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El desarrollo de nuevas tecnologías y metodologías para 

solucionar problemas analíticos reales es un aspecto clave y exigente 

en el campo de la química analítica. La tendencia actual en esta ciencia 

lleva a realizar análisis de forma sencilla, fiable y preferiblemente 

mediante dispositivos miniaturizados que puedan ser utilizados in situ. 

En este sentido, los biosensores conforman herramientas analíticas 

excelentes debido a la sensibilidad y la selectividad reconocidas, junto 

con su miniaturización inherente. Por otro lado, las metodologías 

analíticas basadas en nanotecnología, donde los nanomateriales y 

motores actúan de forma especial, constituyen instrumentos 

innovadores, prometedores e interesantes para llevar a cabo análisis 

en diferentes áreas. Estos motores, los cuáles se mueven 

autónomamente a través de energía obtenida de una reacción química, 

en una de las más conocidas variedades, permiten una estrategia de 

biosensado, la cual depende del movimiento continuo a través de 

muestras complejas asociado con distintas interacciones 

biomoleculares, llamadas “en movimiento”. Tal movimiento a lo largo 

de la muestra ayuda a la interacción con el analito generando un nuevo 

paradigma en la química analítica. 

Dentro del campo de la química analítica, el análisis de 

alimentos es uno de los aspectos más importantes. Teniendo en 

cuenta el riesgo en seguridad alimentaria debido a la presencia de 

sustancias tóxicas en los alimentos y productos derivados, existe una 

necesidad real de desarrollar métodos nuevos capaces de detectar 

estos productos perjudiciales, y así, asegurar la seguridad de los 

consumidores. De este modo, el análisis de micotoxinas, metabolitos 
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secundarios tóxicos producidos por hongos, es especialmente 

relevante debido a los efectos negativos provocados en la salud 

humana y animal. 

En consecuencia, y siguiendo el objetivo de conservar la 

seguridad alimentaria, se han desarrollado nuevos procedimientos 

basados en biosensores y metodologías que hacen uso de motores 

sintéticos para mejorar los sistemas actuales de análisis y explorar 

otros modos de actuación, significando la principal inspiración para 

esta tesis doctoral. Las herramientas bioanalíticas rápidas, 

económicas, sensibles y fiables descritas aquí mismo son una 

alternativa prometedora a los métodos de referencia para el cribado y 

la detección de micotoxinas y otros analitos de relevancia. 

Esta tesis se divide en dos bloques centrales. El primer capítulo 

(Capítulo II) describe el marco donde se enfoca la tesis, que a su vez 

se divide en tres partes (seguridad alimentaria –Sección II.1-, 

biosensores –Sencción II.2- y motores –Sección II.3-). El segundo 

bloque incluye los resultados más notables obtenidos de los 

experimentos y los artículos publicados (Capítulo III). Este capítulo 

se distribuye en tres epígrafes, llamadas inmunosensores 

electroquímicos (Sección III.1), micromotores catalíticos (Sección 

III.2) y micromotores no catalíticos (Sección III.3). 

En relación con el capítulo II, la seguridad alimentaria y sus 

antecedentes se presentan en la sección II.1. Aquí, se incluye el 

Codex Alimentarius, donde se definen las regulaciones y estándares 

para cumplir la seguridad alimentaria, intereses económicos y de 
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salud, y las amenazas principales (alérgenos, patógenos y 

micotoxinas). La sección II.2 revisa los biosensores, que son 

instrumentos analíticos prometedores y actuales para determinar 

sustancias peligrosas diferentes en el análisis de alimentos. También 

se revisan, resumidamente, los más importantes elementos de 

bioreconocimiento (centrados preferentemente en anticuerpos y 

aptámeros) y las técnicas de detección (electroquímicas y 

fluorescentes). Al final, la sección II.3 consta del estado del arte y las 

características principales de los motores sintéticos, los cuáles están 

convirtiéndose en unas herramientas analíticas altamente notables. 

El capítulo III expone y debate los resultados importantes 

logrados durante el trabajo de la tesis. El epígrafe III.1 consta de dos 

trabajos científicos donde se han desarrollado 

magnetoinmunosensores electroquímicos con excelentes 

características analíticas para la determinación de micotoxinas como 

Fumonisinas y Ocratoxina A, y han sido evaluadas por medio de un 

material de referencia certificado y muestras reales. En ambos casos, 

la estrategia se basa en el uso de partículas magnéticas como soporte 

de inmovilización, las cuáles se confinan en la superficie del electrodo 

impreso de carbono después de la reacción inmunoquímica, y la 

detección electroquímica se da por la adicción del sustrato y mediador 

electroquímico adecuados. La sección III.2 también incluye otros 

dos artículos científicos. El primero trata del desarrollo de un 

micromotor de grafeno de alta eficacia para la determinación de 

Fumonisina B1. El reconocimiento selectivo de la micotoxina es dado 

por un aptámero unido a un fluoróforo. Esta detección se acopla a la 
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amortiguación fluorescente “en movimiento” mediante el mecanismo de 

acoplamiento π sobre la capa exterior de grafeno. También basados 

en el uso de motores de grafeno, el segundo trabajo desarrollado en 

la estancia en Estados Unidos conlleva el retraso en la ignición y 

propulsión de microcohetes tubulares catalíticos basados en la 

eliminación de la aleación de la capa interna inducida por el 

combustible.  El tiempo de retardo depende de la corrosión gradual, 

preferentemente del Cu de la aleación interna de Pt-Cu por el 

peróxido de hidrógeno. El tiempo de retardo en la activación del 

motor puede ser modulado tanto por el control de la composición de 

la capa de aleación de Cu-Pt como por el medio que lo rodea, 

incluyendo el combustible, la concentración de NaCl y el pH local. 

De hecho, este versátil control del encendido de estos motores 

químicos se demuestra en muestras reales como agua de mar o ácido 

gástrico. 

El epígrafe III.3 incluye el desarrollo de un motor tubular 

milimétrico no catalítico para el biosensado de H2O2 en importantes 

muestras clínicas y ambientales. Se basa en el movimiento 

autopropulsado por el efecto Marangoni, donde la liberación 

asimétrica del tensioactivo SDS induce la convección del fluido y una 

rápida dispersión de la enzima peroxidasa de rábano picante en la 

muestra. Este eficiente movimiento junto con la liberación continua 

de enzima fresca conlleva a acelerar de forma significativa la reacción 

enzimática sin necesidad de un agitador externo o una inmovilización 

química/física de la enzima como en los métodos de biosensado 
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clásico. En este caso, la detección puede realizarse de forma 

electroquímica, óptica o visual sin necesidad de instrumentación. 

Debido a todo lo expuesto y comentado anteriormente, los 

resultados presentados en esta tesis doctoral revelan el diseño y 

desarrollo de nuevas estrategias y metodologías que permiten mejorar 

las herramientas analíticas actuales en el campo del análisis de 

alimentos y seguridad alimentaria, pudiendo abrir nuevos horizontes 

en el marco de la química analítica. 
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Development of new technologies and methodologies to solve 

real analytical problems is a key and challenging aspect in the 

Analytical Chemistry field. A current tendency of this discipline leads 

to perform the simple, easy-to-use, miniaturized, portable and in-situ 

analysis. In this sense, biosensors constitute excellent analytical tools 

due to their recognized selectivity and sensitivity together with their 

inherent miniaturization. On the other hand, nanotechnology-based 

analytical methodologies, where nanomaterials and motors play a 

unique role, constitute exciting and promising innovative tools for 

analysis in different areas. These motors, which autonomously move 

getting energy from a chemical reaction in one of the most known 

varieties, allow a (bio)sensing strategy that relies on their continuous 

movement through complex samples in connection with diverse on-

the-move (bio)molecular interactions. Such movement along the sample 

promotes the interaction with the target analyte representing a new 

paradigm in Analytical Chemistry. 

Among the Analytical Chemistry field, food analysis is one of 

the most significant issues. Considering the food safety risk due to the 

presence of hazards in food and derived products, a real need exists 

to develop new methods capable of detecting these compounds, and 

thus, ensure consumers safety. In this way, analysis of mycotoxins, 

toxic secondary metabolites produced by fungi, is especially relevant 

owing to their negative effects produced in animal and human health. 

Consequently, following the goal to preserve the food safety, 

new approaches based on biosensors and motors methodologies to 

enhance the current performance and explore other ways have meant 
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the main inspiration of this Doctoral Thesis. Fast, cost-effective, 

sensitive and reliable bioanalytical tools described herein are a 

promising alternative to the reference methods for the screening and 

early determination of mycotoxins and other relevant analytes. 

This Thesis is divided into two main blocks. First one (Chapter 

II) is related to describe the framework of this Thesis, which in turn 

is divided into three parts (food safety -Section II.1-, biosensors -

Section II.2- and motors -Section II.3-). The second block includes 

the most relevant results obtained from the experiments and the 

published articles (Chapter III). This chapter is distributed in three 

sections, named electrochemical immunosensors (Section III.1), 

catalytic micromotors (Section III.2) and non-catalytic micromotors 

(Section III.3). 

Regarding chapter II, food safety and its background are 

presented in section II.1. Thus, it includes Codex Alimentarius, 

where regulations and standards are defined to accomplish food 

safety, the economic and health concerns, and the main hazards 

(allergens, pathogens, and mycotoxins). Section II.2 reviews the 

biosensors which are current promising analytical tools to determine 

different hazards in food analysis. The most important elements of 

biorecognition (mainly focused on antibodies and aptamers) and 

detection techniques (electrochemical and fluorescent) are briefly 

revised. Finally, section II.3 addresses the state of the art and main 

characteristics of synthetic motors, which are becoming highly 

remarkable analytical tools. 
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Chapter III expounds and discusses the main results obtained 

during the Thesis work. Section III.1 includes two scientific works 

where electrochemical magnetoimmunosensors with excellent 

analytical characteristics have been developed for the determination 

of Fumonisins and Ochratoxin A mycotoxins, and have been 

evaluated through the analysis of certified reference material and real 

samples. In both cases, the strategy is based on the use of magnetic 

beads (MBs) as immobilization support, which after the 

immunochemical reaction, are confined onto the surface of carbon 

screen-printed electrode (CSPE) and electrochemical detection is 

achieved by the addition of suitable substrate and mediator for the 

enzymatic tracer. Section III.2 also includes two scientific works. 

The first one deals with the development of a high-performance 

graphene-based micromotor strategy for determination of Fumonisin 

B1. Selective recognition to the target mycotoxin is given from dye-

labeled aptamers. This detection is coupled to fluorescence quenching 

“on-the-move” of the free aptamer by the outer graphene-microrocket 

layer via π-stacking mechanism. Also based on the use of graphene-

motors technology, the second work, developed in the American stay, 

entails the delayed ignition and propulsion of catalytic tubular 

microrockets based on fuel-induced chemical dealloying of an inner 

alloy layer. Such timed delay motor activation process relies on the 

preferential gradual corrosion of Cu from the inner Pt–Cu alloy layer 

by the peroxide fuel. The motor activation time can thus be tailored 

by controlling the composition of the Cu–Pt alloy layer and the 

surrounding media, including the fuel, NaCl concentrations, and local 

pH. Indeed, the versatile ‘‘blastoff’’ control of these chemical 
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microrockets is demonstrated in an actual matrices such as sea water 

and gastric acid. 

Section III.3 illustrates a millimeter-sized tubular motor for 

mobile biosensing of H2O2 in environmental and relevant clinical 

samples. The concept relies on the self-propelled motion by the 

Marangoni effect, where the asymmetric release of SDS surfactant 

induces fluid convection and rapid dispersion of Horseradish 

peroxidase (HRP) enzyme into the sample solution. This efficient 

movement together with the continuous release of the fresh enzyme 

leads to a substantially accelerated enzymatic reaction process without 

the need of external stirring or chemical/physical enzyme attachment 

as in classical biosensing approaches. Electrochemical, optical or 

naked-eye detection can be performed. 

Owing to all the premises stated above, the results presented in 

this Doctoral Thesis show the development of strategies and 

approaches in the field of food analysis and safety, which can open 

new horizons in the framework of Analytical Chemistry.
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Research in Analytical Chemistry field has allowed the 

development of new techniques, methods, and even protocols to 

perform the analysis. In order to achieve a more accurate and precise 

analysis, it has been necessary the exploration of new technologies which 

satisfy these goals. In this way, the analyte is not only the important stuff, 

but the methods are also catching the attention being able to enhance 

assessments, even accomplishing some simultaneous analysis of the 

same analyte in diverse samples or different analytes in the same sample. 

There are a broad variety of methods and techniques. From well-

established and routinely techniques performed in central laboratories 

such as liquid and gas chromatography using spectroscopic detection to 

non-central techniques such as sensors, it is defined an amalgamation of 

research made of ensuring accurate and precise analysis. However, a 

current tendency of Analytical Chemistry leads to perform the simple, 

miniaturized and in-situ analysis. Miniaturized biosensors configure a 

very suitable alternative as an analytical tool in different fields following 

principles above. 

Among all biosensors, there are different classes, depending on the 

biorecognition element. These elements can be such as enzymes, 

antibodies, aptamers, DNA, and RNA. Based on different 

biorecognition element, biosensors can be categorized in, i.e., 

biosensors (spreadly used for enzymes), immunosensor (antibodies are 

used), aptasensor (aptamers), or genosensor (DNA or RNA). Among 

them, these elements provide lesser or non-necessity of sample 
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treatment, reliability and allow fast detections. Furthermore, they 

possess other attributes such as selective, sensitive, simple, low-cost, 

disposable and portable devices. In addition, these methods are easily 

combined with electrochemical or fluorescent detection, playing a key 

role in this field, and configuring a kind of devices that offer high 

selectivity, sensitivity, low-cost, simplicity, speed, disposability, inherent 

miniaturization and high compatibility with other technologies and 

methodologies. Therefore, electrochemical and fluorescent techniques 

suit properly to create novel sensors and devices. 

In the same way, nanomaterials and nanotechnologies have 

recently arisen, becoming a relevant protagonist. Within this framework, 

motors −milimotors, micromotors and nanomotors− constitute 

promising tools in innovative ideas for different life areas. The principle 

of these micromachines is to mimic natural motors, transforming 

different type of energy in motion. There is a class of micromachines, 

which move getting the energy from a chemical reaction. Thus, these 

micromotors can be used for several aims, even in Analytical Chemistry 

area. The motion-based (bio) sensing strategy relies on the continuous 

movement of the motors through complex samples within the 

framework of diverse (bio) molecular interactions together with the on-

the-move approach. Such movement, along the sample, promotes the 

interaction between target analyte-receptor and represents a 

fundamentally new paradigm in Analytical Chemistry. This method to 

carry out (bio−)sensing can open new horizons for designing pioneering 

approaches such as point-of-care devices or novel analyte detection.  
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These micromotors make use of nanomaterials to get the motion 

or to give qualities. Besides, these materials can be tailored to improve 

also the performance, to provide alternative features, or to achieve 

original goals. Thus, these materials can be composed of a combination 

of various metals (alloy), new polymers (to protect the motor or to 

transport a cargo), or combination of both to give other attributes for 

new ways to perform the motion. 

All methods are usually made to reach an aim, whether to detect 

an analyte or to improve the performance. Among the Analytical 

Chemistry field, food analysis is one of the most significant. In order to 

get better food production and to enhance its quality and quantity, 

farmers and specialists have developed better techniques, tools, and 

production ways during centuries. Nevertheless, dangerous substances 

or microorganisms can emerge to lessen the food quality, becoming 

meaningful the food control and analysis. For that reasons, exploring 

new technologies and methods, including electrochemical biosensors or 

motor-based assays, to meet all related aspects has become the key for 

Analytical Chemistry. 

Consequently, following the goal to preserve the food safety, 

researching new approaches in different disciplines –immunosensors 

and motors− to enhance the current performance and explore other 

ways, and implementing ideas in actual work and samples has meant the 

main inspiration of this Doctoral Thesis. 
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According to this, this Doctoral Thesis has three well-defined 

objectives: 

1. To develop miniaturized and portable electrochemical 

immunosensors for significant food analytes such as 

mycotoxins (Fumonisins B and Ochratoxin A) in different food 

matrices to assure the food safety. 

2. To explore new analytical methodologies, employing catalytic 

motors as mobile sensors to perform on-the-move biosensing 

and other applications. 

2.1. To develop a novel on-the-move biosensing approach for 

FB1 detection based on dye-labeled aptamer as 

biorecognition element and graphene microrocket to 

perform mobile detection with fluorescent dye quenching.  

2.2. Design, characterization, and implementation of new alloy 

nanomaterials for designing smart micromotors and 

providing pioneering analytical features. 

3. To develop an enzyme-integrated non-catalytic motor within 

an end-cut pipette tip, based on the Marangoni effect as a 

mobile sensor for rapid and simple detection, both optical and 

electrochemical, of hydrogen peroxide as a model in relevant 

samples. 

In view of above, the principal milestones reached in this Doctoral 

Thesis have been: 
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1.1. Development and optimization of a miniaturized biosensing 

strategy for fast and reliable detection of Fumonisins B and 

Ochratoxin A, using antibodies as selective recognition 

element together with sensitive electrochemical detection. 

1.2. Demonstration of simultaneous simplified calibration and 

analysis protocol for both mycotoxins as an enhanced 

procedure. Analytical evaluation through the determination 

of a certified reference material and the analysis of real 

samples for both mycotoxins. 

2.1. Design and development of a novel biosensing strategy using 

dye-labeled aptamers as specific bioreceptor element and 

graphene microrocket as a mobile sensor for on-the-move 

determination of mycotoxins in real food samples. 

Optimization of the detection principle based on 

fluorescence quenching of free labeled-aptamer by its π-π 

interaction with graphene. 

2.2. Design of bimetallic alloy micromotors, and characterization 

by microscopy techniques (scanning electron microscopy 

(SEM)) and spectroscopic techniques (energy dispersive X-

ray spectroscopy (EDX)). Study of the alloy micromotor 

behavior under different conditions and real samples. 

3. Design and development of a new mobile biosensing strategy 

based on a friendly motion propulsion. Optimization of its 

simultaneous detection by two different techniques (optical 

and electrochemical) using the same performance. Evaluation 
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of their analytical characteristics and their application in 

relevant samples.
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II.1. Food Safety 

Contemporary society is demanding high quality in many aspects 

of their lives. In developed countries, people ask for the highest food 

quality and safest food. In contrast, in developing countries, food quality 

is deprived instead of better food safety. 

The interest in this fact is greater due to all consumers are paying 

much attention and demanding more information about whole food 

production procedure, from how it is produced to how it is distributed 

and marketed. For that, more governments and organization are 

managing more responsibilities, regulations, and laws to ensure the best 

food safety and quality, and consumer protection1. 

The Food and Agriculture Organization of the United Nations 

(FAO) and the World Health Organization (WHO) set already up 

guidelines for the food control, called Guidelines for Developing an 

Effective National Food Control System in 1976. This publication laid 

the foundations for over 25 years by different regulations. However, new 

changes as emerging detection tools, incipient laws and regulations, 

globalization in production and trade or market, guidelines from the 

organization as World Trade Organization (WTO), and the importance 

of Codex Alimentarius, have made necessary newer guidelines to adapt 

the old guidelines to this situation. 

Furthermore, foodborne diseases, pathogen outbreaks, and 

chemical hazards are more well-known in the extent of the research 
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progresses. Then, it is necessary to share the knowledge and coordinate 

requirements, rules, and practices to ensure food control. To aim this 

objective, the Joint FAO/WHO created novel guidelines named 

Assuring Food Safety and Quality: Guidelines for Strengthening 

National Food Control Systems in 2003. New standards and regulations 

are made to improve and strengthen food control over the authorities, 

challenging different issues as: 

- Increasing burden of foodborne illness and, new and emerging 

foodborne hazards 

- Rapidly changing technologies in food production, processing, 

and marketing 

- Developing science-based food control systems with a focus on 

consumer protection 

- International food trade and need for harmonization of food safety 

and quality standards 

- Changes in lifestyles, including rapid urbanization 

- Growing consumer awareness of food safety and quality issues and 

increasing demand for better information 

The collaboration between different organizations, institutions, 

governments, industries and other groups is essential to support and 

ensure food control, safety, and quality. 

First of all, it is necessary to point the different terms out. Owing 

to the heterogeneity of the population, it is significant to compile all 

those perspectives and knowledge in unique standards. Therefore, Food 
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safety is defined as “all those hazards, whether chronic or acute, that may 

make food injurious to the health of the consumer”. Food quality refers 

to “all other attributes that influence a product’s value to the consumer. 

This includes negative attributes such as spoilage, contamination with 

filth, discoloration, off-odors and positive attributes such as the origin, 

color, flavor, texture, and processing method of the food”. In addition, it 

is important to tell the difference between other significant term, food 

control, which is “a mandatory regulatory activity of enforcement by 

national or local authorities to provide consumer protection and ensure 

that all foods during production, handling, storage, processing, and 

distribution are safe, wholesome and fit for human consumption; 

conform to safety and quality requirements; and are honestly and 

accurately labelled as prescribed by law”. 

In order to establish objectives, it is meaningful to distinguish 

between quality and safety because it affects to policy and the most 

suitable food control method due to its nature and content1. 

Additionally, it is essential to consider the purchaser perspective as an 

extra worth to food safety and quality, called adding value2. 

For that reasons, these regulations and laws are focused on 

consumers, becoming the foremost principle to protect them against 

hazardous, contaminated and fraudulent food trade.  

During the whole food chain supply, also named farm-to-table 

continuum, all the processes must be controlled to avoid inherent 

hazards or to eliminate possible contamination sources. The hazards can 
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occur by contaminated raw materials, ingredients and water; poor 

hygiene in manufacture processes; inadequate agricultural practices; 

lack of controls in food operations; mistreatment with chemical 

reagents; or incorrect storage. Special attention must be paid due to the 

raised concerns to: 

- Microbiological hazards 

- Pesticide residues 

- Misuse of food additives 

- Chemical contaminants, including biological toxins and 

metabolites 

- Adulteration 

Among this threats, some of them were selected to further 

discussion in the next chapters. The selected ones were allergens, 

pathogens, and mycotoxins. The significance of these hazards resides in 

their characteristics, novelty and emergence, and the ever-growing 

concern of their occurrence in nourishment. 

II.1.1. Codex Alimentarius 

FAO was founded in 1945 and WHO was founded in 1948. 

During next years, various committees and organizations worked on the 

control of food additives and chemical compounds at the regional level, 

as occurred with the Codex Alimentarius Europaeus pursued by 

European councils. However, some organizations and councils decided 

with WHO support to create the Codex Alimentarius (international 
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version) in 1960, and the Joint FAO/WHO set up the Codex 

Alimentarius Commission in 1961. According to its very book, Codex 

Alimentarius is a collection of standards, codes of practice, guidelines 

and other recommendations. Among this statement, there are standards 

for different categories and goals, which are referred to government-

regulated features or describe production, processing, manufacturing, 

transport and storage practices. Furthermore, Codex Alimentarius is 

based on scientific knowledge. Scientific activity continues taking a 

meaningful part in the elaboration of a new standard. Many different 

disciplines can contribute together with the aim of improving the Codex 

Alimentarius. Excellence, independence, transparency, and universality 

are the values which Codex Alimentarius, its Commission and the Joint 

FAO/WHO try to reach using that scientific knowledge from the 

beginning3. Figure 1 describes how the process of Codex Alimentarius 

Commission elaborates the guidelines and standards.
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II.1.2. Economic and health concerns 

A consumer is not aware of the compounds or microorganisms on 

the food. Due to the processes that food undergoes, different 

microorganisms can occur, or chemical residues can persist. There is an 

important risk to contract a foodborne disease or ingest chemically 

contaminated food, and the purchaser is not able to measure that risk. 

Economists define foodborne illness as a combination of two 

expressions, one called “experience good” and another named “credence 

good”. “Food is an experience good in that the consumer can determine 

whether it will cause illness only after it is consumed. Food is a credence 

good in that the consumer frequently cannot tell with certainty whether 

it actually caused an illness”, as both expressions are defined in the Food 

Safety Handbook. This refers to the gap between the ingestion of food 

and time in suffering the symptoms of a disease, being more challenging 

to discover the origin of that illness accurately. Therefore, avoiding this 

problem and the possibility of undergoing a disease, a domino effect can 

be produced along the farm-to-table chain4. 

From here, many hazards need to be controlled and determined 

to ensure the food safety. However, strengthening all laws, 

requirements, and levels to protect more the consumers raises the price 

of product due to the high inversion in control assays. Then, we must 

answer a question: How much safety? Suitable regulations can be 

produced appropriate food prices, non-expensive control assays, better 
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food quality and safety, leading to better consumer health and 

diminishing associated societal costs4. 

Thus, there are many examples in the literature where the burdens 

associated with foodborne diseases, foodborne outbreaks or chemically 

food contamination (such as biological toxins or mycotoxins) are very 

significant. For example, WHO estimated that 2.2 million of people (1.9 

million children) pass away for foodborne and waterborne illness 

together5. As a consequence of salmonella infections, annual costs 

leveled on the health care system are estimated to be around 3 billion 

euros in the European Union5. 

Some studies say that 845,000 foodborne illnesses are caused by 

the pathogen annually and provoked $1.9 billion in economic burden. 

The economic burden of $903 million to $4.6 billion (90% credible 

interval) is produced by Campylobacter occurrence of 337,000 to 1.6 

million cases (90% credible interval)6. 

In contrast with foodborne outbreaks, which are usually more 

acute than chronic as other threats (e.g., mycotoxins), chemical hazards 

can lead to other scenarios such as prolonged food infections or long-

term diseases. For that reason, economic deficits are more focused on 

different matters, such as prevention, control, and detection7. In fact, 

rice is one of the most consumed nourishment and the most frequently 

described as mycotoxin occurrence. In 2013, the rice production was 

746.4 million tonnes, being valued in $400‒650 dollars for five different 

types and being obvious that mycotoxin contamination can produce the 
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economic losses and the global concerns (in society, industry and 

governmental administrations7. 

II.1.3. Hazards 

Foodborne hazards have demonstrated to be an actual concern 

and issue for present population. Owing to the globalization of the food 

trade and its continuously variable situation, all foodborne hazards can 

be untraceable, missing the origin of that hazards and making tougher to 

resolve the problem. Likewise, the contamination can be spread from 

that source (animal feed, water, contaminated plants or cereals) to 

animals or, even, humans. As it has been told before, this, not just has 

health concerns, also has economic burdens as it was aforesaid1. 

 In the introduction, different threats, perhaps the most 

meaningful, were named. They are well-known enough, but some of 

them do not have so much dissemination. According to their 

morphology, several threats can be found in nature. On the one hand, 

there are microbiological hazards which are composed by pathogens in 

the broadest idea of the meaning. On the other hand, there is diverse 

kind of chemical hazards which have a biological origin (mycotoxins and 

allergens are representative examples). Besides, there are chemical 

hazards whose origin is chemical or synthetic. Among these last ones, we 

can find pesticides, such as triazines (atrazine), carbamates 

(carbofuran), organochlorides (DDT) and organophosphate 

compounds (e.g., malathion, parathion, and chlorpyrifos)8, heavy 

metals (Pb, Cr, Ar, Cd, and Hg), polychlorinated biphenyls (PCBs), 
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dioxins, phthalates and veterinary drugs (e.g., semicarbazide, 

clenbuterol, streptomycin, and tetracycline)1,8. 

For that reasons, selected hazards will be broadened in the next 

sections. 

