8 mm and 0.4 mm height. A volume of 100 µL was selected for the 

reservoir which was also acting as the inlet. The microfluidic channel was fabricated by 

ChipShop in polystyrene. 

The fabrication of the bottom part was carried out taking into consideration the design of the 

microfluidic channels. The electrodes were printed on aminated PS as substrate following the 

procedure described above. The SPCEs consisted of a round working carbon electrode with a 

diameter of 4 mm surrounded by a counter (carbon) and a reference (Ag/AgCl) electrodes. The 

width of the electrode presented is 8 mm (Figure 7). 
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Figure 7. PS microfluidic layout consisting of a PS cover including the channel and the inlets/outlets and 

a bottom side made of aminated PS with the SPCE integrated. 

A picture of the integrated device is shown in Figure 8. The sealing of the channels to the 

electrode was achieved with a suitable adhesive (KIWOPRINT® TC 2500). This is a high-quality 

pressure sensitive adhesive that is screen-printed on top of the polystyrene substrate allowing 

the sticking of both parts with high strength and stability. 

Figure 8. Assembled microfluidic device used as a biosensor module. The device consists of an aminated 

PS substrate sealed with the PS microchannels that provide a connection to the mac-world (1 inlet port 

and 2 outlet ports). 

3.4. Analytical performance 

The validation of the final prototype was assessed by measuring the photocurrent response to 

increasing concentrations of HSA. Regarding the chip design (Figure 7) the immunoassay is 

carried out in the aminated PS chamber, modified with antibodies, by injecting and removing 

the reagents through the inlet and outlet 1, respectively. During this process the outlet 2 is 

kept closed. Second, the enzymatic growth of CdS QDs is carried out in the PS chamber. Last, 

the outlet 1 is closed and outlet 2 is left free in order to take the CdS QDs from the PS chamber 

to the PEC chamber. The latter serves for PEC detection of enzymatically produced CdS QDs. 

The procedure is described in Figure 9. 
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Figure 9. Operation for the photoelectrochemical immunoassay based on the microfluidic device. 

Improved parameters from previous studies were used to perform this experiment: incubation 

at room temperature, 50 µL of sample solution, antibody labelling with ALP, pre-incubation 

with antigen and reduced assay time. The new protocol can be described as follows. First, 

capture antibody was immobilized on aminated PS surface overnight at room temperature. 

After that, the surface was blocked with BSA 1% in PBS for 1 h. Subsequently, detection 

antibody was labelled with ALP during 1 h prior to the incubation with the antigen (5 min). 

Afterwards, the antibody-antigen complex was incubated in the channels with the capture 

antibody immobilized on the surface properly blocked to avoid non-specific interactions. 

Finally, the S2- generated enzymatically by ALP from Na3O3PS interacted with Cd2+ to form CdS 

QDs. The photoelectrochemical signal was measured during irradiation the electrode with a UV 

LED of 365 nm in presence of TG 20 mM. 

The calibration plot of the process is depicted in Figure 10. It can be seen that PEC signal 

increases gradually with HSA concentrations from 0 to 100 ng mL-1 due to the increased 

enzymatic growth of CdS QDs in situ. The curve exhibited a linear response in the range 

studied with R2 of 0.996. Moreover, the detection limit was found to be of 1.97 ng mL-1, 

comparable to that of the optical commercial kit (2 ng mL-1). The standard ELISA kit required 

around 6 h per measurement while our device required only 2.5 h per measurement. Thus, this 

prototype demonstrated its feasibility for the development of a lab-on-a-chip device based on 

photoelectrochemical detection system. 
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Figure 10. Photocurrent calibration plot from the of CdS QDs in the system containing TP (0.5 mM), 

Cd(NO3)2 (2.5 mM), TG (20 mM) and variable HSA concentration with SPCE on PS 1.2 mm and new 

microfluidic system, ∆I = 3.46·[HSA] + 15.93. 

 

 

4. Conclusion 

In summary, we presented a new promising platform for photoelectrochemical immunosensor 

lab-on-a-chip (LOC). Polystyrene substrates were modified to improve the antibody orientation 

and the sandwich immunoassay was coupled to the enzymatic growth of CdS QDs in situ for 

the subsequent measurement of the PEC response using home-made screen-printed carbon 

electrodes. The method showed an enhanced performance due to the improvement of the 

immunoassay and the signal amplification achieved with the enzymatic reaction. The 

miniaturization of the device comprised the design, optimization, characterization and 

validation of the system with a model analyte. The resulting platform showed an improved 

detection time and detection limit in comparison with those of the commercial ELISA kit for 

Human Serum Albumin. The system developed in this study could be an attractive candidate 

for the use with a wide range of analytes due to the versatility of the enzymatic signal 

amplification process and the broad range of possible functional groups that can be introduced 

on PS substrates for the antibody immobilization. Moreover, the optimized protocol is fast, 

easy to use and convenient for point-of-care applications. 
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General conclusions 