II.1.3.1. Allergen 

The definition of allergen is an antigen which provokes an atypical 

and strong immune response. Although, there are other concepts which 

are lesser-known and introduce exciting ideas. The food allergy can be 

defined as “an adverse health effect arising from a specific immune 

response that occurs reproducibly on exposure to a given food”, and 

food intolerance, “as nonimmune reactions that include metabolic, 

toxic, pharmacologic, and undefined mechanisms”9. Therefore, the 

intake of feed can produce different symptoms depending on the 

complaint of the individual, and in function of gravity of the complaint. 

Despite this, we are going to focus on food allergy and allergens. 

Food allergy is a novel concern with great repercussion due to 

those antigens can provoke unpredictable and vastly random reactions, 

although consumption of the allergen is very low (even in traces) and it 

is influenced by the sensitivity of the individual10. Food allergies affect 

approximately 1‒2% adults but less than 10% of the population, 

approximately 5% of young children, although the prevalence is growing 

according to recent studies9,11,12. In order to avoid adverse and 

uncontrolled reactions, new methodologies have to be developed to get 
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the determination more accurately and sensitively to improve the food 

safety and consumers’ health11. In this sense, the reports informed that 

the most frequent allergies in infants are cow’s milk (2.2%), peanut 

(1.8%), and tree nuts (1.7%), and the most frequent allergies in adults 

are shellfish (1.9%), fruits (1.6%), and vegetables (1.3%)9.  

Allergies are caused by an antigen and can be classified into 4 

categories called immunoglobulin E (IgE)‒mediated, non-IgE‒

mediated, mixed, or cell-mediated reactions, among the immune-

mediated adverse food reactions by National Institute of Allergy and 

Infectious Diseases’ Expert Panel9. Another classification is established 

based on the appearance of symptoms, where type I is the fastest 

appearance (immediate hypersensitivity) between minutes and 2 hours, 

and type IV is the slowest allergy (delayed hypersensitivity) where the 

development of disorders takes hours or days (usually given in cell-

mediated reactions)11. Table II.1 summarize foremost classes, allergens 

which trigger those signs, and symptoms9. 
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Table II.1. Summary of allergy classes, allergens, and their symptoms. 

*Autoimmune disorder 

II.1.3.2. Pathogen  

Microorganisms are very well-known since many decades ago. 

Notwithstanding that there are many methodologies against 

Class Allergen Symptom 

IgE antibody dependent 
(acute onset) 

Egg, 
milk, wheat, soy, peanut, 
tree nuts, fish, shellfish, 
seafood, raw fruit and 
vegetables, beef, pork, 

lamb 

Urticaria, angioedema, 
oral allergy syndrome, 

rhinitis, asthma, 
gastrointestinal 
hypersensitivity, 

anaphylaxis (and its 
varieties) 

Mixed IgE antibody 
associated/cell-

mediated (delayed-
onset/chronic) 

Atopic dermatitis, 
eosinophilic 

gastroenteropathies 
(dysphagia, ascites, 
weight loss, edema, 

obstruction) 

Major allergens, 
particularly egg, milk 

Non–IgE-mediated 
(delayed-

onset/chronic) 

Enterocolitis 
syndrome, allergic 

proctocolitis, Heiner 
syndrome, celiac disease 

(enteropathy and 
malabsorption)* 

Cow’s milk, soy, rice, 
oat, multiple other 

solids, and gluten (e.g., 
wheat, rye, 

barley)* 

Cell mediated 
Allergic contact 

dermatitis 
Metals 
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microorganisms from early in the twentieth century (e.g., 

pasteurization), new microbiological hazards have become in a real 

threat to our health, and we need detection and prevention techniques 

as well as methods to kill pathogens. First discovered hazards were 

tuberculosis and salmonellosis in milk, and botulism in low acid foods, 

which were neutralized through heat the containers without losing their 

properties1. 

The pathogen illnesses are the second worldwide cause of 

morbidity according to WHO. Malnutrition, hygiene conditions and 

low water quality, among others, promote the contagion and 

propagation of pathogen in developing countries. Despite the bigger 

power of developed countries to get better methodologies and 

techniques, and enhanced medical cares (medicines and treatments) to 

combat and detect food-borne pathogens, they can occur from 

outbreaks or, even proliferate from food sources. Further these reasons, 

pathogens are significant, not only in food safety field, in other fields as 

well, such as drug discovery, clinical research, biological warfare, 

between others13. 

Global food trade makes easier the spread and capacity of 

infection in nourishments, plants, animals and people, managing more 

difficult the food control and incurring expenses in all involved matters 

(companies, administration, and health). Pathogens provoke about 40% 

of the ∼50 million losses worldwide every year. In the United States, 

approximately 76 million illnesses were estimated by them, more than 
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300,000 hospitalizations and 5,000 demises each year14. In addition, two 

well-known pathogens, E. coli O157:H7 and Salmonella, produced 

approximately 1.4 million foodborne illness with $2.7 billion in 

associated medical costs, productivity deficits, and costs of premature 

losses in 201015. 

These microbial hazards are composed bacteria, viruses, fungi and 

parasites16. The most common pathogens, which can be outlined, are 

Escherichia coli, Salmonella, Staphylococcus, Listeria monocytogenes 

and Aeromonas, and virus such as Norwalk virus, and Norovirus14. 

Principal features are outlined in Table II.2. 

Escherichia coli (E. coli) is a principal specie inside the animal gut, 

and it is one of the most frequent pathogens in food. It is carried in the 

intestinal tract of cattle and other animals. It was first identified as a 

pathogen in hemorrhagic colitis outbreaks in 1982. Among this specie, 

E. coli O157:H7 is a strain of this and able to express Shiga toxins (even 

with small amount of cells, <10 cells) which provoked the diseases14,17. 

Other important specie is Salmonella. This bacteria leads to 

salmonellosis which can threaten life of the patient when it goes to blood 

circulation. In fact, salmonellosis outbreaks have been recognized to 

happen from enormously small infective amounts (<10–100 

cells)14,18,19. 

Two other bacteria which deserve to be highlighted are 

Staphylococcus and Listeria monocytogenes. Staphylococcus is able to 

synthesize a coagulase enzyme. A strain of Staphylococcus, S. aureus 



 Introduction: Food Safety 

24 

produces enterotoxins, e.g., staphylococcal enterotoxin A and B with 

superantigenic activities14,20. Listeria monocytogenes can cause a 

tremendously severe disease called listeriosis (mortality rate about 

30%)14,21. Furthermore, there is a virus which is notorious for 

mentioning, Norovirus (NoV). It is a RNA virus in the family of 

Caliciviridae viruses or Calicivirus. With virus amounts smaller than 102 

copies/mL, an infection is possible. The symptoms generated by NoV 

include vomiting, gastralgia, diarrhea, fever and, rarely, the death of the 

elderly or children due to dehydration14,22. 
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II.1.3.3. Mycotoxin 

The broad variety of chemical synthetic-origin hazards is 

significant because they are human-made, although we should regulate 

its synthesis and avoid them. Nevertheless, biological-origin hazards are 

more difficult to avoid. Microorganisms synthesize them as fungi. In 

reality, own plants and, its products and byproducts use as a substrate 

for growth of this kind of molds1, making simpler the fungi spread 

through the crops and global market. In fact, the storage conditions, 

either suitable or unsuitable, favor the growth of fungi, increasing the 

risk of mycotoxin contamination. Actually, inappropriate storage 

conditions (i.e., high temperature and moisture) make more prone the 

proliferation of these fungal species23. This concern is manifest due to 

studies which reveal 25% of the worldwide crops are contaminated with 

fungal mycotoxins, entering the food chain and affecting to animal and 

human health23‒25. 

A mycotoxin is a secondary metabolite produced naturally by 

filamentous fungi26. The most important species which produce the 

most toxic mycotoxins are Aspergillus, Fusarium, and Penicillium. 

Among these mycotoxins, we can find aflatoxins, ochratoxins, some 

trichothecenes (fumonisins, deoxynivalenol, T-2, HT-2, and 

zearalenone), patulin, citrinin, and ergot alkaloids25. The name for the 

disorder suffered by the ingestion of contaminated food with 

mycotoxins is “mycotoxicoses” and was considered as “neglected 

disease”27. Mycotoxins affect to animal and human lives, owing to strong 
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carcinogenic, teratogenic, and mutagenic effects that they possess28. In 

the tenth century, a chronicler related a disease called “St. Anthony’s 

fire” which many people across Europe died as a result of the intake of 

moldy rye. They suffered epileptic attacks, vomits and signs of madness 

provoked by the sensation of internal burning. Currently, this disease is 

known as ergotism23. Aflatoxins, and among them, Aflatoxin B1 (AFB1) 

is the most studied and the most toxic mycotoxins. It was found out in 

the 1960s, establishing the beginning of mycotoxin recognition. From 

here, numerous regulations and guidelines were established to ensure 

the animal and human health, and avoid economic losses27. 

In this sense, the harmonization of regulations in countries, 

regions and worldwide level has improved and has been multiplied. This 

was demonstrated because, along the years, the number of nations with 

directives for mycotoxin increased 33 in 1981, 56 in 1987, 77 in 1995, 

and 100 in 200327. Progressively, different communities, regions, and 

organizations started to work together with a goal in common. In this 

way, the European Union, MERCOSUR (Southern Common Market), 

Australia and New Zealand synchronized their regulations over national 

ones. Moreover, created organizations such as Joint FAO/WHO Expert 

Committee on Food Additives of the United Nations (JECFA) and the 

European Food Safety Authority (EFSA), and AOAC International and 

the European Standardization Committee (CEN) play an important 

role in strengthening regulations and official analytical methods to 

determine mycotoxin in foodstuff27. 
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Aflatoxins were first identified due to the death of 100 000 turkeys 

for contaminated fodder (Turkey-X) in the United Kingdom in 196129. 

They are produced by Aspergillus flavus and Aspergillus parasiticus, 

becoming the most toxic group of mycotoxins (e.g., Aflatoxin B1 

(AFB1) is considered as group 1 carcinogen (potent human 

carcinogen) by de International Agency for Research on Cancer 

(IARC)). Due to that toxic power, AFB1 was used as biological 

warfare30. They are very persistent and can pass to the food chain, 

indeed, AFB1, after metabolizing in cows, is converted in Aflatoxin M1 

(AFM1, its hydroxylated byproduct) and is excreted in milk25. Another 

significant aflatoxin is Aflatoxin G1 (AFG1), whose structure is 

collected in Figure 2, together with AFB1 and AFM1. 

Fig. II.2. Scheme of structures of AFB1, AFG1, and AFM1. 

Between the more important disorders, aflatoxins can attack to 

liver, kidney, nervous system, endocrine, and immune systems25. 

Aflatoxins can occur in many foodstuffs such as groundnuts, wheat, 

AFB1 AFG1 

AFM1 
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maize, barley, milk, dried fruits and their products30. For these reasons, 

European Union Commission has specific regulations for aflatoxins, 

fixing the Maximum Residue Levels (MRLs), for example, in maize and 

rice at 5 μg Kg−1 31 and 2 and 4 μg Kg−1 AFB1 and total aflatoxins in food, 

and 0.05 μg Kg−1 of AFM1 in milk32. 

Fusarium mycotoxin is another meaningful group of mycotoxin. 

They are produced by a type of fungi with the same name. Among these, 

we can find different toxins such as fumonisins (FBs, they will be further 

discussed), zearalenone (ZEA), moniliformin (MON) and 

trichothecenes33. These last ones are a kind of related cyclic 

sesquiterpenoids, divided into four groups (Type A-D), although the 

more significant are type A and B33. Between these two categories, T-2 

and HT-2 represent of type A, and deoxynivalenol (DON) and 

nivalenol (NIV), of type B34. After T-2, DON is the most toxic in this 

group (Fig. II.3 illustrates the structure). However the occurrence of 

DON is greater. It provokes feed refusal, vomiting, anemia, hemorrhage, 

and immunosuppression34. It can contaminant cereals such as corn, 

wheat, oats, barley or other processed products including bread, beer, 

and flour35. European Union Commission established MRLs ranges 

from 200 to 1750 μg Kg−1 depending on the class of cereal and cereal 

products34,36. ZEA is a nonsteroidal oestrogenic mycotoxin (Fig. II.3) 

produced by some species of Fusarium (Fusarium graminearum 

(Gibberella zeae), Fusarium culmorum amongst others). It is stable, 

even at high temperatures, being able to remain in the feed and go to 

food chain37,38. It can occur in different cereals such as maize, barley, 
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oats, wheat, rice, and sorghum. Precocious puberty, hyperplasic and 

neoplastic endometrium, and human cervical cancer are the main 

disorders to be outlined, due to affect the estrogenic characteristics39. 

The MRLs for ZEA were regulated at 20, 75, and 100 g Kg−1 for baby 

food, cereal flour, and unprocessed cereals, respectively, by European 

Commission37,40–42. 

Fig. II.3. Illustration of structures of DON and ZEA. 

Notwithstanding the importance and toxicity of these mentioned 

mycotoxins, there are more mycotoxins whose concern have enlarged in 

last years. Fumonisins are ones to be outlined, which are produced by 

different strains of Fusarium (Fusarium moniliforme, Fusarium 

vertillioides y Fusarium proliferatum). They are classified into three 

groups (A, B and C), though the most abundant and toxic mycotoxins 

are the group B between, at least, twenty-eight fumonisins described. 

Among these, Fumonisin B1 (FB1) is the most significant and 

hazardous (usually constitutes about 70% of the total FBs naturally 

found)43, following of Fumonisin B2 (FB2) and Fumonisin B3 (FB3)44. 

These FBs have a very similar structure, just like it is shown in Figure 

II.4. FB1 was isolated for the first time in 198845. It can provoke 

leukoencephalomalacia in horses46, pulmonary edema in pigs47, 

nephrotoxicity, and liver cancer in rats48. It can also produce liver, kidney 
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and esophageal cancer in humans49–51. For these reasons, IARC and U.S. 

Environmental Protection Agency categorized as a 2B carcinogen 

(possibly carcinogenic to humans)52. Fumonisins can usually appear in 

maize and maize-based feed naturally, but it can also contaminate such 

as barley, wheat, rice, peanut, pistachio, raisin, fig, fruits, and milk53. In 

fact, important derived foodstuff like beer was reported with FBs 

contamination54,55. U.S. Food and Drug Administration (FDA), as well 

as European Commission, decided to mark the MRLs for FBs (sum of 

FB1 and FB2), being ranged from 2 to 4 mg L−1 in animal studies56 and 

from 200 μg Kg−1 for baby food to 4000 μg Kg−1 for raw maize, 

respectively40–42. 

Fig. II.4. Scheme of the chemical structure of FB1, FB2, and FB3. 

Ochratoxins are another important group of mycotoxins. There 

are proofs of its impact appearing on BBC news where the piece of news 

told about a contaminated wheat with ochratoxins to elaborate pasta 

and the health concern23. They were isolated in 1965, actually one of 

FB1: R1 = OH; R2 = OH 

FB2: R1 = H; R2 = OH 

FB3: R1 = OH; R2 = H 
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them, Ochratoxin A (OTA, Fig. II.5)25. They are principally produced 

by Aspergillus ochraceous, Aspergillus carbonarius and Penicillium 

verrucosum57,58. There are other two ochratoxins (B and C), but their 

occurrence and toxicity are very low in comparison to OTA59. OTA is 

also considered a group 2B carcinogen by IARC due to nephrotoxic, 

hepatotoxic, teratogenic, and carcinogenic effects in animals and 

human58,60. This mycotoxin can appear in common nourishments such 

as cereals, beans, groundnuts, spices, dried fruits and pork meat, and 

furthermore, in very consumed derived products coffee, cocoa, milk, 

grape juice, beer, and wine57,60. Despite all decontamination and 

improving processes, OTA remains in feed due to its high stability. In 

fact, OTA can remain in the human blood and breast milk during several 

days (half-time life in serum ∼35 days), after intake of contaminated 

foodstuff57. For that reasons, European Commission established strong 

requirements over OTA regulations. In that way, limits for OTA are 5 

μg Kg−1 in raw cereals grains and 3 μg Kg−1 in processed cereals products 

for direct human consumption, 2 μg Kg−1 in wines and grape-containing 

beverages, 5 μg Kg−1 in roasted coffee beans and 10 μg Kg−1 in soluble 

coffee and 0.5 μg Kg−1 in baby foods41,61. 

Fig. II.5. Structure of OTA. 
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II.2. Biosensors 

To perform a true robust, reliable, sensitive, accurate, and precise 

analysis is necessary to develop a good methodology based on the right 

detection technique. In Analytical Chemistry, the measure or signal is 

one of the most important stuff with the aim of achieving an accurate 

value. This broad field is comprised of many methodologies and 

techniques, which can be suitable to make a reliable analysis. 

On the one hand, we can find methodologies or techniques called 

routines, such as liquid chromatography (LC), coupled to mass 

spectrometry (MS), enzyme-linked immunosorbent assay (ELISA) or 

polymerase chain reaction (PCR). There are many combinations 

between them, developing a multitude of analysis methods in function 

of the goal we want to reach. These analytical methods are essentially 

focused on extraction, separation and detection or/and determination. 

Related to the food safety analysis, the found matrices are typically 

natural food (e.g., fruit), raw material (e.g., cereals), derived animal 

foodstuff (e.g., milk), and processed food (e.g., snacks). In this way, an 

important extraction step can be necessary to obtain the desired analyte. 

Once this is done, the next step is the identification of the analyte 

through a separation technique, followed by a detection technique. 

In the literature, we can find a large number of examples about 

analysis methods of a huge variety of nourishment. Associated with the 

analysis of the different groups of analytes presented in the epigraph II.3, 

a plethora of techniques has been reported. 
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For instance, LC and LC-MS, ELISA, mainly using colorimetric 

detection, and DNA-based methods are the standard techniques and 

methodologies utilized to detect allergen in food1,2. 

Related to pathogen determination, DNA and antibody (Ab)-

based methods are also broadly used. However, cell culture and colony 

counter are ones of the most conventional methods utilized since 

decades ago3,4. 

In mycotoxins, the food safety-related analytes studied in this 

Doctoral Thesis, thin layer chromatography (TLC), LC or high-

performance liquid chromatography (HPLC), and gas chromatography 

(GC), also coupled to MS, are carried out. In addition, ELISA 

methodology is also performed for the same goal5. However, according 

to AOAC, HPLC was selected as an official method for mycotoxin 

detection and determination, existing approximately 45 official 

methods6. Moreover, on the way to get more sensitivity and selectivity, 

HPLC can combine to MS or MS tandem (LC-MS or LC-MS/MS)5,7. 

All in all, these methods are reliable, sensitive, accurate and robust. 

Notwithstanding all these features and those methods are increasingly 

improving, these methods are arduous and expensive, need of technical 

skills, and take much time to get results8,9. For these reasons and with 

new needs and issues appearing, novel analytical tools were developed 

due to vast growth of the technology. With this progress, technology 

produced sensors or biosensors as an actual alternative for different 

fields including food safety analysis.  
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According to Viswanathan et al., a biosensor “is generally defined 

as a measurement system that consists of a probe with a biological 

recognition element, often called a bioreceptor, and a transducer”8. In 

order to give an understandable information to the user, the transducer 

transforms the interaction between the biorecognition element and the 

analyte in some measurable stimuli (e.g., electrical signal), which 

matches with the number of recognized analyte. There are various kinds 

of biosensors, though electrochemical biosensors are the most 

widespread biosensors, owing to improvement of bioreceptors and 

transducers because of enhanced research in this field8. The first 

example found in the literature as a commercial device was the biosensor 

for glucose detection in blood, launched in 1975 by Yellow Spring 

Instruments10,11. 

From here, biosensors have evolved to reach more fields and 

analytes due to their attributes. These biosensors satisfy these new needs 

such as selectivity, sensitivity, low-cost, portability and rapid detection8. 

II.2.1. Elements of biorecognition  

Biosensors are based on the aforementioned components and can 

adopt different ways to be performed, varying the biorecognition 

element. The function of these bioreceptors is to selectively recognize 

the analyte in complex matrices, avoiding potential interferences, which 

have awakened its great interest in the sensors field. The bioreceptor can 

be an enzyme, an antibody, a protein or a nucleic acid12. As 

biorecognition element, enzymes were the first one, and consequently, 
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biosensors took the name from them. In this case, enzymes transform a 

substrate into a product, which can be detected directly by the 

transducer. Moreover, some enzymes can need a cofactor to produce 

that reaction and detection, or even amplify the reaction. As it is 

aforesaid, the first example was the glucose biosensor with Glucose 

Oxidase (GOx)11. The starting point of biosensors (also known as 

enzyme sensor) was the entrapping into membranes or polymers13. 

However, the evolution of biosensors has made possible the vast 

number of combination of enzyme immobilization, from the physical 

union (physical entrapment or adsorption) to chemical binding (with 

linkers)12,13. Thus, the amalgamation of enzymes and materials on the 

electrode surface can be limitless. 

For nucleic acids, DNA is the most known and plays a significant 

role in recognition of elements with a particular structure o sequence. 

The use of single DNA/RNA chain or synthetic oligonucleotides, called 

aptamers, is a highly interesting approach. They are a small chain 

(between 40–100 bases8 or molecular mass 5–15 kDa14) and can detect 

many varied compounds, from ions and small molecules (toxins, low-

molecular-weight ligands or peptides, drugs) to high weight molecules 

(such as proteins) and whole cells8. The binding mechanism is similar 

to antibodies through Van Der Waals forces, taking another three 

dimensional conformation15. Moreover, aptamers have more chemical 

and thermal stability, less variability and price compared to antibodies15, 

and high reproducibility binding feature14. In this sense, the production 

of aptamers is made through Systematic Evolution of Ligands by 
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Exponential Enrichment (SELEX) process to improve the selectivity of 

the aptamer16. In order to realize that process, a library of random 

nucleic acids (approximately 1015-1016) is incubated with the target 

molecule to get the complex with the correct nucleic acid. Then, this 

complex is separated from the rest and the target molecule is released 

from the aptamer to elute the last one. Next, the selected chain is 

amplified to achieve the aptamer for the target molecule16,17. Thus, it is 

possible to obtain several different aptamers for numerous diverse 

epitopes and compounds. 

However, the most used biorecognition element is the antibody 

(Ab). Abs are natural proteins which can bind specific molecules named 

antigen (Ag) or foreign body. These molecules provoke an 

immunologic reaction, which stimulates the Ab synthesis to bind 

specifically to them. This duality Ab-Ag is widely utilized in diagnosis 

and was implemented in biorecognition sensor called 

immunosensors12,18,19. This high specificity associated with the Ab-Ag 

interactions gives an elevated selectivity to immunosensors. Some sorts 

of Ab can be developed as polyclonal Ab (pAb), monoclonal Ab (mAb), 

recombinant Ab (rAb), and even, antigen-binding region (Fab) 

fragments or also known as nanobody (Nb)20. The specificity and purity 

vary in function of the type, being pAb, the lesser specific Ab14,21. In 

order to gain selectivity, mAb are purified and produced by particular 

methods, the same as rAb which is synthesized without the necessity of 

animals14,21. Antibodies fragments or nanobodies can be obtained by 

recombinant technologies to isolate the variable region (Vc)14,21, or 
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obtained from the particular family of animals such as camelids (e.g., 

dromedaries, llamas, alpacas), or produced by bacteria and yeast20,22. 

Last ones become in good alternative to mAb, due to different 

characteristics such as less cost, renaturation, high solubility, stability, 

and resistance20. 

Most immunosensors are based on ELISA methodology, where 

one of the species is immobilized on a solid support, and makes use of 

an enzyme as a tracer of changes provoked in the Ag-Ab complex. One 

good advantage of employing an enzyme as the tracer is the possibility 

of amplifying the signal, due to specific Ag-Ab interactions, with the aim 

of increasing the sensitivity8. Among the most used enzymes, we can find 

glucose oxidase (GOx), alkaline phosphatase (ALP), and horseradish 

peroxidase (HRP)23. All these enzymes can utilize different co-

substrates ELISA methodology was implanted in the development 

different strategies to detect analytes by immunosensor, being 

compatible with different detection techniques, as electrochemical 

techniques. 

Different immobilization supports and strategies can be used. In 

electrochemical detection, immobilizing the antibody onto the working 

electrode surface can suppose laborious work with many steps, to be 

incompatible with large-scale fabrication, or to affect the working 

electrode surface (modifying its composition, reproducibility issues, 

passivation). The use of magnetic beads (MBs) avoids these 

troublesome features. These beads made of Fe2O3 and Fe3O4 are 
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covered by a functionalized polymer with linkers to modify the 

surface24,25. Among the advantages, MBs can enhance the 

immunosensor performance are higher sensitivity (more molecules can 

be immobilized), better immunological reaction (by lower reaction 

times and higher assay kinetics, due to high surface area), easy 

manipulation by a magnet, minimization of matrix effect, simplicity in 

washing steps, and compatible with mass production26‒29. 

II.2.2. Electrochemical detection 

Electrochemical techniques confer more qualities, such as the 

possibility of miniaturization, portability, low-cost, easy-to-use (non-

specialized skills), sensitivity, mass production, analysis of small 

volumes, and compatible fabrication of custom-made electrodes 

(nanomaterials, metallic nanoparticles, or multiplexed analysis)8,26. 

Moreover, that inherent miniaturization property of the electrochemical 

techniques becomes a good partner for microfluidic methodologies 

such as microfluidic devices (i.e., microchip) and lab-on-a-chip (LOC) 

systems. Therefore, both together can become in an exceptional 

combination for food analysis30. 

All these features have become to electrochemical methods in a 

powerful tool for food analysis. For that, the area of electroanalysis has 

successfully achieved to satisfy the needs demanded by the previous and 

current food industry. Thus, electroanalysis has played a relevant role in 

food quality and food safety assessment in the last decades. Therefore, 

the combination of sensors and biosensors technology together with 
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suitable electrochemical techniques has allowed the implementation of 

affordable, disposable, rapid and reliable detection methods13. 

Electrochemical methods are classified according to the way to be 

performed. In this sense, they are organized into three principal groups: 

potentiometry, coulometry, and voltammetry12. Potentiometry 

measures the potential of a solution between two electrodes (reference 

electrode with a constant potential; and indicator electrode with 

changing potential depending on the composition of solution), 

evaluating its composition. Coulometry measures the concentration of 

the sample through the number of electrons that pass between the 

electrodes, or vice versa. The potential or current is applied to convert 

specie oxidation state totally. Voltammetry uses a three-electrode 

system (reference, counter, and working electrode). Applying a 

constant or variable potential, the current is measured on the working 

electrode surface. It gives the info of the reduction potential and its 

reactivity. In addition, there are other techniques which are based on 

other performances. For instance, electrochemical impedance 

spectroscopy (EIS) is an electrochemical technique based on 

alternating current (AC) voltage of small amplitude which is 

transformed in a current response. Thus, the changes in Faradaic 

processes describes the physicochemical processes of broadly different 

time constants, sampling electron transfer at high frequency and mass 

transfer at low frequency on the electrode surface12,13. 
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Sensors or biosensor can be ordered in the same way by 

techniques. The most recurrent techniques are voltammetric 

techniques, concretely, differential pulse voltammetry (DPV), square 

wave voltammetry (SWV) and amperometry or chronoamperometry 

(AMP or cAMP)26. Each technique has its own characteristics, being 

able to use according to the analyte, methodology, and sample. 

Furthermore, the working electrode gained attention with the 

development of new ways to fabricate and the appearance of new 

materials and nanomaterials. The evolution from conventional 

electrodes to novel electrodes (screen-printed electrodes, SPE) have 

transformed to the electrode in a powerful tool for the development of 

sensors. The election of a good electrode can suppose a better 

performance. For that reasons, SPE technology revolutionized the 

sensor world, because it combined better materials with portability, 

simplicity, mass production and low price. Furthermore, the planar and 

small design makes easier the modification of working electrode surface 

and reduces the consumption of sample volume. All in all, it is a perfect 

tool to develop a great sensor26,31‒33. 

To sum up, tables II.3, II.4, and II.5 outline different kind of sensor 

for the described analytes, summarizing the most relevant analytical 

features and in accordance with the electrochemical technique.
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II.2.3. Fluorescent detection 

Fluorescence is another physical process used to performing 

sensors. The fluorescence spectroscopy has been performed as 

detection technique coupled to other conventional methodologies, such 

as HPLC, GC, etc109−111. 

This technique allows a fast and high sensitive real-time detection 

(down to single molecules) and is compatible with several methods, 

such as microfluidic chips112. Among this technique, there are various 

ways to carry out, depending on the dye or nearby substances. Thus, 

numerous of dyes can be found which can be excited to get fluorescence. 

These dyes are different in structure and, therefore, in excited and 

emission wavelength113,114. However, other approaches to executing that 

technique have been catching the attention. Thereby, fluorescence 

quenching has interesting features. One of them is the Fluorescence 

Resonance Energy Transfer (FRET), which is based on the transfer of 

nonradiative energy from donors to acceptors. They are especially close 

to each other (normally 1−10 nm) to let that transfer. The energy is 

given by donors, such as organic fluorescent dyes, semiconductor 

quantum dots, and upconversion fluorescence nanoparticles (UCNPs), 

and acceptors receive it and quench it. These acceptors can be organic 

quenchers, gold nanoparticles, and graphene115. 

Nanomaterials play an important role in the development of these 

methods, overall carbon nanomaterials. Their capacity of quenching 

fluorescence, becoming in perfect acceptors to achieve this kind of 
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methods. On the other hand, dyes are used as donors. Although they 

produce the measurable signal, they cannot be as free reagent. Actually, 

they are labeled with a biorecognition element, usually an aptamer. 

Thus, the mechanism of quenching is produced due to the interaction 

between the dye-labeled aptamer with carbon nanomaterials. That 

interaction is carried out by π-stacking between the π-conjugated 

aromatic rings and nucleotides bases from aptamer. That π-π interaction 

is sufficiently strong to hold the aptamer on the carbon nanomaterial 

surface. Then, dye transfers the fluorescence energy to carbon 

nanomaterial. When the analyte is present in the solution, the analyte-

aptamer interaction is stronger than π-π interaction, releasing the 

complex analyte-aptamer and, consequently, the dye is not quenched. 

Also, the fluorescence can be measured in another way, when the carbon 

nanomaterial is in the solution116−118.
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II.3. Motors 

II.3.1. State of art 

Nanotechnology is trending topic in the science world. Although 

nanotechnology is young, it is growing but, actually, in exponential way. 

Such technology was born by the Richard Feynman’s quote, “There’s 

plenty of room at the bottom” in the 19591,2 . Nanotechnology is a broad 

field which deals with stuff such as nanomaterials or nanomachines. In 

this sense, this topic of nanotechnology, micro- and nanomachines, is 

attempting to mimic natural machines such as ATP synthase, kinesin 

motor or flagellum. There are many examples of natural or biological 

machines, as aforementioned ones, which convert chemical energy into 

movement by the decomposition or hydrolysis of adenosine 

triphosphate (ATP) into mechanical work3. This mechanical work is 

vital for different tasks such as cargo transport, biomolecules synthesis 

or cell movement. Therefore, these biological motors are an inspiration 

for the goal to set smart engines up, able to replace natural ones or carry 

novel applications out (clinical, sensing, bioremediation)4.  

Notwithstanding, the laws which govern the microscale change 

the behavior of the motors or engines. Thus, when the dimension 

decreases, forces are transformed as it happens with inertia. Owing to 

the small dimension of the particle, low Reynolds number is produced, 

and hence resistance force leads over inertia force. Additionally, 

Brownian effect turns into equivalent and can even dominate over 
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directional motion at microscale5. For these reasons, the motion is only 

caused by direct forces applied on the microengine or produced by itself. 

Considering this, one of the first examples found in the literature 

is the motor developed by Whitesides et al. A millimeter-size motor (a 

thin polydimethylsiloxane (PDMS) plate 1–2 mm thickness and 9 mm 

diameter) used platinum (Pt) as a catalyst of decomposition of H2O2 in 

water and oxygen gas6. Two other groups, from the Pennsylvania State 

University and the University of Toronto, developed each bimetallic 

nanorods powered in H2O2 solution, whose explanation was found out 

afterwards1,7. 

From this point forward, different groups have created several 

diverse micromotors, microrockets, microjets or microengines for novel 

proof-of-concept, tasks, and bioapplications. Then, numerous strategies 

and methods of fabrication appeared as well as many types of 

micromotors (as Janus particles) and ways of propulsion (external fields 

and stimuli, or autonomous motion). This last one has been chosen to 

classify them. 

II.3.2. Propulsion methods 

Firstly, it should mention that variety of micromotors was 

synthesized. For instance, the principal classes are nanorods or 

nanowires, microrockets, microjets and Janus particles, among others 

less important. These shapes provide of several inherent features which 

can use of propulsion strategy and for applications. 
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To induce chemically-driven motion or by external-field 

movement in the motor, it is usually necessary to supply some 

asymmetry to them. This asymmetry can be made to the extent the 

fabrication is performed or by the very production method. As result of 

that, different ways to fabricate have been purposed, and they will be 

further described in this section together with the propulsion methods. 

That energy given to microengines depends on the source. If the 

energy comes from an interior way (chemical reaction), two main 

methods are found, self-electrophoresis and bubble propulsion. 

However, other less important methods but promising strategies can be 

found in the literature such as self-diffusiophoresis. On the contrary, if 

that energy is provided through external field or stimuli, we can find 

ultrasound, magnetic and electric field, light source, pH or temperature, 

which yield own propulsion methods. The first methods will be further 

discussed, while the last ones will be briefly considered. 

II.3.2.1. Self-electrophoresis propulsion 

As its very name includes, this thrust is based on electrophoresis 

phenomena which consist on the migration of charged particles under 

the application of an electric field. Nevertheless, an external electric field 

is not applied. Therefore, this electric field is locally generated by a 

chemical gradient along the micromotor surface. Thus, the motion of 

the motor is the contrary response to that electric field. 
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Fig. II.6. Scheme of generation of electric field on nanowire 

surface based on bimetallic structure. Two different catalytic metals 

(M1 and M2) and fuel solution (A, B and C, as reagents and products) 

are necessary to give the redox reactions, causing the electric field and 

corresponding motion. 

Before describing the chemical explanation, it must be presented 

the fabrication to establish the foundations of nanowires. Nanowire 

fabrication is a well-known method, used in the synthesis of numerous 

metallic wires8,9. It is based on template-directed electrodeposition, 

making use of the pores of a membrane as a template to create tailor-

made tubes of different materials (metals, conductive polymers, 

semiconductors and carbon materials). Such membranes are well-suited 

for this purpose, owing to their features such as a variety of 

monodisperse diameters, large pore density, and facility of mass 

production. These membranes are made of aluminum oxide. The 
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methodology for the nanowire fabrication consists firstly of the coating 

of those membranes with a sputtered gold or silver film on one side and 

then, together with the aid of an aluminum foil, both compose the 

working electrode. A Teflon plating cell plays as an electrochemical cell 

to perform the electrodeposition of different metals to make stripped 

rods. The membrane is the electrochemical template, and first of all, 

electrodepositing frequently a sacrificial layer of copper or silver. Next, 

other metals or materials are sequentially electrodeposited. The 

sputtered film and sacrificial layer are removed by mechanical polishing 

or chemical etching. In order to finish, alumina membrane is dissolved 

in NaOH solution and nanorods are released after rising and washing 

steps. All these steps are collected in Fig. II.7. 

 

Fig. II.7. Schematic representation of nanowire electrosynthesis. 

(1) Electrodeposition of sacrificial layer in membrane template. (2) 

Consecutive electrodeposition of metals or materials. (3) Removal of 

sputtered film and sacrificial layer, and dissolution of membrane to 

release the nanowires. 
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The chemical explanation of the motion of this kind of motors was 

subsequently postulated. Before postulating the most accepted theory, 

the purposed mechanism was due to liquid-gas surface tension 

phenomena because of nanobubbles1,7. After that, another mechanism 

was purposed (being the most known mechanism) based on the self-

electrophoresis phenomena. Thanks to that kind of bimetallic structure 

(nanorods or Janus particles), the particle has asymmetry. Furthermore, 

both metals play the role of anode (M1) and cathode (M2), where the 

oxidation and reduction of the substrate are produced respectively. 

When the oxidation is done at the end of the anode, the concentration 

of the protons grows on the surface. It leads to an asymmetric 

distribution of the charge, generating an electric field from the anode to 

the cathode as a consequence of the movement of electrons in the same 

direction. Due to that fluid of protons and electrons, a contrary effect is 

provoked, moving the micromotor. Different examples are found in the 

literature, using Au as M1 and Pt as M2
7,10,11, or Ni as M2

1, and hydrogen 

peroxide as a substrate for the redox reaction (Fig. II.6 illustrates the 

phenomena). Other solutions and catalysts are used to generate that 

electric field as hydrazine12,13. 

Following this strategy, several works are found in the literature 

summarized in Table II.6. 

II.3.2.2. Bubble propulsion 

Bubbles are generated by the oxidation of the fuel solution on the 

catalyst surface. For instance, Pt and Ir catalyze the oxidation of H2O2 
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and N2H4 in O2 and N2 bubbles. This type of transition metals is good 

catalyst for decomposition into gas bubbles such as silver, manganese, 

and nickel, among others. Using these metals, the more common 

reagent is hydrogen peroxide whose decomposition leads to water and 

oxygen gas, which formation provoked the motion. Nevertheless, 

hydrogen peroxide is very reactive and non-biocompatible or 

environmental compatible at actual working concentration. In this way, 

other strategies were born to avoid this fuel and to develop more 

environmental-free or biocompatible approaches. These strategies, 

which do not use H2O2 or other “toxic” fuel, and other catalysts, are the 

presented by Wang’s group. They utilized an alloy of 

gallium/aluminum14 or magnesium15 to generate the breakdown of 

water, and the propulsion was based on H2 bubbles. In addition, another 

catalyst for in vivo applications as zinc, which catalyzes the 

decomposition of hydrochloric acid in H2 bubbles, in acid media16 or 

inside the stomach17. 

Among this propulsion method, there are some ways to elaborate 

these micromotors, from modification of Janus particle or 

electrodeposition to rolled-up approach. In this context and due to the 

way of propulsion and shape, tubular micromotors are widely known as 

microrockets or microjets18,19. 

All these production strategies are based on two layers, outer and 

inner layer. In the case of Janus particle, the layers are disposed on both 

sides of the particle (to lend that asymmetry). Figure II.8 sums up these 
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ways to fabricate them. The rolled-up technology was developed by 

Schmidt et al. founded on thin solid films deposited over etchant-

sensitive material and substrate20. The deposition of photoresist 

sacrificial layer onto the substrate surface is patterned by 

photolithography. After, distinct layers of metals or materials are 

deposited by tilted physical vapor deposition (PVD) controlling the 

deposition rate and temperature, so that the bottom material has the 

higher lattice constant to produce the rolling process. This process is 

made after selective etching of the sacrificial layer, generating the rolling 

into a microtube (Fig. II.8A). Due to this random process, different 

opening shapes can be obtained21. Moreover, the microjet diameters 

range from 1 to 30 μm, varying the thickness and built-in strain of the 

substrate, and the length of them can measure some hundred microns22. 

The other technology is the modification of Janus particle. These 

particles have also been utilized to perform self-electrophoresis 

propulsion13. However, it is fascinating the developed ideas reached 

from that point and growing their applications. As it was aforesaid, Janus 

particles need of asymmetry, which is achieved by their modification. In 

that way, it can be started from inert (polystyrene, silica) or catalytic 

particle (Pt, Ag, Zn, etc.). On the one hand, if we begin from the inert 

particle, it is necessary to add another catalytic material (e.g., Pt) which 

is managed the fuel breakdown to thrust the particle23–25. On the other 

hand, if the base of the particle is the catalytic material, the asymmetry is 

given through sputtering another inert26,27 or catalytic material28. Fig. 

II.8B illustrates the steps for these processes. 
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As it was before described, template electrodeposition is broadly 

carried out to fabricate nanowires. For that, it can be widespread for 

fabrication another kind of motors, as microrockets. Due to this hollow 

tubular shape, it is necessary to utilize other membranes, instead of 

alumina membranes, and with larger pore diameter. For this aim, 

cyclopore polycarbonate (PC) membranes are employed. These 

membranes have symmetrical double-cone pore structure, which is 

more marked to the extent the diameter is smaller29,30. The method is the 

same to the synthesis of nanowires. Firstly, a sputtered gold film is 

deposited onto one face of the membrane to provide conductivity and 

to make the working electrode. This sort of micromotor needs 

asymmetry as well. For that reason, different layers are deposited from 

outside to inside. Thus, the outer layer can be of several materials such 

as metals31 or conductive polymers32. These last ones have got all the 

attention because of their versatility and easy use. On the basis of 

monomers such as aniline, 3,4-ethylenedioxythiophene, pyrrol, among 

others, a potential is applied to carry out the electropolymerization on 

the pore wall, making a hollow tube. Aforementioned monomers 

become in polymers, being the mostly used polyaniline (PANI), 

polypyrrole (PPy), poly-3,4-ethylenedioxythiophene (PEDOT). 

Subsequently, the catalytic material, typically Pt, is electrodeposited on 

the polymer inner face, creating the representative microrocket. Other 

materials have been utilized as copper31, or carbon materials such as 

graphene30 or other carbon materials33. Double conical shape with 

different lengths and diameters can be achieved, relying on the pore size 
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(1, 2, 5 μm) of membrane template (length of membrane change with 

the pore size)34. This microrocket has demonstrated ultrahigh speed and 

very low H2O2 concentration requirement. 

This microengines have random trajectories as well as previous 

kind of motors. However, this can be avoided inducing one 

directionality via magnetic guidance. Additionally, another 

ferromagnetic metallic layer can be added to the assembly, providing a 

magnetic feature. In that way, the micromotor can be guided with the 

aid of external magnet or magnetic field, following the marked direction 

controlled by the magnetic field22,35.
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In comparison to self-electrophoresis micromotors, hollow 

tubular micromotors have some advantages. First of all, the mechanism 

is based on the recoil force. This recoil force is caused by the bubble 

formation, migration, and exit (see Figure II.9)19. The fuel, principally 

H2O2, gets into the microrocket through one opening and after, the 

catalytic layer, usually Pt, makes the breakdown on the inner surface, 

generating O2 gas. This oxygen nucleates and coalesces into bubbles that 

grow inside the microengine, expand and migrate along the cavity to 

another opening by the pressure gradient. Once the bubbles reach the 

exit extreme, they are ejected, provoking an opposite force which thrust 

the microrocket and its motion (recoil force)36,37. 

 

Fig. II.9. Mechanism of bubble propulsion based on recoil force. 

This mechanism allows to accomplish more velocity or to work in 

strong media conditions (e.g., high ionic strength), or even in biological 
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media. Notwithstanding the impact of all procedures, the framework of 

this thesis is focused on hollow tubular micromotors and 

electrodeposition template production. 

Many applications appeared last years, using them for example in 

cargo-delivery works, environmental approaches and in vivo 

applications. Despite the high interest in them, above all clinical 

applications, they can play an essential role as analytical tools, 

particularly as sensing field. Among these advantages, we can find lack 

of interferences, easy use, wireless control and very low used amount of 

sample. Although they present favorable features, poor reproducibility 

in fabrication. Thus, they have been utilized for detection of many 

different analytes (see Table II.6). 

II.3.2.3. Self-diffusiophoresis propulsion 

The same as it happens with self-electrophoresis propulsion, self-

diffusiophoresis propulsion is based on a concentration gradient which 

causes a contrary effect, pushing the motor. In this sense, the flow is 

produced by diffusion phenomena due to that concentration gradient of 

surface active compounds leads to unbalanced interfacial strain stress 

and equivalent fluid flow. The phenomenon is called Marangoni effect38. 

This phenomenon is well illustrated by daily example when a soap drop 

is dropped on a pan filled with dirty or oily water. When this happens, 

the dirty on the water surface is pushed outwards. The variation of 

surface tension caused by the surfactant present in the soap, owing to 
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the low surface tension of surfactant. As water has high surface tension, 

a net force is generated, pulling the soap drop and enlarging it. This 

curious effect has been leveraged to create self-powered motors. This 

kind of motors has not reached the micrometer scale because the 

fabrication is more manual or necessary that scale for the experimental 

conditions39,40. The first examples of this kind of motors are the 

millimeter-sized plastic tube motor, developed by Velev et al.39, and the 

millimeter-sized capsule motor, created by Pumera et al.41. On the one 

hand, the plastic tube is filled with ethanol infused hydrogel on one side 

and closed by a PDMS plug on the other. Then, ethanol is released 

provoking a surface tension gradient and pushing the tube along the 

Petri dish with water by Marangoni effect. On the other hand, the 

capsule motor made use of the gradient of surface tension between the 

interface liquid/liquid (water/oil). A mix of polysulfone polymer (PSf) 

in N,N′-dimethylformamide (DMF) was dropped on oil surface and, 

due to the higher density of capsule, went through oil to reach the 

interface water/oil. Then, PSf solidified instantaneously in contact with 

water, generating a capsule. DMF played as fuel, released from the 

capsule, and provoking the motion by Marangoni effect. However, this 

last one produces a continuous movement, the first generates a pulsated 

motion. 

From this point, other works were developed due to the pros of 

motor characteristics. In this sense, the motion is caused by Marangoni 

effect. Namely, gradient originated by a compound or mixture with 
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lower surface tension which pushes the motor. This compound can be 

environmental-friendly or, even biocompatible. Furthermore, the 

production of that kind of motor does not need of expensive techniques, 

as metal sputtering or PVD, reducing the cost production. Nevertheless, 

the drawbacks are important because manufacture is still very manual 

and the reduction scale is a challenge. 

The design of millimotors (millimeter scale) has been focused on 

a “boat” with one side opened and another closed. This boat can be 

made of a plastic tube39 or a pipette tip41. As it is illustrated in Figure XX, 

a piece of pipette tip (normally the smaller part) is cut to get a small boat. 

The wide side is closed with wax, which is permeable and does not close 

totally, allowing the entry of water. The narrow side uses an exit of the 

fuel. The fuel is usually a mix of water and surfactant or alcohol. In the 

case of alcohol39, it diminishes the surface tension, pulling the boat to 

zones with higher surface tension. On the other hand, the mix with a 

surfactant, typically sodium dodecyl sulfate (SDS), is ejected causing the 

same result41. 
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Fig. II.10. Illustration of manufacture of mobile sensor tip and 

filling with the mix of fuel (water and surfactant). Representation of 

Marangoni effect. 

This strategy was followed in order to perform two main 

applications in different fields (see Table II.6). 

II.3.2.4. Other propulsion methods 

Previously described methods are produced by fuel-powered or 

self-powered thrust. Nonetheless, there are other techniques to induce 

that propulsion. These techniques are based on the employment of 

external field (ultrasounds, magnetic and electric fields) or stimuli (pH, 

temperature, and light). Among them, ultrasounds, magnetic field, and 

light are the most meaningful. 

Ultrasounds are based on the acoustic energy applied, which 

presents good advantages against other methods. Such favorable 
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features as biocompatible, possible high miniaturization, and not very 

much harmful to biological tissues. The mechanism relies on that 

asymmetry on the micromotor. The fabrication process is accomplished 

by template-assisted electrodeposition. When nanowires grow inside de 

pores, they grow with a concrete shape. Once they are totally formed, 

the membrane and sacrificial layer are removed. The free nanowires 

have a concave shape at one extreme, and convex shape at another. On 

the concave extreme, high pressure is produced, while low pressure is 

produced on convex extreme. In this way, a pressure gradient is formed, 

pushing the wire from the high pressure to low pressure 

(acoustophoresis phenomena)42. This group has demonstrated the 

physical explanation about acoustic motor work, although other groups 

have worked in the same field42,43. Different particles have been used to 

perform ultrasound, however, depending on the material, size, shape, 

and compressibility of the particle, the behavior changes radically42‒45. 

There are many diverse applications have been developed such as 

cargo-towing and release of drugs46, bacteria killing47, proof-of-concept 

inside the cells48, magnetic red blood49,50, developing of microcannons 

and micro-/nanobullets to tissue penetration51,52, different shapes as 

nanoshells to explore new forms, even in vivo applications53, and 

microRNA-21 detection inside cells in the sensing field54. 

Magnetic motors are also explored, and the motion of them is 

based on magnetic forces and torques. Helical-shape swimmers have 

been manufactured to prove the concept55,56, even the aid of these 
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micromotors to thrust defective sperms57. Autonomous movement is 

searched to get self-propelled micromotor. In this sense, the automatic 

response to those stimuli opens new vias. In this context, light stimulus 

is also used to propel Janus particle58. Another formula is the 

employment of hydrogels which allow responding to different stimuli 

such as pH, generating a force to thrust particles59. 

II.3.3. Motor in biosensing field 

Although motors belong to relatively young technology which 

dealt with the development of proof-of-concept in the beginning, its 

growth is still exponential increasing the number of applications. Due to 

motor features, the applications are commonly focused on the medical 

world because motors are very powerful tools. However, other 

applications in different fields are being explored, opening new horizons. 

Special attention must be paid to Analytical Chemistry area. In this 

way, biosensing applications can be enormously significant. New 

approaches have been designed to detect many diverse analytes. They 

are summarized in the Table II.6. However, among these applications, 

there are some of them which are very promising. Those are the “on-the-

move” detection. It consists of detection of the analyte while the 

micromotor is active, swimming in the solution with analytes. The 

biorecognition can be made by antibodies, aptamer or another element. 

They can be covalently joint or by physical attraction as π-stacking. 

Depending on the type of junction, different strategies can be proposed. 

Also, it can be performed adding an enzyme to get a mobile enzyme 
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sensor, which reacts with the analyte producing a kind of measurable 

signal (e.g., optical or electrochemical). Amount of strategies and 

approaches are carried out with the autonomy of options. 
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III.1. Immunosensor for mycotoxins 

All features collected from the combination of ELISA 

methodology and electrochemical techniques in order to develop a 

suitable immunosensor for the chosen analyte were studied in this 

Thesis. 

This thesis has followed the previous line of the research group, 

studying and developing immunosensor for mycotoxins with the 

purpose of preserving and assuring the food safety. As the properties of 

mycotoxins have been described before, it is critical their control, not 

only once the product has been manufactured, but in the beginning of 

the food chain as well. Thereby, immunosensors are a real great 

alternative to carry analysis out to all steps in the farm-to-table chain, 

thanks to that portability and easy-to-use. 

Two further exposed mycotoxins, as FB1 and OTA, have been 

determined in real samples. It should be underscored that both 

mycotoxins are 2B carcinogens, therefore the magnitude of their 

prevention and detection, even in previous stages or in the moment of 

mold infection, is meaningful. For that, two of the most worldwide 

consumed beverages, such as beer and coffee, were analyzed with the 

aim of checking if samples were contaminated and our immunosensor 

were reliable in that kind of important samples. 

These immunosensors are based on the magnetic beads, ELISA 

methodology, and amperometric detection. Firstly, the 
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magnetoimmunosensor was built with MBs as immunoassay support, 

FB1 monoclonal Ab, and OTA polyclonal Ab as biorecognition 

elements. Secondly, a CSPE was used to perform the electrochemical 

detection (amperometry) coupled to a magnetic holder. This magnetic 

holder allowed to confine the MBs on the working electrode surface and 

held them on the surface. 

In order to evaluate the analytical parameters of the 

immunosensors, the CRM and samples were analyzed by a simplified 

calibration and analysis protocol. This protocol was performed 

simultaneously (calibration point and sample analysis), lessening times 

and labor. 
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Abstract 

An electrochemical magnetoimmunosensor involving magnetic beads and 

disposable carbon screen-printed electrode (CSPE) for Fumonosins (FB1, FB2 

and FB3) has been developed and evaluated through a certified reference 

material (CRM) and beer samples. Once the immunochemical reaction took 

places on the magnetic beads solution, they were confined on the surface of 

CSPE, where electrochemical detection is achieved through the addition of 

suitable substrate and mediator for enzymatic tracer (Horseradish peroxidase -

HRP-). A remarkable detection limit of 0.33 μg L‒1, outstanding repeatability 

and reproducibility (RSDintraday of 5.6% and 2.9%; RSDinterday of 6.9% and 6.0%; 

both for 0 and 5 μg L‒1 FB1 respectively), and excellent accuracy with recovery 

rate of 85‒96% showed the suggested system to be a very suitable screening 

tool for the analysis of Fumonisin B1 and B2 in food samples.  

A simultaneous simplified calibration and analysis protocol allows a fast and 

reliable determination of Fumonisin in beer samples with recovery rate of 87‒

105%. This strategy enhanced the analytical merits of immunosensor approach 

towards truly disposable tools for food-safety monitoring. 
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Introduction 

Nowadays, one of the most important areas in food analysis is the so 

called food safety. Usually defined as the area related to “all those 

hazards, whether chronic or acute, that may make food injurious to the 

health of the consumer” (Joint FAO/WHO, 2003) has produced a highly 

concern in contemporary society and research scene. Mycotoxins, 

secondary metabolites produced by different filamentous fungi, with a 

high impact related to health and economical aspects, are key analytes 

for monitoring in the food safety area. Included within this group, 

Fumonisins are a class of mycotoxins produced by certain species of 

Fusaria in foods under specific temperature and humidity conditions.  

At least twenty eight different Fumonisins have been described and 

classified in three groups (A, B and C) based in structural similarities. 

Fumonisin B1 (FB1), Fumonisin B2 (FB2) and Fumonisin B3 (FB3) are 

the most common and dangerous analogues (Fig. S1). FB1 usually 

constitute about 70% of the total Fumonisins content found in naturally 

contaminated foods and feeds (Krska et al., 2007). Isolated in 1988 

(Bezuidenhout et al., 1988), the Fumonisins have determined to cause 

leukoencephalomalacia in horses (Marasas et al., 1988), pulmonary 

edema in pigs (Harrison et al., 1990), nephrotoxicity and liver cancer in 

rats (Gelderblom et al., 1988). Also in humans, they can produce liver, 

kidney and esophageal cancer (Dyoshizawa et al., 1994; Scott, 2012; 

Sydenham et al., 1990) being considered as category 2B carcinogen by 

U.S. Environmental Protection Agency and International Agency for 

Research on Cancer (IARC).  
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Natural occurrence of Fumonisins has been mainly described in maize, 

maize-based food and feedstuffs. However, isolation of Fusarium 

species has been reported in other grains such as barley, wheat, rice, 

peanut, pistachio, as well as raisin, fig and other human foods like fruits 

and milk (Waskiewicz et al., 2012; Yang et al., 2012). Also beer, the 

oldest alcoholic beverage and the cereal-based product worldwide 

consumed, has been contaminated of Fumonisins (Rubert et al., 2013; 

Torres et al., 1998). Produced by brewing and fermentation of starches, 

mainly derived from cereals grains, such as barley, wheat, maize and 

rice; beer is a benefit beverage that can be part of a healthy diet. In spite 

of the fact that the main raw material for beer production is barley, 

brewing factories often replace a portion of barley by adjuncts, like 

maize grits, being a frequently way of Fumonisins contamination 

(Stewart, G.G., 1995). By other hand, beer is a complex matrix 

containing water, carbohydrates, protein substances, mineral salts and 

alcohol. The presence of alcohol as a fermentation sub-product can 

strongly influence the extraction of mycotoxins in this matrix. 