This PhD thesis presents the advancements in bioanalysis based on the use of the enzymatic 

modulation of nanomaterials for analytical applications which can be employed for detection 

and signal amplification. The use of enzymes for nanoparticles and quantum dots growth in 

situ with applications in optical and electrochemical biosensors offers great advantages due to 

the wide range of possibilities in terms of substrates and analytes which potentially can be 

employed in bioanalytical analysis. Moreover, this approach has opened new strategies for 

signal amplification in electrochemical sensors and has proven its effectiveness in the 

performance of a photoelectrochemical immunosensor lab-on-a-chip platform. 

The main conclusions of the work conducted during this PhD thesis are summarized below: 

1. It was found that a wide range of enzymes and substrates can be employed the 

formation of several nanomaterials with varied characteristics such as Ag/Ag2S and CdS 

NPs and QDs with optical and electrochemical properties. This innovative strategy for 

the enzymatic growth and modification of metal containing nanoparticles and 

quantum dots was developed and applied to the detection of various analytes of 

interest. 

2. The biocatalytic process involving alcohol oxidase, methanol and cysteine can inhibit 

the formation of semiconductor CdS QDs. This occurs because oxidation of methanol 

catalysed with alcohol oxidase results in the formation of H2O2. The latter is able to 

convert two molecules of cysteine into one molecule of cystine. This molecule is 

unable to stabilize the growth of CdS QDs in situ and thus, the concentration of CdS 

QDs decreases with increasing amounts of the analyte (methanol). This enzymatic 

process can be applied for the sensitive detection of methanol in real samples by 

fluorescence spectroscopy and photoelectrochemical methods. Both procedures 

exhibited higher sensitivities than previous bioassays and can be applied to the 

detection of methanol in vodka and cider. Moreover, photoelectrochemical 

methodology proved to be a convenient choice for the design of portable, 

miniaturized and disposable biosensors. 

3. Enzymatic activity of glucose oxidase was employed to produce Ag/Ag2S NPs in the 

presence of citric acid as the capping agent. Glucose oxidase is able to catalyse 

formation of H2S resulting from the biocatalytic oxidation of 1-thio-D-glucose with 

oxygen. H2S interacts with silver ions almost instantly and, in presence of the capping 

agent citric acid, Ag/Ag2S NPs are formed. This colorimetric method can be used for 
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the study of the competitive reaction between the 1-thio-D-glucose and the natural 

glucose, which doesn’t produce H2S decreasing the amount of Ag/Ag2S NPs. Hence, the 

concentration of glucose can be determined in human serum with high precision and 

no pre-treatment of the sample. 

4. The products of enzymatic reactions can block the surface of NPs modifying the 

electrochemiluminescence properties. CdS QDs were chemically synthesized for 

subsequent modification of carbon electrodes. Thiol-compounds such as thiocholine 

produced by acetylcholinesterase blocks CdS QDs immobilised on the electrode 

surface decreasing the ECL signal. On the other hand, some enzymes like glucose 

oxidase can release H2O2 that act as the cofactor needed for the production of ECL 

signal. These strategies were applied to the detection of acetylcholinesterase in human 

serum and methanol in vodka with promising results. 

5. The antibody immobilization strategy affects the specific antigen-binding event 

because the apparent affinity constant depends on the orientation of biomolecules on 

the surface of the solid support. Proper orientation of antibodies is preferable to 

increase the sensitivity of immunosensors. Polystyrene modification by a wet-

chemical treatment with chlorosulfonic acid and posterior washing with sulfuric acid 

can provide reactive chlorosulfonyl groups on the surface. This procedure gives 

transparent polystyrene substrates stable at room temperature under normal 

atmosphere for at least one year. This modification can be used for posterior 

introduction of any functional group through the interaction between a primary 

aliphatic amine and the chlorosulfonyl groups (creating sulphonamide groups) in soft 

conditions (aqueous solutions, room temperature). An appropriate screening of those 

surfaces allows to find the chemical group on the surface that results in the better 

orientation of the antibody studied, improving the detection limit and being a critical 

knowledge to immobilize the antibody in a plastic cartridge for lab-on-a-chip 

manufacturing. 

6. The combination of enzymatic signal amplification strategy and polystyrene 

modification for well-orientation of antibodies has proven to give promising results in 

the designing of a photoelectrochemical immunosensor lab-on-a-chip. The first 

prototype fabricated and developed in this PhD thesis showed good analytical 

performance and improvement of a commercial ELISA kit for a standard analyte. 

Although much remains unexplored, these results have opened new possibilities in the 

design of next generation of biosensors for point of care applications. 
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