Due to the adverse effects in animals and humans, the European Union 

has established maximum residue limits (MRLs) of Fumonisins (as the 

sum of FB1 + FB2) in maize-derived foodstuff, ranging from 200 μg Kg‒

1 for baby food to 4000 μg Kg‒1 for raw maize (Commission Regulation 

No. 856/2005, 2005; Commission Regulation No. 1881/2006, 2006; 

Commission Regulation No. 1126/2007, 2007). 

Analytical methods and research related to Fumonisins have been 

recently reviewed (Berthiller et al., 2014; Gelderblom and Marasas, 

2012; Krska et al., 2007, 2008; Maragos and Busman, 2010; Prieto-

Simón et al., 2007; Scott, 2012; Shephard et al., 2013; World Health 

Organization, 2006). Due to the absence of a good chromophore in the 
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Fumonisin structure, most widely used methods for Fumonisins 

detection are based on LC‒MS (Devreese et al., 2012; Ediage et al., 

2012b; Li et al., 2012; Pietri and Bertuzzi, 2012; Shephard et al., 2011; 

Song et al., 2013; Yang and Wu, 2012), derivatisation with fluorescence 

labels (LC‒FLD) (Abrunhosa et al., 2011; Kong et al., 2012; Muscarella 

et al., 2011; Ndube et al., 2011; Solfrizzo et al., 2011) and those usually 

involve in the interaction with selective binding materials (antibodies, 

aptamers or synthetic materials) (Berthiller et al., 2014; Goryacheva et 

al., 2009; Prieto-Simón and Campàs, 2009; Vidal et al., 2013). Over the 

last years, and compared to LC‒FLD a pronounced shift towards the use 

of LC‒MS, particularly in the context of multitoxin methods has 

occurred. These methods require expensive equipment, complicated and 

time-consuming clean-up procedures and skilled operators that make 

them unsuitable methods for monitoring purposes. Since contamination 

by Fumonisins can occur at any stage of the food chain (e.g., on field, at 

harvest, during storage and transportation) frequent analyses are required 

to promptly detect any contamination, and reducing risks for the 

consumer. In this sense, immunoassays using a variety of formats 

(ELISAs, LFDs, biosensors) continue to be an active area of research. In 

recent years, even enzyme-linked immunosorbent assays for single 

Fumonisin analyte (Liu et al., 2013; Sheng et al., 2012; Wang et al., 

2014) as well as multimycotoxin assays such as lateral flow devices 

(Lattanzio et al., 2012; Wang et al., 2013; Yan-Song et al., 2012) flow 

through immunoassay (Ediage et al., 2012a) membrane-based dot assay 

(He et al., 2012) chip-based microarray (Oswald et al., 2013; Wang et 

al., 2011) and enconding microespheras multiplexing assays (Czeh et al., 

2012; Deng et al., 2013; Peters et al., 2013) have been widely used in 

agricultural and food-safety area. Biosensors and especially 
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electrochemical biosensors have received special focus in modern 

analysis because of their technical simplicity, sensitivity, low cost and 

possibility of decentralization in field analysis. Excellent reviews are 

available on general biosensors (Campas et al., 2009; Logrieco et al., 

2005; Maragos and Busman, 2010; Prieto-Simón et al., 2007; van der 

Gaag et al., 2003) and electrochemical biosensors (Hervás et al., 2012; 

Palchetti and Mascini, 2008; Vidal et al., 2013; Viswanathan et al., 2009) 

for determining mycotoxin. In Fumonisins analysis, although some 

optical biosensors have been reported (Mirasoli et al., 2012; Mullett et 

al., 1998; Wu et al., 2012), to our knowledge only one electrochemical 

immunosensors have been described in the literature (Kadir and Tothill, 

2010). Tabla S1 shows a comparison of the analytical characteristics of 

the developed electrochemical magneto-immunosensor with other 

reported immunoassays for Fumonisins determination. 

This work explores for the first time, the use of disposable 

immunosensing surfaces on carbon screen-printed electrodes using 

magnetic beads coupled to ELISA method for determination of 

Fumonisins (FB1 + FB2) in different food matrices. The use of magnetic 

beads improves the performance of the immunological reaction due to 

an increase in the surface area, as well as the assay kinetics are achieved 

more rapidly since the beads are in suspension and the probability that 

antibody-coated magnetic beads meet the analyte is very high while 

keeping the solution under stirring. Furthermore, the magnetic beads can 

easily be manipulated through the use of permanent magnets, and the 

matrix effect is also minimized due to improved washing and separation 

steps which allows the analysis to be made without any pre-enrichment, 

purification, or pre-treatment steps. Besides, the use of magnetic beads 

as affinity reaction support implies that electrode surface is only used for 
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transduction step avoiding its shielding by deposition of the antibodies 

which can cause hindrance of the electron transfer and reducing 

electrochemical signal. 

In order to obtain a simple and disposable analytical tool for fast, 

accurate and reliable determination of Fumonisins in-field analysis, a 

strategy based on simultaneous performing of simplified calibration and 

analysis protocol on the screen-printed immunosensing surfaces was 

accomplished in this work. 

2. Materials and methods 

2.1. Reagents and solutions 

Fumonisin B1 (FB1), bovine serum albumin (BSA), hydrogen peroxide 

(30%), hydroquinone (HQN), benzoquinone (BQN) and Tween 20 were 

purchased from Sigma-Aldrich (Madrid, Spain). Monoclonal antibody 

anti-Fumonisin B1 and the enzyme tracer FB1 conjugated to horseradish 

peroxidase (HRP) were supplied by Soft Flow Hungary Ltd. (Pécs, 

Hungary). Fumonisin B2 and B3 (FB2 and FB3) were purchased from 

Romer Labs (Tulln, Austria). Standard Fumonisin B1, B2 and B3 

solutions were prepared daily by dilution of stock solution (50 μg mL‒1 

in acetonitrile:water, 50:50). All other reagents were of the highest 

available grade. 

All buffer solutions were prepared with MiliQ water. Phosphate buffer 

saline (PBS) was modified with Tween 20 and BSA. The composition of 

the PBS solution was phosphate buffer 10 mmol L‒1, pH 7.4, with 0.8% 

(w/v) NaCl. In other solutions, 0.05% (v/v) Tween 20 and 2.5% (w/v) 

BSA (blocking buffer) or 0.1% (w/v) BSA (dilution buffer) were also 

added. 

2.2. Materials 
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Superparamagenetic polymer beads with protein-G covalently coupled 

to the surface (Dynabeads® Protein G) were supplied by Life 

Technologies (Oslo, Norway). 

Screen-printed electrodes (DS110) based on carbon working, counter, 

and silver pseudo-reference electrodes were provided by Dropsens 

(Oviedo, Spain). The working electrode diameter was 4 mm. The 

magnetic holder (DRP‒MAGNET) used for holding magnetic beads on 

the surface of the working electrode was supplied by Dropsens (Oviedo, 

Spain). 

2.3. Samples 

Fumonisins maize certified reference material ([FB1] = 2.0 ± 0.4 mg Kg‒

1; [FB2] = 0.5 ± 0.2 mg Kg‒1; [FB3] = 0.2 ± 0.1 mg Kg‒1) was purchased 

from Pribolab® (Singapore). Beer samples were purchased from a local 

retail store (Madrid, Spain). 

2.4. Equipment 

Amperometric measurements were performed with a multipotenciost 

μSTAT8000 and the software DropView 8400 from Dropsens (Oviedo, 

Spain), and magnetic stirrer Microstirrer from Velp Scientifica (Usmate, 

Italy). 

The competitive curves were analysed with a four parameter logistic 

equation using the proper software GraphPad Prism 5. 

2.5. Immunoassay procedure 

The immunoanalytical methodology was developed on the basis of the 

competition scheme where mycotoxin FB1 and its enzyme-labelled 

derivative compete for binding sites of the specific monoclonal antibody. 
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Magnetic beads covered with covalently bounded protein G were used 

as an oriented immobilisation support for the capture of the anti‒FB1 

antibody. Once molecular recognition has been produced, the extent of 

the affinity reaction is evaluated by the addition of the enzymatic 

substrate and electrochemical mediator whose reduction on the electrode 

surface is directly related to the activity of the enzyme tracer (Fig. 1). 

 

Fig. 1. Magnetoimmunosensor construction. 

The competitive immunoassay was performed in ELISA microplate 

wells. Initially, Dynabeads® protein G magnetic beads were washed with 

PBS‒T, pH 7.4, according to the manufacturer’s protocol in order to 

eliminate the storage buffer and condition them for the IgG capture 

procedure. In this way, a volume of 1 μL of the commercial solution 

Dynabeads® was introduced into the well and washed three times with 

PBS‒T. Thanks to the utilization of an external magnet, magnetic beads 

were captured at the bottom of the well for removing the supernatant. 

Afterwards, 50 μL of specific antibody (2.5 μg L‒1) prepared in PBS‒T 

was added to the magnetic beads for coating to the immobilized protein 

G. The solution was gently stirred for 60 min at room temperature to 

obtain specific antibody-modified beads. For removing unbound 

antibody, the solution was washed five times with 100 μL of PBS‒T by 

the aid of a magnet. In order to avoid non-specific adsorption, the 

modified magnetic beads were blocked with PBS‒T‒BSA 2.5% (w/v) 

during 60 min. Sequential competitive assay was performed by re-
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suspending the anti-mycotoxin antibody-coated beads in 50 μL of PBS‒

T‒BSA 0.1% containing Fumonisin standard solution or sample. After 

30 min incubation time, the enzyme tracer (final dilution 1:64000) was 

added. The competitive immunological reaction was allowed to proceed 

with gentle stirring for 30 min at room temperature. The magnetic beads 

were washed five times with 100 μL of PBS‒T to eliminate not bound 

species and re-suspended in 10 μL of citrate buffer.  

2.6. Electrochemical measurements 

The suspension of MBs modified with the immunoassay architecture was 

transferred and retained onto the surface of the working electrode of 

carbon screen-printed electrodes (CSPE) positioned on a magnet holding 

block. Amperometric measurements were performed after introduction 

of the assembled MBs‒CSPE into an electrochemical cell containing 7 

mL of citrate buffer, pH 5.0. The amperometric responses in stirred 

solutions (Eapp = ‒0.25 V vs Ag pseudo-reference electrode) were 

recorded upon addition of 140 μL of hydrogen peroxide and 

hydroquinone (1 mM final concentration for both) until the steady-state 

current was reached. Figure S2 displays the representative amperometric 

signals obtained from a 0 and 100 g L‒1 FB1 standard solutions. 

Amperometric signals, calculated as the difference between the steady-

state and the background currents were fitted to the following four 

parameter logistic equation (sigmoidal) using the software Graph Pad 

Prism 5: 

𝑌 = 𝑖1 +  
𝑖2 − 𝑖1

1 + 10[log 𝐼𝐶50−𝑥]𝑝 

where i2 and i1 are the maximum and minimum current values of the 

calibration graph obtained,  IC50 is the analyte concentration producing 
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50% of the maximal amperometric signal, and p is the Hill slope at the 

inflection point of the sigmoid curve. The limit of detection (LOD) value 

was calculated as the analyte concentration for which the enzymatic 

tracer binding to the antibody was inhibited by 10%. The dynamic range 

(DR) was taken as the analyte concentration interval for which the 

inhibition of the binding of enzymatic tracer was between 20 and 80%. 

2.7. Sample treatment 

Both, solid and liquid samples were used to demonstrate the adequate 

performance of the developed magnetoimmunosensor. As solid sample 

and in order to evaluate accuracy of the immunosensor a maize certified 

reference material was analysed. According to the instructions 

recommended by the supplier, 1 g samples aliquots were extracted with 

4 mL of acetonitrile:PBS (50:50, v/v) in cooling refrigeration conditions 

by a tip sonication (VCX130, Sonics, Newtown, USA) for 20 minutes (5 

min/cycle) at 117 W. After centrifugation at 4000 rpm during 10 min, 

the supernatant was separated and diluted 400‒fold with PBS‒T‒BSA 

(0.1%). 

Beers, spiked with different concentration of FB1, FB2 and FB1+FB2, 

were previously degasified for 20 minutes in ultrasonic bath and, in case, 

diluted 10‒fold with PBS‒T‒BSA (0.1%) to minimize the matrix effect.  

3. Results and discussion 

3.1. Optimization of the immunoassay  

The direct magnetoimmunosensor performance can be divided in two 

main steps which occur at different places: (i) the affinity reaction, which 

takes place in solution (wells of microtiter plate) and (ii) the 

electrochemical transduction step which occurs on the surface of 
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disposable CSPE. Both steps are performed with the aids of MBs. 

Indeed, the affinity reaction process in solution entails the benefits of 

using MBs such as higher surface area, faster kinetic assay, easier access 

of mycotoxin and tracer to the immobilized antibodies, and facility of 

manipulation. Furthermore, the use of screen-printed electrodes as 

electrochemical platform where magnetic beads are entrapped for 

transduction event, improve sensitivity avoiding the shielding of the 

electrode surface by deposition of the specific antibodies, and then 

improving electron transfer. Additionally, this strategy diminishes the 

non-specific adsorption since affinity reaction is not performed on the 

electrode surface (Hervás et al., 2010). 

In order to get the best analytical performance for the immunosensor, 

some experimental variables had to be optimized. 

In this work, the coating of specific antibody to magnetic beads was 

achieved through the affinity of protein G for the Fc region of antibody 

molecules, getting its orientation and then, improving sensitivity. Since 

the amount of antibody available is directly related to the number of 

protein G modified beads, a titration was performed using different 

antibody concentrations for a limited volume of magnetic beads (1 μL). 

Using a fixed excess of the other immunoreagents and incubation times, 

higher signals were obtained for increasing antibody concentrations 

(0.15‒5 μg mL‒1). Taking into account that typically low antibody 

concentrations render better LODs, an almost plateau concentration of 

2.5 μg mL‒1 was chosen for subsequent experiments, since a highly 

enough current was obtained (Fig. S2). Incubation time (range 1‒60 min) 

for coating of specific antibody onto beads was also tested. A short 

period of incubation time of 10 min, as described by the manufacturer, 

produces an 85% of the maximum binding (data not shown).The time of 
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60 min were used to assure the total antibody immobilization. Also, two 

different buffers at different pH values (recommended by the supplier in 

different beads batches) were checked, since binding capacity may vary 

for different immunoglobulins. An increment of 21% of intensity current 

was encountered for PBS buffer (pH=7.4) instead of citrate buffer 

(pH=5), both for 2.5 μg mL‒1 antibody concentration and 60 min 

incubation time. 

Another key parameter to optimize is the amount of enzyme tracer 

dilution. Small variations in the number of antibody binding sites or 

concentration of FB1‒HRP produce large variations of the 

immunosensor sensitivity. In this sense, the antibody modified MBs 

were titrated with different tracer dilutions, as much in an excess of FB1 

(minimum assay signal) as well as without the mycotoxin (maximum 

assay signal). The results show the typical behaviour of a binding curve 

(Fig. S3). Using 1:64000 fold-dilution of the tracer stock solution 

produces the highest ratio for the amperometric currents obtained in 

absence and presence of an excess of the mycotoxin (1000 μg L‒1 of 

FB1).  

Other optimized experimental conditions were competition reaction time 

(1 to 120 min), temperature (room temperature or 37ºC), and competition 

scheme (simultaneous or sequential incubation of the standard/sample 

mycotoxin and tracer with immobilized antibody). Competition time of 

30 min supposed an 85.4% of the maximum amperometric signal (those 

produced for 60 and 120 min with no significant differences); while a 

minimum and almost constant current was obtained in presence of an 

excess of the mycotoxin for incubation times assayed (Fig. S4). 

Increasing temperature from room temperature to 37ºC did not produce 

any significant signal difference, even for absence or presence of an 
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excess of the mycotoxin. Also, simultaneous and sequential incubation 

of the mycotoxin and the tracer with the immobilized antibody were 

tested. When sequential incubation of sample/standard and tracer (30 + 

30 min) was performed, better IC50, DR and LOD values in calibration 

curve were obtained related to simultaneous incubation of the standard 

and the tracer (Table S1).  

3.2. Analytical characteristics of the developed magnetoimmunosensor 

Fumonisin B1 was selected to evaluate the analytical performance of the 

developed immunosensor. The calibration graph obtained under the 

optimized experimental conditions summarized in Table 1, is shown in 

Fig 2. The LOD and IC50 calculated values were 0.33 and 2.86 μg L‒1 

respectively and the DR ranged between 0.73 and 11.2 μg L‒1. It is 

important to remark that this LOD is well below of the most restricted 

limits fixed by the European Union (200 μg Kg‒1 for baby food) showing 

the suitability of the immunosensor as alarm tool for Fumonisin 

contaminations. 
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Fig. 2. Calibration curve for Fumonisin B1 determination using the 

competitive electrochemical immunosensor. Each point correspond to 

the Ax/Ao percentage ± SD, calculated for n = 4 repetitions. 

Table 1 

Optimized conditions to perform the calibration curve.  

Experimental condition Optimal value 

Volume MBs 1 μL 

[Ab-FB1] 2.5 μg mL‒1 

Time of antibody incubation 60 min 

Blocking step PBS‒T‒BSA (2.5%) 

Blocking time 60 min 

Dil. FB1-HRP 1:64000 

Time of tracer incubation 30 min 

[HQN] and [H2O2] 1 mM 

Eapp ‒ 0.25 V 

 

Intra-immunosensors repeatability and inter-immunosensors 

reproducibility for two levels of concentration (0 and 5 μg L‒1 FB1) were 

studied. RSD values of 5.6% and 2.9% (n=5) were obtained within the 

same day; while RSD values of 6.9% and 6.0% (n=6) were obtained in 

different days, for both levels of concentration respectively. 

The specificity of the developed immunosensor for the most abundant 

and dangerous Fumonisin analogues (FB1, FB2 and FB3) was 

investigated. Calibration curves were performed for each Fumonisin in 

the range of 0‒1000 μg L‒1 (Fig. 3). The cross-reactivity for FB1, FB2 

and FB3 were of 100%, 133% and 52% respectively. Therefore, the 

reactivity of the monoclonal anti-Fumonisins antibody used in this 

magnetoimmunosensor allows determining the most important 

Fumonisins. 
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Fig. 3. Calibration curves for the most important Fumonisins B. Line 

blue (―) corresponding to FB1, line red (―) corresponding to FB2 and 

line green (―) corresponding to FB3. 

The accuracy of the immunosensor was appraised by the analysis of 

maize certified reference material (CRM). The CRM extraction was 

realised by a combination of two different solvents, acetonitrile:PBS 

(50:50, v/v) and assisted with the use of a tip sonication. In the Table 2, 

it can be observed the found concentrations for three repeated assays of 

three different samples of the CRM. Taking into account that CRM 

material is contaminated with the three Fumonisins at different 

concentrations, and the cross-reactivitys of the antibody used to these 

analogues, the recovery values are in excellent agreement.  The results 

were assessed by one-sample t-test, which indicates that no differences 

were found (p>0.05), and it demonstrated an outstanding accuracy of the 

method and reliability of the immunosensor. 
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Table 2 

Analysis of certified reference material ([FB1] = 2.0 ± 0.4 mg Kg‒1; 

[FB2] = 0.5 ± 0.2 mg Kg‒1; [FB3] = 0.2 ± 0.1 mg Kg‒1). 

Sample 
[FBs]

Total

CRM
 

(mg Kg‒1
) 

Found concentration 

(mg Kg
−1

) 
Recovery (%) 

1 

2.7 ± 0.7 

2.6 ± 0.1 96 ± 1 

2 2.5 ± 0.1 93 ± 2 

3 2.3 ± 0.1 85 ± 4 

  2.5 ± 0.2 91 ± 7 

3.3. Simplified calibration and analysis on board of disposable CSPE: 

Application to beer samples 

To evaluate matrix effect, the magnetoimmunosensor was performed in 

diluted and undiluted beer samples. The use of undiluted beer samples 

implied a 32% decrease of the amperometric current compared with the 

signal produced in buffer for the absence of the mycotoxin. In this sense, 

different dilution values were tested, reaching that a 10‒fold dilution of 

the beer sample in PBS buffer was needed to avoid the matrix effect. The 

calibration curve performed in these conditions showed similar 

analytical properties to those obtained without the presence of the matrix 

(Fig. S6). Therefore, beer analyses were performed in 10‒fold dilution 

of the beer sample. 

Non-linear calibration curves usually performed in immunoassays 

implies laborious and time consuming procedures for sample analysis. 

In a previous work (Hervás et al., 2010), simplified and integrated 

calibration analysis protocol on board of the same disposable SPE was 

proposed to overcome these disadvantages. In this work, this 

methodology implies the simultaneous determination of a selected 

concentration of the mycotoxin with calibration purpose and the analysis 
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of the analyte in the food sample. Comparison of both signals and after 

the adequate definition of the calibration factor, allows the determination 

of the mycotoxin in the sample. The calibration factor is calculated as 

fcalibration = SFB1 standard × [FB1]Standard. Since this calibration factor is a 

constant for each analysis, FB1 concentration in the sample can be 

calculated as [FB1]Sample = fCalibration/SFB1 sample. This methodology 

presents clear benefits such as: (1) it generates a simplification of the 

calibration procedure; (2) calibration and analysis are performed under 

equal conditions avoiding other sources or error; (3) the calibration step 

can be suitable designed using the same concentration for the control as 

the one expected in the sample, improving precision and accuracy of the 

analysis. The suitability of this simplified calibration strategy was 

demonstrated for the analysis of beer food samples. 

To perform the simplified calibration and analysis protocol, beer samples 

were previously spiked at different level of concentration of Fumonisins 

(FB1, FB2 and the sum of FB1 + FB2). Then, samples were degasified 

and diluted 10‒fold in PBS buffer and directly analysed without any 

extraction procedure. Table 3 shows the results obtained for the different 

spiked beer samples. The calculated recoveries demonstrated the 

rightness of the proposed simplified analytical procedure, and the 

suitability of the developed immunosensor as a real alternative for 

reliable and disposable alarm screening of the most common fumonisins. 
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Table 3 

Analysis of beer samples using the simultaneous simplified calibration 

and analysis protocol. 

Fumonisin 
Calibration 

(μg L‒1
)

a
 

Analysis 

(μg L‒1
)

b
 

Spiked 

concentration 

(μg L‒1
) 

Recovery 

(%) 

FB1 
20.0 21.0 ± 0.7 200 105 ± 4 

5.0 5.0 ± 0.4 50 99 ± 7 

FB2 5.0 4.7 ± 0.4 50 94 ± 8 

FB1 + FB2 10.0 8.7 ± 0.9 50 + 50 87 ± 9 

Three samples were analysed for each concentration value. 

aStandard concentration in the calibration. 

bFBs concentration found in 10-fold diluted samples. 

4. Conclusion 

An electrochemical magnetoimmunosensor based on magnetic beads for 

Fumonisins (FB1, FB2 and FB3) detection has been successfully 

developed.  This immunosensor presents a remarkable limit of detection, 

better than the previously reported in the literature for other 

electrochemical immunosensor, and most important, well below to the 

current, and probably in the near future more restricted legislation 

requirements. Their reliability and accuracy has been evaluated through 

the analysis of maize certified reference material and spiked beer as 

important world consumed beverage, getting exceptional results. 

Furthermore, a simultaneous simplified calibration and analysis protocol 

has been performed, diminishing the analysis time, reducing the tedious 

and intense labour of calibration curves, and reaching exceptional 

accuracy. All these features, together with the portable, disposable and 

easy to use character of the developed immunosensor, grant to this 

methodology as an exceptional alarm tool for food safety diagnosis, 

which can be included in different steps of the agroalimentary chain. 
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Abstract 

In food producing and developing countries having a reliable and inexpensive 

tool for the analysis of agricultural commodities is essential. This article 

describes a reliable disposable electrochemical magnetoimmunosensor for 

monitoring of coffee samples for Ochratoxin A contamination. The 

electrochemical detection performed on carbon screen-printed electrodes 

(CSPEs) used magnetic beads as antibody immobilization support and enzyme 

horseradish peroxidase as tracer. A remarkable limit of detection of 0.32 μg L‒

1, well below of the legislative requirements, demonstrated the suitability of the 

proposed system as a screening tool for the analysis of Ochratoxin A in coffee 

samples. 

A simultaneous simplified Ochratoxin A calibration and coffee sample analysis 

strategy allowed the accurate determination of the mycotoxin with recoveries 

of 90% reducing the long times used in conventional calibration. This strategy 

enhanced the analytical merits of immunosensor approach towards truly 

disposable tools for screening of Ochratoxin A in coffee samples and opens 

novel avenues for food-safety monitoring. 
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1. Introduction 

In the last decades, determination of mycotoxins in food commodities is 

highly important since they are potent toxins causing negative effects on 

animals and humans health. Now they are considered the most important 

chronic dietary risk factor, even more than food additives or pesticide 

residues [1]. Mycotoxins are identified as inevitable natural secondary 

metabolites produced by about 200 hundred different filamentous fungi 

species under different environmental conditions around the world. 

Although several hundred different mycotoxins have been discovered, 

Ochratoxin A (OTA) has one of the greatest negative impacts on public 

health and trade. Produced mainly by Aspergillus ochraceous, A. 

carbonarius and Penicillium verrucosum, it has been identified as 

contaminant in various products as cereals, beans, groundnuts, spices, 

dried fruits, coffee, cocoa, milk, grape juice, beer, wine, and pork meat. 

OTA is a quite stable molecule, able to resist most food processing steps. 

It has been found in human blood and breast milk of individuals exposed 

to contaminated products, due to it long half-time life in serum (~35 

days) [2]. Related to its health risk, OTA has been described by the 

International Agency for Research on Cancer as possibly carcinogenic in 

humans (group 2B). Furthermore, OTA has nephrotoxic, teratogenic and 

immunotoxic activity in several animal species. Due to these findings, 

regulatory limits for OTA have been established in many countries, 

especially in Europe where the European Commission has set maximum 

limits for OTA in cereals (5 μg Kg‒1 in raw cereals grains and 3 μg Kg‒1 

in processed cereals products for direct human consumption), in wines 
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and grape-containing beverages (2 μg Kg‒1), in coffee (5 μg Kg‒1 in 

roasted coffee beans and 10 μg Kg‒1 in soluble coffee) and baby foods 

(0.5 μg Kg‒1) (EC. No. 123-2005, EC. No. 1881-2006).  

Due to the highly concern about OTA contamination, different high-

performance detection techniques have been developed for quality 

assessment. Currently, the methods commonly used for OTA 

determination comprise immunoaffinity clean-up (IAC) followed by 

HPLC separation with fluorescence detection (OTA presents native 

fluorescence) or MS, among others [3-6].  Although they are sensitive 

methods with proper limit of detection, they face several disadvantages 

such as high cost of equipment, use of high amount of harmful solvents, 

precise qualified staff together with increased analysis time and cost. On-

going alternatives are based on the use of immunological methods, 

however,  common enzyme linked immunosorbent assay (ELISA) also 

requires of highly training personnel, and have a long tedious time of 

analysis, thus, immunosensors, in general terms, and particularly 

electrochemical immunosensors are presented as an alternative. The 

latter has been proven to be sensitive, accurate, fast, and inexpensive, 

might achieve adequate limit of detection and is very suitable for 

decentralization in field analysis [7-10]. These advantageous features 

have been reflected in an increase of the number of articles based on 

OTA immunosensors determinations appeared in the last years.  These 

electrochemical immunosensors for OTA determination, besides the 

different employed electrochemical techniques, vary in the support for 

specific antibody immobilization, since an adequate antigen-antibody 

interaction is improved by the right orientation of the antibody in the 

sensor surface. In this sense, different strategies have been reported such 

as immobilization onto the electrode surface, by simple adsorption [2, 
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11, 12] or through functionalized electrode surface [13-17], both 

included in polymer matrices [18-23] or by using micro and nano 

(magnetic) particles  [24-28]. The latter use of magnetic beads improves 

the performance of the immunological reaction due to an increase in the 

surface area. Likewise, the assay kinetics is achieved more quickly 

because the beads are in suspension, and the probability that antibody-

coated magnetic beads recognize the analyte improve while keeping the 

solution under stirring. Furthermore, the magnetic beads can be easily 

manipulated through the use of permanent magnets, and the matrix effect 

is also minimized due to improved washing and separation steps. 

Besides, the use of magnetic beads as affinity reaction support implies 

that electrode surface is only used for transduction step, avoiding its 

shielding by deposition of the antibodies which can cause hindrance of 

the electron transfer, thus the reduction of the electrochemical signal. 

In this work, disposable immunosensing surfaces on carbon screen-

printed electrodes using magnetic beads coupled with ELISA method has 

been developed for determination of OTA in a highly concern and 

shortly explored matrix such as soluble coffee (instant coffee). While 

wine is considered to be a major source of daily OTA intake in humans, 

and consequently, most of the reported immunosensors for OTA 

determination are focused on wine analysis [2, 11, 18, 24, 26-28], coffee 

is a widely consumed product with potential and significant exposure to 

the mycotoxin. Coffee, as raw foodstuff, is one of the most exported 

product around the world and it has a recognized high prevalence of OTA 

contamination, being found in variable amounts in all forms of 

commercialized coffee, even after recognized mitigation strategies such 

as roasting and high temperature extraction. [29] Since the coffee is a 

worldwide consumed beverage and has been found with different level 
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of contamination in many countries, a disposable analytical tool for fast, 

accurate and reliable determination of OTA is needed. In this work, this 

challenge is accomplished through a strategy based on simultaneous 

performing of simplified calibration and analysis protocol on screen-

printed immunosensing surfaces, demonstrated as accurate and sensitive 

for the concentration levels required by the legislation in coffee samples. 

2. Materials and methods 

2.1. Reagents and solutions 

Ochratoxin A (OTA), bovine serum albumin (BSA), hydrogen peroxide 

(30%), hydroquinone (HQN), benzoquinone (BQN) and Tween 20 were 

purchased from Sigma-Aldrich (Madrid, Spain). Polyclonal antibody 

anti-OTA and the enzyme tracer OTA conjugated to horseradish 

peroxidase (HRP) were supplied by ImmuneChem (Burnaby, Canada). 

Standard OTA solutions were prepared daily by dilution of stock solution 

(50 mg L‒1 in PBS‒T). All other reagents were of the highest available 

grade. 

All buffer solutions were prepared with MilliQ water. Phosphate buffer 

saline (PBS) was modified with Tween 20 and BSA. The composition of 

the PBS solution was phosphate buffer 10 mmol L‒1, pH 7.4, with 0.8% 

(w/v) NaCl. In other solutions, 0.05% (v/v) Tween 20 and 2.5% (w/v) 

BSA (blocking buffer) or 1% (w/v) BSA (dilution buffer) were also 

added. 

2.2. Materials 
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Superparamagnetic polymer beads (2.8 µm, uniform size) with protein-

G covalently coupled to the surface (Dynabeads® Protein G) were 

supplied by Life Technologies (Oslo, Norway). 

Screen-printed electrodes (DS110) based on carbon working, counter, 

and silver pseudo-reference electrodes were provided by Dropsens 

(Oviedo, Spain). The working electrode diameter was 4 mm. The 

magnetic holder (DRP‒MAGNET) used for holding magnetic beads on 

the surface of the working electrode was supplied by Dropsens (Oviedo, 

Spain). 

2.3. Samples 

Coffee samples (instant coffee) were purchased from a local retail store 

(Madrid, Spain). 

2.4. Equipment 

Amperometric measurements were performed with a multipotenciostat 

μSTAT8000 and the software DropView 8400 from Dropsens (Oviedo, 

Spain), and magnetic stirrer Microstirrer from Velp Scientifica (Usmate, 

Italy). 

The competitive curves were analysed with a four parameter logistic 

equation using the proper software GraphPad Prism 5. 

2.5. Immunoassay procedure 

The immunoanalytical methodology was developed on the basis of the 

competition scheme where mycotoxin OTA and its enzyme-labelled 

derivative compete for binding sites of the specific polyclonal antibody. 

Magnetic beads covered by protein-G were used as an oriented 

immobilisation support for the capture of the anti-OTA antibody. Once 
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molecular recognition has been produced with OTA and/or OTA‒HRP, 

the extent of the affinity reaction is evaluated by the addition of the 

enzymatic substrate and electrochemical mediator, which reduction on 

the electrode surface is directly related to the activity of the enzyme 

tracer. 

The competitive immunoassay was performed in ELISA microplate 

wells. Dynabeads® protein-G magnetic beads were washed with PBS‒T, 

pH 7.4, according to the manufacturer’s protocol with the aim of 

eliminating the storage buffer and conditioning them for the IgG capture 

procedure. In this way, a volume of 0.5 μL of the commercial solution 

Dynabeads® was introduced into the well and washed three times with 

PBS‒T. Through the assistance of an external magnet, magnetic beads 

were attracted to the bottom of the well to remove the supernatant. 

Afterwards, 50 μL of specific antibody (10 μg mL‒1) prepared in PBS‒T 

was added to the magnetic beads for coating to the immobilized protein-

G. The solution was gently stirred for 60 min at room temperature to 

obtain specific antibody-modified beads. Five times of washed step with 

100 μL of PBS‒T was subsequently performed. To avoid non-specific 

adsorption, the modified magnetic beads were blocked with PBS‒T‒

BSA 2.5% (w/v) during 60 min. Sequential competitive assay was 

performed by re-suspending the anti-mycotoxin antibody-coated beads 

in 50 μL of PBS‒T‒BSA 1% solution which contains OTA standard or 

sample. After 30 min incubation time, the enzymatic tracer (final dilution 

1:2000) was added. The competitive immunological reaction was 

allowed to proceed with gentle stirring for 15 min at room temperature. 

The magnetic beads were washed five times with 100 μL of PBS‒T to 

remove not bound species and were re-suspended in 10 μL of citrate 

buffer. 
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2.6. Electrochemical measurements 

The suspension of MBs modified with the immunoassay architecture was 

transferred and retained onto the surface of the working electrode of 

carbon screen-printed electrodes (CSPE) positioned on a magnet holding 

block. Amperometric measurements were performed after introduction 

of the assembled MBs‒CSPE into an electrochemical cell containing 7 

mL of citrate buffer, pH 5.0. The amperometric responses in stirred 

solutions (Eapp = ‒ 0.25 V vs Ag pseudo-reference electrode) were 

recorded upon addition of 140 μL of hydrogen peroxide and 

hydroquinone (1 mM final concentration for both) until the steady-state 

current was reached.  

Amperometric signals, calculated as the difference between the steady-

state and the background currents were fitted to the following four 

parameter logistic equation (sigmoidal) using the software Graph Pad 

Prism 5: 

 

 

 

where i2 and i1 are the maximum and minimum current values of the 

calibration graph obtained,  IC50 is the analyte concentration producing 

50% of the maximal amperometric signal, and p is the Hill slope at the 

inflection point of the sigmoid curve. The limit of detection (LOD) value 

was calculated as the analyte concentration for which the enzymatic 

tracer binding to the antibody was inhibited by 10%. The dynamic range 

(DR) was taken as the analyte concentration interval in which the 

inhibition of the binding of enzymatic tracer was between 20 and 80%. 

𝑌 = 𝑖1 + 
𝑖2 − 𝑖1

1 + 10[log 𝐼𝐶50 −𝑥]𝑝
 1 
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2.7. Sample treatment 

Solid samples of worldwide highly consumed food product, such as 

coffee, were analysed to demonstrate the adequate performance of the 

developed magnetoimmunosensor. Soluble instant coffee powder 

samples spiked with different concentration of OTA were analysed. 1 g 

samples were solubilized in 5 mL of PBS‒T‒BSA (1%), filtered with a 

nylon syringe filter of 0.45 μm of pore and 5-fold diluted with PBS‒T‒

BSA (1%). 

3. Results and discussion 

3.1. Optimization of the immunoassay for OTA determination 

The analysis was carried out in two key stages which occur at different 

places: (i) the affinity reaction, which takes place in solution (individual 

wells of microtiter plate), and (ii) the electrochemical transduction step, 

which occurs on the surface of disposable CSPE. Both steps are 

performed taking advantage of MBs’ features involving their high 

surface area, fast kinetic assay, easy access of mycotoxin and tracer to 

the immobilized antibodies, and facility of manipulation. Moreover, the 

use of screen-printed electrodes as electrochemical platform, where 

magnetic beads are entrapped for transduction event, improves 

sensitivity avoiding the shielding of the electrode surface by deposition 

of the specific antibodies, and increases electron transference. 

Furthermore, since affinity reaction is performed in the microplate wells, 

this strategy diminishes the non-specific adsorption. 

In order to get the best analytical performance for the immunosensor, 

some experimental variables were optimized. As previously detailed, 

MBs covered with protein-G were used as immobilization support for 
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specific antibody. The affinity of protein-G for the Fc region of antibody 

molecules involves their adequate orientation. In this sense, quantity of 

modified MBs was optimized to get a reasonable amperometric signal. 

Using a fixed excess of other reagents and parameters, different volumes 

of the stock MBs solution (0.25, 0.50 and 1.0 μL) were assayed. 

Measuring the signals produced in absence (maximum signal) and a high 

amount of the mycotoxin OTA (minimum or non-specific signal), 0.5 μL 

of the stock MBs commercial vial was found as those which produced 

the best signal to background ratio (data not shown). 

Subsequently, using 0.5 μL as a limited volume of MBs, a titration curve 

was performed using different antibody concentrations from 0.6 to 20 μg 

mL‒1 and keeping a fixed excess of the other immunoreagents and 

incubation times. As shown in Fig. 1, increased concentrations produced 

higher signals, reaching a plateau for 10 μg mL‒1 as indicator of all 

protein G binding sites are occupied. Incubation time (range from 5‒120 

min) for coating of specific antibody onto beads was also tested. 

Although an incubation time of 30 min almost reach a plateau (83% 

maximum signal), 60 min were used to assure the total antibody 

immobilization onto available MBs protein-G binding sites. 
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Fig. 1. Optimization of antibody concentration. Conditions: 0.5 μL 

magnetic beads, excess of the enzyme conjugate. 

To avoid nonspecific adsorption, mainly of the enzymatic tracer onto 

MBs, even concentration and incubation time with BSA solution as 

blocking step were studied. The best ratio for maximum and minimum 

signals was obtained for 2.5% BSA and incubation time of 60 min. 

Another key parameter to optimize is the amount of enzyme tracer 

related to the immobilized antibody. Antibody modified MBs were 

titrated with different tracer dilutions, in an excess of OTA and without 

the mycotoxin to achieve the best signal ratio. Fig. 2 shows the binding 

curve for 10 μg mL‒1 Ab concentration titrated with different OTA‒HRP 

dilutions, where a tracer dilution 1:2000 showed an adequate 

competition with the OTA presented in the sample. Likewise, the 

optimization of incubation time with the tracer in absence and 

competition of excess of mycotoxin were tested. Signal increment was 
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obtained with time, where 15 min of incubation produced the best 

(specific/non-specific signals) ratio and represented an 82% of the 

maximum signal produced for the assayed times (5 to 120 min). In 

contrast, rising temperature from room temperature to 37ºC did not 

produce any significant signal difference in the affinity reaction, even in 

absence or presence of the mycotoxin. 

 

Fig. 2. Optimization of tracer dilution. Blue bars represent the maximum 

signal; red bars represent the minimum signal. Conditions: Volume of 

MBs 0.5 μL; Ab concentration: 10 μg mL‒1. 

Amperometric detection of the HRP conjugated enzyme activity was 

carried out at ‒ 0.25 V using H2O2 and HQN as the substrate and the 

electrochemical mediator, respectively. The optimum working electrode 

potential for the reduction of the enzymatically produced BQN in this 

sensor configuration was selected using amperometry. The highest signal 

to background current ratio in presence of H2O2 was obtained at ‒ 0.25 
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V, chosen as working potential. Besides, optimal concentrations of H2O2 

and HQN were assessed for maximal amperometric current intensity. 

When concentrations of both reagents were evaluated within the range 

of 0.05‒1.5 mM, as shown in Fig. 3, the highest signal was achieved at 

1.0 mM, ensuring that all enzymatic molecules were substrate bound and 

that Vmax was reached. 

 

Fig. 3. Optimization of electrochemical mediator and enzymatic 

substrate (HQN and H2O2, respectively). The same concentration was 

used for both compounds. Conditions: Volume of MBs: 0.5 μL; Ab 

concentration: 10 μg mL-1; OTA‒HRP dilution: 1:2000; Incubation time 

of Ab-OTA: 60 min; Incubation time of OTA‒HRP: 15 min. 

3.2. Analytical features of the OTA magnetoimmunosensor 
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Fig. 4 shows the calibration curve obtained under the 

optimizedconditions described in Table 1. As it is listed in Table 2, the 

LOD (90%) and IC50 calculated values were 0.32 and 14.2 μg L‒1 

respectively and the DR ranged between 1.3 and 153.8 μg L‒1. This LOD 

was found well below the limit fixed by the European Union (10 μg Kg‒

1 for soluble coffee samples) showing the suitability of the 

immunosensor as an emergency tool for OTA contaminations in coffee 

samples. 

 

Fig. 4. Calibration curve for Ochratoxin A determination. Each point 

correspond to the Bx/Bo percentage ± SD, calculated for n = 3 repetitions. 

(Bo is the maximum signal obtained without competition and Bx is the 

signal obtained during the competition process). 

Also, precision was carefully evaluated. Intra-immunosensor 

repeatability and inter-immunosensor reproducibility for the maximum 

signal were studied. RSD value of 7% (n=3) was obtained within the 

same day; while RSD value of 10% (n=6) was obtained in different days. 
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Table 1 

Optimized conditions to perform the calibration curve.  

Variable Optimized value 

Volume MBs 0.5 μL 

[Ab-OTA] 10 μg mL‒1 

Time of antibody incubation 60 min 

Blocking solution PBS‒T‒BSA (2.5%) 

Blocking time 60 min 

Dilution OTA‒HRP 1:2000 

Time of tracer incubation 15 min 

[HQN] and [H2O2] 1 mM 

E ‒ 0.25 V 

In addition, since the coffee samples require a previous sol-ubilization 

step and due that the final matrix could significantlyinfluence on the 

LOD and sensitivity of the assay, calibration curvewas also performed 

under optimum sample analysis conditions inthis matrix. To this end, 

sample analysis was firstly performed justdissolving 1 g in 5 mL of PBS. 

However, the analysis carried outunder these conditions produced only 

an 11.8% of the amperomet-ric current for the maximum signal obtained 

in PBS buffer. To avoidthis matrix interference, solubilized coffee 

samples were suitablydiluted in PBS buffer being 1:5 (v/v) the optimum 

dilution value.Interestingly, the calibration curve, performed under these 

condi-tions, exhibited identical analytical properties to those obtained 

inPBS buffer as is also shown in Table 2 confirming the absence 

ofmatrix interferences. 

Table 2 

Analytical parameters obtained for calibration curves performed in PBS 

buffer and diluted coffee matrix. 
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Calibration 

curve 
LOD

a
 (μg L‒1

) IC50
b
 (μg L‒1

) DR
c
 (μg L‒1

) 

Buffer 0.32 14.16 1.31-153.8 

Diluted Coffee 0.26 10.2 1.0-104.0 
aLimit of detection 
bInhibitory concentration 50% 
cDinamic range 

3.3. Simultaneous simplified OTA calibration and determination on 

board of disposable CSPE: Application to soluble coffee samples 

For routine sample analysis, the non-linear calibration curves usually 

performed in immunoassays implies laborious and time consuming 

procedures, limiting their operation for in field determinations. To avoid 

this disadvantaged protocol, our research group has demonstrated the 

suitability of using a simplified and integrated calibration analysis in 

these devices for other micotoxins determination. [30, 31] This 

methodology implies the simultaneous determination of a selected 

concentration of the mycotoxin with calibration purpose and the 

determination of the analyte in the food sample. Briefly, comparison of 

both signals and after the adequate definition of the calibration factor, 

allows the determination of the mycotoxin in the sample. The calibration 

factor is calculated as fcalibration = SOTA standard × [OTA]Standard. Since this 

calibration factor is a constant for each analysis, the OTA concentration 

in the sample can simply be calculated as [OTA]Sample = fCalibration/SOTA 

sample. Besides simplification, sources of error are minimized due to the 

fact that calibration and analysis are performed under equal conditions. 

Furthermore, the adequate selection of control concentration being 

similar to the one expected in the sample, improves accuracy of the 

analysis. In addition, as technical improvement, both analytical 

operations, mycotoxin calibration and sample analysis were 
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simultaneously performed using a multipotentiostat as it is illustrated in 

Fig. 5, reducing dramatically the analysis times and increasing the 

reliability of the analysis. 

 

Fig 5. Scheme of the simultaneous simplified standard calibration and 

sample analysis. Color code: red for standard calibration, blue for 

sample analysis 

Following this simplified calibration strategy, simultaneously performed 

with OTA determination into a parallel configuration, soluble coffee 

samples were spiked at the maximum level of concentration permitted 

by the legislation for those samples (10 μg Kg‒1) and analysed. Taking 

into account that previous solubilisation and dilution of the sample are 

needed, and to work in the dynamic range of the method, the solid 

samples were solubilized in a lower buffer volume (2 mL instead of the 

5 mL used in the calibration curve performed in the matrix). In this case, 

the final OTA concentration was 1 μg L‒1. These samples were 

simultaneously analysed with the adequate control corresponding to the 

same concentration as the expected in the sample. Under these 

circumstances, the recoveries obtained were 90% (Table 3) 

Magnetic beads

covered with protein G
Anti-OTA OTA-HRPOTA standard

E

OTA sample

E

E
E

E

E

E

Standard calibration

Sample analysis
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demonstrating the suitability of the proposed simplified analytical 

procedure and the convenience of the developed immunosensor as 

reliable and disposable alarm screening of OTA in coffee samples. 

Table 3 

Analysis of coffee samples using the simultaneous simplified 

calibration and analysis protocola. 

Spiked 

concentration 

(μg Kg‒1) 

Solubilization 

volume (mL)b 

Measured 

concentration 

(μg L‒1)c 

Found 

concentration 

(μg Kg‒1) 

Recovery 

(%) 

10 2 1 9 ± 1 90 ± 10  

10 5 0.4 7.3 ± 0.6 73 ± 6 
aNumber of repetitions (n = 3) 
bVolume used for solubilisation of 1 g of instant coffee sample. 
cFinal volume after dilution of the solubilized sample 1:5 in PBS buffer. 

When instant coffee samples, spiked at the same level of concentration 

(10 μg Kg‒1), followed the sample preparation as done in the matrix 

calibration curve, the final OTA concentration to be measured was 0.4 

μg L‒1, which is very close to the LOD of the method. Following the 

suggested simplified calibration and analysis protocol, the obtained 

recoveries were 73% as it is also listed in Table 3. Although these 

recovery values are slightly lower, since we are measuring close to LOD, 

they confirm the detection capacity of the method, even for this 

extremely low concentration far away of the legislative requirements. 

On the other hand, as it was previously stated, different electrochemical 

immunosensors have been developed for OTA determination. Among 

them, those using magnetical nanoparticles as antibody immobilization 

support constitute an important piece of developed work for the 

assessment of this mycotoxin as it is summarized in Table 4. As it is 

observed, most of the works have been devoted to analysis of wine 
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samples and reports excellent limit of detection and recoveries. 

Nevertheless, they still require a calibration curve and the associated 

drawbacks as laborious, time consuming and limiting their operation for 

real sample analysis into the field. Furthermore, previous 

immunosensors have not extensively explored the analysis of coffee 

samples, which is a highly concern matrix with a recognized high 

prevalence of OTA contamination. To the best of our knowledge only 

two non-magnetic beads-based impedimetric immunosensors have been 

used for OTA determination in this matrix [14,21]. Solanki et al. reported 

an impedimetric immunosensor for OTA detection with an excellent 

limit of detection but narrower working range. In this case, instant coffee 

samples were merely used to discern an increase in the impedance signal 

with concentration of the mycotoxin. Muchindu et al. also developed an 

impedimetric immunosensor for OTA determination in different matrix, 

but analysis of roasted coffee certified reference material presented 

recovery values below 33% of the vendor specifications. 

Therefore, at the light of the previous reported literature, our work 

presents the first electrochemical immunosensor magnetic beads-based 

for OTA determination in coffee simples with an improved overall 

simplification without losing required performance accordingly to legal 

requirements. 

In addition, it is worthy to point out that, the developed immunosensor 

can be easily adapted to obtain a real analytical tool for in field analysis. 

The assay time can be drastically reduced since the initials steps of the 

assay including immobilization of the anti- body on magnetic beads and 

block of non-specific adsorption could be performed in advance and 

considered as premade reagents. This also reduces the incubation and 

washing steps producing a more friendly methodology. Furthermore, the 
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use of a small, inexpensive and portable set-up together with a simple 

electrochemical detection technique enables the real sample in-field 

analysis.
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4. Outlook and concluding remarks 

An electrochemical immunosensor based on magnetic beads and 

disposable CSPE has been successfully developed for reliable 

assessment of OTA in highly worldwide consumed beverage as soluble 

coffee samples. This immunosensor presents a suitable LOD, well below 

of the maximum permitted concentration level, fulfilling the legislation 

requirements.  

Additionally, a simultaneous simplified calibration and analysis protocol 

have been performed, reducing the analysis time, decreasing the tedious 

and intense labour of calibration curves, and reaching exceptional 

accuracy. These features, together with the portable, disposable 

possibilities of the developed immunosensor, provides to this 

methodology the fitness for purpose and offer an exceptional emergency 

tool for food safety and agro alimentary chain monitoring.  
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III.2. Catalytic motors 

Many applications have been explored during the development of 

different kind of motors. However, a wide variety of applications, overall 

in the Analytical Chemistry field in which this Thesis is focused on, have 

to be investigated yet. In this way, sensing applications are very 

significant and are still in the early stages. 

First presented application is based on well-known graphene-

platinum microrockets and dye-aptamers as bioreceptor element. The 

concept relies on the pioneering detection, "on-the-move" detection. 

The aptamer recognises the mycotoxin, generating an aptamer-

mycotoxin complex. Thus, the free dye-aptamer is stuck on the 

microrocket surface, thanks to the π-π interaction between graphene 

and nucleotides. Consequently, the dye is quenched due to the 

proximity with the graphene layer. 

Other one consisted of a new alloy material for proof-of-concept 

microrockets. This tailor-made alloy is manufactured with two metals, 

Cu and Pt in different ratios (Cu, in higher concentration than Pt), by 

electrochemical deposition. These micromotors are able to delay the 

initial blastoff, and that feature can measure the corrosion grade 

provoked by different chemicals, such as pH or salt, for example. 

Furthermore, they are introduced in real samples (seawater and gastric 

acid simulant), agreeing with initial assays. 

Both are presented in the next section by respective articles. 
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Abstract 

Due to negative effects of mycotoxins in animal and human health, 

reliable and fast mycotoxin determination continues being a challenge in 

food safety analysis. Besides, the ability of self-propelled micromotors 

to perform on-the-move interaction working with selected molecules in 

extremely low sample volumes have lead into a new paradigm in 

analytical chemistry. In this work, a biosensing approach based on the 

selective recognition from aptamers to Fumonisin B1 mycotoxin, and 

further fluorescence quenching through the on-the-move catch of free 

aptamer onto the outer layer of unmodified reduced graphene 

micromotors has been proposed. A fast (shorter than 20 minutes of total 

assay time), with high sensitivity (limit of detection of 0.7 ng mL−1), 

good accuracy (Er = 0.01%) and excellent quantitative recoveries 

(~104%) for the determination of real samples has been obtained. These 

excellent results confirm the developed approach as an innovative and 

reliable analytical tool for food safety monitoring. 

Introduction  
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The motion of small self-propelled nano/micromachines in extremely 

low sample volumes is one of the most exciting areas with the aim to 

perform (bio)sensing in the contemporary Analytical Chemistry.1‒5 

Regarding the motors chemically powered by bubble propulsion,6,7 

different aspects, such as its continuous movement along the sample and 

the associated mixing effect due to the generated microbubble tail, have 

allowed to greatly enhance the on-the-move target-receptor interaction, 

improving the binding efficiency and sensitivity of these assays. This 

ability of nano/microscale motors to capture and transport specific target 

analytes in complex biological matrices have laid the foundations for 

novel biosensing methods and applications1,3,8,9. Special mention is 

required to those self-propelled motors by hydrogen peroxide catalytic 

decomposition over last decade.10,11 

Different efforts have been made in the construction of different shapes 

and sizes such as tubular microengines6,7,12 by different approaches 

including top-down photolithography, e-beam evaporation, and stress-

assisted rolling of functional nanomembranes on the polymer. However, 

template electrodeposition fabrication has demonstrated a simpler and 

more economical processes for the preparation of bimetallic catalytic 

nanowires10,13 and microtubular motors.14,15 

The inherent utilization of nanomaterials and nanotechnology has spread 

out an exciting field of future applications. Among nanomaterials, 

graphene has deserved a high attention in the scientific society thanks to 

their excellent properties such as high electrical and thermal 

conductivity, large surface area, remarkable elasticity and mechanical 

strength.16‒20 Its incorporation in tubular micromotors has improved the 

propulsion performance because of the enhanced catalytic activity and 
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efficient bubble evolution compared with smooth tubular 

micromotors.21‒23 Besides, the exceptional surface properties of 

graphene have also allowed the attachment of different receptors for 

toxins detection,24,25 the capture and removal of nerve agents and heavy 

metals,26 or excellent fluorescent quenching ability based on energy 

transfer mechanism.27‒30 

The use of aptamers as recognition elements has recently achieved a 

great interest because they present high selectivity and affinity to their 

targets analytes.31,32 Aptamers, single-stranded oligonucleotides, adopt a 

defined three-dimensional structure when a specific target is binding to 

them, resulting in a promising alternative to antibodies.33 Additionally, 

aptamers are easily synthesized for a wide range of targets and in an 

economical way, while they present outstanding specificity and stability. 

On the other hand, mycotoxins are potent toxins that cause negative 

effects on animals and humans health, being now considered the most 

important chronic dietary risk factor, even more than food additives or 

pesticide residues.34 Produced as secondary metabolites by different 

filamentous fungi species under different worldwide environmental 

conditions, their negative impact on public health has lead to the 

establishment of maximum permitted levels by the European Union (0.2 

µg mL−1 for FB1).35 Thus, the development of selective and sensitive 

approaches is recommended.36‒38 Immunochemical methods and liquid 

chromatography coupled to tandem mass spectrometry (LC-MS/MS) 

have been included in a method update review as novel methodologies 

for mycotoxins determination.39 Nevertheless, these methodologies are 

limited by their non-portability, need of trained personnel, and 
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complications in real-time monitoring, making difficult their actual 

implementation in several applications. 

In the present work, a biosensing micromotor-based approach has been 

developed for mycotoxin determination as fast and reliable food-safety 

monitoring tool. Using non-functionalized graphene with platinum 

nanoparticles (GPH/PtNPs) microtubular engines, an on-the-move 

quenching strategy carries the catch of free fluorescent-labeled aptamer 

out after their specific interaction with the mycotoxin. This novel 

biosensor has been performed for FB1 determination in CRM and real 

samples. Excellent analytical performance in terms of selectivity, 

sensitivity, accuracy, and precision, in addition to the low sample 

volumes required for the developed sensor, will be demonstrated in the 

following sections. 

Experimental 

Reagents and samples  

The fluorescein amidine (FAM) labeled at the 5’ end aptamer, specific 

for the FB1 (FAM-5′-ATA CCA GCT TAT TCA ATT AAT CGC ATT 

ACC TTA TAC CAG CTT ATT CAA TTA CGT CTG CAC ATA CCA 

GCT TAT TCA ATT AGA TAG TAA GTG CAA TCT-3′), was 

synthesized by Microsynth (The Swiss DNA company, Switzerland). 

Graphene oxide (GO) was purchased from Sigma-Aldrich (2 mg mL−1 

dispersion in H2O, ref: 763705). FB1, hydrogen peroxide, sodium 

dodecyl sulfate (SDS), H2SO4, Na2SO4, H2PtCl6, boric acid, isopropanol, 

and ethanol were purchased from Sigma-Aldrich. Hydrogen peroxide 

solution (1 % v/v) was used as the chemical fuel, and SDS solution (1 % 

v/v) was used as a surfactant in all propulsion experiments. Aptamers 

were reconstituted in 10 mM Tris-HCl buffer (pH 7.5; 100 µM) and 
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stored at +4°C until use. Stock dilution of FB1 (50 µg mL‒1) was made 

in ethanol. 100 mM PBS solution (pH 7.5) prepared with Milli-Q water 

and 0.01% of Tween (PBS-T), and it was used for dilution of FAM-

aptamer and FB1 as well. All chemicals used were of analytical-grade 

reagents, and deionized water was obtained from a Millipore Milli-Q 

purification system (18.2 MΩ cm at 25 °C). 

Fumonisins maize certified reference material ([FB1] = 2.0 ± 0.4 mg 

Kg−1; [FB2] = 0.5 ± 0.2 mg Kg−1; [FB3] = 0.2 ± 0.1 mg Kg−1) was 

purchased from Pribolabs (Singapore). According to the instructions 

recommended by the supplier, 1 g sample aliquots were extracted with 4 

mL of acetonitrile: PBS (50:50, v/v) in cooling refrigeration conditions 

by a tip sonication (VCX130, Sonics, Newtown, USA) for 20 min (5 

min/cycle) at 117 W. After centrifugation at 4000 rpm during 10 min, 

the supernatant was separated. Beer (Guinness® Draught, Dublin, 

Ireland) was firstly degasified for 20 min in ultrasonic bath and 

straightaway spiked with different FB1 concentration. 

Apparatus  

Template-assisted electrochemical deposition of micromotors was 

carried out using an electrochemical station µ-Autolab Type III (Eco 

Chemie, Utrecht, Holland). Scanning electron microscopy (SEM) 

images were obtained with a JEOL JSM 6335F instrument, using an 

acceleration voltage of 22 kV. Energy-dispersive X-ray mapping 

analysis was performed using an EDX detector attached to SEM 

instrument. Raman Dilor XY spectrometer, equipped with two types of 

detectors: one of type matrix and one photomultiplier, with measurement 

in the sample and by microscope. It is equipped with two alternative 

sources: Kr+ Coherent Innova 70-K laser and Ar+ Coherent Innova 90C 

https://www.google.es/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwjRosv7pfbSAhWB6xQKHV-kChoQFgglMAE&url=https%3A%2F%2Fwww.guinness.com%2Fes-es%2Fnuestras-cervezas%2Fguinness-draught%2F&usg=AFQjCNG9NgbPugk9OatygnaMPcYu4Pvn2g
https://www.google.es/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwjRosv7pfbSAhWB6xQKHV-kChoQFgglMAE&url=https%3A%2F%2Fwww.guinness.com%2Fes-es%2Fnuestras-cervezas%2Fguinness-draught%2F&usg=AFQjCNG9NgbPugk9OatygnaMPcYu4Pvn2g
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laser. An inverted optical microscope (Nikon Eclipse 80i upright 

microscope), coupled with different objectives (10X, 20X and 40X), a 

B2-A fluorescence filter (λexc 470 nm, λems 520 nm) for FAM and a 

Hamamatsu digital camera C11440 and NIS Elements AR 3.2 software, 

were used for capturing images and movies at a rate of 30 frames per 

second. The speed of the micromotors was tracked using NIS Elements 

tracking module. The fluorescence signal produced by the hybridization 

process between the dye-aptamer and the target mycotoxin was 

estimated by analyzing the corresponding time-lapse images using the 

Gwyddion software. 

Methods  

Electrosynthesis of graphene micromotors 

Briefly, the electrochemically reduced graphene (GPH) micromotors 

were prepared by electrochemical reduction of graphene oxide into 5 

µm-diameter conical pores of a polycarbonate membrane (PC) (Catalog 

No. 7060–2513; Whatman, Maidstone, UK). The S4 branched side of the 

membrane was treated with a sputtered thin gold film to perform as a 

working electrode. The membrane was assembled in a Teflon plating cell 

with aluminum foil serving as an electrical contact to the working 

electrode for the subsequent electrodeposition. Graphene oxide (GO, 0.5 

mg mL–1) was first dispersed in a solution containing 0.1 M H2SO4 and 

0.5 M Na2SO4 in an ultrasonic bath for 15 min. The electrochemical 

reduction of GO was carried out using cyclic voltammetry (CV, over 

+0.3 to −1.5 V vs. Ag/AgCl (3 M KCl), at 50 mV s‒1, for five cycles; n 

= 5), using a Pt wire as counter electrode. Afterwards, a platinum layer 

was plated inside the GPH tube. The inner PtNPs layer was deposited by 

amperometry at −0.4V for 750 s from an aqueous solution containing 4 
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mM of H2PtCl6 in 0.5 M acid boric. The sputtered gold layer was gently 

polished by hand with 1 µm alumina slurry. After that, the membrane 

was dissolved in methylene chloride for 30 min to release the microtubes 

completely. Successive washes with isopropanol and ethanol (both 

twice) and ultrapure water (18.2 Ω cm, three times) were performed 

respectively. All microtubes were stored in ultrapure water at room 

temperature when not in use. An illustration of template prepared 

micromotors is depicted in Figure 1. 

 

Figure 1. Electrosynthesis of GPH/PtNPs micromotors. (1) 

Electrodeposition of outer sensing layer (GPH) and inner catalytic layer 

(PtNPs). (2) Micromotors release: polishing of sputtered gold layer and 

dissolving the polycarbonate membrane. 

Mycotoxin micromotor-based assay 

A solution containing a concentration 5 µM of the specific fluorophore-

labeled aptamer and Fumonisin B1 mycotoxin were incubated at 25 ºC, 

under gently stirring, for their selective recognition during 15 minutes. 

Then, 5 µL of this mixture containing the aptamer-mycotoxin complex 

and/or free aptamers were transferred to a microcentrifuge tube 

containing around 4500 GPH/PtNPs micromotors, 1 µL of SDS (1% 

final concentration) and 5 µL of H2O2 (1% final concentration). Under 

these conditions, micromotors were allowed to autonomously swim into 

the solution to perform “on-the-move” catching of free aptamers by the 

outer layer of graphene micromotors (Figure 2). After 2 minutes, three 

(1) (2)
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aliquots of 1 µL of the solution were transferred to an inverted optical 

microscope where the fluorescence signal was recorded. Fluorescence 

measurements were performed using a B2-A filter (λexc=470 nm, 

λems=520 nm). 

  

Figure 2. Biosensing strategy for mycotoxin detection using non-

functionalized graphene-based micromotors. 

Results and discussion 

The assay principle is based on two different aspects: i) The selective 

recognition of the FB1 mycotoxin by aptamers, and ii) the adsorption of 

free dye-labeled aptamers onto the outer layer of graphene micromotors. 

That adsorption is realized by π-π interactions between ring structures 

from the nucleotide bases and the hexagonal cells of the graphene, which 

leads in the fluorescence quenching. In this context, the high-affinity 

binding of the specific aptamer to the mycotoxin causes the formation of 

the complex, which decreases the exposure of nucleotides to the 

graphene micromotor and hence, allowing their fluorescence emission. 

If there is more mycotoxin in the sample, there is higher fluorescence 

emission. This strategy allows the use of non-modified graphene-based 

micromotors, simplifying the synthesis and enhancing micromotor 

stability because of the absence of molecular recognition chemistry on 

the surface. 

Characterization of graphene micromotors 

2 min

FB1

FB1-

aptamer

GPH/PtNP micromotor

+ H2O2
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Raman characterization of GPH/PtNPs micromotors was also 

performed. Figure 3A illustrates the Raman spectra of the GPH/PtNPs 

materials on micromotors. As expected, the Raman spectra displayed 

well-defined D bands at 1347 cm–1 and a G bands at 1601 cm–1. The D 

band arises from the out-of-plane vibrational modes and is indicative of 

the number of sp3 carbon atoms present, whereas the G band arises from 

the presence of in-plane sp2 vibrations. Due to the large two-dimensional 

surface of graphene, single-stranded DNA can be bound via hydrophobic 

and π–stacking interactions between the ring structures from the 

nucleobases and the hexagonal cells of graphene.29,30 

Further, figure 3B shows SEM images of the top and side views of a 

GPH/PtNPs micromotor. The micromotors are ~10 μm long and ~5 μm 

in diameter, reflecting the pore size of the PC membrane. An energy 

dispersive X-ray spectroscopy analysis (EDX), with the purpose of 

demonstrating the successful composition and modification of the 

GPH/PtNPs micromotor, was carried out as well. These EDX images 

(Figure 3C) clearly show the presence of carbon and platinum 

corresponding to the outer and inner layers, respectively. 

 

Figure 3. GPH/PtNPs based micromotors characterization. (A) Raman 

spectra of the graphene micromotors, (B) SEM images of the 
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GPH/PtNPs micromotors and (C) EDX analysis of carbon (red) and 

platinum (blue). 

Optimization of the assay parameters 

Different key parameters were carefully optimized to build up the 

graphene-based micromotor assay. In this sense, both, the suitable 

concentration of dye-labeled aptamers and the number of micromotors 

allowed to swim into the sample solution were first studied. Using a fixed 

aptamer concentration of 5 µM that produces enough fluorescence 

intensity, the influence of motors amount on the fluorescence quenching 

is presented in Figure 4A. In the absence of the mycotoxin, when the 

number of micromotors increases, fluorescence quenching also 

increases, becoming around 4500 the optimum number of motors to 

obtain the maximum quenching effect. Interestingly, when a 1 µg mL−1 

concentration of FB1 is added to the solution, the maximum fluorescence 

emission is kept constant, demonstrating the negligible quenching effect 

of the aptamer/mycotoxin complex. 

 

Figure 4. Variations of fluorescence signal under the influence of A. 

Volume of GPH/PtNPs. B. Aptamer concentration. Color blue and 

orange represents the presence and absence of 1 µg mL−1 mycotoxin, 

respectively.  
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Then, the influence of aptamer concentrations on the assay was also 

tested for the optimum micromotors number stated above. Figure 4B 

shows 5 µM as the most favorable concentration, since lower aptamers 

concentration produces a lower fluorescence signal, even in the presence 

of the mycotoxin, indicating the signal is limited by the total aptamer 

concentration and not by the quenching effect. On the other hand, the 

signal increased in the absence of the mycotoxin for higher aptamers 

concentrations, as a consequence of an excess of the dye-labeled aptamer 

over the micromotor amount and avoiding a total quenching effect. 

It is remarkable that the motion of the micromotors along the low sample 

volume, the mixing effect due to the localized fluid convection and 

vortex streams associated with the rapid movement of the micromotors, 

together with the generated microbubbles tail, greatly improve the 

graphene motor/fluorescent aptamer interaction. In this sense, the 

required time for the micromotors to swim into the sample solution 

reaching the maximum quenching of free dye-labeled aptamers was as 

low as 2 minutes. This short time is clearly advantageous compared to a 

quiescent solution or external shaking procedure (as control), which 

required a minimum of 15 minutes to obtain a 50% and 70% of the 

fluorescence quenching, respectively. Upon mycotoxin-aptamer 

binding, the required time for the recognition event was also studied, 

being 15 minutes the optimum value needed to complete the mycotoxin-

aptamer complexes. 

Analytical performance and quantitative analysis 

Quantitative analysis was deeply studied, since this aspect is rarely 

explored in the relevant literature, being a key feature in food analysis. 

The fluorescence signal variation produced by the non-quenched 
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aptamer-mycotoxin complex versus mycotoxin concentration is reported 

in Figure 5. An excellent linearity (r ≥ 0.990) in the concentration ranges 

studied (0.005 to 1 µg mL−1), together with a very good limit of detection 

(LOD = 0.7 ng mL−1) and quantification (LOQ = 5 ng mL−1) were 

obtained for the FB1 assay. These values, well below of the permitted 

levels determined by the legal requirements of the European Union (0.2 

µg mL−1 for FB1), revealed the suitability of this novel strategy for FB1 

assessment in foodstuffs. 

 

Figure 5. Calibration of FB1 using GPH/PtNPs-based micromotors. 

Precision was also evaluated at two mycotoxin concentrations (0.01 and 

1 µg mL−1), yielding excellent RSDs values of 7% and 5%, respectively 

(n=5, independent micromotor batches). 

Selectivity experiments were also performed where the FB1 specific 

aptamer was incubated with a different mycotoxin such as Ochratoxin A 

(OTA) (Figure 6). As expected, the sole presence of the non-target 

mycotoxin did not avoid the quenching effect of the graphene 

micromotors. 
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Figure 6. Aptamer selectivity of FB1: without mycotoxin, with 1 µg 

mL−1 OTA, with 1 µg mL−1 FB1. 

Considering the excellent analytical characteristics attained, the 

applicability of the developed motor-based biosensor was evaluated 

through the analysis of a certified reference material and food samples. 

As can be observed in Figure 7 and video S1, the micromotor was able 

to swim in different real samples (A−C: PBS-T buffer, CRM, and beer) 

with speeds ranging between 100 and 120 µm s−1 when 1% H2O2 fuel 

was added (120 ± 30, 100 ± 20, 110 ± 30 µm s−1, respectively). 

Furthermore, the fluorescence mycotoxin-aptamer complex in food 

samples and the quenching effect of the free aptamer by micromotors 

gave identical values in comparison with those obtained using standards. 

These results confirmed the efficient micromotors navigation in the food 

samples. 

 

Selectivity of

FB1-Aptamer

Without Mycotoxins

Fluorescence
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Figure 7. Micromotor swimming in different samples (from A to C: 

PBS-T buffer, CRM, and beer, respectively). 

Finally, Table 1 lists the results obtained in the analysis of food samples 

demonstrating an outstanding accuracy when the CRM was analyzed (Er 

< 0.01%) and a good reliability because of the quantitative recoveries 

(~104%) obtained during the analysis of food samples. 

Table 1. Analysis of CRM and food samples. 

Sample 
Reference value 

(µg mL−1) 

Found value 

(µg mL−1) 

Er 

/Recovery 

(%) 

CRM 0.23 ± 0.05 0.23 ± 0.02 0.01 

Beer 0.20 0.21 ± 0.01 104 ± 4 

Conclusions 

In this paper, a high-performance graphene micromotor-based strategy 

for fast and reliable assessment of FB1 mycotoxin has successfully 

developed. This novel approach relies on the concept on-the-move 

fluorescence quenching, performed in a very short time (2 min), with 

excellent sensitivity (LODs well below of legal requirements), high 

selectivity and remarkable accuracy in a certified reference material as 

well as in complex food samples. 

This novel approach adds valuable advantages over classic aptamer-

based biosensors such as the lower sample required volume and washing 

steps are no longer required, simplifying the overall protocol, while the 

excellent accuracy, selectivity, sensitivity, and precision are preserved. 
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The excellent obtained results allow envisioning an exciting future for 

the novel applications of micromotors in unexplored fields such as food 

safety diagnosis.  
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The delayed ignition and propulsion of catalytic tubular microrockets 

based on fuel-induced chemical dealloying of an inner alloy layer are 

demonstrated. Such timed delay motor activation process relies on the 

preferential gradual corrosion of Cu from the inner Pt-Cu alloy layer by 

the peroxide fuel. The dealloying process exposes the catalytically active Pt 

surface to the chemical fuel, thus igniting the microrockets propulsion 

autonomously without external stimuli. The delayed motor activation 

relies solely on the intrinsic material properties of the micromotor and the 

surrounding solution. The motor activation time can thus be tailored by 

controlling the composition of the Cu-Pt alloy layer and the surrounding 

media, including the fuel and NaCl concentrations and local pH. Speed 

acceleration in a given fuel solution is also demonstrated and reflects the 

continuous exposure of the Pt surface. The versatile “blastoff” control of 

these chemical microrockets holds considerable promise for designing self-

regulated chemically-powered nanomachines with a “built-in” activation 

mechanism for diverse tasks. 

 
Chemically-powered nano/microscale motors have received 

considerable recent attention owing to their great promise for diverse 

practical biomedical and environmental applications.1-12 Particularly 
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attractive for such applications are catalytic tubular microengines that 

display remarkably efficient propulsion driven by their bubble thrust.13-

17 The ability of these catalytic microengines to perform complex 

operations requires precise control of their motion and actuation.18 Such 

control cannot be achieved by simply scaling down conventional designs 

used to regulate large-scale engines.19,20 Unlike macroscale devices 

which rely on their internal fuel supply to power and ignite their engine 

on demand, chemically-powered microengines are submerged in their 

fuel solution and are thus always turned “on” from the start.21-27 For this 

reason, different strategies have been proposed recently for activating the 

propulsion of chemically-powered micromotors, based on the use of 

different external stimuli.28-35 However, complex operations and 

important applications of catalytic micromotors could greatly benefit 

from the ability to autonomously trigger the movement at preselected 

times without external perturbations. 

Here we demonstrate a built-in delayed ignition of self-propelled 

catalytic microrockets based on autonomous chemical dealloying 

process in the fuel solution without external stimuli. The delayed 

activation strategy relies on the dealloying of a catalytically-inert Cu-Pt 

alloy inner layer of the microrocket by the hydrogen-peroxide fuel, 

exposing the catalytically active Pt surface to the fuel to initiate the 

propulsion at different predetermined times. The dealloying process 

involves chemically selective leaching of the less noble (copper) 

component of the alloy by the hydrogen peroxide.36-38 This new built-in 

delayed ignition concept represents the first demonstration of utilizing 

the intrinsic material properties of a catalytic microengine to delay and 

activate their propulsion without using external stimuli. The mechanism 

and factors that allow these micromotors to operate in a programmed 
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timing and to activate the ignition of the motor in the fuel solution at 

different time delays are discussed. The motor activation time is 

controlled by tailoring the composition of the surrounding fluid, e.g., fuel 

concentration, pH and ionic environment. We also demonstrate the first 

example of changing motor speed at a given fuel concentration due to 

gradual increased exposure of the catalyst. Such built-in chemical 

approach for regulating autonomously the activation of catalytic 

microengines offers considerable promise for diverse future applications. 

 

Figure 1. Delayed ignition and propulsion of catalytic microrockets 

based on fuel-driven chemical dealloying of the inner layer. A) 

Schematic illustration of the time-dependent chemical activation of an 

erGO/Cu-Pt microrocket. B) Time-lapse images, taken from supporting 

information video 2, illustrating the delayed microrocket activation 

during the chemical dealloying, with bubbling and motion initiated after 

44 seconds. Scale bar, 20 µm. 

The electrochemical-reduced graphene oxide/copper-platinum alloy 

(erGO/Cu-Pt) microrockets were fabricated by using a template 

electrodeposition protocol.41,42 The alloy solution was composed by Cu 

and Pt mixture solution containing a large excess of copper, as detailed 

in the supporting information. A schematic illustration of the time-

dependent delayed activation process of microrocket is given in Figure 

1A and Video S1. The delayed propulsion strategy relies on the galvanic 
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and pitting corrosion of Cu from the inner Cu-Pt alloy surface. Based on 

the corrosive effect of hydrogen peroxide towards copper in the 

bimetallic alloy,43,44 the peroxide fuel dissolves gradually the Cu 

constituent of the alloy, eventually exposing the catalytically active Pt 

surface to the fuel solution. This exposure initiates the  decomposition of 

the fuel into oxygen, and leads to continuous ejection of oxygen 

microbubbles essential for generating the propulsion thrust.45 The 

resulting microrockets display different types of motion trajectories, 

including straight line, circular, spiral and circular spiral (see video S3 

and Figure SI3), characteristic of erGO/Cu-Pt microrockets.42 The 

delayed ignition and propulsion of the microrockets are illustrated in the 

time-lapse images of Figure 1B (taken from video S2), where the 

movement is initiated autonomously 44 sec after immersing the motors 

in the fuel solution. Such delayed activation of the microrocket can be 

tailored by tuning its chemical environment (H2O2 concentration, pH and 

ionic strength conditions) and by controlling the alloy composition (via 

its electrodeposition conditions). The influence and role of these factors 

upon the delayed propulsion are discussed in the following sections.  

Figure 2A displays SEM images of the morphology of an erGO/Cu-Pt 

alloy microrocket with a length of 15 µm and diameter of 5 µm. 

Furthermore, the energy dispersive X-ray spectroscopy (EDX) analysis 

(of Figure 2A) displays the microrocket composition, where Pt and Cu 

are distributed homogeneously, along with the presence of oxygen (that 

corresponds to the erGO outer layer). Figure 2 (B and C) display SEM 

images of the Cu-Pt alloy (grown onto an Au electrode) before and after 

dealloying with hydrogen peroxide, respectively. The untreated alloy 

exhibits a smooth and soft surface with some embedded cubes (Figure 

2B); in contrast, after the chemical dealloying, the surface displays 
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higher surface area and roughness, with porous tentacle shaped-like 

structures (Fig. 2C). It should be noted that Cu remains in the interior of 

the alloy, owing to the significantly higher Cu2+ concentration during the 

alloy deposition. 

 

Figure 2. A) SEM images of an erGO/Cu-Pt microrocket and 

corresponding EDX (O, Pt, Cu) images. Scale bar 5 µm. B) SEM images 

of a Cu-Pt alloy film on an Au bare electrode. C) SEM images of the 

surface of B after the complete reaction with 1% of H2O2. Scale bars (B, 

C), 500 nm (top), and 200 nm (bottom). 

To better understand the mechanism and factors responsible for the 

“built-in” programmed delayed catalytic ignition and propulsion of the 

microrockets, we investigated the effect of different chemicals upon the 

blastoff capacity. The ability to control the ignition of the microrockets 

was examined by measuring the delay in the motor launching time under 

different conditions. For example, Figure 3A illustrates clearly such 

control of the delayed motor actuation using a time-lapse images-matrix 

of the motion of microrockets at different times and fuel concentrations. 

These images illustrate different delay times, ranging from an immediate 

motor activation using a high fuel concentration (10% H2O2) to a ~25 

minutes delayed activation using a low fuel concentration of 0.1% H2O2. 
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The latter reflects the slow dealloying process and hence the delayed Pt 

exposure. 

Once activated, the microrockets display a gradual speed acceleration 

over time, as illustrated in Figure 3B. These data show an increasing 

motor speed with longer times and higher fuel concentration, with no 

apparent change after 30 min. For example, using 10% peroxide fuel, the 

speed ranges from 686 μm/s (at 0 min) to 987, 1195 and 1545 μm/s at 5, 

15 and 30 minutes, respectively, after the initial contact with the H2O2 

fuel. Such accelerated movement at a given fuel concentration has not 

been reported previously. This unique behavior reflects the continuous 

dealloying of Cu by the peroxide fuel, and the corresponding increasing 

exposure of the Pt catalyst. The remarkable speeds of over 1500 μm/s 

(~100 body lengths/sec) reflects the enhanced catalytic activity 

associated with the highly porous alloy surface (shown in Figure 2C). 

The influence diverse chemical environments upon the delayed 

propulsion where also evaluated. The microrockets displayed delayed 

propulsion times of 0, 1, 7, 10, and 25 min after immersion in solutions 

containing different H2O2 concentrations of 10, 5, 2, 1, and 0.1%, 

respectively (Figure 4A). As expected, the higher the peroxide 

concentration, the faster is the Cu corrosion and the earlier the motors 

are activated. These changes in the delay time can be explained by the 

reaction between metallic Cu and H2O2 (eqs. 1, 2 and 3). Hydrogen 

peroxide promotes the preferential galvanic corrosion of Cu in the alloy, 

instead of the  Pt as is nobler metal nature compared to that of Cu.46 Once 

the galvanic corrosion occurs, and the Cu+ reacts with OH− product of 

the H2O2 reduction, a thin passivation layer of Cu2O and to a lesser 

extend Cu(OH)2, is formed on the alloy surface, slowing down the 

corrosion reaction (see extended discussion the supporting information). 
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Cu  Cu+ + e−   E° = − 0.521 V  (1) 

H2O2  H+ + HO2
−        (2) 

HO2
− + H2O + 2e‒  3OH−  E° = + 0.87 V   (3) 

Increasing the H2O2 concentration enhances the galvanic corrosion, 

facilitating partial dissolution of the oxide layer and Cu corrosion due to 

OH− formation (analogous to the behavior observed at high pH; eqs. 5 

and 6). This leads to further exposure of the catalytically active Pt surface 

to the peroxide fuel, and thus to the oxygen-bubble generation, tail and 

thrust responsible for the microrocket propulsion.45 Additional support 

for the H2O2-based Cu dealloying process is obtained from cyclic 

voltammograms (CVs) for 1% of H2O2 using a GO/Cu-Pt alloy film 

(over an Au bare electrodes) and 0, 5, and 15 min of Cu dealloy times 

(Fig. 4E). These data illustrate increasing CV H2O2 current signals with 

longer times, reflecting the larger exposed Pt surface area associated with 

the continuous Cu dissolution (green and orange lines), compared to the 

initial response when the H2O2 is added (purple line). Such increased 

surface area is in agreement with the SEM images of Fig. 2C. No current 

is observed in a control experiment without H2O2 (black dotted line), 

illustrating no current signal. Overall, the CV data support the crucial 

role of hydrogen peroxide in the time-dependent galvanic and pitting 

corrosion of the alloy. 

The pH effect was further examined to assess its role on the motor 

activation over the 2-12 pH range (using 1% of H2O2). Distinct pH 

effects are illustrated in Figure 4B. At basic conditions (pH=9.5 and 

pH=12), the microrocket ignition is nearly instantaneous, due to the 

enhanced Cu corrosion by an excess of OH−. The resulting passivation 

layer (Cu2O) is permeable and the Cu(OH)2 layer is soluble in basic 

media, avoiding further precipitation of copper oxide. Furthermore, 
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galvanic and pitting corrosion occur simultaneously, accelerating the Cu 

corrosion (eqs. 4 and 5).47 

2Cu + 2OH− 
 Cu2O + H2O + 2e−  E° = + 0.36 V  (4) 

Cu + 2OH− 
 Cu(OH)2 + 2e−  E° = + 0.222 V (5) 

 

Figure 3. Influence of the dealloying parameters upon the delayed 

ignition of the microrocket. A) Actual time-lapse images of erGO/Cu-Pt 

microrockets at different times (from 0 to 30 min) and varied H2O2 

concentrations (from 0.1 to 10%), along with 1% of NaCh. Scale bar, 20 

µm. B) Dependence of the microrocket speed upon dealloying 

parameters: fuel concentration and time. 

In contrast, under strong acidic conditions, e.g., pH=2, the microrocket 

displayed a longer delayed ignition, reflecting the slower Cu corrosion 

(due to non-oxidant nature of HCl). Furthermore, the acidic environment 

has an effect on the H2O2 fuel, due to a preferential reaction between 

H2O2 and HCl (eqs. 6 and 7).48 Some H2O2 may react with Cu, resulting 

in a slower galvanic corrosion and a long delay time. 

H2O2 + 2HCl  Cl2 + 2H2O     (6) 

H2O2 + Cl2
 
 O2 + 2HCl      (7) 

Using mildly acidic condition, e.g. pH=4.5, more H2O2 is available to 

react with Cu (instead interacting with the acid) accelerating the Cu 
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corrosion and decreasing the ignition delay time (to compare redox 

potential of eqs 3 and 8; see further discussion in supporting 

information).  

H2O2 + 2H+ + 2e− 
 2H2O  E° = + 1.776 V  (8) 

The ionic strength, particularly the NaCl concentration, has a profound 

effect on the delayed microrocket movement. This was examined using 

different NaCl concentrations along with 1% H2O2 level (Figure 4C). 

High ionic strength concentration (10% NaCl) results in shorter ignition 

delayed times, e.g. ~1.5 min at 10% NaCl (w/v); even at low ionic 

strength of 0.1% NaCl, the ignition occurs at ~4.5 min. In contrast, a 

significantly longer delayed propulsion of ~10 min is observed without 

NaCl. This behavior reflects the Cl− inhibition of the Cun+- OH− reaction 

that diminishes the formation of a passivation layer over the nearest 

surface of the alloy. The Cl− ion preferentially reacts with Cu+, producing 

CuClx
n− (most common complex is CuCl2

2‒; see supporting information) 

and Cu2O can be produced as hydrolysis byproduct (eqs. 9 and 10). 

Moreover, Cl− exhibits large penetration power, allowing the formation 

of CuClx
n− instead of Cu2O and lesser extent Cu(OH)2, leading to pitting 

corrosion.49  

Cu+ + 2Cl− 
 CuCl2

−      (9) 

CuCl2
− + 2OH− 

 Cu2O + H2O + 2Cl−    (10) 

The delayed activation time can also be tailored by using different 

electrochemical deposition currents. For example, Fig. 4D illustrates that 

while low deposition currents (below) −2 mA result in a 10 min delayed 

propulsion, a significantly larger (~28 min) delay is observed using −8 

mA galvanostatic current. Apparently, higher deposition currents 

increase the copper level in the alloy, leading to delayed exposure of the 
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platinum surface. Further discussion is given in the Supporting 

Information. Note again the instantaneous propulsion observed in the 

control experiment without Cu (see Supporting Information). Similar 

effect and delays are expected upon increasing the Cu/Pt concentration 

ratio in the plating solution. The delayed activation of micromotor was 

tested in real-life environments, such as sea water and gastric acid, with 

delay times of 8 ± 1.9 min and 41.8 ± 9.3 min, respectively. Such times 

are in agreement with early studies of the ionic and pH effects, and 

further illustrate their applicability to practical environmental and 

biomedical applications. 

 

Figure 4. Influence of the H2O2 fuel concentrations (A), solution pH 

(B), NaCl concentration (C), and the alloy deposition galvanostatic 

current (D) on the delayed propulsion time. The latter includes Control 

without Cu (using current of −2 mA). H2O2 concentration (C-E), 1%. 

(n=3). E) Cyclic Voltammograms for 1% H2O2 recorded using Au 

electrode coated with a GO/Cu-Pt film at 0, 5, and 15 min Cu dealloy 

times; scan rate, 25 mV s−1. 

Conclusions 



Results and Discussion: Catalytic Motors 

212 

In conclusion, we have developed a “smart” built-in delayed ignition 

of catalytic microrockets based on a chemical dealloying of their inner 

layer in the presence of fuel media. The delayed actuation of the 

micromotor propulsion depends solely on the intrinsic material 

properties of the microengine and its surrounding solution, and does not 

require any external stimuli. The specific motor activation time reflects 

the galvanic and pitting corrosion phenomena produced by the chemical 

environment in which the microrocket is submerged. Such delayed 

activation can be tailored by using different environmental chemical 

factors (fuel, pH and ionic strength) or by the material properties of the 

microengine itself (alloy composition). We also demonstrated for the 

first time the ability to change the motor speed at a given fuel 

concentration and attributed this unique phenomenon to changes in the 

catalyst (Pt) exposure. The delayed motion observed using real-life 

environments (sea water and gastric acid) and the ability to respond to 

changes in the surrounding environment suggest variety of potential 

practical applications. For example, the delayed activation could serve to 

measure directly water corrosion, or help position and activate the 

motors within the stomach or Gastrointestinal tract at tailored times 

towards enhanced cargo retention at specific sites. The concept of 

delayed movement can be expanded to other types of chemically-

powered motors, based on other reactive metals (e.g., Ag, Zn). Future 

work will be aim at developing diverse built-in ignition switches that can 

be activated autonomously under selective conditions for such specific 

applications. Such autonomous delayed ignition of the micromotor 

propulsion represents a new approach of activating the motion of 

microengine without external perturbations through control of its 

material features. Creating a smart material microrocket, with “built-in” 
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blastoff capability and tailored-made speed regulation, would thus allow 

the development of new self-governing microengines, responding to 

changes in their surrounding environment. Such ability to tune the 

propulsion behavior of micromotor thus offers great promise for 

developing autonomous nano/microscale vehicles. 
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III.3. Non-catalytic motors 

As it is commented before, different applications were explored in 

this Thesis. In this way, another application was developed to elaborate 

novel methods. The majority of applications are based on catalytic 

motors, which need a metal to produce fuel decomposition and to 

generate the motion. 

Nevertheless, other thrust methods have been studied (e.g., 

magnetic or acoustic motors), providing new possibilities. In this way, a 

pipette tip is filled with a mixture solution of SDS and HRP following 

the strategy described in section Self-diffusiophoresis propulsion. SDS 

is utilized to cause the movement and HRP is the enzyme to react with 

the analyte (hydrogen peroxide) and subsequently, giving H2O2 

detection. In this application, the pipette tip is introduced on the sample 

with H2O2, swimming along the sample and releasing the fresh enzyme. 

Free enzyme reacts with H2O2 and co-substrate (TMB), producing 

optical and electrochemical determination. The fluid convention owing 

to the release of mixture solution and move of the millimotor increases 

the reaction kinetics, enhancing the performance for both kinds of 

detections. It is assayed in real significant agricultural and clinical 

samples. 

Next section presents the paper which describes this application.  
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ABSTRACT: A millimeter-sized tubular motor for mobile biosensing 

of H2O2 in environmental and relevant clinical samples is reported. The concept 

relies on the self-propelled motion by the Marangoni effect, where the 

asymmetric release of SDS surfactant induces fluid convection and rapid 

dispersion of Horse-radish-peroxidase (HRP) enzyme into the sample solution. 

This efficient movement together with the continuous release of fresh enzyme 

leads to a greatly accelerated enzymatic reaction processes without the need of 

external stirring or chemical and physical attachment of the enzyme as in 

common classical biosensing approaches. In this strategy, the use of a single 

millimeter-sized tubular motor during 120 s allows the reliable and accurate 

quantification of hydrogen peroxide in a set of different matrices such as tap 

and mineral waters, urine, plasma and tumor cells cultures treated with 

antineoplasic Cisplatin without any previous sample preparation. Furthermore, 

detection can be performed electrochemically, optically and visual detection, 

which makes this approach a clear candidate as a point-of-care analytical tool. 

Introduction 

Self-propelled motion of miniaturized objects through fluid 

environments constitutes nowadays an exciting field.1˗5 Such artificial 

nano-, micro- and millimeter scale motors utilize different propulsion 

mechanisms for its autonomous motion based on different energy 
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sources such as external energy fields, through consumption of “fuels” 

or via physicochemical processes. Included into the physicochemical 

processes, the so-called Marangoni effect, describes the movement of the 

object based on surface tension gradient. Objects move from lower 

surface tension to higher surface tension areas in an attempt by the 

system to attain the desirable lowest-free-energy state.6 The surface 

tension gradient can be generated by asymmetric release of the chemical 

from the object or by modification of the surface the object moves on.7 

Marangoni flow is responsible for interfacial turbulence phenomena 

observed between two fluids, without equilibrium of heat rates, mass 

transfer and diffusion accompanied by a chemical reaction.8,9 

Development of this kind of motors that move independently from 

external energy sources represents a very attractive alternative. Some 

relevant examples have been recently presented by Pumera’s group such 

as an energy-independent millimeter-scale polymer capsule propelled by 

the self-release of an organic solvent that moves on a wide variety of 

liquid surfaces.10 More recently, the same group reported surfactant-

loaded polymer motors for the clean-up of oil droplets as potential 

application in environmental remediation.11,12 Besides, Wang et al. have 

reported a self-propelled tubular motor involving simultaneous release 

of SDS surfactant and an enzyme remediation agent for efficient 

biocatalytic degradation of chemical pollutants.13,14  

However, the exploration of these motors with biosensing purposes 

in real samples of high significance has not been explored yet. The 

present study shows both proof-of-concept and real applications with 

biosensing purposes of millimeter-sized tubular mobile motor, self-

propelled by the surface induced Marangoni effect involving 

simultaneous release of SDS surfactant and HRP (Horse-radish-
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peroxidase) enzyme. The enzyme catalytic activity allows H2O2 

determination using electrochemical, optical and even visual detection in 

matrices of high significance in different analytical fields.  

The movement generated by the propulsion of the motor offers 

effective fluid convection in the contaminated sample to disperse rapidly 

the enzyme without external stirring and to enhance the enzyme-

substrate interactions. This efficient movement together with continuous 

releasing of the fresh enzyme, leads to a greatly accelerated enzymatic 

reaction process without the need to have a homogeneous sample or 

chemical and physical attachment of the enzyme as in common classical 

biosensing approaches. The motor biosensing capabilities have been 

tested in environmental (tap and mineral waters) and clinical samples of 

high significance such as urine and plasma as well as tumor cells cultures 

after antineoplasic (Cisplatin) treatment. 

Indeed, detection of H2O2 presents a high concern in several fields 

such as food industrial processes, clinical practice, pharmaceutical and 

environmental analysis.15,16 Different chemical reactions occur during 

water radiolysis, and various types of free radicals are produced which 

may then act as either oxidizing or reducing agents. The free hydroxyl 

radical (•OH) is one of the most important products of water radiolysis, 

whose combination produces hydrogen peroxide.17 In different 

metabolic disorders or those processes where the organism has suffered 

cell death by free radicals, small amount of H2O2 can be found in urine 

and plasma samples. Recent studies have indicated that H2O2 produced 

by mammalian cells, plays a key mediating role in diverse physiological 

responses such as cell proliferation, differentiation and migration. 

Additionally, a determined H2O2 concentration in the body is considered 

as a parameter that represents the different states of cancer, Parkinson's 
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and Alzheimer's diseases.18,19 Other significant matrices where H2O2 can 

be found are those corresponding to cancer lines20 cultures treated with 

antineoplasic agents, which  produce the cell death by free radicals.  

There are several methods to measure H2O2, such as 

spectrophotometry,21 fluorimetry22 and electrochemistry.23 The 

electrochemical detection is one of the promising approaches to achieve 

accurate, specific, economic and rapid H2O2 monitoring.24 However, the 

direct reduction of hydrogen peroxide at a bare electrode is not suitable 

for analytical applications due to slow electrode kinetics and high 

potentials required for redox reactions.25 To minimize or eliminate these 

limitations, various electrochemical sensors have been developed in 

order to overcome the problem.26,27 

In the present work, the reported mobile biosensor for H2O2 

determination, based on millimeter-sized motors to rapidly disperse the 

free enzyme in the sample, represents an attractive approach for 

qualitative/screening bio-detection and quantitative determination of 

hydrogen peroxide in environmental and clinical valuable samples.  

Experimental 

Reagents and solutions 

Horseradish peroxidase (HRP) type VI-A, hydrogen peroxide 

(30% w/v solution) and 3,3´,5,5´-tetramethylbenzidine (TMB) were 

purchased from Sigma-Aldrich (Madrid, Spain). Sodium dodecyl sulfate 

(SDS) was acquired from Merck (Darmstadt, Germany). Dimethyl 

sulfoxide (DMSO) was purchased from Scharlau (Barcelona, Spain) and 

sulfuric acid was purchased from Panreac (Barcelona, Spain). All other 

reagents were of the highest available grade. Enzyme solution was 

prepared dissolving 1 mg of enzyme in 128 µL of water Milli-Q. SDS 
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solution was prepared in water Milli-Q. Hydrogen peroxide solution was 

prepared diluting with phosphate buffer saline (PBS 0.05 M, pH 7.4). 

TMB was suitable dissolved in DMSO. Enzymatic reaction was suitably 

stopped by using a 0.5 M sulfuric acid solution. 

Samples 

Tap water was obtained from the local water supply system of 

Alcalá de Henares and mineral water (“Lanjaron”) was acquired from a 

local retail store (Madrid, Spain).  

Urine samples were collected from volunteers and plasma samples 

were kindly provided by Dr. Goya Clinical Analysis Laboratory of 

Alcalá de Henares.  

Cell cultures consisted on tumoral Kidney tubular cells in 

Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-

12). These cells were treated with Cisplatin (25 µM) to produce their 

death. The samples were kindly provided by the research group of 

Professor Javier de Lucio at the Faculty of Medicine (University of 

Alcala).  

Apparatus and electrodes 

All electrochemical measurements were carried out using Autolab 

PGSTAT 12 potentiostat from Metrohm (Utrecht, The Netherlands). The 

electrochemical software was the general-purpose electrochemical 

system (GPES) (EcoChemie B.V.). Screen-printed carbon electrodes (4 

mm diameter) were purchased from DropSens (Oviedo, Spain) and used 

as working electrodes. These electrodes include a silver pseudo-

reference electrode and a carbon counter electrode. The optical 

measurements were performed with UV-Visible double beam 
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spectrophotometer Lambda 35 from Perkin Elmer (Madrid, Spain) with 

matched cells Eppendorf UVette® from Eppendorf (Madrid, Spain). 

All experiments were performed at room temperature.  

Preparation of SDS/HRP mobile biosensor  

Pipette tips were suitably cut to the thinner end zone to obtain small 

pieces of length of 7 mm and a capacity of 2.25 µL. The tips were filled 

with a mixture of the HRP and SDS, and then the widest hole was 

carefully sealed with wax. 

Petri dishes of 5.5 cm in diameter were employed for the assays as 

containers. They contained 5 mL of Milli-Q water and 0.08 M the TMB, 

and different levels concentration of hydrogen peroxide. 

50 µL of the sample solution containing the oxidized TMB were 

quantified electrochemically by chronoamperometry at −0.2 V for 300 s, 

and 100 µL were optically measured by UV-Vis spectrophotometry at 

450 nm wavelength. 

Results and Discussion 

Strategy and development of the self-propelled enzyme-based 

motor 

Figure 1 illustrates the concept of self-propelled motor where both 

HRP enzyme and SDS surfactant are release in solution from inside the 

motor. The cone-shaped of pipette tips containing SDS and HRP, are 

propelled by the Marangoni effect, due to the release of SDS surfactant 

by the sharp end. This effect exerts a force and torque on the motors, 

which actions are responsible for their movement up to a balance in 

surface tension is reached. Besides, the simultaneous release of HRP into 

the sample produces the oxidation of TMBred, which is proportional to 

the presence of hydrogen peroxide as analyte. TMBox can be measured 
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even by chronoamperometry through its reduction at ‒0.2 V in a carbon 

screen-printed electrode (CSPE) or spectrophotometrically by the 

produced blue color absorbance at 450 nm. 

The self-propelled movement of the biosensor into the solution 

avoids external stirring and allows gradual release of fresh enzyme which 

ensures a sustained biocatalytic activity and enhancement of reaction 

efficiency compared with classical addition of enzyme in solution. 

Furthermore, this performance avoids chemical of physical attachment 

of the enzyme. 

 

Figure 1. Scheme of self-propelled enzyme-based motor for 

hydrogen peroxide detection. 

Different parameters such as amount of SDS into the motor and 

number of motors simultaneously used into the sample solution were 

firstly optimized.  

The SDS/water ratio into the motor was carefully evaluated in 

order to obtain a homogeneous and efficient movement within the 

sample solution. A ratio SDS/water of 1:3 (v/v) produced the best 
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performance in terms of maximum velocity as well as the uniformity of 

the motor movement for more than 120 seconds (data not shown). 

Considering the number of motors, up to two motors can 

simultaneously swim onto the solution without a loss of performance. 

However, when more than two motors are used, their movements are 

more irregular and slow, and they stop after 60 s due to the collisions 

occurred between them (see Video S-1). 

Detection was accomplished by electrochemical and optical 

detection due to TMB redox activity and its blue color in the oxidized 

form. To optimize the concentration of TMB in the mixture, a series of 

experiments where performed with motors containing a fixed enzyme 

concentration (1.2 mg mL−1), which were allowed to swim in a battery 

of increasing TMB concentrations, keeping a constant amount of 0.1 mM 

H2O2. Figure S-1A shows the largest current signal when a 0.08 M TMB 

concentration was added. 

HRP concentration inside the motor was also titrated using a fixed 

concentration of both TMB (0.08 M) and H2O2 (0.1 mM). In Figure S-

1B it can be observed how the highest current was obtained for motors 

containing 3.05 mg mL−1 of HRP enzyme. 

The enzymatic reaction time was also assayed. As expected, the 

amount of enzymatically TMBox increased with time and 120 seconds 

was selected as an optimum reaction time (Figure S-2).  

On the other hand, the capability of diminishing the total reaction 

time by increasing the number of motors that are simultaneously 

swimming, without affecting the detection capabilities of the sensor, was 

carefully studied. Figure 2 shows the electrochemical signals for each 

H2O2 concentration when 1, 2 or 3 motors are simultaneously swimming 
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during a period of time of 60 s (see detailed dashed lines in 2B) and when 

1 or 2 motors are simultaneously used during a period of time of 120 s 

(see detailed dotted lines in 2B). It can be observed that even for 3 motors 

simultaneously swimming in the sample solution during 60 s, the 

released amount of HRP is not enough for detection of low amount of 

H2O2 (see dashed lines in 2B). This effect can be explained taking into 

account that a higher number of motors swimming simultaneously make 

their velocity slower due to a faster achievement of balance in the surface 

tension in/out the motor. These decrease speed reduce the total amount 

of enzyme released by each motor. However, when the enzyme-based 

motors swim for a period of 120 s, it was able to determine low 

concentrations of H2O2. Interestingly, no differences were observed by 

using one or two motors during 120 s, even for low H2O2 concentrations, 

indicating that the enzymatic reaction is complete under these conditions 

(see dotted lines in 2B). This fact constituted a valuable result since only 

one motor was able to perform the analysis, simplifying the overall 

analytical process (see video S-1). Furthermore, the analysis can be 

accomplished easily in parallel, performing different samples 

simultaneously into a multiplex format (see video S-2). 
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Figure 2. Capability of the self-propelled enzyme-based motors 

for hydrogen peroxide detection. For 60 s: 1 motor (▲), 2 motors () 

and 3 motors (). For 120 s: 1 motor () and 2 motors (). B represents 

the inset of figure A. 

Different control assays were also carefully performed to assure 

the biocatalytic activity of the motor. Firstly, negligible signals were 

obtained when hydrogen peroxide was not present in the sample. 

Secondly, when the same amount of enzyme contained into the motor 

was directly added to the solution, only a 26% of the signal provided by 

the motor was obtained. 

Analytical characteristics of the enzyme-based motor 

Under the optimized working conditions listed in Table 1, 

hydrogen peroxide external calibration protocol using 

chronoamperometry (E=−0.20V vs. Ag, t=300s) was performed (Figure 

3). The mobile biosensor exhibited an excellent linearity (r=0.998) in the 

concentration range examined (0.005–0.1 mM), with a good analytical 

sensitivity (562.49 nA/mM) and very suitable limit of detection (LOD) 

(1.9 µM). LOD was calculated according to the 3sb/m criteria, where m 

is the slope in the calibration plot, and sb was estimated as the standard 

deviation of the amperometric signals measured at the lowest hydrogen 

peroxide concentration of the calibration graph (0.005 mM, n=10). Inter-

motor reproducibility was also evaluated for two H2O2 concentration 

levels (0.005 and 0.1 mM) yielding values of RSDs < 7% (n=8 enzyme-

based motor each). These results indicated an excellent reproducibility 

during the fabrication of the mobile sensor. 
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Table 1. Optimization of self-propelled enzyme-based motor. 

 

 

Figure 3. Calibration curve for hydrogen peroxide determination 

using chronoamperometry on CSPE (E=−0.20V vs. Ag, t=300s). Inset: 

Chronoamperograms obtained for selected hydrogen peroxide 

concentrations.  

One important analytical feature of the proposed enzyme-based 

motor is that hydrogen peroxide detection can be also carried out using 

UV-Vis spectrophotometry. It constitutes an additional merit of this 

approach since the proposed mobile biosensor has the capability to 

operate with both electrochemical and optical detection. Figure 4A 

0

Variable Tested range Selected value 

Motors number 1 - 3 1 

[HRP], mg/mL 0 - 4.27 3.02 

[TMB], M 0.04 - 0.12 0.08 

Reaction time, s 0 - 120 120 
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shows the optical calibration curve for increased concentrations of H2O2. 

A very good linearity (r=0.9995) for the concentration range examined 

(0.005–0.1 mM), a good analytical sensitivity (1.9749 mM−1) and an 

adequate LOD of 2.4 µM were also obtained in these calibration studies. 

 

Figure 4. (A) Calibration curve for hydrogen peroxide 

determination using UV-Vis spectrophotometry (450 nm). (B) 

Photographs obtained for each hydrogen peroxide concentration. 

Also, and thanks to the color change of TMB after the enzymatic 

reaction with H2O2 (colorless of the TMBred / blue color of the TMBox), 

the presence of H2O2 in the sample can be simply detected by visual 

detection becoming an excellent screening tool. In Figure 4B, a blue trail 

can be observed after the movement of the enzyme-based motors with a 

direct dependence of the color intensity versus H2O2 concentration.  

In addition, the enzyme reaction at the HRP mobile biosensor fitted 

well into Michaelis-Menten kinetics, demonstrating that the enzyme-

based motor is operating as a real biosensor. The x parameter (0.99) was 

calculated from the corresponding Hill’s plot ([log (imax/i)−1)) vs the 

logarithm of hydrogen peroxide concentration and the Michaelis-Menten 
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kinetic constant (Km), 0.89 mM, was calculated from the corresponding 

Lineweaver-Burk plot. 

Determination of hydrogen peroxide in environmental and relevant 

clinical samples  

The capabilities of the developed enzyme-based motor biosensor 

were further evaluated during the detection and determination of 

hydrogen peroxide in a set of matrices with high significance, involving 

environmental samples (mineral and tap waters), clinical (urine, plasma) 

and antineoplasic treated tumor cells cultures. 

Figure 5 illustrates selected results obtained during the detection 

of H2O2 in the matrices assayed. Optical/visual (see photographs, Figure 

5 left) and electrochemical detection (see chronoamperometry profiles, 

Figure 5 right) of H2O2 in mineral water (A), tap water (see Figure S-3), 

urine (B) and plasma (C) are shown for non-spiked and 0.1 mM H2O2 

spiked samples.  

Clear differences were noticed between both. Indeed a blue color 

(visual detection) as well as an increase in the amperometric reduction 

currents in the chronoamperograms were clearly noticed in spiked 

samples in comparison with those found in non-spiked ones (colorless 

and lower amperometric reduction currents). Plasma samples constitute 

an exception since they did not exhibit a color change, even though they 

present the corresponding higher reduction currents. Furthermore, it is 

worthy to underline that in the controls where no hydrogen peroxide was 

added (in both sample matrix and ultrapure water) produced negligible 

signals, indicating the absence of interferences. 



Results and Discussion: Non-Catalytic Motors 

233 

 

Figure 5. Visual (left) and chronoamperometry (right) detection of 

H2O2 in mineral water (A), urine (B) and plasma (C). Samples spiked 

with 0.1mM of H2O2 (▬). Sample (▬). Control: ultrapure water (▬). 

 Quantitatively, Table 2 summarizes the sample dilution needed to 

obtain the efficient swimming of motor biosensors in each complex 

matrix and the mean recoveries for each sample using both 

electrochemical an optical detection approaches (see Tables S-1to S-3 

for detailed recoveries). 

Interestingly, for all the samples analyzed and under these dilution 

conditions, the use of just one single motor-based enzyme during 120 s 

allowed the selective and accurate determination of hydrogen peroxide 

(quantitative recoveries in all cases examined) using both 

electrochemical and optical approaches with independence of the 

chemical composition of the sample. In addition, a quick visual screening 

by change in color of the solution could be noticed in all samples except 

the plasma giving an additional value to the proposed approach as point-

of-care (POC) application. This issue is very interesting for the analysis 

of non-invasive urine samples, where the measurements of total 

A

B

C
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hydrogen peroxide from diseases such as produced by Vibrio Cholera is 

extremely important28 and it is under-exploited.  

Another approach highly interesting relies on the determination of 

H2O2 produced in tumor cell cultures after their treatment with the 

antineoplasic Cisplatin. This treatment produces the cell death by free 

radicals, where H2O2 can subsequently be found. Figure 6 shows a signal 

change between the untreated cells in comparison with those treated with 

Cisplatin. Blue colors (visual detection) and an increment in the 

amperometric reduction currents in the chronoamperograms 

(electrochemical detection) were clearly noticed in cell cultures treated 

with Cisplatin. In both cases, untreated and treated cell cultures were 

spiked with 0.1 mM H2O2 generating the corresponding increase in both 

reduction currents and showing the suitability of the mobile biosensor. 

Table 3 lists the quantitative H2O2 levels found in the raw samples, and 

the quantitative recoveries obtained revealing a very good accuracy 

during the H2O2 determination in these samples. Overall, these achieved 

results were excellent since the mobile sensor was able to differentiate 

between untreated and treated cells, becoming an interesting tool for 

monitoring the activity of the antineoplasic. 

Table 2. Determination of hydrogen peroxide in water and clinical 

samples using the self-propelled enzyme-based motor. 

Analytical feature Mineral Water 
Tap 

Water 
Urine Plasma 

Dilution (v/v) 1/1 1/1 1/10 1/5 

Recovery1 (%) 100 ± 3 101 ± 4 97 ± 4 99 ± 3 

Recovery2 (%) 102 ± 5 100 ± 3 99 ± 6 ‒ 

Visual detection Yes Yes Yes No 

1 Obtained using electrochemical detection. Values given as mean 

values ± standard deviation (n=3). 
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2 Obtained using optical detection. Values given as mean values ± 

standard deviation (n=3). 

 

Table 3. Determination of hydrogen peroxide in tumor cells cultures 

treated with Cisplatin using the self-propelled enzyme-based motor. 

Sample 
H2O2, 

mM1 

H2O2, 

mM2 

H2O2 Total 

mM 
H2O2, mM3 Recovery, % 

1 
0.013 

0 0.013 0.013±0.001 100 
2 0.05 0.063 0.062±0.001 98±2 

3 0.1 0.113 0.112±0.002 99±2 
1 Found in samples, 2 Added in samples, 3 Total found in samples. 

 

Figure 6. Visual (left) and chronoamperometry (right) detection of 

H2O2 in tumor cells cultures. Samples: non-treated cells with cisplatin 

(▬), cells treated with cisplatin (▬); a) non-spiked with H2O2, b) spiked 

with 0.1 mM of H2O2.  

Conclusions  

The self-propelled millimiter-sized enzyme-based motors have 

demonstrated their suitability for electrochemical and optical biosensing 

of hydrogen peroxide in different matrices with high significance in 

environmental and clinical fields. 

The motion along the sample to find the analyte, the micromixing 

activity due to the fluid convection, the preservation of the biocatalytic 

activity due to its confinement inside the motor, together with the 

continuous release of fresh enzyme are some of the main advantages of 

this mobile biosensor strategy. Those features facilitate the adequate 

b

a
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enzyme-substrate interactions and accelerate the enzymatic reaction. 

Furthermore, the free form of enzyme inside the motor, avoids the 

physical or chemical attachment of the enzyme, which greatly simplifies 

the fabrication process of the biosensor. The mobile biosensor presents 

additional operational advantages such as simplicity, disposability, 

portability, low cost, together in connection with excellent analytical 

characteristics such as accuracy, sensitivity and reproducibility. 

It is worth to emphasize that just a single enzyme-based motor 

operated during 120 s is able to determine H2O2 with excellent accuracy 

in all examined samples, being this performance independent of the bio-

chemical sample environment. This approach becomes extremely 

interesting offering a clear reliable and simplified alternative to other 

well-established ones, opening novel avenues in environmental and 

clinical diagnosis as well as in POC applications.  

The reported proof-of-concept and related relevant applications 

can be extended to the multiplexed analysis of highly concern related 

compounds, through the release of multiple enzymes (enzyme cocktail) 

from a single motor or from different motors. The single design and 

operational procedure make this approach a universal analytical tool for 

a plethora of target analytes in different fields. 
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 A la vista de los resultados expuestos en esta tesis, tanto las 

estrategias analíticas desarrolladas como inmunosensores 

electroquímicos, así como aquellas metodologías innovadoras basadas 

en la utilización de motores sintéticos han demostrado sus beneficios 

como herramientas analíticas prometedoras y de gran significancia. Los 

inmunosensores son aproximaciones reales como dispositivos “point-

of-care”, mientras que los sensores basados en la utilización de motores 

han demostrado su capacidad para convertirse en verdaderos sistemas 

de detección. Del mismo modo, ambas estrategias pueden 

implementarse en distintos campos de aplicación tales como el 

agroalimentario o la seguridad alimentaria, e incluso convertirse en 

herramientas de gran interés en el análisis clínico. 

1. La metodología inmunoanalítica junto con la detección 

electroquímica han permitido una determinación rápida, sensible y 

selectiva de importantes compuestos potencialmente tóxicos en el 

campo alimentario como las micotoxinas. La utilización de partículas 

magnéticas como soporte de inmovilización del anticuerpo específico, 

así como de una enzima marcadora y el mediador electroquímico 

adecuado para su detección amperométrica han permitido desarrollar 

una estrategia simple y fiable para la determinación in situ de 

Fumonisinas y Ocratoxina A. En ambos inmunosensores se han 

obtenido excelentes límites de detección, por debajo de los límites 

máximos permitidos, cumpliendo con los requisitos de la legislación. 

Además, la fiabilidad y exactitud evaluadas por medio del análisis de un 
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material de referencia certificado y de muestras reales correspondientes 

a bebidas mundialmente consumidas como son la cerveza y el café, han 

dado lugar a resultados excepcionales. Por otro lado, se ha diseñado un 

protocolo de calibración y análisis simultáneo que simplifica 

significativamente el análisis, disminuyendo la tediosa e intensa labor de 

las curvas de calibración y reduce los tiempos de análisis, sin que ello 

afecte a la excelente exactitud obtenida. Estas características, junto con 

su facilidad de uso in situ y el carácter desechable de los inmunosensores 

desarrollados, configuran a esta metodología como una alternativa 

excepcional en seguridad alimentaria y el cribado en la cadena 

agroalimentaria. 

2.1. La importancia de las estrategias analíticas basadas en motores 

sintéticos ha crecido exponencialmente en los últimos años, llegando a 

ser una metodología que aporta una nueva forma de llevar a cabo los 

análisis. Respecto a los motores catalíticos, los microcohetes fabricados 

con grafeno han demostrado su potencial aplicación en el análisis de 

alimentos, mediante la determinación rápida, fiable y sencilla de 

fumonisinas. Basada en la rápida amortiguación “en movimiento” que 

presentan los micromotores de grafeno para aquellos aptámeros 

marcados fluorescentemente y que no hayan reaccionado con la 

micotoxina específica, se ha desarrollado una metodología de 

biosensado que ofrece ventajas únicas tales como un volumen de 

muestra extremadamente pequeño, alta sensibilidad (por debajo de los 

requerimientos de la legislación), elevada fiabilidad y un protocolo 



Conclusiones 

244 

simplificado. Los excelentes resultados obtenidos permiten concebir un 

futuro apasionante para las aplicaciones de micromotores en campos 

todavía sin explorar como el análisis alimentario, implicando diferentes 

maneras de realizar operaciones analíticas. 

2.2. Por otro lado, el diseño de nuevas estrategias basadas en el uso 

de micromotores depende principalmente del desarrollo de nuevos 

materiales para su construcción. En este sentido, se ha desarrollado un 

microcohete catalítico “inteligente” que integra un encendido 

retardado, merced a la eliminación de la aleación de su capa interna, en 

presencia de combustible en el medio. La propulsión retardada del 

micromotor depende solamente de las propiedades intrínsecas del 

material del micromotor y la disolución que lo rodea, y no requiere 

ningún estímulo externo. Tal activación retardada puede ser 

confeccionada usando factores químicos ambientales diferentes 

(combustible, pH y fuerza iónica) o con las propias propiedades del 

material del micromotor (composición de la aleación). En este caso, se 

ha utilizado una aleación bimetálica compuesta por Cu-Pt como capa 

catalítica, donde el H2O2 (combustible) es capaz de atacarla por 

oxidación o corrosión del Cu, y reaccionar con los núcleos de Pt libres 

de Cu que generan burbujas y propulsan al micromotor. Diferentes 

condiciones y muestras reales han sido probadas para evaluar la 

corrosión y la ignición retardada, alcanzando un retraso del encendido 

de hasta 45 min. Tal habilidad de modificar el comportamiento de la 
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propulsión del microcohete resulta muy prometedor para el desarrollo 

de vehículos autónomos en la nano/microescala. 

3. Finalmente, se ha desarrollado un sensor móvil basado en su 

propulsión por autodifusioforesis (efecto Marangoni por la disolución 

de tensioactivo en el interior de micropuntas de pipeta) para el 

biosensado, tanto electroquímico como óptico, de H2O2 en diferentes 

matrices. Esta estrategia pionera presenta algunas ventajas 

fundamentales, como son una capacidad de movimiento amigable con 

el medio ambiente para la búsqueda del analito a lo largo de la muestra, 

la autoagitación debida a la convección del fluido, la conservación de la 

actividad biocatalítica debido al confinamiento de la enzima dentro del 

motor, y la liberación continua de enzima “fresca” en la disolución. Estas 

características facilitan la adecuada interacción enzima-sustrato y 

aceleran la reacción enzimática. Esto conduce al hecho que un solo 

motor enzimático, operando durante 120 s sea capaz de determinar 

H2O2 con excelente exactitud en todas las muestras examinadas, siendo 

este hecho independiente de ambiente bioquímico de la muestra. Esta 

prueba de concepto se puede extender al análisis múltiple de 

compuestos de interés relacionados, a través de la liberación de diversas 

enzimas (cóctel de enzimas) desde un solo motor o desde motores 

distintos. 

Debido a todo lo expuesto y comentado anteriormente, los 

resultados presentados en esta tesis doctoral revelan el diseño y 

desarrollo de nuevas estrategias y metodologías que permiten mejorar 
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las herramientas analíticas actuales y su desempeño. Asimismo, estos 

métodos se pueden implementar como dispositivos “point-of-care” para 

la detección en distintas disciplinas tales como la seguridad alimentaria 

y el campo médico, expandiendo las perspectivas de la química analítica 

actual. 
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In view of the results expounded in this very Thesis, innovative 

analytical approaches for electrochemical and fluorescent (bio‒)sensing, 

and motor-based (bio‒)sensing have demonstrated their benefits as 

noteworthy and promising analytical tools. Immunosensors are actual 

approaches as point-of-care devices, while motor-based sensors have 

proven their capability to become into real methods for analytical 

detection. Likewise, both strategies can be implemented in the 

framework of agro-alimentary and food safety fields, even for becoming 

in very suitable tools for clinical discipline. 

1. Immunoanalytical methodology together with electrochemical 

detection has allowed fast, sensitive and selective determination of 

meaningful food hazards such as mycotoxins. Magnetic beads as 

antibody immobilization support together with the suitable enzymatic 

tracer and electrochemical mediator for amperometric detection have 

been successfully used to build a simple and reliable strategy to perform 

in-situ determination of Fumonisins and Ochratoxin A. Both developed 

magnetoimmunosensors have yielded excellent and suitable LODs, well 

below of the maximum permitted concentration levels, fulfilling the 

legislation requirements. Furthermore, reliability and accuracy have 

been assessed through the analysis of a certified reference material and 

highly worldwide consumed beverage as beer and coffee samples, 

getting exceptional results. Additionally, a simultaneous simplified 

calibration and analysis protocols have been performed, reducing the 

analysis time, decreasing the tedious and intense labor of calibration 
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curves, and reaching exceptional accuracy. These features, together with 

the portable, disposable possibilities of the developed immunosensors, 

provide to this methodology the fitness for purpose and offer an 

exceptional emergency tool for food safety and agro-alimentary chain 

monitoring. 

2.1. Motor-based strategies have exponentially grown in 

importance in recent years, becoming a methodology which supplies a 

new performance in the analytical field. Related to the catalytic motors, 

graphene-based microrockets have demonstrated an agro-food safety 

diagnosis application for quantitative, fast, easily applied and reliable 

assessment of FBs. Based on a rapid “on-the-move” quenching of 

unreacted fluorescent-labeled aptamers with its specific mycotoxin, this 

methodology offers valuable advantages such as the extremely low 

sample volume required, high sensitivity (below legal requirements), 

high reliability, while it simplifies the overall protocol. The excellent 

results obtained allow envisioning an exciting future for the applications 

of micromotors in unexplored fields as food analysis, entailing a different 

way to perform analytical operations.  

2.2. Besides, the design of novel strategies based on the use of 

microengines depends mainly on the development of new materials for 

their construction. In this sense, a “smart” built-in delayed ignition 

catalytic microrocket based on a chemical dealloying of its inner layer in 

the presence of fuel media has been developed. The delayed actuation 

of the micromotor propulsion depends solely on the intrinsic material 
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properties of the microengine and its surrounding solution and does not 

require any external stimuli. Such delayed activation can be tailored by 

using different environmental chemical factors (fuel, pH and ionic 

strength) or by the material properties of the microengine itself (alloy 

composition). A bimetallic alloy composed by Cu-Pt was built as the 

catalytic layer, where H2O2 (fuel) is able to attack this layer by oxidizing 

or corroding Cu, and reacting with Cu-free spots of Pt that generates 

bubbles to propel the micromotor. Different conditions and real 

samples were tried to assess the corrosion and the delayed ignition, 

reaching blastoff delaying times of 45 min. Such ability to tune the 

propulsion behavior of micromotor offers great promises for developing 

autonomous nano/microscale vehicles. 

3. A mobile sensor based on pipette tip and self-diffusiophoresis 

propulsion (Marangoni effect by surfactant solution) has been 

developed for both electrochemical and optical biosensing of H2O2 in 

different matrices as a pioneering strategy. Some of the main advantages 

of this mobile sensor strategy are the environmental-friendly motion 

along the sample to find the analyte, the micromixing activity due to the 

fluid convection, the preservation of the biocatalytic activity due to its 

confinement inside the motor, and the continuous release of fresh 

enzymes. Those features facilitate the adequate enzyme-substrate 

interactions and accelerate the enzymatic reaction, which leads to the 

fact that just a single enzyme-based motor operating during 120 s is able 

to determine H2O2 with excellent accuracy in all examined samples, 
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being this performance independent of the biochemical sample 

environment. The reported proof-of-concept can be extended to the 

multiplexed analysis of highly concern related compounds, through the 

release of multiple enzymes (enzyme cocktail) from a single motor or 

different motors. 

Owing to all aforementioned statements, the results presented in 

this Doctoral Thesis reveal that pioneering approaches and strategies 

can be carried out to improve the current analytical tools and their 

performance. Likewise, these methods can be implemented as point-of-

care devices for detection in food safety and medical fields, expanding 

the perspectives in current Analytical Chemistry.
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Disposable and reliable electrochemical 

magnetoimmunosensor for Fumonisins simplified 

determination in maize-based foodstuffs. 
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Fig. S1. Structures of Fumonisins B1, B2 and B3. 
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Fig. S2. Representation of the amperometric signal of the maximum 

signal (▬) and the minimum signal (▬). (Please, respect the colour of 

the lines) 
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Fig. S3. Optimization of antibody concentration. 
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Fig. S4. Optimization of tracer dilution. Blue bars represent the 

maximum signal (not presence of FB1); red bars represent the 

minimum signal (in presence of excess of FB1). 
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Fig. S5. Optimization of incubation time for enzymatic tracer. The inset 

shows relation between maximum and minimum signals (red bars 

denotes competition with 1000 g mL-1 FB1). 

Table S1 

Comparison of analytical parameters for simultaneous and sequential 

incubation of standard/sample mycotoxin and tracer with the 

immobilized antibody. 
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Supporting Information 

 

Determination of Fumonisin B1 based on-the-

move fluorescence quenching of the specific 

labeled-aptamer by graphene-made micromotors 

 

Department of Analytical Chemistry, University of Alcalá, Alcalá de Henares, Madrid 

E-28871, Spain. 

Chemical Research Institute “Andrés M. del Río” (IQAR), University of Alcalá, 

Carretera Madrid-Barcelona, Km. 33,600, Alcalá de Henares, E-28871 Madrid, Spain. 

 

CONTENTS 

Video S1. The motion of GPH/PtNPs micromotors in different 

samples. 
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Supporting Information 

Delayed Ignition and Propulsion of Catalytic 

Microrockets based on Fuel-Induced Chemical 

Dealloying of the Inner Alloy Layer 

Adrián Jodra, Fernando Soto, Miguel-Angel  Lopez-Ramirez, Alberto 

Escarpa and Joseph Wang* 

 

1. Experimental Section 

 

2. Supporting Figures 

 

3. Supporting Videos Description  

 

1. Experimental Section 

Electrochemical Synthesis of Reduced Graphene Oxide (erGO)/Cu-

Pt Micromotors 

The electrochemically reduced graphene oxide (erGO)/Cu-Pt 

microrockets were prepared by a common template-directed 

electrodeposition methodology,1 as illustrated in Figure S1. A thin gold 

film was sputtered first on one side of the porous polycarbonate (PC) 

membrane containing 5µm conical-shaped micropores (Catalog No. 

7060-2513; Whatman, Maidstone, U.K.) to serve as the working 

electrode. The membrane was assembled in a Teflon plating cell with 
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aluminum foil serving as an electrical contact for the following 

electrodepositions. A Pt wire and an Ag/AgCl electrode (with 3M KCl) 

were used as counter and reference electrodes respectively. An 

electrochemical reduction of graphene oxide within the micropores was 

performed to prepare the outer layer of the microrocket.1 The rapid 

formation of an erGO layer enhances the surface roughness and increases 

the surface area. This electrodeposited erGO film has higher conductivity 

compared to pure GO, enabling deposition of the inner metallic layer 

using galvanostatic methods. A Cu-Pt alloy was thus electrodeposited 

using a mixture composed of a commercial platinum plating solution 

(Platinum RTU, 1.5 g L−1; Technic Inc, Anaheim, CA) and CuSO4•5H2O 

solution (250 g L−1). The plating mixture solution was prepared by 

adding 3.75 g of the CuSO4•5H2O solution into 15 mL of water, followed 

by 5 mL of the commercial platinum solution. The alloy was 

electrodeposited at −2 mA by a galvanic method for a time of 500s. For 

the electrodeposition assays, galvanic methods at −0.5 and −8 mA for 

the alloy and −2 mA for the control (single Pt electrodeposition) were 

carried out, all for 500s. 

The sputtered gold was gently removed by mechanical polishing with 3-

4 µm alumina powder using cotton tip applicators. The membrane was 

then dissolved in methylene chloride for 5 min three times to release the 

microrockets. The resulting microrockets were separated and collected 

from the solution by centrifugation at 7000 rpm for 3 min followed by 

isopropanol, ethanol and ultrapure water (18.2 Ω cm at 25ºC), three times 

each. Finally, the microrockets from the whole piece of membrane were 

dispersed into 1 mL of ultrapure water at room temperature for storage 

when not in use (Fig. SI1). Also shown in Fig. SI1 is the dealloying of 

the Cu-Pt alloy surface upon it reaction with hydrogen peroxide (step 4). 
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Deposition of Graphene Oxide (GO)/Cu-Pt onto Gold Bare 

Electrodes 

The graphene oxide (GO)/Cu-Pt deposition onto gold bare electrodes 

was performed using Pt wire and an Ag/AgCl (3M KCl) electrodes as 

counter and reference electrodes, respectively. The GO (0.1 g L−1) was 

deposited by drop casting method, adding 3 μL until the drop dried 

completely. This step was repeated twice. Subsequently, a Cu-Pt alloy 

was electrodeposited onto the GO film using the metal mixture described 

earlier to prepare the microrockets. The alloy was electrodeposited at −2 

mA by a galvanic method for a time of 500 s. The resulting modified Au 

electrodes were stored at room temperature for further characterization. 

Equipment and Reagents 

Template electrochemical deposition of microrockets was carried out 

using an electrochemical station µAutolab III (Eco Chemie, Utrecht, 

Holland). Scanning electron microscopy (SEM) images were obtained 

from a Phillips XL30 ESEM instrument, using an acceleration voltage of 

15 kV. Energy-dispersive X-ray mapping analysis was performed using 

an Oxford EDX detector attached to SEM instrument and operated by 

INCA software. Aqueous hydrogen peroxide solutions (Sigma-Aldrich, 

cat. 95313), with concentrations ranging from 0.1‒10% were used as the 

chemical fuel. Sodium cholate (Sigma-Aldrich, cat. 270911) was used as 

a surfactant in all experiments (at 1%), except for the experiment of pH 

2, in which sodium dodecyl sulfate (Sigma-Aldrich, cat. 436143) was 

used as a surfactant (1%). Real-life samples involved a seawater sample 

(collected at Torrey Pines Beach in La Jolla, CA) and a simulated gastric 

fluid (from Fluka, 101499347). These samples were spiked with sodium 

cholate (1%) and hydrogen peroxide (1%). An inverted optical 
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microscope (Nikon Eclipse Instrument Ti-S), coupled with 10X and 20X 

objectives, and a Hamatsu digital camera C11440 and FrameLink 

Express software, were used for capturing the movies. A MetaMorph 7.6 

software (Molecular Devices, Sunnyvale, CA) was used for capturing 

videos at a frame rate of 30 frames per sec. The speed of the micromotors 

was tracked using a MetaMorph tracking module. Each data point was 

considered for the individual microrockets after they started their 

autonomous motion.  

Explanation of Cu-Pt co-electrodeposition 

The co-electrodeposition of Cu and Pt is possible according to Figure 

SI2 that displays CVs for the corresponding Pt and Cu solutions. As the 

Cu concentration is larger, in comparison to Pt, the area of Cu reduction 

is extended from 0 V to −0.9 V. Therefore, when a current of −2 mA is 

applied, the generated potential corresponds to a voltage between −0.3 V 

and −0.2 V, leading to the reduction of both metals. Furthermore, the Cu 

electrodeposition is larger because of its higher concentration. 

As shown in the CV of Fig. SI2, Pt is more readily electrodeposited than 

Cu; a higher potential is required to electrodeposit Cu compared to Pt 

(see Fig. SI2). This denotes differences according to the current used in 

the electrodeposition process: At −0.5 mA, the electrodeposition is 

produced in lesser extent and depends on the metal concentrations; 

hence, Cu is electrodeposited more favorably than Pt. At −2 mA, the 

potential is suitable for Pt, to increase the Pt content, while at −8 mA the 

Cu electrodeposition is more favorable.  

Chemical Explanation of Diverse Dealloying Stimuli  
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Pt is a nobler metal compared to Cu, generating the galvanic corrosion 

of Cu. The galvanic corrosion of Cu is promoted by the hydrogen 

peroxide. As it is shown in the reactions S1-S3, Cu can be oxidized by 

the H2O2 fuel. Close to neutral pH, H2O2 behaves as a weak acid, as 

described in reaction S2. When the OH− is generated, it can react with 

Cu+ to form Cu2O (reaction S4). It is possible that Cu+ can be oxidized 

by H2O2 generating Cu2+, further producing Cu(OH)2 and, after a while, 

low amount of CuO after dehydration with time. A passivation layer can 

be formed by Cu2O and, lesser extent, Cu(OH)2 in its totality. To increase 

the Cu oxidation production, more OH− is obtained from hydrogen 

peroxide and more galvanic corrosion is provoked. Also, the Cu2O is 

permeable to OH− and Cu(OH)2 is soluble, even it is more soluble with 

more OH−. 

Cu → Cu+ + e−   E° = − 0.521 V  (S1) 

H2O2 ↔ H+ + HO2
−        (S2) 

HO2
− + H2O + 2e‒ → 3OH−  E° = + 0.87 V   (S3) 

2Cu(OH)2 ↔ Cu2O + H2O      (S4) 

The Cu2O formation is favored in S4. Reactions S5 and S6 explain how 

the Cu oxidation is thermodynamically favorable at basic pH, favoring a 

galvanic corrosion. Despite fast decomposition of H2O2 at basic pH, the 

galvanic corrosion is increased:   

2Cu + 2OH− → Cu2O + H2O + 2e− E° = + 0.36 V   (S5) 

Cu + 2OH− → Cu(OH)2 + 2e− E° = + 0.222 V  (S6) 

Cu2O can be transformed into Cu(OH)2 by reaction S7, although its 

precipitation as passivation layer is favored. Moreover, Cu(OH)2 is 

soluble at basic pH because it can behave as a weak acid, leading to 
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[Cun(OH)2n−2]
2+. This prevents the passivation layer that slows down the 

Cu - H2O2 reaction: 

Cu2O + 2OH− + H2O → 2Cu(OH)2 + 2e‒ E° = + 0.08 V  (S7) 

The hydrogen peroxide is more reactive in acidic media (S8) compared 

to a basic  environment (S3). 

HO2
− + H2O + 2e‒ → 3OH−   E° = + 0.87 V    (S3) 

H2O2 + 2H+ + 2e‒ → 2H2O  E° = + 1.776 V  (S8) 

Nevertheless, as discussed in the main text, H2O2 reacts preferentially 

with HCl compared to Cu. In fact, the reaction mechanism and the 

compensating reactions that can explain the long delay time for the pH=2 

have been reported:2 

H2O2 + 2HCl → Cl2 + 2H2O      (S9) 

H2O2 + Cl2
 → O2 + 2HCl      (S10) 

H2O2 + HCl → HClO + H2O      (S11) 

HClO + H2O2 → HCl + H2O + ½O2     (S12) 

Cl2 + H2O2 ↔ HClO + HCl      (S13) 

Cu does not react with diluted non-oxidant acids such as HCl. As a result, 

the galvanic and pitting corrosion are decelerated because it is more 

difficult to oxidize the Cu. Subsequently, the Cl− can produce pitting 

corrosion (see extended explanation below). 

Under mildly acidic conditions, e.g., pH=4.5 (i.e., less HCl) H2O2 

remains in its form and is more reactive (reaction S8). In this case, the 

H2O2 produces more galvanic corrosion instead of reacting with HCl. 

Eqns S14 and S8 show the possible reactions since the both oxidations 
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are thermodynamically favorable due to the potential of the hydrogen 

peroxide. Also, Cl− can generate pitting corrosion after the reaction. 

Cu → Cu+ + e−   E° = − 0.521 V   (S14) 

H2O2 + 2H+ + 2e− → 2H2O  E° = + 1.776 V  (S8) 

NaCl provokes more pitting corrosion in metals. This process reflects the 

penetration power of Cl− and prevents the passivation layer. When the 

Cu is oxidized, the Cu+ can react with Cl− from the salt. The resulting 

CuCl can be slightly soluble in chloride solutions (by cuprous chloride 

complexes) and also can precipitate on the Cu-Pt alloy surface, thus 

avoiding the formation of the passivation layer over the nearest Cu-Pt 

alloy surface. CuCl is found in a balance between different anions:3 

Cu+ + Cl− ↔ CuCl + Cl− ↔ CuCl2
− + Cl− ↔ CuCl3

− + Cl− ↔ CuCl4
−  (S15) 

CuClx
n− reacts with OH− and H2O as reaction S17 and S18 present, 

giving the hydrolysis of these complexes. The hydrolysis can occur, 

depending on the cuprous chloride complex. 

Cu+ + 2Cl− → CuCl2
−       (S16) 

CuCl2
− + 2OH− → Cu2O + H2O + 2Cl−    (S17) 

2CuCl + H2O
 → Cu2O + 2HCl     (S18) 

The precipitation of Cu2O results in the creation of a passive layer. 

Additionally, to the extent that H2O2 oxidizes Cu, more OH− is created 

and consequently copper oxides (Cu2O mostly, Cu(OH)2 and some 

CuO). The chloride ion can penetrate through this layer, continuing with 

the pitting corrosion, and delaying the formation of that passivation 

layer. 
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2. Supporting Figures 

 

 

Figure SI1. Schematic representation of the synthesis and release of 

erGO/Cu-Pt microrockets. 1) Graphene electrodeposition as an outer 

layer, 2) Cu-Pt alloy electrodeposition. 3) Microrockets release from the 

membrane. 4) Cu dealloying process and Pt exposure. 
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Figure SI2. Cyclic voltammetry using the Pt (grey line) and Cu (copper-

red line) solutions onto Au electrode (Scan rate=50 mV s−1; number of 

scans=1; CuSO4•5H2O concentration=250 g L−1 (in water); Pt 

concentration=1.5 g L−1 (commercial solution)). 
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Figure SI3. Directionality of erGO/Cu-Pt microrockets, a) linear 

motion is present for structures with a low defect. If defects are found in 

the structure, multiple directionalities arise, including b) circular 

motion, c) spiral and d) circular spiral. Scale Bar 50 um. Frames taken 

from video S3. 
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3. Supporting Videos Description 

Supporting Video S1. Schematic animation of chemical dealloying and 

blast-off of erGO/Cu-Pt microrocket. 

Supporting Video S2. Delayed propulsion of an erGO/Cu-Pt 

microrocket. 

Supporting Video S3. Directionality of different microrockets.  
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Figure S-1. (A) Optimization of TMB concentration. 

(B) Optimization of HRP concentration. Conditions: 0.1 mM H2O2; 

each point represents the signal obtained for one motor navigating 

during 120 seconds. 
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Figure S-2. Optimization of enzymatic reaction time. Conditions: 

3.05 mg/mL HRP, 0.08 M TMB, 0.1 mM H2O2. 

 

 

Figure S-3. Visual (left) and chronoamperometry (right) detection 

of H2O2 in tap water. Samples spiked with 0.1 mM of H2O2 (▬). 

Sample (▬). Control: ultrapure water (▬).
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Table S-3. Determination of H2O2 in plasma samples using the 

self-propelled enzyme-based motor. 

H2O2 added, mM H2O2 found, mM Recovery, % 

0.05 0.0100±0.0003 100±3 

0.1 0.049±0.001 99±4 

0.5 0.097±0.002 97±3 
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